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"My labours on the castle keep were also made harder, and zmnecessarily 

so (ünnecessary in that the burrow derived no real benefit fiom those 

labours). by the fact that just ut the place where, according to my 

calcuZations, the castle keep shozrki be, the soil wus very loose und sandy 

and had lirerally to be harnrnered andpounded inro a firm stare ro serve as 

a wall for the beautl$dly vuulred chamber. Bur for szich tasks, the only tool 

lpossess is my forehead. So I had ro run with my forehead thozrsands and 

thousands of rimes. for whole days and nights, against the gro und, and 1 

wus glad when the blood came, for rhar was proof rhut the walls were 

beginning ro hurden; and in that way, us everybody nmst adrnir, 1 richly 

paid for my custle keep. " 

Franz Kafka 

The Burrow 



Abstract 

Although chemists ofien exploit the high stereoselectivi~ of hydrolytic enzymes to 

produce pure enantiomers, the diffi~culty in selecting the best hydrolase from hundreds of 

commercial hydroiases and microorganisms remains a major deterrent to their wider use. 

Moreover, the emerging ability to create Large libraries of recombinant enzymes demands 

fast and simple selection methods. The current method of se ledon is tirne-consuming 

because it requires carrying out srnaii-scde reactions and measuring enantiorneric purity. 

This thesis focuses on the development of methods to speed up this selection process. 

We f i s t  report the development of empirical substrate models for Aspe~*gillus 

niger lipase (ANI)  to predict which enantiomer of a racemate reacts faster. For secondary 

alcohols, a rule based upon the size of the substituents at the stereocentre of a substrate 

previously proposed for other lipases and esterases works for ANL. Surprisingly, a rule 

based upon charge rather than size of the substituents can predict the preferred 

enantiomer of a-amino acids. These qualitative rules aid in the design of new synthetic 

applications of .krIL. 

Next, we report the development of a spectrophotometric assay to accurarely but 

rapidly measure the enantioselectivity of a hydrolase towards a target substrate without 

measming enantiomeric purity called "quick E". The initial rates of hydroIysis of each 

enantiomer of a subsnate are separately measured relative to a reference compound. The 

ratio of the two relative rates yields the enantioselectivity. We first developed this method 

for chromogenic esters. Next, to extend quick E to non-chromogenic esters, we developed 

a pH indicator assay to quantitatively detect esrer hydrolysis. We optimized this method 

for screening in 96-well plates for speed. 

Finally, we apply these spectrophoton~etric assays to solve a synthetic problem. 

Dioxolane nucleosides are powerfùl phannacological agents used in the treatment of HIY 

and hepatitis-B virus but their synrheses require expensive and tedious silica gel 

chromatography to separate mixtures of diastereomers. Using the quick E method, we 

rapidly identi@ two hydrolases that produce the desired dioxolane diastereomer in good 

yield and excellent diastereomeric excess (>98%). 



Overall, O u r  screening methods are sirnpler to perform than traditional methods 

and require significantly less substrate and hydrolase (pg quantities per measurement) 

without cornpromising sensitiviîy and quantitativeness. 



Résumé 

Bien que les chimistes exploitent souvent la haute stéréosélectivité d'enzymes 

hydrolytiques afin de produire des énantiomères purs, la difficulté de choisir la meilleure 

hydrolase parmi les centaines de microorganismes et d'hydrolases commerciaux reste un 

obstacle majeur à une plus grande généralisation de leur usage. La méthode usuelle de 

sélection est longue, requérant en effet la réalisation de réactions a petite échelle ainsi 

que la mesure de la pureté énantiomérique. Cette thèse est centrée sur le développement 

de méthodes accélérant ce processus de sélection- 

Nous rapportons le développement de modèles empiriques de substrats pour la 

lipase AspergiZZus niger (ANL) d m  de prévoir quel énantiomère réagira le plus vite. Pour 

les alcools secondaires, une règle basée sur Ia taille des substituents du centre chiral du 

substrat, déjà proposée p o u  d'autres lipases et estérases, se révèle correcte aussi pour 

1'ANL. Pour les a-amino acides, une seconde règle basée sur la charge plutôt que sur la 

taille des substituents permet de prévoir l'énantiomère le plus réactif. Ces règles 

qualitatives améliorent les capacités de conception d'applications synthétiques 

En second lieu, nous décrivons le développement d 'une  titration 

spectophotométrique, appelée quick E, quantifiant précisément et rapidement 

l'énantiosélectivité d'une hydrolase envers un substrat. sans toutefois nécessiter Ia mesure 

de la pureté énantiomérique. Les [aux initiaus d'hydrolyse de chaque énantiomère sont 

mesurés relativement à un composé de référence. Le ratio de ces deux taux reIatifs 

détermine I'énantiosélectivité. Nous avons développé cette méthode en premier lieu pour 

les esters chromogéniques. Ensuite, pour étendre quick E aux esters non-chromogéniques, 

nous avons mis au point une titration pH-métrique pour détecter quantitativement 

I'hydroIyse des esters. Pour plus de rapidité, cette technique fut optimisée pour permettre 

le screening utilisant des plaques à 96 puits. 

Enfin, nous avons appliqué ces titrations spzctrophotométriques à la résolution 

d'un problème synthétique. Les nucléosides dioxalane sont de puissants principes 

pharmacologiques utilisés pour le traitement des virus HIV et de l'hépatite B mais leur 

synthèse nécessite plusieurs difficiles et coûteuses étapes de purification par 

chromatographie au gel de silice, afin de séparer les mélanges diastéréornériques. Grâce a 

la méthode quick E, nous avons rapidement identifié deux hydrolases produisant le 



diastéréomère désiré avec de bons rendements 

( >98%). 

vii - 

excès diastéoréoménques 

En conclusion, nos méthodes de  screening sont plus simples a mettre en oeuvre 

que les techniques traditionnelles et requièrent de moins grandes quantités de subtrats et 

d'hydrolase (de l'ordre du microgramme par mesure), sans compromettre la sensibilité et 

Ia précision quantitative. 
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Thesis Formatting 

The following text, concerning the inclusion of manuscripts in a thesis, is reproduced 

£?om the "Guidelines for Thesis Preparation". 

"As an alternative to the traditional thesis format, the dissertation can consist of a 

collection of papers that have a cohesive, unitary character making them a report of a 

single program of  research. The structure for the manuscript-based thesis must conform to 

the following: 

Candidates have the option of including, as part of the thesis, the text of one or more 

papers submitted, or to be s~bmitted. for publication, or the clearly-duplicated test 

(not the reprints) of one or more published papers. These texts must conform to the 

Thesis Preparation Guidelines with respect to font size. line spacing, and margin sizes 

and must be bound together as an integral part of the thesis. (Reprints o f  published 

papers can be included in the appendices at the end of the thesis.) 

The thesis must be more than a colIecrion of manuscripts. -A11 components must be 

integrated into a cohesive unit with a logical progression from one chapter t o  the next. 

In order to ensure that the thesis has continuity, connecting texts that provide logical 

bridges between the different papers are mandatory. 

The thesis must conform to all other requirements of the "Guidelines for Thesis 

Preparation" in addition to the manuscripts. The thesis must include the foliowing: a 

table of contents; an abstract in English and French; an introduction which clearly 

states the rational and objectives of the research, a comprehensive review of the 

literature (in addition to that covered in the introduction to each paper); a final 

conclusion and summary. Students are not required to organize their references 

into one comprehensive Iist in a manuscript-based thesis. They are free to choose 

whether to make a comprehensive Iist or to put references after each paper. 

As manuscripts for publication are frequently very concise documents, where 

appropriate, additional material must be provided (e.g., in appendices) i n  sufficient 

detail to allow a clear and precise judgement to be made of the importance and 

originality of the research reported in the thesis. 



in general, whenxo-authored papers are included in a thesis the candidate rnust have 

made a substantial contribution to ail papers included in the thesis. In addition, the 

candidate is required to make an explicit statement in the thesis as to who 

contributed to such work and to what extent. This statement should appear in a 

single section entitIed "Contribution of Authors" as a preface to the thesis- The 

supervisor must attest to the accuracy of the statement at the doctoral oral defence. 

Since the task of the examiners is made more difficult in these cases, it is in the 

candidate's interest to clearly speci& the responsibilities of al1 the authors of the co- 

authored material. 

When previously published copyright material is presented in the thesis, the candidate 

must obtain, if necessary, signed waivers from the CO-authors and publishers and 

submit these to the Thesis Office with the final deposition. 

Irrespective of the interna1 and external examiners reports, if the oral defence 

cornmittee feels that the thesis has major omissions with regard to the above 

guidelines, the candidate may be required to resubmit an amended version of the 

thesis. 

In no case c m  a CO-author o f  any component of such a thesis serve as a n  extemal 

examiner for that thesis." 



Contribution of Authors 

This thesis represents a collection of five manuscripts, three have been already published, 

and two which are manuscripts to be submitted for publication shonly. Al1 of the work 

contained in these manuscripts has been completed as part of rny research for the degree 

of Doctor of Philosophy. 

Althou& these manuscripts have CO-authors, I have been the first author of each 

manuscript, and as such, have written the manuscripts in entirety under the supervision of 

my supervisor, Romas J. Kazlauskas. Dr. Kazlauskas and 1 carefully edited these 

manuscripts together. Other CO-authors did not write the manuscripts but carefülly 

proofread them. 

Each manuscript is presented as a separate chapter (Chapters 2-6) in the thesis 

since each chapter represents a different problem, requiring hs own introduction and 

discussion. The comrnon theme of these manuscripts/chapters is the development of 

rnethods to select active and stereoselective hydrolases for the production of pure 

stereoisomers. Chapter 1 serves as a general but solid introduction to the curent  rnethods 

and considerations when choosing stereoselective hydrolases for syntheric applications. 

Chapters 2-6 present the logical and stepwise progression of our research to simplifi but 

accelerate the selection process to find stereoselective hydrolases. 
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Chapter 1 
GeneraI Introduction 

" We thus arrive at the conclusion that fhe production of sinde usymrnetric compounds, 

or their isolation fiom the mixture of th& enantiomorphs, is, as Pasteur firrnly he!d, the 

prerogative of life. Only the living organism with its asyrninetric lissues, or the 

asyrnmetric products of the living organisrn, can produce this resuk OnZy usymmetry can 

beget usyrnmetry. 1s the failure to syntheske single asymrnetric compounds withoztt rhe 

intervention, either direct or indirect, of lzye, dzce to u permanent inability, or rnerely to a 

temporary disability which the progress of science rnw remove? ... Bzir even $such an 

asymrnetric force could be discovered - a force which would enable LU to synthesize a 

single enantiomorph - the process would not be fi-ee j-om the imervenrion of l@e. " 

1.1 Chirality in living systerns 

Chirality has been exquisitely preserved throughout evolution in al1 living systerns on 

both the rnicroscopic and macroscopic level. For example, evolution has ensured that 

proteins are composed of L-amino acids almost exclusively, while nucleic acids, which 

carry the genetic code of life, are composed of only D-sugars. Similarly, researchers have 

recently discovered that the inremal left-right asymmetry of our internai organ 

displacement is encoded in our genes and expressed as early as the first few cell divisions 

of life.' Amazingly, snails from the genus Parnrln from the Society Islands in the Pacific 

Ocean used chirality in their sheils as a mechanism to preserve and isolate different 

species of the same genus on a small isolated island where hybridization was highly 

likely.' Different species of the snails exhibited different coiling of their shells, either 

right handed or left-handed chirality. When snails of opposite coi1 chirality mated. 

fertility was reduced than for that between rnembers with the same coil chirality, 
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suggeçtuig that chirality acted as a regulatory mechanism to prevent gene flow between 

the species and, therefore, isolate the species, Figure 1.1. 

lefthanded shell coi1 
in Partula mira biliç 

right handed shelt coi[ 
in Partula taeniata 

Figure 1.1 Two species of the now extinct Partula snail show opposite coi1 chirality. 
Although most snails coi1 to the right, it is believed that Partula snails used chirality as an 
isolating mechanism between species of the sarne genus to prevent hybridization on a 
smdl island in the Pacific Ocean. 

The search for the ongins of nanire's chirafity have long puzzled scientists and many 

theories have been proposed to account for the deracemization of the prebiotic primordial 

soup. Sorne researcherç have proposed that chirality resulted from a Iack of symrnerry in 

elementary particle interactions while others have suggested that a prebiological event on 

earth or another planet can account for the origin of chiraliry in Our universe. Some 

scientists have cornpared this question to the proverbial dilernma of "which came first - 

the chicken or the egg?" since chiral structures (such as enzymes and strands of DNA) 

display great chiral discrimination but they do so because they are made of chiral 

rnateria~s.~ Despite the mystery of its origins, chirality is ubiquitous in nature and 

particularly significant to the field of chemisûy. 

1.2 The importance of chirality on bioactivity 

Molecules that are chiral are non-superimposable with their mirror images. The 

word "chiral" originates from the Latin word cheir for hand, since o u  han& are mirror 



images of each other. A molecule and its non-superimposable image are enantiomers of 

each other and a m i m e  with equal quantities of enantiomers is cdled a racemate. 

Isomers of the sarne molecule that are not related as rninor images but differ o d y  in their 

arrangement of atoms in space are diastereomers of each other. Two enantiomers of a 

molecule have identical physical properties (except for optical rotation) and exact 

chernical properties (except when in a chiral environment, for example, our bodies) while 

diastereomers of a molecule usually differ in their chemical and physical properties. -4 
4 eomers. more general tenn, stereoisorners, includes both enantiorners and diastbr 

Not surprisingly, chirality is an important consideration in the development of 

therapeutic agents since enantiomers of molecules act daerently in the body, which is a 

chiral environment. Physiological events in living systerns are canied out by refined 

signaling and message carrying systems. These systems rely upon highly selective and 

specific interactions between chiral molecules sucb as hormones, neural transmitters, 

immunological antibodies; and chiral receptors, such as ce11 surface receptors. Sorne 

researchers believe that these sningent chirality requirements in living systems may have 

evolved to allow living organism to efficiently use their limited resources. 

One of  the earliest noted examples of different biological responses to 

enantiomers of molecules was reported by Piutti in the mid 1880's: nosing the sweet 

versus bIand taste of the enantiomers of asparaginees Since then, chernists have 

increasingly uncovered the relationship between the chirality of a molecule to its 

biological activity. Several excellent examples in Table 1.1 illustrate the vast diEerences 

in bioactivity of different stereoisomers of the same agents6 



Table 1.1 Observed biologicd effect of pharmacological agents as a funcrion of their 

absolute configurations. 

Compound Structure Absolute Observed Biological 
name @ Configuration effect 

S -Ami-Parkinson agent 
Dopa R -Causes side-effects 

e-_o. granulocytopenia 

1 'S,4'R -Porent ami-HIV agent, 
very low toxicity 

I 'R.4.S -siightIy reduced anti-£UV 
activity. high toxicity 

1 R.3 R,aS -Potent insecticide 
Deltarnethrin 

H 1S,3S.cdi -Inactive 
and other or slightly active 

diastereomers 

S -Antiarthritic 
Peniciliamine R -Muragen 

Not al1 enantiomer pairs have such distinct differences although most enantiomer 

pairs will show subtle physiological differences. 3TC, a powef i l  antiviral agent currently 

used ro treat HIV does not display overt cytotomcity while its mirror image enantiomer is 

considerably more cytotoxic and less active towards J3.W.' Sometimes, one enantiomer is 

completely inert such as the enantiomer of Deltamethrinj in other cases, racemic mixtures 

can actually have synergistic effects when taken together. For example, Propranolol, a b- 
blocking agent, shows an increase in half-Iife (thus requinng smaller dosage) when taken 

as a racernate due to suppression of hepatic blood flow.* 



Thus, despite a close structural relationship, racemates are currently viewed by the 

phannaceutical and chemical industry a s  mixtures of different compounds that must be 

separately evaluated for potentially different pharrnacological activities. The impetus for 

this view lies in the U. S. Food and Drug administration, which currently urges 

companies to develop and test new chiral compounds as single enantiomers. Marketing a 

compound as a single enantiomer typically requires >98% enanriomeric excess (less than 

2% of the undesired enantiomer). Yearly reports published in Chemical and Engineering 

News by the American Chemical Society track developments in the chiral drug industry. 

In 1998, they reported that of the 500 top-selling dmgs worldwide, more than h d f  are 

single enanti~rners.~ Moreover. one-haif of the 1200 dmgs in development worldwide in 

199 7 were being developed as single enantiomers. 'O Controlling absolute stereochemistry 

remains a key requirement in the development of new bioactive compounds in the 

pharmaceutical industry as well as in the pesticide, flavor and fragrance, and food 

industries. 

1.3 Methods to produce chiral compounds 

iMimicking the exquisite ability of living sysrems to produce chiral molecules has 

proven to be a considerable synthetic challenge to the field of chernistq. Professor F. R. 

Jaap philosophized on the challenges of producing pure 'enantiomorphs" in 1898 as noted 

in the opening quote of this chaprer. Considerable advances have been made over the past 

100 years in controlling the absolute stereochernistry of molecules but doing so is still not 

considered trivial in synthetic chemistry. 

Chemical and pharmaceutical companies remain focussed on the production of 

pure stereoisomers and are conthually engaged in developing new methods to produce 

pure stereoisomers. The major classes of techniques to produce pure stereoisomers can be 

broadly classified into several fields: 

Divecred chemical reucrions, often re ferred tu as nsymmerric caralysis. These 

processes use chiral catalysts usually composed of a metal complex containing chiral 

organic ligands to coneol a rnetal-rnediated process in such a way that one of  two 

enanriomeric products is formed with high preference over the other." Two seminal 
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developments in this fieid were titanium-tamate asymrnehic epoxidation of allyIic 

alco hols by ~ h a r ~ l e s s ' ~  and Ru(BINAP)-catalyzed directed hydrogenation of 

functionalized olefins and ketones by Noyori." Recent developments in this field 

include the development of more generalized catalysts that do not require specific 

organic coordinating groups such as asymrnetric olefm epoxidations using Jacobsen's 

~ a t a l ~ s t s . ' ~  Asymmetric syntheses can also be performed on meso o r  prochiral 

substrates with enzymes. 

Dzrerence in reaction kinetics m e t i c  resolztrions). The reaction of racemic mixtures 

with a chiral agent lead to an accumulation of one of the enantiomers of a compound 

provided the reaction is stopped prior to compIetion. The chiral agent can be an 

enzyme, which is the focus of bis thesis. but it can also be a synthetic catdyst, such 

as the recently developed plana-chiral heterocycles developed by Fu and coworkers 

for the resolution of chiral secondary alcohols." Linlike asymmetric synthesis, the 

enantiomeric excess of the reaction producrs is a fùnction of the degree of conversion 

so high enantiomeric excess c m  be sornetirnes gained at the expense of yield. 

- Crystallizution techniques. Mixtures of stereoisorners are separated physically usually 

via diastereomer formations with resolving agenrs. l 6  

Chrornutogruphy processes. These processes rely on the stereoselective sorption of 

enantiomers on, or in, chromatographie systerns equipped with chiral stationary 

phases. " 

Stereospeczjk synthesis fiom exisring chiral precursors. Chernists can use naturd Iy 

available chiral cornpounds such as carbohydrates, amino acids, terpenes and 

aIkaloids as chiral building blocks. 

Enzymes are exquisite natural catalysts and remain the standard to which 

synthetic asymrnetric catalysts aspire to reach. Because they are cornposed of chiral 

amino acids, they are three-dimensional chiral catalysts that nature has evolved to carry 



out highly specialized chernical reactions with high substrate specificity and 

stereospecificity. Over 2,000 enzymes have been isolated and characterized fiom a single 

cell! Each of these enzymes control a specific function that is necessary for life such as 

ce11 growth, reproduction, synthesis, metabolism, and energy utilization. 

Over the past twenty years it has become increasingly apparent that the natural 

stereospecificity of enzymes can be exploited to produce chiral molecules ex vivo. In 

particular, researchers have explored 'the use of hydrolytic enzymes (hydrolases) for 

kinetic resolutions of racemic ester substrates to produce pure enantiomers. Despite their 

exquisite biological substrate specificity, hydrolases can display excellent activity and 

stereoselectivity towards non-natural substrates. Thousands of examples using hydrolases 

to produce pure stereoisomers of non-natural substrates have appeared in the literature. 

This thesis focuses on the use of hydrolases as chiral biocatalysts for the 

production of pure stereoisomers of synthetically usehl compounds. 

1.4 The use of hydrolases as chiral biocatalysts 

The worldwide sales for industrial enzymes are currently es~imated to be US$ 1 

billion and at least 75% of these enzymes are hydrolases.'8 In the simplest of rems, they 

catalyze the hydrolysis and formation of ester and amide bonds. The main industrial 

applications for hydrolases are in detergents, oil processing, and dairy products, but they 

have emerged as the most cornmon type of biocatalyst used for the production of chiral 

building blocks in organic synthesis. Several features that make them attractive as 

cataly sts include : 

A large variety is commercially available. 

They do not require cofactors for activiq. 

They can accept a wide variery of substrates, not just their natural substrates. 

They are enviromentally friendly. 

They display a wide range of catalytic activities. 

Many important classes of chiral building blocks are substrates for hydrolases, 

e.g. chiral alcohols and chirai carboxylic acids are easily converted into ester 

derivatives. 



Lipases, esterases and proteases are the three main classes of hydrolytic enzymes 

used as biocatalysts and their properties have been well doc~mented. '~ Less cornrnon 

members of the hydroIase farnily include phospholipases, epoxide hydrolases, amidases, 

and nitrilases. The work in this thesis largely explores the use of the three main classes of 

hydrolases as chiral biocatalysts because of their Iow cost, good stability and broad 

substrate tolerance. 

With ail hydrolases, a nucleophile in the active site of the enzyme attacks the 

carbonyl g o u p  of the substrate ester. Lipases, esterases and serine proteases use a serine 

residue in its active site as the nucleophile. Wth metallo-proteases and aspartyl proteases, 

the nucleophile is a hydroxyl group generated in the active site. Thiol proteases use a 

cysteine residue as a nucleophile. 

Serine hydrolases contain a catalytic triad that f o m s  a charge relay systern, which 

transfers electrons from the buried side chah  of an aspartate/gIutarnate residue to the 

serine residue making it a potent nucleophile towards an ester bond. This catalytic wiad 

was first observed in a-chymotrypsin" but has since been observed in many other 

hydrolases, incIuding Candida rugosa lipase, Figure 1.2." This mechanism shows the 

hydrolysis of a buryrate ester. All serine hydrolases largely follow a similar mechanism. 

which can be described kinetically as an irreversible ping-pong bi-bi reac~ion.~' The ester 

and water are the rwo substrates and nvo products, an acid and an alcohol, are released. 

The first product leaves before the second substrate, water? arrives. The second product is 

then formed and liberated, leaving the hydroiase in its original state for the next round of 

catalysis. 



Glu 341 I 

tree enzyme 
u 
11- K 

~ e r  209 'N. 
H N  ,GIy124 

Gly 123 

I attack at 

His 449 HN, ;~l~124 
Gly 123 

Giy 123 

acyl enzyme 

P """ 
Ser 209 

HN, ,Gly 124 

Figure 1.2 Hydrolysis of a butyrate ester catalyzed by lipase from Candida rugosa. The 
catalytic hiad is composed of Gh341, His449 and Ser209. The mechanism o f  hydrolysis 
involves an acyl enzyme intermediate and two negatively charged terrahedral 
inter me dia te^^ which are srabilized by residues forming the oxyanion hole. 

Due to the chirality of the active site of the hydrolase, one enantiomer of a pair fits in 

the active site better and is converted to product faster. This difference in rates of reaction 

is the foundation for hydrolases as chiral biocatalysts. One of the earliest theories to 

account for this enzyme-substrate fit is the well-known tock and key mode1 proposed at 

the beginning of this cennuy. Since then, our view of enzymes as rigid three dimensional 

structures has evolved. We now know that enzymes can modify their conformations to 

induce a fit for many subsnates, yet still display selectivity towards one enantiomer over 

the other. 

1.5 Defining Enantioselectivity 

Hein and Neimann first forrndated the degree of stereospecificity of an enzyme as the 

ratio of specificity constants (k,,lKu) of the (R) and (S)-enantiorners in a-chymotrypsin 

catalyzed hydrolysis reactions." The kinetic constants, ka, and Ku, describe the reaction 

of each enantiorner with the enzyme. This ratio was later formulated by Sih and 

coworkers as a dimensionless parameter called the enantiomeric ratio, E." This ratio 
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represents the preference an enzyme has for one enamiorner over the other and is widely 

accepted as the pararneter for the quantification of the intrinsic enantioselectiviqr of an 

enzyme. n i e  value of E c m o t  change unless the values of the kineuc constants change. 

The basis for the enantiomeric ratio c m  be found in kinetic equations that describe 

enzyme-catalyzed hydrolysis of an ester- 

Kineric equations for enantioselectntity 

A simple, irreversible hydrolase-catalyzed single substrate hydrolysis can be 

described by the iMichaeIiç-Menten mechanism where E is the free enzyme; S is the 

substrate; ES is the enzyme-substrate complex P is the producr; and k,, kl and k, are rate 

constants? 

kl k2 E + S e .  ES- E + P  
kl 

No chernical changes occur in the first reversible step. The second step is assurned 

irreversible if is very low, which is the case when the velociiy is measured at initial 

stages of the reaction. Therefore the initiai rate equation c m  be expressed as: 

From the steady state assumption, the rate of formation of the ES cornplex is equal to its 

rate of destruction which is nue if [SI >> [El. Therefore: 

Eq. (1 -3) 

During the reaction, the enzyme is either bound to the substrate as an ES complex or fiee 

in solution. Therefore: 

[El,  = [E]+[ES] Eq. (1 -4) 



where CE], is the total enzyme concentration and p] is the fiee enzyme in solution. 

Combining equarions 1.3 and 1.4 gives: 

Equation 1.1 now becomes: 

Eq. (1.5) 

Eq. (1.6) 

Defining V,, as the maximum velocity at saturating substrate concentration Pm,, = 

kfi],) and KM as the substrate concentration at 50% of maximum veIociy (S = KM if v = 

Vm&) 

Therefore: 

and equation 1.6 becornes: 

Eq. (1.7) 

Eq. (1.8) 

Eq. (1.9) 
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This basic equation of enzyme kinetics is cailed the Michaelis-Menten equation. It is ûue 

under steady-state conditions with no product inhibition. In thïs thesis we only expIore 

reactions that are assumed to follow Michaelis-Menten kinetics. 

Definhg V,, as: 

~ [ E J  = vmu 
Equation 2.9 can also be expressed as: 

Eq. (1.10) 

Eq. (1.1 1) 

In a kinetic resolution, the (R) and (5')-enantiomers compete for the enzyme active 

site where kCat (identicai to kZ) is the enzyme turnover number: 

S - KM S- k a t  s 
ES- E 

Combining Eq. 1.1 and Eq. 1.9 gives: 
p p p p p p p p p - - - - - - - -  

Substituting Eq. 1.12 into Eq. 1.1 gives: 

- - ~ 

Eq. (1.12) 

Eq. (1.13) 



Dividing Eq. 1.13 by Eq. 1.14: 

Eq. (1.15) 

This ratio is called the enantiorneric ratio, E. In a racernic mixture the initial substrate 

concentrations are equal, so [SI and [RI cancel each other out. The enantiorneric ratio, E, 

is expressed by: 

KM is called the Michaelis constant and approximates the dissociation constant (Ks) of the 

enzyme-substrate complex when the subsequent step. kz, is slow, as it is in hydrolase- 

catalyzed resolutions. It is a direct reflection of substrate binding; low-er values indicate 

bener binding. The kinetic constant, k,,,, is the apparent first order rate consrant for 

conversion of the enzyme-substrate complex to product. 

The enantiomeric ratio serves as a measure of the performance of the hydrolase to 

produce enantiomerically pure compounds. For sjnthetic purposes, the general guideline 

is that enantiomeric ratios of less than 10 are unacceptable for preparative purposes. -4 

hydrolase is regarded as a modest chiral catalyst if the enantioselectiviry is between 10-30 

and hydrolases with enantioselecrivities greater than 30 are considered excellent. 

T h e  free energy approach to enantioselectivity 

Similarly, the enantioselectivity of a hydrolase cari be related to the difference in free 

energies during a kinetic resoluîion, Figure 1.3. The (R)-enadorner and (S)-enantiomer 

compete for the active site of the enzyme and each form diastereomeric complexes 
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through the cataiytic s e ~ e  with die hydrolase. The dflerence in fkee energy of the two 

diastereomeric transition nates equals MG: 

7 

Reaction coordinate - 
Figure 1.3 Free energy profile of a hypothetical kinetic resohtion using a hydrolase that 
foIlows iMichaelis-Menten kinetics. 

According to transition state theory, the enantiorneric ratio, E, is related to the term MG' 

which is the free energy difference of the diastereomeric rransition States. Equation 1.2 7. 

From equation 1.1 7, we c m  calculate that a large value for enantioselectivity, E N 0 0 ,  

corresponds to a MG: of > 2.7 kcal/rnoI. 

1.6 Industrial applications of hydrolases for the production of chiral 

drugs 

Industrial methods that use hydrolases to produce pwe stereoisorners are often more 

selective and cheaper than chernical methods. Three current preparative-scaie hydrolase- 

catalyzed routes to pharrnaceuticals and their precursors provide excellent examples. 



Lipases are the most commonly used class of hydrolases as biocatalysts and there are 

numerous excellent examples of their use in the production of optically pure 

~ o m ~ o u n d s . ~ ~  Patel and coworkers at Bristol-Myers Squibb (New Jersey, USA) used 

lipase from Pseudomonas cepacia to produce (3R-cis)-3-(acety1oxy)-4-pheny1-2- 

azetidinone, a sidechain syndion for the anti-cancer drug Taxol, in kilogram quantity, and 

>99% e~antiorneric excess, Figure 1.4." 

xph Pseudomonas cepacia 
lipase 

O 
- 

N N 
H 

N 
3 H 

>99% ee 

multiple steps 

Figure 1.4 Hydrolase-catalyzed resolution of a key intermediate of the ami-cancer drug, 
Taxol. 

In another exampIe, Tanabe Pharrnaceutical (Japan) and DSM-Adeno (Netherlands) 

commercialized a lipase-catalyzed resolution of a key precusor to Diltiazem, a calcium 

channel blocker for treating high blood pressure, using lipase Gom Rhizomucor miehei2' 

or lipase from Serrntia rnavces~ens'~, Figure 1.5. The unwanted enantiomer was 

hydrdyzed by both lipases and, conveniently, its acid form spontaneously decarboxylated 

to yield the desired (7RJS)-ester and an aldehyde side product as reaction products. The 

(3RJS)-ester intermediate is used to produce Diltiazem. 



lipase frorn 

H l o M e  
~erratia marcescens 

or 
Rhkomucor meihie 

/O"'** Me0 
racemic OMe 

3 steps 
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spontaneous 
decarboxylation 

Figure 1.5 Commercial synthesis of Diltiazem by Tanabe Pharmaceutical and DSM- 
Adeno uses a kinetic resolution catalyzed by lipase from Rhizomucor miehei or lipase 
fi-om Serraria marcescens. 

Jacobsen and coworkers have also proposed a chemical route to this h g  based on an 

asymmetric epoxidation of  a p-methoxycinnarnate ester using a chiral (sa1en)lMn 

c ~ r n ~ l e x . ~ ~  The epoxide inrermediate is made in high chernical yields and 96% 

enantiomeric excess but the chemical route requires four synthetic steps to synthesize the 

starting cimamate ester. Overall, this chemical method is a less efficient method than the 

hydroiase-catalyzed route, 

In general, it is more cost-efficient to cany out kinetic resolutions on early-stage 

precursors, but researchers have also used hydrolases to resolve the final drug product. 

For example, ChiroTech (UK) developed a process to commercially produce (S)- 

Naproxen, a non-steroidal, anti-inflarnrnatory drug, using an esterase of unspecified 

source, Figure 1.6.~' Esterases are another major class of hydrolases in the production of 

pure stereoisomen." In this process, the unwanted enanriomer is continuousty racemized 

using a metal catalyst, so the potential yield for this kinetic resolution is increased from 

50% to 100%. 



COOEt COOEt 
esterase 

M e 0  & -- M eO 
insoluble substrate 

t rôcemization 

(S)-naproxen sodium salt I 

Figure 1.6 Commercial production of (5')-Naproxen using an esterase to selectively 
hydrolyze the (S)-enantiomer. The unreacted (R)-Naproxen remains insoluble in solution, 
is filtered off and chemically racernized for recycling. In 1996, 13,000 kilograrns of (a- 
Naproxen was produced using this method and sold to generic drug f m s .  

1.7 IdentiQing active and selective hydrolases 

The perception of hydrolases as exotic and delicate caralysts that require a 

separate set of skills in the laboratory has considerably diminished but the difficult task of 

selecring a suitable hydrolase remains the major deterrent to their widespread application. 

One of  the hailmarks of hydrolases as biocataiysts is their promiscuity to accept a wide 

range of compounds thar are not their natural substrates. This promiscuity is often 

afforded at the expense of selectivity, so hydrolases do not always display excellent 

enantioselectivity . 

Several "workhorse" hydrolases such as Candida rztgosa lipase. Pse zdornonas 

cepacia lipase, and pig iiver esterase fkequently appear in the literature as chiral catalysts 

but usually a researcher conducts considerable reaction oprimization to obtain suitable 

enantioselectiviries with these hydrolases. Currently, hundreds of hydrolases and strains 

of rnicroorganisms that secrete hydrolases are cornmercialIy available. For example' 

Fluka Chemicai Company currently seiIs over 150 hydrolases. A researcher increases the 

chance of idenuSrhg enantioselective hydrolases by having a large library of hydrolases 

available for tesring and, irnportantly, has efficient methods ro select the best hydrolases 

fiom this library for a given transformation. 

There are several approaches that have been developed to help a researcher "screen" 

a collection of  hydrolases for enantioselectivity towards a target substïate. Broadiy 

speaking, a researcher can: 
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Use empiricd rules and active site models to predict the enantiopreference and 

crudely estimate the enantioselectivity of hydrolases towards a mget  substrate. 

Determine the enantioselectivities of hydrolases towmds a target substrate by 

accurately detennining their enantiomeric ratios, E, using one of several 

techniques. 

* Estimate the enantioseIectivities of hydrolases towards a target substrate rather 

than accurately measurïng them. 

Al1 three techniques are complünentary to each other. However, a researcher must 

inevitably measure the enantiomeric ratio, E, of the hydrolase-catalyzed resolution to 

c o n f m  the hydrolase's enantioselectivity. The following three sections explore these 

approaches in d e t a i ~ . ~ ~  

1.8 Predicting the enantiopreference of hydrolases 

To simpLi& the selection of hydrolases as stereoselective synthetic reagents and 

eliminate unsuitable hydrolases, researchers have developed empirical rules and active 

site models to predict the enantioselectivity of hydrolases towards racemic subsnates. 

Empirical rules c m  predict the enantiopreference (which enantiomer is preferred by the 

hydrolase) of  a hydrolase based upon the relaxive size and type of substituents of the 

substrate at its stereocentre. These rules are meant to serve as general guidelines for 

researchers when choosing hydrolases for synthetic applications. Active site models 

crudely map the topography and hydrophobicity of the active site of hydroiases and help 

predict the enantiopreference and enantioselectivity of a hydrolase towards the substrare. 

These predictive models and rules are particularly useful for definhg the active site of 

hydrolases if X-ray crystd structures of hydrolases are not available. 
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Empirical rules for predicting the enantiopreference of hydrolases 

The first example of a size rule to predict selectivity was Prelog's mle for 

predicting the enantioselectivity of the reduction of ketones by the yeast Culvularia 

falcara based upon the relative size of the bvo substituents adjacent to the carbonyl, 

Figure 1 .7.'4 This rule also suggested that increasing the difference in size of the 

substituents adjacent to the carbonyl could irnprove enantiose~ect ivi t~.~~ 

Figure 1.7 Prelog's rule for predicting the enantiopreference for the reduction of carbonyl 
compounds by yeast- L = Iarge, bulky substituent such as pheny1, s = small substituent 
such as methyl. 

Sirnilar size rules have been developed for the kinetic resolutions of chiral alcohols, 

carboxylic acids, and amines and the most common examples are briefly outlined below. 

Empirical rules for secondary alco hols and amines 

Kazlauskas and coworkers proposed a size rule in 1990 to predict with high 

accuracy which enantiomer of secondary aicohols is preferred by three c o m o n  

hydrolytic enzymes, cholesterol esterase, Lipase from Pseticiomonas cepacia, and Iipase 

from Candida rtrgosa.j6 To develop the rule, they surnmarized the observed 

enantiopreferences fiom the resolution of cyclic and acyclic substrates reported in the 

literature. This rule suggested that lipases and esterases discriminate between enantiomers 

of secondary alcohols based upon the size of the substituents at the active site. Since then, 

this rule has been extended to several other hydrolases rowards secondary alcohols, 

Figure 1.8a." 

Several researchers carried out experirnents to confirm the relationship between 

size of substituents of secondary alcohols and enantioselectivity. They found that when 

the size of one of the substituents of a secondary alcohol with two similarly-sized 



substituents is increased, for example through hydroboration of a double bond, 

enantioselectivity increased. 36. 37 

secondary alcohols primary amines 

Lipases and Esterases 

Figure 1.8 Empiricai rules that predict which enantiomer of a secondary alcohol and 
primary amine react façter with Iipases and esterases. The rules are valid for al1 lipases 
and esterases whose substrate specifici~ has been currently mapped: twelve lipases and 
esterases for secondary alcohols, and three lipases for pnmary amines.38 

Researchers similarly found that lipases and esterases Fo~low the sarne empirical 

size rule towards primary amines of the type NH2CHRR9, Figure 1 . 8 b . ~ ~  This discovery 

was not surprising because researchers have elucidated the molecular basis for 

enantiodiscrimination of secondary alcohols in lipases and esterases. Gsing s-ray 

crystzllography, researchers discovered a cornmon diree-dimensional arrangement of the 

catalytic machinery necessary for catalysis in lipases and esterases. The active site of 

lipases and esterases contains both a large hydrophobie binding site open to the reaction 

solvent and a smaller. restricted binding pocket.'o The larger pocket binds the large 

substituent of primary amines and secondary alcohols while the restricted binding pocket 

cari only bind Sie smaller substituent. The structurd elements necessary for catalysis (the 

catalytic triad and oxyanion hole described in Section i.4) and the overall protein folding 

pattern sets the enantioselectiviry of secondary alcohols and amines in the active site. 

Importantly, these structural elements have been conserved throughout evolution in 

lipases and esterases. Thirefore, despite very different structural and phylogenetic origins 

and disparate sequence homology, al1 lipases and esterases studied by x-ray crystal 

structures contain these structural elementse4' This common three-dimensional 



scafYolding is cornmonly referred to as the a@-hydrolase fold, because it is mostly 

composed of a parallel P-sheet as the core of the protein with a-helices surrounding this 

core. 42 

Empiricai size mies for secondary alcohols and amines were also proposed for the 

serine protease, subtilisin, and they were found to be mirror images to the ernpirical d e s  

proposed for lipases and esterases, Figure 1.9. 39b. " Subtilisin's catalytic machinery is an 

approximate mirror image of the WB-hydrolase fold found in lipases and esterases so it is 

not surprising that their enantiopreference is also a minor image to that for lipases and 
J2, 44 esterases. - 

secondary afcohols primary amines 

subtilisin 

Figure 1.9 Empirical rule that predicts the enantiopreference of subtilisin towards 
secondary alcohols and primary amines. Kote that rhese d e s  are the opposite of the rules 
for lipases and esterases. 

Empirical rules for primary alco hoZs 

Deveioping an empirical rule for the selectivity of lipases and esterases toward 

primary alcohols has been more difficult than for secondary alcohols. Most lipases and 

esterases exhibit iow enantioselectivity towards primary alcohois in part because they 

must not only distinguish between the difference in size of substinients at the stereocentre 

but also different conformations of the substrate along the flexible C(1)-C(2) bond of 

primary alcohols. 

Only rwo lipases, porcine pancreatic lipase (PPL) and Pseudomonas cepacia 

lipase (PCL), have shown moderate to excellent enantioselectivity towards some primary 

alcohol substrates and researchers have tned to develop empirical size models to predict 

their enantiopreference. 45. 46 Surprisingly, an empirical rule proposed for PCL by 



Kazlauskas towards plimary alcohols was opposite to that for secondary alcohols and was 

only reliabIe for substrates without oxygen at the ~tereocentre.~'~ This fÏnding suggests 

that factors other than size of the substituents at the stereocentre can contribute to the 

enantiodiscrimination of prirnary alcohols by PCL, Figure 1.10. Computer modeling of 

transition state analogs of substrates bound to PCL suggest that primary alcohols bind in 

different regions of the lipase than secondary alcohols, accounting for the reversa1 of 

enantiopreference towards secondary alc~hols.~' Furthemore, this modeling suggested 

that H-bonding also sets the enantioselectivity in PCL towards substrates with oxygen at 

the stereocentre. Such a finding cannot be predicred with empirical size models. 

Overall, empirical rules are much less reliable and general for predicting the 

enantiopreference towards primary alcohols than those for secondary alcohols and 

amines. 

primary alcohols 
(no O at the stereocentre) 

Pseudomonas cepacia lipase 

Figure 1.10 Empirical rule that summarizes the enanciopreference of Pseudonmnas 
cepacia Iipase (PCL) towards chiral primary alcohols. This rule is reliable when an 
oxygen atom is not directly attached to the stereocentre. Note thar PCL follows opposite 
size rules toward prirnary and secondary alcohols. 

EmpiricaZ rules for carboxylic ucids 

Although there are fewer examples of resolutions of carboxylic acids than 

secondary alcohois in the literature, hydrolases catalyze their enantioselective 

h ~ d r o l ~ s i s . ~ ~  -4 particularly important class of chiral carboxylic acids is 2-arylpropionic 

acids, which are non-steroidd anti-inflarnmatory dmgs, for example Naproxen, shown in 

Figure 1.6. Purified lipase from Candida rugosa exhibits excellent enantioselectivity 
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towards 2-arylpropionic acids4' An empirical rule was developed by the Kazlauskas 

group to predict which enantiorner of chiral carboxylic acids reacts faster with Cartdida 

rugosa lipase (CRL), Figure 1.11." This rule is also based upon the size of  the 

substituents of the stereocentre but is only reliable for CRL that has been partially 

purified. The ruk is only reliable 68% of the tirne with crude CRL (random guessing is 

50% reliable because there are only two choices), but the ruie is cornpletely reIiab1e with 

the purified form of the lipase. 

carboxylic acids 

purified Candida rugosa lipase 

Figure 1.11 Empirical size rule for the enantiopreference of Candida rzrgosa lipase 
(CRL) toward carboxylic acids with the stereocentre at the a-position. This rule is 
reliable for purified CRL only. Note that this size rule is opposite to the size d e  for 
secondary alcohols with CRL. 

It is difficult to develop an empirical rule for an entire class of  hydrolases such as 

lipases and esterases toward chiral carboxylic acids because the acid portion of an ester 

binds in regions of the hydrolase that are not conserved structural elements. Subsequently, 

when chirality is in the acid portion of an ester, binding can V a r y  widely between similar 

hydrolases. .An empincal rule could not be deduced that accurately predicts the prefened 

enantiomer of carboxylic acids by Pseudomonas cepacia lipase although researchers have 

suggested that stereoelectronic effects can set the enanti~~reference." Furthemore, 

contarninating hydrolases present in commercial preparations of the hydrolase cari effect 

the observed enantioselectivity towards chird carboxylic acids since they are tikrly to 

have varying degrees of selectivity towards the substrate. 



Aspergillus niger lipase (ANL) is one of the most common hydrolases reported in 

the literature for rhe production of chiral molecules, especially secondary alcohols and 

carboxyfic acids. These applications have been discovered largely through trial and error 

and empirical rules had not been developed to aid in the logical application of this lipase 

as a chiral catalyst. We therefore used substrate mapping to identify the structural feahires 

necessary for excellent stereoselectivity with ANL, Figure 1.12. Similar to other lipases, 

ANL obeyed the empirical size rule for secondary alcohols. An empirical rule based on 

the size of the substituents at the stereocentre could not predict the fast-reacting 

enantiomer of chiral carboxylic acids. Surprisingly, we found that the presence of a 

positively-charged substituent at the stereocentre sets the enantiopreference ~owards 

carboxylic acids despite the size of the other substituent. The resuits of this work are 

presented fully in Chapter 2 of diis thesis. 

SecondarY alcohols carboxytic acids 

Aspergillus niger lipase 

Figure 1.12 Empirical rules for the enantiopreference of lipase fiom A ~ p e r ~ l h s  niger. 

Empirical rules for more limited classes of subsrrares 

More specialized rules have been proposed to account for the enantioselectivity of 

hydrolases towards narrower classes of submates. They enable a researcher to make more 

detailed predictions but rhey are very limited in their scope and are only accurate for 

closely related stnicrures. 

For example, Itoh and coworkers proposed a mode1 for the resolution of 

secondary alcohols of 2-(methy1thio)-3-acetoxy esters by Aspergihis niger lipase (ANL), 

Fig 1.13 ?' They found that the diastereomers in the ami conformation were preferentially 

hydrolyzed over their corresponding syn diastereomers. Also, substrates bearing aromahc 



and unsaturated groups at the C-3 position showed higher selectivity than those with 

aliphatic groups at the C-3 position. The optimal substituents at C-2 position were 

medium sized, and a sulfûr group at this position heIped set the stereoselectivity of ANL. 

Overall, this model is only usefui for predicting the stereopreference of compounds that 

bear an aromatic substituent at the 3-position and a rnethyl or methylthio substituent at the 

2-position. 

Polar su~rituent  

(eiearon nch) 1 u -- ..- 
ui d a l l  group 
(non yolar) 

-0 
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medium (non pdar) 

Figure 1.13 Structure and stereochemical requirements for f i t  in the active site of 
Aspergillus niger lipase proposed by Itoh and coworkers to account for the observed 
diastereoselectivity towards secondary alcohols of 2-(methy1thio)-3-acetosy esters. The 
preferred stereoisomer is shown. 

A similar subsuate 

enantiopreference towards 

1 - 1 4 . ~ ~  

model was proposed by Tamm and coworkers to predict the 

meso and prochiral diesters by pig liver esterase (PLE)? Figure 
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Figure 1.14 Structural model showing the preferred enantiorner of meso and prochiral 
diesters by pi5 liver esterase. This model sumar izes  the structural and stereochemical 
requirements for an ester to be a good substrate for PLE. The subsutuents are assigned 
according to their sizes small (s), medium (M) and large (L). 

Acrive site models ru predict the enantiopreference of hydrolases 

Conversely, researchers also use active site models 10 more accurately map the 

topography and hydrophobicity of a hydrolase's active site to define the structure of the 

hydrolase's ideal substrate. Typically, these cubic-space models are composed o f  smaller 

regions or pockets, which corn01 substrate binding. To develop these models, usuaIly a 

researcher carries out substrate mapping, whereby a series of substrates are tested to 

explore the size and hydrophobicity/hydrophilicity of functional groups that the active 

site can accommodate. These modeIs can be used to predict rhe selectivity of new 

substrates by considering favorable interactions between the substituents of the substrate 

and the different binding regions. 

A well-known example is the active site model for pig Iiver esterase (PLE) by 

Jones and coworkers, Figure 1.15." Unlike the substrare mode1 for PLE above, this 

model can determine the stereoselectivity of a wide range of methy1 ester substrates 

including novel substrates not previously resolved." To determine the best fit and 

stereospecificity of a substrate, the ester group to be  hydrolyzed is piaced within the 

serine sphere and the remaining substrate is fitted into the H and P pockets following a set 

of well-defined d e s .  
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Figure 1.15 The active-site model for pig liver esterase proposed by Jones and coworkers 
to predict the stereospecificiry for racernic acids. The most important binding regions that 
set the specificity are the large and small hydrophobic aireas, marked HL and Hs. Two 
pockets have a more polar character? marked PB (polar back) and PF (polar front). The 
sphere rnarked "Ser" indicares the serine residue involved in catalysis. 

Similarly, active site models have also been proposed for another cornmon lipase, 

Pseudamonas cepacia Lipase (PCL), Figure 1.16.'~ In both models. differently shaped 

hydrophobic regions define the binding and orientation of a substrate in the active site of 

PCL. 

Serine 

Figure 1.16 a) -4 three-dimensional active site model of PCL by Theil and coworkers 
which proposes the size and shape of the hydrophobic binding pockets which control 
stereoselectivity. b) Two-dimensional active site model of PCL proposed by Burgess and 
Naemura for the acylation of alcohols. The canopy region is the site that recognizes the 
hydroxyl function of the substrates. 

Overall, using empirical rules and active site models can eliminate unsuitable 

hydrolases towards a target substrate and help predict the outcorne of a kinetic resolution. 

However, there are limitations to their use. Empirical d e s  do not necessarily display 

100% accuracy for predicting the preferred enantiomer (although most are greater than 



90%), so some substrates are exceptions to the d e  and the absolute çtereochemistry of 

the reaction products must be confirmed experimentally. Empirical rules cannot account 

for factors, other than size, that conûibute to enantioselectivity For example, Huit, Norin 

and coworkers observed very different enantioselectivities towards three s e c o n d q  

alcohols that are sirnilar in size but very different in electronic effects with Candida 

antarctica lipase B (CALB), Figure 1.1 7. 57. 58 

Figure 1.17 Enantioselectivity of CALB-catalyzed acylation of sirnilar sized secondary 
alcohols. The enantioselectivity towards 3-nonano l is exquisite, E > 3 00; upon 
replacement of a CH3 group with a similarly sized Br, the enantioselectivity drops to 7.6, 
while replacement with Cl shows an E of 14. AII substrates obey the size rule for 
secondary alcohols s h o w  on the lefi. 

In short, reiiable data concerning the rate and enantioselectivity of a reaction c m  

only be given by experimentally measuring the enantiomeric ratio, E of a hydrofase 

towards the target substrate. 

1.9 Measuring the enantioselectivity of hydrolases 

There are several methods to quantitatively measure the enantiomeric ratio, E. 

This detersnination is the slowest step in the selecrion process of suirable hydrolases for a 

given transformation. Each rnethod has its own advantages and disadvantages and they 

are reviewed below. In particular, their use as methods to rapidly but accurately 

determine the enantioselectivities of large numbers of hydrolases is evaluated.j9 

Note that the enantioselectivity of commercial hydrolases can be the apparent 

enantioselectivity since some commercial hydrolases have contaminating hydrolases 



present. Although kineticists stress the importance of absolute puriq of each enzyme, a 

synthetic chemist is more interested in the outcome of the kinetic resolution to produce 

pure stereoisomers than the absolute values of kinetic constants. 

Determining E by determining kinetic constants. 

From equation 1.16, it is obvious that a researcher can determine the 

enantioselectivity of a hydrolase towards a substrate by determining the k,,[ and KM 

values for each enanriorner under the desired synthetic  condition^.^^ Typically, a 

researcher rneasures the initial rates of hydrolysis of the pure enantiomers of a substrate 

as a function of their concentration under a fixed set of reaction conditions and plots the 

data using a linear f o m  of Equation 1.1 1 for analysis- There are several dzerent  linear 

plots available for statistical analysis. The most common are the Lineweaver-Burk plot 

(UV against 1/ [~ ] )~ ' ,  the Eadie-Hof~ee plot (v against v/[s])~', and the direct linear plot 

(v against [SI), Fi-we 1.1 8 .63 
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Figure 1.18 Linear plots for determination of kinetic constants from initial rate 
measurements: a) Lineweaver-Burk plot b) Eadie-Hofstee plot c)  direct linear plot. 
Typically, each plot requires eight to tweive initial rate measurements for accuracy. 

Aithough valuable kinetic information is detennined during these experiments, this 

method is time-consuming and laborious because it requires multiple substrate 

measurements below and above the KM value (usually from KM/2 to 10KM). Ofien, it is 

difficult to accurately determine kinetic constants of non-natural substrates with a 



hydrolase because their KM values are larger than the substrate concentrations that are 

experimentally possible due of to solubility limits. Also, this procedure requires 

sigdicant data manipulation and the calculated values are prone to error depending upon 

the statistical rnethod rhat is used for anaIysis.63 

Overall, detennining the enantiomeric ratio, E, by measurulg kinetic constants is 

too slow and labour intensive for screening a Iibrary of hydrolases towards a synthetic 

target for high enantioselectivity. 

Determining E by measuring enantiomeric pur@ 

Most chemists prefer to use the integrated form of equation 1.15 developed by Sih 

and coworkers, cornmonly referred to as the endpoint method.14 This formulation is based 

upon earlier work by Sharpless and coworkers to measure the enantiomeric ratio of non- 

enzymatic ~ ~ s t e r n s . ~ ~  In equation 1-15? vs = -d[S]/dt and v~ = -d[R]/dt. Integration yields 

the enantiomeric ratio: E, where [Sol and [ROI are the initial concentrations of both 

enantiomers and [S) and [RI are the rernaining concentrations d e r  a @en reaction thne. 

Eq. (1.18) 

During a kinetic resolurion, a chernist stops the reacrion and rneasures the concentrations 

of the (S) and (8)-enantiomer, expressed in terms of the conversion of reaction, c, and the 

enantiomeric excesses of the substrate (ee,) or product (ee,). This measurement is simpler 

than measuring the kinetic constants. 

First we define the conversion, c, as: 

and we define the enantiomeric excesses as the relative concentration of the two 

enantiomers d e r  a certain conversion as: 



R - S  
ee, = - 

R I S  

3 1 

Eq. (1 -20) 

- P - e  ee, - - 
P + Q  

Eq. (1.21) 

where P is the product of the (S)-enantiomer and Q is the product of the (R)-enadorner- 

Substitution of equations 1.19 and 1.20 into 1.18 yields an equarion which relates the 

enantiomeric excess of the remaining substrate and percent conversion to the 

enantiorneric ratio, E: 

Eq. ( 1 2 2 )  

Similarly, the enantiomeric ratio can be expressed as a function of the enantiornenc purity 

of the product and percent conversion by substitution of equarions 1.19 and 1.21 into 

equation 1.1 8. 

I ~ [ L  - C(I + ee,)] 
E =  

h[l- c(l - ee, )] 

The value of E is a constant throughout a hydrolase-catalyzed resolution of a 

racemate but the values of ee, and ee, change throughout a kinetic resolution as a function 

of percent conversion. This relationship is plotted using equations 1.22 and 1 2 3 ,  Figure 

1.19. Overall. these plots indicate the enantiomeric excesses that can be achieved using a 

hydroIase with a given E towards a substrate. AIso, if no hydroiases are available that 

hydrolyze the desired enantiomer with high enantiomeric excess, a researcher can 

alternately focus on obtaining the desired enantiomer in high enantiomeric excess as 

remaining starting material since high ees values can be obtained for rnoderate E values 

while ee, vdues cannot be achieved. 
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Figure 1.19 Plots of percent enantiomeric excess as a function of percent conversion for 
various enantiomeric ratios. 

The rneasurement of percent conversion for a given reaction i s  prone to 

experimenta1 errors. Alternately, percent conversion can be calculated from both 

enantiomeric excesses? 

C = ees 
ee, +- ee,  

Eq. (1 -23) 

Thus, percenr conversion can be eliminated from equation 1.23 by subsrimring equation 

1.24, yielding an equation for E that uses enantiomeric purities only to determine E : ~ ~  

The endpoint method is the current standard used to measure the enantiomeric 

ratio of enzyme-catalyzed kinetic resolutions but it is a relatively slow method, Typically, 



to determine an E value, a smalLscale reaction with the racemic substrate (usually 50 mg 

or more) and candidate hydrolase (several units depending upon its activity towards the 

substrate) is set up, allowed to proceed to around 50% conversion, then worked up to 

separate reaction products fi-om the hydrolase. Sui-table analytical conditions must be 

found tomeasure the enantiomeric excesses o f  the remaining starting material and 

products with chiral stationary phases for HPLC and GC. or chiral shift reagents. Finding 

suitable conditions c m  be time-consuming and diff~cult despite continuing improvements 

in the development of  chiral stationary phases. For example, in Chapter 2, w e  use four 

different chiral stationary phases for HPLCI two different chiral stationary phases for GC 

and a europium chiral shifi reagent to rneasure the enantiomeric purities of  the reaction 

products Gom Aspergillus niger catdyzed resolutions. In very difficult cases, a suitable 

method to separate enantiomers cannot be found, so researchers depend upon the oprical 

rotation of the reaction products to calculate enantioselectiviry. 

Ader and Scheider published an excellent example of screening for suitable 

hydrolases by the endpoint rneth~d.~' They identified a very active and enantioselective 

hydrolase with E 1100 (lipase from Pseudomonas species) toward a precursor of P- 
adrenergic bIockers by measuring the enantiomeric ratio of fifieen comrnon hydrolases 

towards the racemic substrate, Figure 1.20- They simultaneously measured the 

enantiomeric purities of the remaining starting matenal and products using an HPLC 

chiral stationary phase. More ofien than not: the reaction products of a kinetic resolution 

must be separated from the remaining starting material since they require different 

analytical conditions for optimal separation. 
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Figure 1.30 Screening a small library of commercial hydrolases toward the butyryl ester 
of a secondary alcohol precursor of a P-adrenergic blocker identified lipase from 
Pseudornonas sp. with E >100. The schematic shows the HPLC analysis of enantiomeric 
excess of the remaining starting material and products. 

Typically, a researcher screens twenty hydrolases or less towards a target substrate 

due to tirne cons~aints but more or less hydrolases can be tested. In an exverne example, 

researchers at Tanabe Pharmaceutical (Japan) determined the enanriomeric ratio of 730 

commercial hydrolases and culrures of microorganisms towards the racemic tram-3-(4- 

methoxypheny1)glycidic acid methyl ester, the key interniediate in the synthesis of 

diltiazern, sho wn in Figure 1 .5.68 

Overall, the endpoint method is the standard and accepted procedure for 

determining the enantioselectivity of hydrolase-catalyzed reactions but i t  is time- 

consuming because ir requires measuring enantiomeric excesses. Large Iibraries of 

hydrolases cannot be screened towards a target substrate without great cost o f  subsuate, 

enzymes and time. Also, this method is not practical when o d y  srnall amounrs of 

substrate or hydrolase are available, such as recombinant proteins and substrates Erom 

combinstorial libraries. 
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Determinhg E by initial rares 

. Recognizing the need for a method that accurately measures the enantiomerk 

ratio without m e a s u ~ g  enantiomeric excess, Jongejan and coworkers have developed an 

alternative to the endpoint methodPg This method uses the initial rates of mixtures of 

enantiomers to determine E. %y varying the ratio of the enantiomers but futing the total 

substrate concentration for a series of initiai rate measurements, the folIowing equations, 

which are derivations of equation 1-15: are used to determine E: 

Eq. (1.26) 

where vs and VR represent the initial rate of hydrolysis of the pure (S) and CR)-enantiomers 

while v . ~  is the initial rate of hydrolysis for a substrate mixture with a molar fraction x of 

the (S)-enantiomer. At least three measurements must be carried out, including 

measurements where x = O [no (8-enantiomer] and x = 1 [no (R)-enamiorner]. In practice, 

eight or more measuremenrs are usually can-ied out. The data is transformed into linear 

representations of Eq. 1.26 and Eq. 1.27 and E is evaluated kom the slopes of the line 

once vs and VR are deterrnined; Figure 1.2 1. Several oîher linear foms of these equations 

can also be used to determine E. 
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Figure 1.21 Determination of E fiom initial rates measwements of mixtures with varying 
enantiomeric excesses. Graph a allows for determination of l/(vs- vR) at the intersection 
with l/x = 1. The values of vs and v~ are known so E can be determined from the dopes 
of the line. SimiIarly, graph b can be used to determine E korn eq. 1.27. 

This method is panicularly useful when only smatl amounrs of  subsuate and 

hydrolase are available, or when suitable analytical methods to determine the relative 

amounts of enantiomers are unavailable. This method also increases the accuracy of the 

enantiomeric ratio since it does not rely upon a single measurement for calcuiation as 

with the endpoint method. The major disadvantage to this method is the time required for 

each E detemination because it requires multiple measurements and graphical analysis to 

determine E. OveralI, this method c m  be faster than the endpoint method to determine the 

enantiomeric ratio but is not significantly fast enough to allow for rapid screening of large 

numbers of hydrolases towards a target substrate. 

Measzlring enantiosele ctîvw tisîng rencrion progress curves 

Rather than using just the initial, linear portion of a reaction curves to calculate 

o r e s  enantioselectivity as above, researchers have also used the complete reaction pro, 

curve of enzyme-catalyzed kinetic resolutions to calculate the enantiomeric ratio. The 

relationship of conversion versus time for a kinetic resolution is easily recorded using a 

pH stat or using analytical methods to measure the loss of substrate or increase in product 

over t h e .  



If a hydrolase displays perfect enantioselectivity towards a substrate, the kinetic 

resolution of a racernate stops at 50% when al1 of the preferred enantiomer is exhausted. 

A Iess selective hydrolase continues to hydrolyze substrate after 50% conversion. Figure 

1-27. shows that increasing E values typically lead to sharper bending of the progress 

curves at 50%. Several approaches have been developed to quantitatively determine the 

enantiomeric ratio f?om these progress curves. An outiine of these methods follows. 

time 

Figure 1.22 Effect of the enantiomenc rario on the typical shape of a reaction progress 
curve of a hydrolase-catalyzed kinetic resolution. 

Fourneron and coworkers proposed a method to evaluate enantioselectivity by 

cornparing the experïmental progress cuve  of a kinetic resolution to theoretical progress 

~ w v e s . 7 ~  By defmition, the enantioselectivity of the reaction equals the rate of  hydrolysis 

of one enantiomer versus the other enantiomer, vRivs. -At a given conversion, the overall 

rate of product forniauon (v,,~) equals the surn of the partial rates of both enantiorners, V R  

~dpv~~anpdcan_beexpr_essed_by_the simpleequation: - - - - - - - - - - - - - 

Eq. (1 2 8 )  

At the initial stages of hydrolysis, the concentrations of the enantiorners (S, and R,) can 

still be ronsidered equal, so the observed rate of reacaon c m  be expressed as: 

Eq. (1 -29) 



Altematively, the reaction can also be expressed in ternis of the two reaction products 

forxned fiom the Sand R enantiomers, P and Q, respectively: 

The initial rate (v,~,,~/) is determined by first taking the tangent at the origin of the 

experimental progress c w e .  An arbitrary value of E is chosen to solve Eq. 1.29 for k ~ .  

This value is then substinited into eq. 1.30 and using arbitrary values of time, rheoretical 

curves are generated which have the same tangent at the origin as the experirnental c w e .  

This procedure is repeared to generate a senes of theoretical curves for different E values. 

The theoretical curves are then cornpared to the experimental plot and the theoretical 

c u v e  that mon closely matches the experimental curves determines the value of E, 

L ' 

time 

Figure 1.23 Theoretical curves (shown in solid lines) generated by the method of 
Foumeron and coworkers to determine the enantioselectivity of a hydrolase-catalyzed 
kinetic resolution (experimental data s h o w  in broken line). E is evaluated ro be >50 due 
to its similarity in shape to the theoretical curve for E = 50. 

Lu and coworkers developed a related method." Rather than comparing 

experimental c u v e  to theoretical curves, two points are chosen on the experimental 

progress c u v e  and the substrate concentrations are determined (Si and Sz). These 

concenrrations then are used to solve Eq. 1.3 I for the value of x, derived from equation 

1.30, which also describes the change in substrate concentration at IWO different Rmes of 

the kinetic resolution: 



This equation can also be expressed in terms of the enantiomeric ratio, E: 

Eq. (1 2 2 )  

The value chosen for x from Eq. 1.3 1 is substinited into Eq. 1.32 and the equation is 

solved for E. 

Lastly, Rakels and coworkers developed a method to determine the kinetic 

constants, ka, and KM, from progress cuves. This method is more accurate than the 

previous two progress curve methods because it can account for deviations from 

Michaelis-iMenten kinetics during a kinetic resolution. Progress curves of either the pure 

enantiomers* or a racemic substraten can be used to deterrnine the kat and KM values for 

both enantiomers but greater accuracy is obtained with pure enantiomers than the 

racernate. Yun and Suelter proposed an earlier and less accurare version of this rneth~d. '~ 

To use this method, numerical integation is appIied to model rate equarions that 

take into account any variations from iMichaelis-  ment en lunetics, in combination with 

nonlinear iterative fitting procedures. This procedure simulates progress curves of the 

reaction. The sirnulated curves are fitted to ~ h e  experimental progress c u v e  by adjushg 

the parameter vaiues, in th is  case the kinetic constants. The ratio of the kinetic constants. 

kat and Khi, for each enantiomer are used to calculate the enantiomeric ratio, Eq. 1.16. 

For example, Rakels's method was used to detemine the enantioseiectivity of 

carboxylesterase NP towards a-substituted propionate esters using the following kinetic 

equation: 

Eq. (1 -33) 



where [El is the total enzyme concentration and k h  is the first-order autohydrolysis 

constant to account for any chernical hydrolysis. 

Although progress curve analysis alleviates the need to measure enantiornenc 

excesses, it is not sufficiently fast to screen large numbers of hydrolases towards a 

synthetic target. A significant amount of data manipulation is required for each E value 

determination and, depending on the method chosen, these values can be less accurate 

than the endpoint rnethod. HistoricalIy, enzymologists have shown great reluctance to 

assess kinetic parameters fiom progress c w e s  becauçe of errors due to changing activiv 

as the reaction progresses despite a large amount of work to increase their a c c ~ r a c ~ . ~ ~  

Currently, progress cuves are not widely used to screen for enantioselective hydrolases. 

Determining E using compzirer rnodeling 

When the three-dimensional simcture of a hydrolase is available, ir is possible 10 

use cornputer modering to caIculate its enantioselectivity towards a target substrate. 

Tetrahedral intemediates of the acylation çtep for each enantiomer are used as nansition 

stars analogs and the difference in their potential energies (AAV:) is calculated by  force 

fields. This difference can be used to approximare the difference in activation free energy 

for the two enantiomers (MG:) when the entropic portion of Gibbs free energy (TUS) is 

srnall, Equation 1.34. 

MG:, = M - T U S  e -RTlnE Eq. (1 -34) 

Several different strategies have been proposed to calculate both large and subtle 

difference in free energies of the two tetrahedral intermediates. Steric restrictions largely 

guide the binding of the substrate in the active site but small differences in energy 

cdculations create large differences in the calclilated E value. The hydrogen bonds that 

are essential to stabilize the charge of the tetrahedral intermediate must be included in die 

calcularion. Some strategies largely treat the hydrolase as a f i e d  set of coordinates and 

a h w  for movement of the substrate and amino acid residues close to the sub strate only 

during the s i rn~la t ions .~~ Others account for rnovement of the hydrolase since some 
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substrates will induce a fit in the enzyme active site, causing a change in hydrolase 

geometry." The entropic as well as enthalpic contributions can be included in the 

caiculation of enantioselectivity7' since entropic contributions have been shown to 

contribute to the enantiomeric ratio.78 

The value for E is dependent upon the calculated energy values and, at present, it 

is difficult to match calculated values to experimentally determined values for E. Clearly, 

this method is not suitable for screening large numbers of hydrolases towards a target 

substrate but is more useful to predict and rationalize the enantiopreference towards a 

target ~ u b s t r a t e . ~ ~  We employ cornputer modeling in Chapter 6 to rationalize the observeci 

diastereoselectivity of a-chymotrypsin towards cis and »-ans diastereomers of 2- 

benzyloxymethy-4-carboxylic acid-1,3-dioxolane methyl ester. 

Determining E under non-Michuelis-Menten condilions 

Finally, it should be noted that although not al1 hydrolases obey true Michaelis- 

Menten kinetics, generally a researcher generalIy chooses the simplest kinetic equations 

based on knowledge of the mechanism. Because of the large numbers and different types 

of hydrolases in this thesis, we use equations ta calculate the enantiomeric ratio, E, that 

obey Michaelis-Menten kinetics and have been applied ro other hydrolase-catalyze 

resolutions reported in this literanue. 

-Many of the methods used to calculate E for irreversible, hydrolysis reactions 

have been extended for use with reactions that do not obey iMichaelis-Menten kinetics. 

e-g. reversible esterification reactions. Sih and coworkers extended their equations (Eq. 

1.22 and 1.23) to calculate the enantioselectivity of reversible reactions by taking into 

account rate constants for the forward and reverse directions.80 Similady, Anthonsen and 

Jongejan developed integrated equations IO rneasure the E value of reversible reac t i~ns .~ '  

Straathof and coworkers have carried out extensive research to determine the 

enantioselectivities of hydrolase-catalyzed reactions that deviate from Michaelis-Menten 

conditions. For example, they developed equations to rneasure the enantiomeric ratios of 

kinetic resolutions with insoluble solid substrates by taking into account mass transfer of 

the two enantiomers as well as the enantiomeric purities.82 They also developed methods 



to analyze reaction progess curves of reactions that deviate fiom Michaelis-Menten 

kineticsg3 We do not explore these reactions in this thesis. 

1.10 Estimating the enantioselectivity of hydrolases 

Because it is time-consuming and labour-intensive to accurately measure the 

enantioselectivities of a library of hydrolases towards a synthetic target, researchers 

sometimes estimate their enantioselectivities Methods to estimate enantioselectivity are 

generally faster and more convenient to carry out for large numbers of  hydrolases than 

with the endpoint rnethod. However. the convenience and speed of these methods are 

usualIy afforded at the expense of accuracy of the value for E. Common rnethods to 

estimate the enantioselectivities of hydrolases towards a target are outlined below. 

Eliminating inactive hydrolases 

When a researcher screens for enantioselective hydrolases towards a target 

molecule, not only do suitable hydrolases have to exhibit excellent enantioselectivity 

towards the target substrate but also must show very good hydroIyric activity to be 

suitable candidates. Selective but very slow hydrolases are not syntherically usefûl for the 

preparative scale production of pure stereoisomers. Thus, a researcher will ofcen first 

screen for hydrolytic activity towards a target subsn-ate using a varies. of techniques 

hcluding: ritration of the liberated acid with base manually or using a pH stat; following 

the hydrolysis of fluorogenic or chromogenic substrates; thin Iayer chromatography 

(TLC) to observe disappearance of starting rnaterial or appearance of products; 

quantification of appearance/disappearaoce of reaction products using HPLC: GC or 

NMR. Activity screens focus the researcher on active hydrolases and remove inactive or 

poorly active hydroIases fiom consideration for more accurate screening methods. 

U s e  seprately rneuszired initial rates to estimate enanrioselecrivi@ 

The most common method in the literature to rapidly estimate the 

enantioselectivity of hydrolase-catalyzed kinetic resolutions is to separateiy rneasure the 

hydrolase-catalyzed initial rates of hydrolysis towards the two pure enantiomers of a 

racemate. The ratio of the rates is used as a qualitative estimation of E. 
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The rate of hydrolysis of one enantiomer versus the other is the enantiorneric ratio, 

Equation 1.16- However, this equation assumes both enantiomers are present in solution 

and compete with each other for the enzyme's active site. Separately measured initial 

rates of hydrolysis ignore some or all of the effects of KM on the initial rates. The ratio of 

separately-measured initial rates is therefore only accurate as a measure of E when both 

enantiomers have identical values or when subssate concentrations are well below the 

KM values @seudo-first order conditions). Despite these shortcomings, this method 

continues to be applied to rapidly identifi enantioselective hydrolases towards a taQet, 

largely due to speed and convenience. 

It is convenient to use chromogenic substrates in these assays since their rates of 

hydrolysis are easily rnonitored spectrophotometrically. For example, Reetz and 

coworkers separately measured the rates of hydrolysis of a large libra- of mutant 

proteins of Pseudomonas aeruginosa lipase towards (R) and (S)-4-nitrop hen y [ -2 -  

methyldecanoare, Figure 1-24." Mutant lipases that showed large differences in rates 

towards both enantiomers were selected as active and enantioselective hydroIases for 

M e r  rounds of mutation. 

time 

Figure 1.24 In the first step ro estimate E, the initial rates of hydrolysis of the (S)- 
substrate is determined spectrophotornetrically for each hydrolase. The second step uses 
the (R)-substrate, and the ratio of initial rates from both steps estimates the 
enantioselectivity. One lipase (-) shows a high estimated enantioselectivity because 
there is a large difference in initial rates of the two pure enantiomers while another lipase 
(- - - -) shows similar rates of hydrolysis towards both enantiorners, suggesting poor 
enantioselectivity . 

Many target substrate cannot be easily derivatized into chromogenic substrates, so 

the initial rates of hydrolysis must be determhed by analytical methods such as HPLC or 
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GC to observe the rate of change of appearance of product or disappearance of starting 

material. To simplify and generalize this method to estimate E to any substrate, not juçt 

chromogenic ones, we developed a method to spectrophotornetrically determine the 

hydrolase-catalyzed rates of hydrolysis of an ester using pH-indicators. With a well- 

chosen reaction buffer and pH indicator, the rate of  change o f  absorbante of the pH 

indicator can be directly related to the rate of enzyme-catalyzed hydrolysis. We used this 

method to rapidly screen a library of 70 commercial hydrolases for activity and 

enantioselectivity towards an important chiral synthon, a butyryl ester of soLketa1 (2,2- 

dimethyl-l,3-dioxolane-4methanol). The complete resuits of this work are presented in 

Chapter 4 of this thesis. 

Using progress curves ro estimate enantioselecrivity 

Reaction progress curves c m  be used as an index of  enantioselectivity as 

mentioned in Section 1.9 of this chapter. For example, Gnengl and coworkers used 

reaction progress curves to rapidly estimate the enantioselectivity of Candida rugosa 

lipase (CRL) towards secondary alcohols of norbornane-type cornpounds, Figure 1 .25.85 

Measwing E by endpoint method was used to confj~im CRL as enantioselective towards 

the substrate. 

In general, this method can be a fast way of identiQ a hydrolase witli exceptional 

enantioselectivity towards a target substrate (E > N O )  but is less useful when 

enantioselectivity is modest to poor. Since the intrinsic shape of a progress curve depends 

not only on enantioselectivity but also the reaction conditions such as cosolvents, pH, 

temperature, and enzyme stability tbroughout the course of the reaction, it can be diEcult 

to estimate enantioselectivity by this method. 
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Figure 1.25 The progress cuves of the resolution of two norbornane-type alcohols by 
Candida rugosa lipase (CRL) suggests that CRL is enantioselective towards endo 
substrate a but is non-selecuve towards exo substrate b. 

Usingpure enantiorners dissdved in agar plates ro esrimate enuntioselectivis, 

If pure enantiomers of a target substrate are available, separate agar-type plates 

can be prepared with the pure enantiomers present as suspensions. The substrates must be 

soluble in the agar solution for this method to work. Aliquots of different hydrolase 

0 zones or solutions are dropped ont0 the plates and, if substrate hydroIysis occurs, clearin, 

halos are f~rmed. '~  Some researchers add pH indicators to help visualize hydrolytic 

activity.8' -4 hydrolase that shows a clearing zone for one enantiomer only is identified as 

enantioselective, Figure 1.26. 

It is difficult IO accurately quanti@ the size of the cIearing zone to hydrolytic 

activity, so this method only identifies hydrolases with exquisite enantioselectivity. This 

niethe& i s  wt-cenrmoniy-used m esrimare enanrio s e l e c r i v i ~ ~  of commercial hydro iases 

towards a target substrate but is sometimes appIied to screening libraries of recombinant 

pro teins produced through cloning techniques for activity and se lec t i~ i ty .~~  



Figure 1.26 Screening for enantioselectiviq using pure enantiomers dissolved in agar 
plates. Hydrolase a is identified as enantioselective because hydrolysis is detected 
towards one enantiomer only while hydrolase b is active towards both enantiomers and is 
classed as nonselective. 

1.11 Development of a new rnethod to rapidly identiQ enantioselective hydrolases 

Currently, the best method to select enantioselective hydrolases is Sih's endpoint 

method, which requires measmïng enantiomeric purities. It can be slow and Iabor 

intensive when used to screen a large library of hydrolases. To shorten screening time, 

researchers can either limit the number of hydrolases testzd, thereby missing potentially 

selective catalysts, or they can estirnate the enantiomeric ratio, which may result in 

identieing unselective hydrolases. The development of a rapid but accurate meuiod to 

measure enantioselectivity without measuring enantiomeric purity or exhaustive data 

manipulation is critical to the continued application of hydrolases as synthetic reagents 

for the production of pure stereoisomers. 

In this thesis, 1 focus upon the development of a method to rapidly but accurately 

measure the enantiomeric ratios of a library of hydrolases towards a target substrate 

without rneasuring enantiomeric purities. The criteria were threefold in the development 

of a new method to measure enantioselectivity. First, the method must accurately measure 

the enantiomeric ratio, E, and not just estimate it. Second, the method must be suitable for 

rapidly screening a large library (hundreds to thousands) of  hydrolases towards a target 

substrate. Third, the method must be sensitive enough for screening libraries of small 

(microgram) quantities of mutant hydrolases. Researchers have developed directed 

evolution methods to engineer enzymes for increased activity, stability and organic 

solvent tolerance by random mutagenesis and recornbination, coupled with screening 

steps to select irnproved ~ a r i a n t s . ~ ~  By accumulating beneficial environrnents over 
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multiple generations, large increases in activiv and stability have been achieved. Using 

directed evolution to enhance a hydrolase's enantioselectivity towards a target subslrate 

requires a sensitive and accurate screen to rapidly but accurateIy measure E. Developing a 

sensitive screen to perform directed evolution of a hydrolase for increased 

enantioseiectivity was our ultimate goal. 84. 90 

Chapters 3 to 5 detail the stepwise development of a novel spectrophotometrk 

method to accurately determine the enantiorneric ratio of hydrolase-catalyzed resolutions 

of a target substrate based upon the rneasurernent of  initial rates. We separately measure 

the initial rates of hydroIysis of each pure enantiomer, but both pure enantiomers cornpete 

wïth an achiral reference compound. The specificity constants (kcai/Kbr) of both pure 

enantiomers are obtained relative to a reference compound. The ratio of the two relative 

specificity constants yields, Dy definition, the enantiomeric rario, E. We cd1 this method 

"quick E due to its speed and ease. 

To illustrate the usefulness of this technique, we use the quick E method to screen 

a library of ninety commercial hydrolases for high selecrivity towards a mixture of 

diastereomers of a key chiral intermediate in the synthesis of nucleoside analogs. The 

quick E method rapidly identified two hydrolases with high selectivity. These results are 

detailed in Chapter 6. 
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Chapter 2 

Lipase fkom the fungus AspergiIZus niger (ANL) is one of the oldest commercial 

microbial sources of lipase and has been widely applied as an enantioselective cataiyst for 

the production of chird building blocks in synthesis. It is an extracellular, 32 kDa 

hydrolase that is cornmercially available in a cmde form at a very modest price from 

several suppliers. iMost of us are familiar with AspergiZZus niger fun,% as a black growth 

on shower curtains and bathtubs, 

Throughout the past decade, researchers have developed ernpirical rules to help 

predict the enantiopreference of hydrolases such as Candida rtrgosa lipase and 

Pseudomonas cepacia lipase towards chiral aicohols and carboxylic acids based upon the 

size of the substituents at their stereocentres. These d e s  summarize the observed 

enantiopreference of substrates reported in the Iiterature. Surprisingly, empirical rules 

were not developed for M L .  

In this chapter, we present empirical rules for the enantiopreference of ANL. 

towards secondary alcohols and carboxylic acids. These rules aid in the application of 

ANL. as an enantioselective catalyst by identifying the structural elements of a substrate 

that help set the enantioselectivity of -W. 

This chapter is almost a verbatim copy of a pubfished article and is reprinted from Tetrahedron: 
Asymmetry, Vol. 8, Lana E. Janes and Rornas J. Kaziauskas, "Empirical Rules for the 
Enantiopreference of Lipase from AspergiZIzls niger toward Secondary AlcolioIs and Carboxylic 
Acids, especially &Amino Acids", 37 19-3 733, Copyright 1997, with permission from Elsevier 
Science. 
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Abstract: Lipase from Aspergillzis niger (ANL, Amano lipase AP) catalyzes 

enantioselective hydrolysis and acylation reactions. To aid in the design of new 

applications of this lipase, we propose two empirical rules that predict which enantiomer 

reacts faster. For secondary alcoholso a rule proposed previously for other lipases also 

works for ANL, but with Iower reliability (77%. 37 of 18 examples). For carboxylic 

acids, we examined both crude and partially-purified A-JL because commercial .4N1 

contains contarninating hydrolases. Partial purification removed a contaminating amidase 

and increased the enantioselectivity of ,4NL toward rnany a-arnino acids, including cyclic 

amino acids. Unlike other lipases, ANL readily accepts positively-charged substrates and 

shows the highest enantioselectivity toward a-amino acids. Although a rule based on the 

sizes of the substituents could not predict the fast-reacting enantiorner, a d e  limited to a- 

arnino acids did predict the fast-reacting enantiorner. We estimate that the charged a- 

amino group contributes a factor of 40-100 (MG:: = 2-2-27 kcalimol) to the 

enantioselectivity of ,4NL towards carboxyric acids. 

Introduction 

Lipase-catalyzed reactions are one of the best methods to produce enantiomerically 

pure compounds.1 Lipase frorn the fungus Aspergillus niger (ANL) is a useful 

enantioselective catalyst, especially for the resolution of secondary alcohols and 

carboxylic acids. These reactions were discovered by n ia l  and error. To iden t i e  other 

applications of this lipase, it would be useful to have generalizations or rules that identify 



which structures in a substrate are required for high enantioselectivity. The only previous 

generalization for ANL was limited to secondary alcohols of  2-(methy1thio)-3-acetoxy 

esters.l 

The simplest d e s  for hydroIase-catalyzed reactions do not artempt to predict the 

degree of enantioselectivity, but o d y  which enantiomer reacts façter. For esample, a nile 

based on the size of the substituents at the stereocentre predicts which enantiomer of a 

secondary alcohol reacts faster,j Figure 2.1. 

secondary alcohols carboxylic acids 

al1 lipases CRL ANL 

Figure 2.1. Empirical rules that predict the fast-reacting enantiomer in lipase-catalyzed 
reactions. For secondary alcohols, all lipases, including ANL, follow a rule that compares 
the size of the substituents at the stereocentre. For carboxylic acids, a rule based upon the 
size of the substituents at the stereocentre works for CRL, but not for ANL. -4 rule for 
ANL includes o d y  a-amino acids (including cyclic amino acids) and suggests that a 
charged a-amino group is essential fbr high enantioselectivity. -4NL aiways hydrolyzes 
the natural L-enantiomer. 1M represents a medium sized substituent, e-g.? CH3: L 
represents a large substituent, e-p., Ph, R represents any a i e l  or aryl group. 

This rule suggests that the lipases distinguish between enantiomers of  secondary 

alcohols primarily based on the relative sizes of the substituents. For the  synthetic 

chemist, this means that lipases resoive secondary alcohols with different-sized 

substituents better than alcohols with similarly sized substituents. In this paper, we will 

show that ANL also follows the rule in Fi50we 2.1, but with Iower reliability than for 

other lipases. 

Predicting the fast-reacting enantiomer of a carboxylic acid has been more difficult 

for lipases. For purified lipase from Candida rugosa, a mie based on the size of the 

substituents was reliable,4 but we show in this papa that this rule is not reliable for ANL. 

For ANL, the most efficiently resolved carboxylic acids are or-amino acids and the fast- 



reacting enantiomer has the L-configuration, Figure 2.1. ThÏs mode1 suggestç that charge, 

not size, of the substituents at the stereocentre sets the enantioselectivity of  ANL for 

carboxylic acids. 

Results 

Literarure survey of the enantiopi-eference of M L  roward secondary alcohols 

To test if the secondary alcohol rule also applies to lipase from Aspergillus niger, 

we summarized al1 reported hm-catalyzed reactions of secondary alcohols, Table 2.1. 

Fiame 2.2 shows the structures of the fast-reacting enantiomers. The examples include 

both hydrolyses of esters and acylations of alcohols, but for consistency the structures in 

Figure 2.2 are al1 alcohols. We excluded patents and examples where the 

enantioselectivity was < 2. For eight examples, the rule is equivocd because the size of 

both substituents is similar according to CPK models. We marked these examples 'sirn. 

size' in Table 2.1 and excluded them fiom the tally below. Note. however, that two of 

these examples showed good enantioselectivity, E > 40. 

For the remaining 48 substrates, the rule in Figure 2.1 predicts the absolute 

~ o ~ g u r a t i o n  of the favored enantiomer in 37 cases, but fails in 11 cases, 77% accwacy. 

(Guessing alone gives 50% accuracy because there are only two choices.) Six of the 48 

substrates showed enantioselectivities > 50 and the rule predicted the favored enantiomer 

for al1 six of these. Of  the eleven exceptions to the rule, eight showed low 

enantioselectivities, E _< 10, but three showed moderare enantioselectivity (E = 20-41). 

Five of the six bicyclic alcohols (compounds 23-27) did not obey the size nile. Thus, the 

size rule usually predicts the favored enantiomer, but the reliability is iess than for other 

lipases where the reliability is often > 90%.21j This iower reliability may be an inherent 

characteristic of ANL or it may be due to contaminating hydrolases, see below. 
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Wydrolysis of the ilcetate ester iisiiig lipase AP-6 froiii Amniio Eiizyciie Co. iinless iioted otlierwisc. Figiire 2.2 sliows the absolute 
configiiratioiis of iIie favored eiiaiitiorner. b~naiitionieriç wiio, B, iiieasiires tliü prckreiice of the eiizyiiie For oiie eiioiitionicr over [lie 
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A: Nneniura, K.; Takaliashi, N.; l'iiciakn, S.; Ida, 11. ,J. Clierri. Soc., Perkiu 7i.t i i is.  1 1992, 2337-2343. Estiinated U, values bnsed on the 
reported enantiomeric purities. ''Lipase froiii Pliikn Clieiiiical Co.: Zornviicka, M.; Ziizaria, Z.; Re.jzek, M., Streinz, L.; Wiinmer, Z.; 

Mackova, M.; Demnerova, K. L,tz. h.licr406. 7Eçlr. 1995, 17, 866-863. E = 6 for esterification witli vinyl açetate in beiizene. " ~ i p s e  
APF: P~tel ,  R. N.; Baiieijee, A.; Ko, I L  Y.; 1-lo~vcll, J. M.; Li, W.-S.; Coinezoglii, F. l'.; Pnrtyka, R. A.; Szarka, L. L(iotecliiw1. ,+)pl. 

t Biochenr. 1994, 20, 23-33. Ilociike, C.; Kliiwer, P.; I-liigger, U.; Krieger, II.; I>riiizbacli, 1-1. Tettnlic(lim Leti. 1993, 34, 4761 -4764. 



A literature survey of enantioselectivity of ANL; roward carboxyiic acidr 

Table 2.2 summarizes al1 reported ANL-catalyzed hydrolyses of esters of 

carboxylic acids in the literature and Figure 2.3 shows the structures of the faster-reacting 

enantiomers.6 ANL favors the naturally occuming L-enantiomer of pipecolic acid, 31, 

homophenylalanine, 33 (R = CHzCH2Ph), and the twelve N-Cbz-protected amino acids, 

38. ANL showed no enantioselectivity toward IV-acetyl pipecolic acid, 39. For the non- 

amino acid substrates, ANL showed moderate enantioselectivity toward 2- 

phenoxypropionic acid, 40, and low enantioselectivity toward acids 41 and 42- From such 

a Iimited range of substrates (7 structures in total), it is difficult to deduce which classes 

of carboxyIic acids ANL resolves efflciently. For this reason, we resolved a wider range 

of carboxylic acids with both crude and pamally-purified .4Ni, Table 2.3. 

Amino acids 

Acids with uncharged substituents 

COOMe 

Figure 2.3. Carboxyiic acids tested in enantioselective reactions wi th  ANL. 
Enantioselectivities are moderate or better (E >IO) o d y  for the examples in the solid-line 
boxes. Examples in the dotted-line boxes did not react with .M. Strucnires show the 
fast reacting enantiomer where the absolute configuration is known. Table 2.2 provides 
details for the examples from the Literanire and Table 2.3 lists experimental results for 
examples reported in this paper. 



Table 2.2. Literature Survey of the Enantioselectivity of ANL toward Carboxylic 

Structure R~ EC FolIows size Reference 
ruled? 

CH2CHzPh 
M e  [AIa] 

Et 
i-Pr p a l ]  

n-Pr 
n-Bu 

n-Pentyl 
CHFCHCH~ - - 

n- Hexy 1 
(4-Thiazo1yl)methyI 

B n  [Phe] 
CH3SCH2CH2 [Met] 
(CH3)sCHCH2 [Leu] 

sim. size 

Yes 
no 
no 
no 
no 

no 
sim. size 

no 

sim. size 
no 
no 
no 

no 
NA 
no 

yes 

no 

QHydroIysis of the rnethyl ester using lipase .U-6 korn .;2mano Enzyme Co. unless noted 
othenvise. Figure 2.3 shows the absolute configuration of the favored enamiorner. b ~ h e n  
the structure is a comrnon amino acid, its three letter abbreviation is given in brackets. 
CEnantiomeric ratio, E, measures the preference of the enzyme for one enantiomer over 
the other: Chen, C. S.; Fujimoro Y.; Girdaukas, G.; Sih, C. J. J. Am. Clzem. Soc. 1982, 
104, 7294-7299. d ~ h e  mle i n  Fig. 2.1 is ambiguous when both substiruents are similar in 
size; these examples are marked 'sim. size'; 'na' indicates not applicable because E = 1. 
eCrude ANL showed an E of 20, but partially-purified -4NL showed an E of > 100: Ng- 
Yom-Chen, M. C.; Serreqi, A. N.; Huang, Q.; Kaziauskas, R. J. J. 01-g Chem. 1994,59, 
2075-2081. kydrolysis  o f  the ethyl ester: Houng, J.-Y.; Hsieh, C.-L.; Chen, S.-T. 
Biotechnol. Techn 199 6, 1 O, 3 53 -3 58. l33ydrolysis of the 2-chloroethyl ester: Miyazawa, 
T.; Talcitani. T.; Ueji, S-; Yamada, T.; Kuwata, S. J. Chem. Soc., Chem. Conzmzrn. 1988, 
1214-1213. h ~ h i o u ,  A.- J.; Wu, S.-H.; Wang, K.- T. Biotechnol. Leu. 1992, 11, 461464. 

i~ransesterification of the vinyl ester with methmol in heptane: Miyazawa, T.; Kurita, S.; 
Ueji, S.; Yamada, T.; Kawata, S. Biotechnol. Let?. 1992,11, 941-946. j ~ h e n e v e a  R.; 

Lavoie, M.; Courchesne, G-; Martin, R. Chem. L e n  1994, 93-96.k~gooi, T. K.; Guo, 2. 
W.; Sih, C. J. Biocntalysis 1990,3, 1 19-128. 



Enantioselectiviry of AVL toward carboxylic acids does nor depend on the size of the 

su bstituents 

We tested the methyl esters of nine a-amino acids, 33, the octyl ester of 32, three P- 

mino  acids, 34-36, and one ar-disubstituted amino acid, 37. In addition, we tested esters 

of an aryloxypropionic acid, 43, mandelic acid, 44, two arylpropionic acids, 45 and 46, 

two furoic acids, 47 and 48 and 2-chloropropionic acid, 49. For pipecolic acid, 31, we 

previously showed that the enantioselectivity of ANL increased significantly (fiom E - 
20 to E X 0 0 )  upon partial purification of the lipase to remove a contaminating 

hydrolase.7 For this reason, we measured the enantïoselecùvi~ of both crude and 

partially-purïfied ,AM.. 

ANL resolved ody  the a-amino acids with an enantioselectivity >IO. For praline, 

phenylalanine, and phenylgIycinez the enantioselectivity of cmde ANL was moderate to 

good (E = 20-70) and increased to > 90 upon purification. For alanine the 

enantioselectivity aIso increased fiom 3 to 41 upon purification. The specific activity of 

.4NL towards these substrates increased up to two-fold upon purification (0.21-0.49 U/mg 

for cmde, 0.55-0.96 Uimg for partially-purified). On the other hand, the specific activity 

of ANL towards N-Cbz-phenylalanine, 38 (where R = Bn), decreased by a factor of nine 

upon purification and the enantioselectivity decreased from 10 to 13. These decreases 

suggests that a contaminating hydroiase in crude PLNL contributes to the hydrolysis of N- 

Cbz-phenylalanine-methyl ester. For the non-charged substrates, 43, 45 ,  17-49, the 

specific activity increased as much as twenty fold (0.05 1 - 1.4 U/mg for crude- 0.072-3 .O 

U/mg for pdally-purified), but the enantioselectivity rernained low. Thus, purificarion 

increased the specific ac~ivity toward many substrates, but increased the 

enantioselectivity ody  toward substrates with a charged cc-amino group. 

The specific activity of cmde ANL toward or-amino acids with larger side chains - 
tryptophan, iyrosine, and O-methyl tyrosine - were 5-50 times Iower than for the those 

with smaller side chains. The enantioselectivity was low to moderate (E = 5-35). Little 

changed upon purification. The specific activity increased nvo-fold towards tyrosine and 

O-methyl tyrosine, but decreased IWO-fold towards tryptophan, but the enantioselectivies 



remained approximately the same (E = 2.5-21). Three sterically hindered,.. unnaturd a- 

amîno acids, rert-leucine (33, R = [-Bu), 2,6-dimethyltyrosine (33, R = 4'-OH-2',6'-Me- 

C6H2) and the a-disubstituted amino acid, 37, did not react. The slow hydrolysis and 

lower enantioselectivity towards large substrates suggest that there is a limit to the size of 

the side chah that ANL c m  accommodate. 

AM, did not catdyze the hydrolysis of any of the three p-amino acids, 34-36, even 

though these are not sterically hindered. Both crude and partialy-purified ANL showed 

low enantioselectivity toward the aqdoxypropionic acid, 43, mandelic acid? 14, the two 

arylpropionic acids, 45 and 46, and the rwo h o i c  acids, 47 and 48, and chioropropanoic 

acid, 49. 

A rule comparing the size of the substituents at the stereocentre predicted the 

enantiopreference of purified lipase from Candida rugosa towards carboxylic acids? but 

this nile does not work for Am, Figure 2.1. For the a-amino acids, 33. the larger group, 

R, lies to the left, but for the N-Cbz-a-amino acids, 38, the larger group, N-Cbz? lies to 

the right. Yet ANL favors the L-enantiomer for both, For substrates 41 and 43, the larger 

group lies to the left, but for 42 the larger group lies to the right. We also cornpared the 

overall accuracy of the size rule. h o n g  the 40 carboxylic acids tested in either this work 

or literature reports, eight did not react. We excluded another six because both 

substituents had similar sizes (31, 32, 33 (R = CH3 [Ma]), 38 (R =n-pentyi, n-he,uyl) and 

47, 48). We also excluded 39,44, 45 from the tally because the endoselectivity was < 

2. For the remaining 23 substrates, only ten obeyed the size rule corresponding to 44% 

accuracy. This accuracy is simïlar to gessing alone. 





ANL is lipase AI>-6 precipitntcd \vitIl 25-55% satiiration of aiiiiiioiiiiiiii siilfate. CWlien the striictiire is a coiiiiiion aiiiiiio iicid, its tlirec 

letter ahbreviation is giveii in brackets. (hnitiiil rate of Iiytlrolysis i i i  iitiitsling proteiii. IJnit = ~iinol of ester Iiydrolyzed per niiiiiite. 

Criide ANL contained 2.8 wt "/o proteiii by tlic I3io-Rad prolcin nssay . CE represeiits tlie ciiiiiitiotiieric ratio wliicli nieastires the 
prefcrence of the enzyme for one enatitioiiier over the otlier: Clieii, C. S.; Piijiiiioto Y .; Giiuliitik;is, Ci.; Sili, C. J.  J. Ai),. Cliein. Soc. 
1982, 104, 7294-7299. Unless ollierwise noted, E wns calciilalcd froiii ccs and ccp. .fi: was calciiliited froni ec and perceiit 

P 
conversion. GHydrolysis of the octyl ester. 'fhe inetliyl ester of 32 was tinstahle lit rooin teinperatiire; the iiietliyl esters of 47 and 48 
wcrc vcry volatile. h~lienylglyciiie metliyl ester partially raceiiiized after 24 Iioiirs al pl-1 5 .  ïb dcteiiiiine E accurately, we iiscd short 
reaçtion limes (typically 1 Il) and rnçasiirctl ccp niitl ccs iiiiiiietliiitcly nncr wc stolipcd tlie rccnctioii. Otliers also iioted the raceiiiization 

of plienylglycine, for exuinple, Sliiraiwa, l'.; Sakata, S.; 17i!jisliiina, K; Kiiiokawii, 1-1. 111i11. Clwir. Soc. J/m. 1991, 64, 191-195. 

i ~ ~ d r o l ~ s i s  oftlie etliyl e ~ t e r . ~ l l ~ t l r o l ~ s i s  of tlic çliioroethyl cstcr. k~ wris cnlçiilstctl fioin ecs and perccnt coiiversion. 



Chapter 2 

High enantiosdectivi~ requires a protonated am ino group (-NH3+) 

Additional evidence that size of the substituents at the stereocentre is not important 

cornes fi-om good to excellent enantioselectivity toward several carboxylic acids that 

contain similarly sized substituents. Purified ANL resolved th ree  a-arnino acids, 

pipecolic acid, proline and alanine, with an enantioselectivity of 41 to NO0 even though 

the two substituents differ only in the charge of the substituents at the stereocentre. This 

difference corresponds to a MG: of 3.2-2.7 kcalhnol. 

The enantioselectivity of purified .4NL toward 2-phenylglycine (33 where R = 

phenyl, E = 93) was much higher than for analogs without a protonated amino group. The 

enantioselectivity toward mandelic acid, 44, and 2-phenylpropionic acid, 45, was only 

1.2-1.3. SirniMy, the enantioselectivity of purïfied ANL toward alanine (33 where R = 

methyl, E = 4 1) was much higher than toward 2-chloropropionic acid, 49 (E = 8). 

To test whether high enantioselectivity requires a protonated amino groupl we 

measured the enantioselectivity of ANL as a function of pH, Table 2.4. Both 

enantioselectivity and specific acuviv were highest at pH 5 toward phenylalanine-methyl 

ester. At higher pH both the rate and the enantioselectivity decreased by factors of 5.3-7.6 

and 4-66, respectively. These decreases are consistent with the -NH;' form of 

phenylalanine-methyl ester as the most reactive and best resolved fonn of the substrate. 

At pH 4 the enantioselectivity also dropped to 6, but we attnbute this drop to partial 

denaturation of ANL. .4frer incubation at pH 4 for 1 h, the lipase activity measured at pH 

7.5 with PNPA as the substrate dropped by 50% for crude lipase and 25 % for partially- 

purified ANL. Incubation at pH 5-9 showed no drop in acriviry by PNPA assay. 

To confïrm that ANL accepts other positively-charaed substrates, we tested S- 

acetylthiocholine iodide, a thioester with an -NMe;- goup in the thiol portion. Indeed, 

crude ANL catalyzed the eff~cient hydrolysis of this substrate with a rate o f  0.19 U/mg 

protein. This rate was one hundred times faster than with lipase fiom Cmdidn rugosa and 

ten thousand times faster than with lipase fiom Pseudomonas cepacia. However, -4NL 

was ten thousand-fold slower at hydrolyzing this substrate than acetylcholine esteraseS8 



Table 2.4. Influence of pH on the Enantioselectivity of Partially-Purified .4NL 
toward Phenylalanine-Methyl Ester". 

-- 

PH rate % substrate eeSd eeOd Ee 

aReaction conditions: 15 units of lipase (by PNPA assay), room remperature, 25 rnM 
substrate in 10 ml sodium acetate b a e r  (1 0 mMJ for pH 4-6 and Tris-HC1 buffer (1 0 
mM) for pH 6-9. E values at pH 6 were similar in both buffers. Reactions were monitored 
by pH stat. bunit = p o l  of ester hydrolyzed per minute. C T h e  fraction of protonated 
Phe-methyl ester at the given pH was calculated using a pK, = 7.00: Jencks, W.P.; 
Regenstein, J. CRC Hakldbook of Biochentistry. Selected Data for Molecular Biology 
CRC: Boca Raton, FL, 1986, pp 5187-5226. d~etermined by HPLC with a Crownpak 
CR(+) colwnn. The preferred enantiorner was L as established by the order o f  elution on 
the CR(+) column and compared ta authentic samples; the D-enantiomer elutes first for 
both acid and methyl ester. eE was calculated fiom ee, and e% as defined by Chen, C. S.; 
Fujimoto Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem. Soc. 1982? 104, 72947399. Error 
Iimits are estimates.fihenylalanine-rnethYl ester hydrolyzed spontaneously at pH 8.9 at a 
rate of 9.2 x 10-4 min-1 (6.6% hydrolysis during the 1 h reaction).The ee values were 
corrected for this hydrolysis. The uncorrected values are ees = 0.72 and eep = 0.40. 
Sponraneous hydrolysis was not detected at other pH values. 

ANL is not an amidase 

High enantioselectivity toward or-arnino acids suggests that partially-purified ANL 

may be an arnidase, not a lipase. However, we c ~ ~ r r n e d  that partially-purified .ANL is 

not an amidase by testing its ability to catalyze hydrolysis of D,L-phenylaIaninamide, 

Table 2.5. Partially-purified ,4NL showed no detectable hydrolysis of the amide. In 

contrast, crude ANL catalyzed the slow hydrolysis of D,L-phenylalaninarnide favorhg the 

naniral L-enantiomer with excellent enantioselectivity, suggesting that crude ANL 

contains a contaminating amidase. The activity o f  the crude lipase towards 



Chapter 2 70 

phenyIalaninarnide was 2-6 times faster at pH 4-5 than at pH 7.5 and 9. Researchers have 

previously isolated proteases with optimal activities at acidic pH from Aspergillus niger? 

Purified ANI, is indeed a lipase because it catalyzed hydrolysis o f  insoluble 

substrates one hundred times more efficiedy than crude ANL: olive oil (0.29-0.62 U/mg 

protein for partially-purified vs. 0.005 U/mg protein for crude) and ethyl buryrate (0.44- 

2.42 for partially-purified vs. 0.02 Ulmg protein for crude). 

Table 2.5. Hydrolysis of D,L-Phenylalaninamide by AspergiII~rs niger Lipase.= 

pH activityb ee, e e ~  EC activityb 
(U/mg) CO/mg> 

QReaction conditions: 15 units of lipase, room temperature, 25 mM substrate in 10 ml 
sodium acetate buffer (100 mM) for pH 4.1 and pH 5 and sodium phosphate buffer (100 
mM) for pH 7.5 and 8.9. Reactions were monitored by TLC (1:l; CHCl3:tMeOH; 1% 

N H 4 0 H )  and terminated when product and starting material spots appeared 

approximately equal in intensity. b ~ n i t l r n ~  = pmol of amide hydrolpzed per minute per 

mg of protein. CEnantiomeric excesses and degree of conversion were determined by 
HPLC (Crownpak CR(+) column). E was calculated fkom ee, and eep as defmed by Chen? 
C. S.; Fujimoto Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem. Soc. 1982, 104, 7294-7299. 
The preferred enantiomer was t according to the order of elurion on the CR(+) column 
compared to authentic samples; the D-enantiorner elutes frrst for both acid and amide. 

Discussion 

Because al lipases follow the secondary alcohol rule in Figure 2.1, it is not 

surprising that ANL d s o  follows the rule. However, the reliability of the rule for .4NL is 

significantly lower than for other lipases: 77% for AhJL, but > 90% for most other 

lipases. Although the lower reliability may be an inherent characteristic of ANL (no 

sequence or structure is known for this lipase), it is most Likely due to the contaminating 



amidase. This amidase may favor the opposite enantiomer of secondary dcohols and thus 

account for the exceptions to the rule. A recent survey showed that Iipases and the 

protease subtilisin favor the opposite enantiomers of secondary alcohols, I o  thus it is 

reasonabie to suggest that the amidase in crude ANL rnay also favor the opposite 

enantiomer . 
Many groups have identified contaminating hydrolases in crude ANL. 7? I I +  12 For 

example, Hofelman et al. identified esterases, proteases, amylases as well as a lipase. The 

main commercial use of ANL is in cheese-making to accelerate the ripening o f  flavors.13 

Both Lipases and proteases contribute to this ripening, so there is no need for puer  

enzymes. For synthetic applications, however, a puer forrn of ANL would be usefül. 

Our survey showed AM,, udike other lipases, readily accepts positively-charged 

substrates. Carrea et  al. found that ANL was the best lipase for deprotection of 

cephaiosporin derivatives containing a carboxylate near the reactive site. 1' This result 

suggests that ANL may aiso readily accept negativeIy-charged substrates. 

A protonated a-amino substituent was the most important feature for high 

enantioselectivity of ANL toward carboxylic acids. A?.?. resolves small to medium sized 

a-amino acids with very good enantioseIectivity, but larger amino acids react slowly with 

lower enantioselectivity. The L-enantiomer was always favored as shown in Figure 2.1. 

Although many proteases resolve amino acids esters,l4 A N ,  is the only lipase that shows 

hi& enantioselectivity toward a range o f  arnino acid esters. Although crude lipase from 

Humicola lanuginosa resolved a-amino acids and a ,  a-disubstituted a-amino acids, Liu 

er al. found that the true catalyst was an impurity. Because this Mpurity did not catalyze 

hydrolysis of O-nitrophenyl butyrate or olive oil, it was probably a protease.I> Similarly, 

Houng et al. reported enantioselective hydrolysis of arnino acid esters catalyzed by crude 

PPL, but again the mie catalyst rnay be a contaminating protease.16 

For carboxylic acids, a rule based on the size of the substituents did not work for 

either crude or purified M. This result suggests that electronic eeects, specifically 

charge, control the enamioselectivity of ANL. We estirnate that interactions of the lipase 

with the -=+ or =MI2+ goup contribute a factor of 40 to 100, corresponding to a 2.2- 



2.7 k c d m o l  difference in MG:. This estimate cornes fkorn the enantioselectivity of ANL 

toward substrates whose substituents at the stereocentre ciiffer only in charge. Similarly, 

Rotticci et  al. found that electronic effects influence the enantioselectivity of lipase B 

fiom Candida antarctica (CAL-B).l7 Replacing a bromo substituent by methyl changed 

the enantioselectivity of CAL-B by a factor of >30 (>2 kcal/rnol in AAG:) and the 

enantioselectivity either decreased or increased depending of the location of the 

substituent. 

Another unique feature of ANL is that ir catalyzes the enantioselective hydrolysis of 

cyclic arnino acids - proline and pipecolic acid. This ability may be useful for synthesis of 

peptides containing cyclic arnino acids. Although some pro teases can accept proline, they 

also catalyze the hydrolysis of  peptide bonds? 

Experimental Section 

GeneraI 

Lipase from Aspergillus niger (AP-6) and Pseudomonas cepacia &PL-80) were 

purchased fiom Amano International Enzyme Co. (Troy, VI). Lipase from Candida 

rugosa (type VII) and acetyl cholinestemse (isolated from electric eel) were purchased 

from Sigma Chemical Co. (Oakville, Ontario). Chernicals were purchased from Si-ma- 

Aldrich Chemicai Co. (Oakville, ON) and used without further purification unless srated 

otherwise. D.L-P-Aminoisobutyric acid, 3 4,  and D-L-3 -aminobutyric acid, 35, were 

purchased from Fluka Chemical Co. (Oakville, ON). D.L-Dimethyl tyrosine and D.L-2- 

aminorebalin-2-carboxylic acid, 37, were provided by Dr. P. Schiller, IRCM, Montréal. 

(+Ketoprofen chloroethyl ester, 46 and (=)-methyl-2-(4-chlorophenoxy)propanoate, 43, 

were provided by Dr. Ian Colton. 

Ultraf51tration was perfomed with an Amicon ultraiiltration kit (Oakville, ON) 

under NÎ - using a YM- 10 filter. ~Melting points were taken on an Elecnothermai melting 

point apparanis and were corrected. Protein concen~ations were rneasured using a dye- 

binding assay from Bio-Rad (Mississaupa, ON) with bovine s e m  albumin as the 

standard. Purified ANL was desalted with Bio-Gel P6 (Bio-Rad), a size exclusion gel. 



Enzyme assays were carried out on a Hewlett Packard 8452A diode array 

spectrophotometer equipped with a Nelson RTE-1 O0 water bath temperature controt unit. 

The rate of lipase-catalyzed ester hydrolysis was measured on a Radiometer RTS 822 pH 

stat. HPLC chiral stationary phase columns were purchased from Daicel Chemical 

Industries Ltd. (Fort Lee, NJ). NMR spectra were recorded on either a Varian Gemini 

200 MHz, Je01 270 MHz or Un@ 500 MHz NMR spectrometer. 

Enzyme activiw 

Hydrolase activity was measured using p-nitrophenyl acetate (PNPA) as a subsûate. 

An aliquot (5 pL) of enzyme solution was added to phosphate buffer (1.00 d, pH 7.5, 

10 mM), alIowed to equilibrate to 25 OC, followed by addition an aiiquot (5 ,L) of PNPA 

(50 mM solution in 1:l acetonitrile/ 10 rnM phosphate buffer, pH 7.5). The initial rate of 

formation ofp-nitrophenolate was monitored at 35 OC, 404 nrn for 30 seconds. Activity 

was calculated using the Beer-Lambert law, with a ce11 1en-0th. of 1 cm, and extinction 

coefficient of 11,600 M-'cm-1 which accounts for the incomplete ionization of p- 

nitrophenolate at pH 7.5. Cnide ANL showed an activity of 48 U/g solid (1.7 U/mg 

protein) with this assay. U = pmol of ester hydrolyzed per minute. 

Activity of the partially-purified lipase towards olive oiI (0.645 mM) and ethyl 

butyrate (9-250 mM) tvere rneasured at pH 5 (sodium acetate buffer, 10 mMJ using a pH 

stat which maintained the pH at 5 by automatic titration with 0.1 N NaOH. Insoluble 

substrate remained during the assay to ensure interfacial activation. 

Partial purzjication of ANL by precïpitation witI7 ammonizrm sulphare 

The procedure was carried out according to Ng-Youn-Chen er a2.7 Al1 steps during 

enzyme purification were carried out at 1 OC. Cnide lipase from Aspergillus niger 

(Amano .M-6,33 g, 1500 U by PNPA assay) was stirred in Tris-HCI buf5er (250 mL, 25 

mmol, pH 7.5) for 3 h, then centrifuged (10'000 rpm, 20 min) to remove insoluble 

material. Solid ammonium sulphate (36 g, 25% saturation) was added to the  stirring 

supernatant in small portions every 15 min over 4 h. The solution stirred ovemight. The 

resulting suspension was centrifûged (10,000 rpm, 20 min), the very small pellet was 



discarded, and additional ammonium sulphate (51 g, 55% saturation) was added in srnall 

portions over four hours. The solution was stirred overnight then cenrrifüged (3.000 rpm, 

45 min). The supernatant was discarded and a brown pellet containing the lipase was 

dissolved in sodium acetate buEer (25 mL, 10 mM, pH 5) .  This solution was desalted 

with a size exclusion gel (BioGeLP6) using 10 rnM phosphate buffer, 10 rnM NaCl, pH 7 

as eIuent at a linear flow rate of 12.7 c m h  Fractions were collected and assayed using 

the PNPA assay. Those fractions with lipase activity were pooled yielding 70 mL of 

solution containing 189 units (13% yieid). The solution was concentrated by 

ultrafiltration with an Amicon W-1 O membrane yielding 13 rnL (14.5 U/mL, 4.25 mg 

proteidml) of lipase solution. Partially-purified ANL solurion showed a specific activity 

of 3 -4 1 U/mg protein accounring for a two-fold increase in specific activity over the crude 

preparation, and an enantioselectivity > 100 towards phenylalanine-methyl ester HCl. The 

dark brown solution retained full activity when stored at 4 OC with 0.02 wt/vol % NaN; 

solution as presewative for at least 3 months. With other lots of crude M L ,  the best 

partial-purification used 2548% saturation with ammonium sulphate. 

Partial pur crification of . M L  by anion-exchange chrornarography 

Several lots of crude ANL gave < 10% yield when purified by ammonium sulphate 

precipitation. These lots were partially-purified by first precipitating ANL at 60% 

saturation with ammonium sulphate, and second, anion exchange chrornatography. The 

60% pellet (285 units, 19% yield) was dissolved in sodium acetate buffer (23 mL, 10 

rnM, pH 5 )  and desalted with a Bio-Gel P-6 colurnn as described above. The fractions 

were assayed using the PNPA assay and those with lipase activity were pooled, yielding 

27 rnL of solution containing 236 units. The phosphate buffer was exchanged for Tris- 

HCI bmer (25 &, pH 7.48) by ultrafiltration using an Amicon YM-IO membrane, for a 

final volume of 5 mC (4.00 U/mL, 2.1 8 U/mg protein). 

The solution (2.5 ml,) was then injected onto a MonoQ anion exchange colurnn 

(Mono Q HR 515 colurnn, Pharmacia, Baie d'Urfé, QC) equilibrated with Tris-HC1 buffer 

(25 mM, pH 7.48) using a Pharmacia FPLC system. The column was eluted a t  a flow rate 

of 0.5 mL/min with the sarne b a e r  for 10 mL, followed by a linear gradient of  0-0.5 M 

NaCl over 70 mL, then eluted with 0.5 M NaCl for 10 mL. Fractions (2 d) were 



collected and assayed by PNPA. Fractions 13-15 contained hydrolase activity. The 

procedure was repeated and fiactions 13- 15 fkom both nins were pooled, yielding 12 rnL 

of solution containing 77 units (27% yield overall fiom the 60% pellet). ANL paaially- 

purified by this technique showed a specific activiq of 7.74 U/mg protein accounting for 

a 4.5-fold increase in specific activity over the crude preparation and enantioselectivity > 

1 00 towards p henylalanine-methyl ester HC1. The dark brown solution retained full 

activity when stored at 4 OC with 0.02 d v o l  % NaN3 solution as preservative for 1 

month. 

Synthesis of esters of carbo.xylic acids 

Esters of al1 carboxylic acids were previously prepared in literature. IH-NMR and 

13C-NM~ data are provided because not al1 literature references included complete i\TMR 

data. ,4mino-acid esters were punfied by recrystdlization &om methanoUdiethy1 ether; al1 

other esters were purified by flash chromatography. 

D,L-2-Phenylglycine-meihyl ester-HCZ was prepared by Fischer esterificarion. l g  9 8% 

(white solid); mp = L29.1-130.1 OC; Rf = 0.51 ( 9 5 5  chlorofonriimethanol); 'H-NMR 

(CD30D, 200 MHz) 6 3.82 (s, LH), 4.88 (br s, 3H), 5.30 (s, 3H), 7.49 (m. 5H); L3C-NMR 

DL-Proline-octyZ esrer-HCZ, methyl ester of 32, was prepared by Fischer esterification. l9 

74% (clear oïl); Rf= 0.81 (5050 chlorofodmethano1); lH-NMR (CDC13, 200 MHz) 

6 0.87 (t, 3H), 1.45 (m, 10H),1.11 (m, 2H), 2.39 (m, 2H), 3.43 (ni, 2H), 4-10 (m, 1H). 

2, 6-Dirnethyl-DL-tyrosine-methyt ester-HCZ was prepared accordinp to Pitze le et al. :20 

70% (Light brown solid); mp = 139.4-140.5 OC; Rf = 0.88 ( 3 2  ethyl acetate/methanol, 1% 

NH40K); l H-IWlR (DzO, 270 MHz) 6 2.1 8 (s: 6H), 3 .O6 (m, ZH), 3.67 (s, 3 H), 4.1 6 (t, 

lH, J =  8.2 HZ), 6.58 (s, 2H); 13C-NMR (CD;OD, 200 MHz) 6 21.6, 71.8, 37.5, 54.4, 

54.6, 116.6, 123.3, 139.5, 157.1, 170.6. 
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O-Me-DL-Tyrosine rnethyi ester-HCI was prepared according to Moersch et al- : l l  85% 

(white solid); mp = 167-168 OC; Rf = 0.78 (3 :2 ethyl acetate/methanol, 1 % NH40H); 1H- 

NMR (do-DMSO, 200 MHz)  6 3.10 (m, 2H), 3.68 (s, 3H), 3.75 (s, 3H), 4.21 (t, lH, J =  

6.8 Hz), 6.90 (d, 2H, J =  8.6 Hz), 7.17 (d, 2H, J =  8.6 Hz); '3C-NMR (CD30D, 200 

MHz) 6 37.7, 54.2, 54-5,562, 56.6, 115.7, 127.0, 13 1.5, 160.5, 170.0. 

D,L-ter[-Leucine-methyl ester-HCZ was prepared according to Brenner et al. :22 9 1 % 

(white solid); mp = 228.4-234.7 OC (sublimes without melting); Rf = 0.80 ( 3 2  ethyI 

acetateimethanol, 1% NH40H); IH-NMR @ 2 0 ,  500 MHz) G 1.07 (s? 9H), 3.29 (s, XI), 

3.72 (s, 1H). 13C-NMR (CD30D, 500 MHz) F 28.1,34.8, 63.7, 182.9. 

(+Merhyl P-uminoisobu~rate-HCl, methyl ester of 3 4, was prepared according to 

Brenner et  al:22 99% (white solid); mp = 109.9-110.6 OC; Rf = 0.76 (1:l 

chloroform/methanol); 1 H-NMR (D20, 200 iMHz) 6 1.16 (d, 3H, J = 7.68 Hz). 2.85-2.93 

(m, lH), 3 -01 -3.17 (m, 2H), 3 -68 (s, 3H); IjC-NMR (D20, 200 MHz) 6 17.9, 40.8, 41.8, 

56.3, 178.0. 

(+)-Methyl 3-aminobup-are-HCl, rnethyl ester of 35, was prepared according tu Brenner 

el  al.:" 96% (yellow oil); RI = 0.79 (1:l methanol/chloroform): 1H-NMR (D20, 200 

MHz) 6 1.29 (d, 3H, J =  6.9 Hz), 2.69 (d,2H, J =  6.1 Hz), 3.63-3.74 (m, lH) ,  3.69 (s, 

3H); I~c-NMR ( ~ ~ 0 ,  200 MHz) G 21.6, 41.5,48.0, 56.1, 180.1. 

(9-Methyl 2-aminorerralin-7-carboxylate, methyl ester of 3 7, was prepared by the 

method of Obrecht et al.:zj 48% (white solid); mp = 131-132 OC; Rf = 0.68 (3:l 

hexanedethyl acetate); 1H-NMR (CDCI;, 500 MHz) 6 1 -92 (rn, 1 H), 2.1 6 (m, 1 H), 2.76 



Chaprer 2 77 

The N-Cbz derivatives 38 (R = Bn, Ph) were prepared fiom their respective methyl 

esters following a procedure by Bodans@:X 

D. L-1V-Cbz-Phenylalanine-meihyl esîer: 62% (yellow oil); Rf= 0 -82 (955 chloroform 

imethanol); 1H-NMR (CDCI;, 270 MHz) 6 3.10 (m, 2H), 3 -71 (s, 3H), 4.65 (m, lm, 5.08 

(s, 5.21 (br d, 2H, J =  7.9 Hz), 7.09-7.33 (rn, 10H); ljC-NMR (CDC13, 200 MHz) 

8 39.6, 53.5, 55.9, 127.4, 128.3, 128.4, 128.8, 128.9, 129.5, 135.8, 136.4, 155.5, 171.7. 

D.L-N-Cbz-Phenyglycine-ntethyl ester: 54% (white solid); mp = 79.8-82.1 OC; Rf= 0.3 7 

(3: 1 hexanedethyl acetate); 1H-NMR (CDCl;, 270 MHz) 6 3.72 (s, XI),  5.09 (s, 2H). 

5.84 (d, lH, J =  7.2 Hz), 5.85 (br d, ZH, J =  5.67 Hz), 7.17-7.35 (m, 10H); I3C-NMR 

(CDCl3? 200 MHz) 6 53.9, 59.0, 68.1, 127.4, 128.3, 128.4, 128.6, 128.8, 128.8, 129.1: 

129.2, 136.3, 136.8, 155.2, 171.0. 

We prepared the octyl esters of 47 and 48 and the 2-chioroethyl ester of  45 using a 

modified DCC coupling employing a water soluble coupling reagenr (.V-ethyl--W-[3- 

(dimethylamino)propyl]carbodümide):~ 

(=)-2-Chioroethyl -î-phenylpropanoate, chloroethyi ester of 45: 74% (yellow oil); Rf = 

0.60 (3: 1 hexanes/ethyl acetate); 1H-NMR (CDCl;, 200 MHz) 6 1.54 (d, 3H, J = 7.4 Hz), 

3.64 (t, 2H, J = 6 H z ) ,  3.77 (q, 1H, J = 7  Hz), 4.3 (m, 2J3, 7.2-7.4 (m, 5H); LjC-NMR 

(CD;OD, 200 MHz) 6 20.0,42.7,46.6,65.2, 127.5, 127.8, 128.9, 140.2, 173.9. 

(9-Ocryl tetrahydro-2-=~roate, octyl ester of 4 7 : 69% (clear oil); Rj- = O -59 (3  : 1 

hexanes/ethyl acetate); LH-NMR (CDCl;, 200 MHz) 8 0.86 @r t, 3H, J = 1.1 3, 1 2 5  (br 

s, 12H), 1.62 (my2H], 1.94(m,3H),2.28 (m, 1H),4.08 (m,2H),4.12(t72H,J= 6.8 Hz), 
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4.39 (m, 1H); 13~-NMR (CD30D, 200 MHz) 6 15.7, 24.1, 26.7, 27.3, 30.0, 31.6, 33.1, 

66.0, 70.3, 173.2. 

(=)-Ocryl tetrahydro-3-fumate. octyl ester of 48:  72% (clear oil): Rf = 0.69 ( 3 3  

hexaneslethyl acetate); 'H-NMR (CDCI;, 200 LMH~) 6 0.86 (br t, 3H)' 1 2 7  (m, 12H). 

1.60 (m, 2H), 2.1 (m, 2H), 3.07 (q, lH, J =  8 Hz), 3.81-4.04 (m, 43, 4.1 1 (t, 2H, J =  6.6 

Hz); L ; C - N M R  (CDCI3, 500 MHz) 8 13.9, 22.4, 25.0, 25.6, 28.4, 28.9, 30.0, 31.5, 64.8, 

69.1, 72.4, 103.0, 161.9. 

&)-ibfethyl-2-chloropropanoate, rnethyl ester of 49. (+2-Chloropropionyl chIoride was 

added dropwise to a stirring solution of methanol in an ice bath, under an atmosphere of 

N2. The reaction was allowed to warm to room temperature and was stirred for 1 h. The 

reaction was then neutralized with saturated sodium bicarbonate, extracted with diethyl 

ether (3 x 15 mL), dried over MgS04, filtered and concenaated in vacuo: 89% (yellow 

oil); Rf = 0.5 l (2: 1 hexanedethyl acetate); 'H-NMR (CDCI;, 200 MHz) 6 1 -69 (d, 33, J 

= 6.9 Hz), 3.79 (s, 3H), 4.41 (q, lH, J =  6.9 Hz); i3C-NbR (CDCl;, 200 MHz) 6 23.0, 

53.5,54.1, 170.3. 

General procedure for AM-catalyzed hydrolyses of arnino acid esters, esters of 32-3 7 

Aspergillus niger lipase (25 units) was added to sodium acetate buffer (8 mL, 10 

rnM, pH 5 )  and stirred for 1 h to ensure cornplete dissolution. ~ , ~ - - b i n o  acid esters (100 

mg) dissolved in sodium acetate buffer (1 rnL, 10 mM, pH 5 )  were added and the rate of 

hydrolysis was monitored by pH stat which maintained the pH at 5 by automatic ritration 

with 0.1 N NaOH. Reactions were terminated at approximately 40% conversion, as noted 

on the pH stat, by removing the enzyme by ultrafiltration with a YM-10 Amicon 

membrane. The aqueous extract containing both the starting ester and product acid was 

concentrated in vacuo. The enantiomeric purities of the acid and ester were measured as 

described below and the enantiomeric ratio, E, was calculated according to S ih.26 When 

the enantiomeric excess of both starting ester and product acid could not be determined in 



a single HPLC ruq the starting ester and acid were separated by adjusting the solution to 

pH 8 with saturated NaHC03 and extracting the ester with ethyl acetate (3 x 15 mL). 

Ethanol was added dropwise during the workup to break up emulsions when necessary. 

The combined organic extracts were dried over MgSO?, filtered, and concentrated in 

vacuo, producing the ester. The aqueous phase was concentrated in vacuo, yielding the 

product acid. There was no detectable chemical hydrolysis of the amino acid esters at 

pH 5. 

General procedure for ANL-catalyzed hydrolyses of carboxylic acid esters, esfers of 38, 

39, 43-49 

The procedure was similar to above, with the following changes. (*)-Carboxylic 

acid esters (100 mg) were dissolved in 2 rnL diethyl ether and added to the stirring 

enzyme solutions. The stïrrïng reactions were sealed with parafilm to prevent appreciable 

evaporation of the ether layer during the reactions. Reactions were terminated at a 

convenient conversion by adjusting the solution to pH 1 using ZN HC1 and the product 

acids and starting esters were extracted with diethyl ether (3 x 20 mL). The staning ester 

and acid were separated by adjudng the solution to pH 8 with sanirated XaHC03 and 

extracting the ester with ethyl acetate (3 x 15 rnL). The aqueous layer was adjusted to pH 

2 and the acid extracted wirh ethyl acetate (3 x 15 mL). Ethanol was added dropwise 

during workup to break up the emulsion and inactivate the enzyme. Both exqracts were 

dried with Na2S04, filtered, and concentrated in vacuo. The enantiomeric excesses of the 

acids and esters were measured as descnbed below and the enantiomeric ratio, E, was 

calculated according to ~ i h . ' ~  There was no detectable chemical hydrolysis o f  the above 

substrates at pH 5. 

Determination of ennnriomeric purity by HPLC using a chiral srnrionmy phase 

High performance liquid chromatography (HPLC) was performed on a Spectra- 

Physics liquid chromatograph, mode1 8800 equipped with a Spectra FOCUS fonvard 

optical scanning detector, SP8880 autosampler and Spectra Physics software. The 

analfical chiral columns used for enantiomeric resolution were a Chiralpak AD amylose 



derivatized colurnn, a Chiralce1 OD column? a Chiralpak WH colurnn and a Crownpak 

CR(+) crown ether derivatized colurnn (Daicel Chernical Industries Ltd., Fort Lee, NJ). 

Enantiomeric excesses were measured as described below and the enantiomeric ratio, E, 

was calculated. The area of the peaks was measured either by electronic integration or cut 

and weigh when electronic integration gave unequd areas for the racemate. 

Enantiomers of the proline, 32, were analyzed with a Chiralpak WH columa using 

0.25 mM CuS04 as eluting buffér with the detector set at 254 nm: 50 OC, 1.5 mL/min, kLr 

= 2.23; kD1 = 3.90; a= 1.73; R, = 1.77. Proline was dissolved in eluting buffer (1 

rng/mL), and neutralized to pH 7 with dilute NaOH prior to injection. Proline esters were 

hydrolyzed with aqueous NaOH for analysis. The absolute configuration was established 

by cornparison with an authentic sarnple of L-proline. 

Enantiomers of a- and B-amino acids, 33-35, their methyl esters, and 

phenylalaninamide were separated with a Crownpak CR(+) modified crown ether 

column, using aq. HC104 solution as eluent, with the detector set at 100  nm. 

Concentrations of 0.1 mg compoundhL mobile phase were injecred for analysis except 

for alanine, 1.0 mg/mL. Absolute configurations were inferred from the order of elution 

on a CR(+) column for which the D-enantiomer always elutes first and by the reported 

orders of elution in literature for the compounds belowJ7. CAUTION: Aqueous solutions 

containing perchloric âcid should not be evaporated and can explode if heated. 

Alanine: O OC, aq. HC104 pH 1.5, 0.4 mlimin, kD1 = 0.75; kir = 2.30; a= 3.07; Rs = 6.00 

Alanine-rnerhyl ester: 25 OC, aq. HClO4 pH 2, 0.3 ml/min, kD' = 0.38; kLr = 0.70; 

a =1.84; R, = 1.8. 

Methionine: 25 OC, aq. HC104 pH 2, 0.8 mL/min, kDr = 0.82; kLr = 1.6; a =1.95; R, = 

2.12. 

Methionine-methyl ester: 25 OC, aq. HC104 pH 2, 0.8 W m i n -  kDt = 1.79; kL' = 4.04; a = 

2.26; R, = 3 -00. 



Phenylalanine: 25 OC, aq. K104 pH 2,0.8 mlfmin, kDf = 3.93; kLf = 5.20; a ~1.32;  R, = 

3 -86. 

Phenylalanine-methyl ester: 25 O C ,  aq. HC104 pH 2, 0.8 mllmin, kD' = 8.29; kL' = 10.09; 

a = 1.22; R, = 2.76; and at 5 OC, aq. HCI04 pH 1.5, 0.8 ml/min, kDf = 11.7; kL1 = 20.9; 

a = 1.78; R, = 3.87. 

Phenylalaninarnide: 5 OC, aq. HC104 pH 1.5, 0.8 ml/rnin, bf = 7.66; kLf = 14.8; a= 

1.93; R, = 5-05  

2-Phenylglycine: 40 OC, aq. HC104 pH 2,  1 .O d i m i n ,  bf = 1.3 7; kL1 = 1-46; a = 3 -25; 

&=l o. 1. 
2-Phenylglycine-methyl esrer: 40 OC, aq. HC104 pH 2: 1 .O mL/min, kDt = 3 -89; kLf = 

10.l8;a = 2-63; R, = 10.0. 

Tyrosine: 25 O C ,  aq. HC104 pH 2 ,  0.8 mL/rnin, kDf = 2.1 1; kLf = 2.84; a = 1.34; R, = 

1-09. 

Tyrosine-methyl ester: 25 OC, aq. HC104 pH 2, 0.8 rnL/rnin, kDf = 4.27; kLf = 6.24; a = 

1-46; R, = 1-61. 

4-O-Me-Tyrosine: 25 O C ,  1.2 mllmin, aq. HC104 pH 2 k = 6.62: kLî = 8 -73 ; a = 1.3 1 ; 

R, = 2.80. 

4-OMe-Tyrosine-methyl ester: 25 OC, aq. HC104 pH 2, 1.2 mL/rnin$ kDf = 1 4.72; kLt = 

19.88; a = 1.35; R, = 1.89. 

2.6-Dimethylposine: 25 OC- aq. HClOl pH 2,O.g d / m i n ,  kDf = 10.19; kLf = 1 1.29; u.= 

1.1 1; R, = 0.84. 

2,6-Dhethylt>.'rosine-~hyZ ester: 25 OCo aq. HClO4 pH 2, 0.8 mL/min, kDf = 10.89; kf 

= 12.1 1; a = 1-11; R, = 1.08. 

Tryptophan: 25 OC, aq. HC104 pH 2, 1.2 &min, kD' = 11.61; kL' = 14.32; a =1.23; R, = 

1.20. 
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Tmtophm-metbl  ester: 25 OC, aq. HC104 pH 2, 1.2 ml/&, kD' = 24.6 1 ; k ~ '  = 32.47; 

a =1.32; R, = 1.40. 

Enantiomers of p-amino acids, 34 and 35, and their rnethyl esters were separated with a 

Crownpak CR(+) column. 

P-Aminoisobutyic acid, 34: O OC, aq. HClO4 p H  1, 0-4 ml/min, kD' = 3.48; k' = 4.15; 

Methyl/3-aminoisobz~~rate: O OC, aq. HClO4 pH 1.5, 0.4 mL/min, kD' = 3.03; kL1 = 4.00; 

a = 1.32; Rs = 1.63. 

3-Arninobutyric acid, 35: 0 OC, aq. HClO4 pH 1.5, 0.4 mL/min, kD' = 2.05, kt = 2.64, 

a = 1-29; R, = 1.29. 

Merhyl 3-arninoburyrate: O OC, aq. HClO4 pH 1.5, 0.4 rnL/min, kD1 = 4.1 9;  kL1 = 5.17; 

ci = 1.23; Rs = 1.73. 

Enantiomers of 43, 2-(4-chlorophenoxy)propionic a c i d  were separated usinp a Chiralpak 

AD colurnn as described previously by Colton er 234 nm, 25 IC ,  95/5/1 

hexanes/isopropano1/ûiflouroacetic acid, 0.5 ml/&, ksl = 2.13; kRt = 2.80; cc = 1 -3 1; R , 
= 3.78. The absolute configuration was established by cornparison with the repoaed order 

of elution by the colurnn manufacturer. The ester of 13 was hydrolyzed to 43 with 1.5 

equivalents of aqueous NaOH prior to analysis. 

Enantiomers of 38 (R = Bn, Ph) and 45 were separated using a Chiralcel OD column. The 

ester of 45 was hydrolyzed to 45 with 1.5 equivalents o f  aqueous NaOH pnor to analysis. 

2-Phenylpropionic acid 45: 254 nm, 25 OC, 98/2/1 hexanes/isopropanol/fomiic acid, 0.5 

mL/min, kR1 = 3.35; kSf = 4.05; a = 1.21; R, = 2.13. 

N-Cbz-Phenylalanine: 254 nm, 25 O C ,  79/20/1 hexaned isopropanoI/trïflouroacetic acid, 

0.5 mL/min, kDf = 1.84; kLf = 2.13; a =l.l6; R,=l.52. 



N-Cbz-Phenylalanine-methyl ester: 254 nm, 25 OC, 80/20 hexanes/ isopropanol, 0.5 

mL/min, kL' = 4.74; kD' = 5.34; cr = 1-13; J&=1.47. 

N-Cbz-Phenylglycine-methyl ester: 354 nrn, 25 OC, 80/20 hexaned isopropanol, 0.5 

&/min,, kS' =2.87; kR1=3.37; a= 1.17; R,=2.00. 

The absolute configurations were established by comparison with the reported order of 

elution by the column manufacturer. 

Determinarion of enanîiorneric p u r i ~  by I H-NMR 

The racemic esters of 47 and 18 were dissolved in CDCl; and the IH-NMR spectra 

were  obtained using a 200  MHz spectrometer .  Sol id  tris[(3- 

heptafluoropropy lhydroxymethy1ene)-(+)-cphorato] europium(III), Eu@fc) 3 , was 

added portion-wise unri1 separate signals for the COOCHz methylene triplet of the 

racemic octyl esters were obtained. The triplets of 47 were separated by 2.4 Hz and those 

of 48 were separated by 3-7 Hz. The nurnber of equivaients of shift reagent n e c e s s q  to 

obtain the separations was then added to the esters for which the enantiomeric pu* was 

to be determined. The absolute configurations were not detennined. 

Determination of enantiomeric pwrity by gus chromutography using a chiral srarionu~y 

phase 

Gas chromatography was perfomed on a Varian 589-Series II gas chromatograph 

equipped with chiral stationary phases. 

Enantiorners of methyl mandelate (methyl ester of 44) were s e ~ a r a t e d  on a 

Chiraldex G-T-430 coIurnn (Astec Inc., Whippany, NJ) which contained 2,6-di-O-pentyl- 

3-O-rrifluoroacetyl derivative of y-cyclodextrin as the stationary phase: 110 OC, split ratio 

1151, ks' = 17.8; l ~ '  = 18.4; cr = 1.03; R,= 0.91. Product acid was converted t o  the ester 

derivative with ethereal CH+Jî - - for analysis. The absolute configuration was established 

by comparison with the reported order of elution by the column manufacturer. 

Enantiomers of the methyl ester of 49 were separated using a Chirasil-DEX CB 



column (Chrompack Inc., Raritan, NJ) which contaîned a polydimethylsiloxane 

derivative of P-cyclodextrin as the stationary phase: 60 OC, kS' = 3.8; kR' = 4.47; a= 

1 .l7; Rs = 5.00. Product acid 49 was converted to the methyl ester for analysis by 

dissolution in methano1 containhg a catalytic amount of sulfuric acid. The absolute 

configuration was established by comparing the order of elution with an authentic sample 

of (S)-methyl-2-chloropropanoate. 
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Chapter 3 

"Studying the phorograph of a race horse cannot relZ you how fasr it can nrn " 

Professor Jererny Knowles 
Harvard University 

In the previous chapter, we explored the use of empiricd substrate models to aid 

in the selection of enantioselective lipases towards a target subsnate. Empincal rules can 

predict the enantiopreference and crudely estimate enantioselectiviv, but a researcher 

cannot avoid determining the enantiomeric ratio- E, to confirm a hydrolase's 

enantioselectivity towards a substrate. 

Currently, the most popular method to measure E is the endpoint method. Small- 

scale reactions are nui for each candidate hydrolase and the substrate, the reactions are 

stopped at a convenient percent conversion and the enantiomeric purities of the products 

and/or starting materials are measured using appropriare analytical conditions. Typically, 

it takes several hours to test a single hydrolase, so researchers rarely screen large numbers 

of hydrolases. 

In this chapter, we describe a novel, spectrophotometric rnethod we cal1 "quick E" 

to accura~ely measure the enantiomeric ratio of hydrolase-catalyzed reactions using initial 

rate measurements. This method avoids the time-consurning srep of measuring 

enantiomeric purities and most Mportantly, agrees with the slower endpoint method for 

both low and high enantioselectivities and is fast enough to screen large libra-ries of 

hydrolases towards a target substrate. 

Note that this chapter was written as a communication for publication. 

Comprehensive details on the development of this rnethod and experimental are presented 

in Chapter 5.  It is necessary to present the quick E method at this point in the thesis to 

logically show the stepwise developments of this method documented in hme chapters. 

This chapter is almost a verbatim copy of a pubiished communication and is reproduced with 
permission from The Journal of Organic Chemistry, Vol. 62, Lana E. Janes and Romas J. 
Kaziauskas, "Quick E. A Fast Spectrophotometric ~Method to Measure the Enantioselectivity of 
Hydrolases", 4650-465 1, Copyright 1997, American Chernical Society. 
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Quick E. A Fast Spectrophotometric Method to Measure the 

Enantioselectivity of Hydrolases. 

Lana E. Janes and Romas J. Kazlauskas 

Deparnent of Chernistty, McGiiI University, 80 1 Sherbrooke Street West, Monrréd, Québec H3A 2K6 

Canada 

Abstract: The slow step in finding and optimizing enantioselective biocatalysts is 

rneasuring their enantioselectivity. The curent  endpoint method for measuring 

enantioselectivity typically requires several hours to r u  a reaction, work it up, and 

measure the enantiomeric purity of the product and/or remaining starting material. We 

report a fast spectrophotometric method that measures enantioselectivity of hydrolases in 

less than one minute. The initial rates of hydrolysis of pure enantiorners of a chromogenic 

substrate, such as 4-nitrophenyl 2-phenylpropanoate, 1, are easily measured by 

monitoring the release of 4-nitrophenoxide at 404 nm. However, the ratio of separately 

measured initial rates does not give the correct enantioselectivity because i l  ignores the 

cornpetitive binding of the two enantiomers. To reintroduce cornpetition, we added a 

chrornogenic reference compound, resonifin tetradecanoate, to each reaction. In the first 

reaction, one enantiomer competes with the reference compound, while in the second 

reaction the other enantiomer competes with the sarne reference compound. The ratio of 

the two relative rates gives the enantioselectivity. The quick E method agrees with the 

slower endpoht method for both low and high enantioselectivities and is fast enough to 

screen biocatalyst Iibraries. 

Communication 

Hydrolase-catalyzed resolutions of racemates are ofien the best route to 

enantiornerically-pure compounds.' These reactions are often more selechve and cheaper 

than chernical methods. To find an enantioselecùve hydrolase for a target compound, 

researchers first screen commercial enzymes and cultures of microorganisms and then 

optimize the reaction conditions. Both screening and optimization require measuring the 
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enantioselectivity of the reaction. The enantioselectivity of an enzyme is the ratio of the 

specificity constants, k&Ku, for the enantiorners, eq 3.13 

Currently, the best method to measure E is the endpoint method developed by C. 

J. Sih's goupY3 but screening hundreds of commercial enzymes or cultures of 

microorganisms by this method is difficult. To measure E, researchers run a test 

resolu~ion, work up the reaction and measure two of the following: enantiorneric purity of 

the starting matenal (ee,). enantiomeric purity of the product (ee,), or conversion (c). 

Equation 3.2 gives the enantiomeric ratio. 

The easiest cases - a fast reaction, minimal workup and rapid chrornatographic 

determination of enantiomeric purity - require an hou. More dificult cases involve slow 

reactions, dificult workups, or separation and derivatization to measure enantiomenc 

purities and can take more than a day. A typical example, measuring the 

enantioselectivity of a liydrolase towards 1, required 4.5 hours. We first carried ou1 the 

kinetic resolution to 40% conversion (2 h), then separated remaining 1 from the product 

acid (30 min), hydrolyzed unreacted 1 to the acid with aqueous NaOH (1 h including 

workup) and fmally measured the enantiomeric purity of both sarnples by HPLC on a 

chiral stationary phase (1 h). 

Recognizing this difficulty, researchers have reported alternative methods to 

measure E by rneasuring initial rates of çamples with varying ratios of enantiorners" or by 

analyzing reaction progression curves? Unfomuiately, they are not sipificantly faster 

and can be less accurate than the endpoint method. In this paper, we report a method to 

measure E in one minute fiom relative initial rates of hydrolysis of pure enantiorners and 



a reference compound. Researchers previously used mùctures of substrates to measure 

enzyme selectivity6 We extend these techniques to enantioselecriviry and to rapid 

spectrop hotometric measurements. 

Hydrolyses of pure enantiomers of 4-nitrophenyl 2-phenylpropanoate, (S)-1 and 

(R)-1, and 4-nitrophenyl 2-(4-isobutylpheny1)propanoate (ibuprofen 4-nitrophenyl ester), 

(9-2 and (R)-2, Iiberates the yellowp-nitrophenoxide ion.' The increase in absorbance at 

404 nm revealed the initial rates of hydrolysis of each enantiomer, but the ratio of these 

rates did not give the enantiomeric ratio, Table 3.1. The ratio of  rates over- or 

underestirnated E by as much as 70 percent because it ignored cornpetitive binding of the 

two enantiorners to the enzyme. In other cases, researchers found that differences in KM 

for the enantiomers conmbuted a factor of three to f o u  to the enant i~selec t iv i~ .~  

To reintroduce cornpetition, we added resodrn  tetradecanoate as a reference 

c ~ r n ~ o u n d . ~  We monitored the initial rates of hydrolysis of (9-1 at 404 nm and the 

reference compound at 572 nm in the same solution, Fiagu.re 3.1. 

reference ~ 5 7 2  = 60,000 ~ ~ ' c r n - '  

Figure 3.1. The first step of the quick E measure of enantioselectivity of lipases toward 
4-nitrophenyl Zphenylpropanoate, 1. Lipase-catalyzed hydrolgsis of (S)- 1 and the 
reference compound, resorufin tetradecanoate yields yellow and pink chromophores, 
respectively. The solution tums deep orange if both substrates are hydrolyzed; pink if 
ody the reference compound is hydrolyzed. The second s e p  of the quick E is the same, 
except that it uses the (R)-enantiomer of the chiral ester. Equations 3.3 and 3.4 yield the 
enantioselectivity . 







Afier taking h to  account the initial concentrahons of both substrates, the ratio of these 

rates yielded the selectivity of the hydrolase for (3-1 over the reference compound, eq 

3.3. 

(9 - 1 ~ J K M ) ( ~ - ,  - - v,,-, [reference] selecrivity = 
reference ( k m r / K ~  ) rtfcnnce Vre~crenct [CS) - 11 Eq. (3.3) 

A second experiment using (RI-1 and the reference compound yielded the 

selectivity of (R)-1 over the reference compound. The ratio of these two selectivities 

yields the enantiorneric ratio, eq 3.4. 

Eq. (3.4) 

reference 

The quick E method agreed with the endpoint method for both 1 and 2 using five 

different lipases, Table 3.2. We measured low (E = 1.4), average (E = 27) and excellent 

(E = 210) enantiomeric rarios correctly by this technique. Each hydrolysis experiment 

requires 30 seconds; thus, the measurement t h e  for E was only one rninure plus a small 

amount of time to fil1 each cuvette. 

The ability ro measure hi& enantioselectivities with quick E is important because 

this is the goal of most screening studies. Ushg the endpoint msthod. measurement errors 

in conversion or enantiomeric purity limit make it difficult to measure enantiomeric ratios 

>100. Using quick E, however, we were able to measure an E of 2 10*70 for the IPA-CRL 

catalyzed hydrolysis of 1, and set a lower limit of >140 for 2, Table 3.2- Quick E 

measures these hi& values by rneasuring the rate of hydrolysis of the slow enantiomer. 

Our inabiIity to measure a higher enantiorneric ratio for 2 was due to the unusually low 

reactivity of 2. IPA-CRL favored the reference compound by a-factor of 23 over the fast 

enantiomer of 2 and by >3000 over the slow enantiomer. Using a slower-reacting 

reference cornpound, it may be possible to measure higher enmiomeric ratios. Another 

limit to measuring high enantiomeric ratios with quick E is the enantiomeric purity of the 

st-g slow enantiomer. Reaction of the contaminating fast enantiomer will give a 



measured E that is lower than the true E. If the enantiomeric purity of the slow 

enantiomer is >99.9% ee, then quick E should be able to measure enantioselectivities up 

to 1000. 

There are three advantages to the quick E method. First, it is many times faster 

than a typical endpoint measurement, yet has equivalent or better accuracy. Accuracy 

may be particdarly important for screening In directed evolution where the irnprovements 

of each generation are ~ r n a l l . ~ ~  Note that quick E is based on the same equations as the 

endpoint rnethods, so inaccuracieç of the endpoint method also apply to quick E." 

Second, it requires much smaller àmounts of hydroiase because the entire reaction occurs 

in the spectrophotometer. This advantage may be especially usefid for screening 

biocatalyst libraries. ThÏrd, the quick E method c m  measure high enantioselectivities 

more easily than the endpoint method and high enantioselectivity can be visualized, 

Figure 3.2. 

There are also several disadvantages to this screen. First, it requires pure 

enantiomers, albeit in srnall amounts (-20 ug per measurement in a 200 UL cuvette). 

Semi-prepararive HPLC with chiral stationary phases may yield enough pure enantiomer 

for screening. Second, the current version of quick E measures the enantioselectivi~ only 

for chromogenic substrates. (Note that for 1 and 2 the enantiomeric rarios for the 4- 

nitrophenyl esters were the same as those for the corresponding rnechyl or ethyl e s ~ e r s . ' ~ - ~ ~  

Future versions of quick E will extend the range of substrates. Third, spectrophotometric 

measurements require clear solutions. Dissolving hydrophobic substrates in aqueous 

solution, even with the help of surfactants, is sometimes dificult. 

Financial support of this work by NSERC (Canada) gratefully acknowledged. 

Acknowledgement is made to the donors of The Petroleurn Research Fund, administered 

by the ACS, for partial support of this research. We thank Ms. CeciIe Vaugelaude, from 

INSA Rouen, France for the synthesis of (t)-l and Mr. Michael Trani of the NRC 

Biotechnology Research Institute, Montréal for the gift of (R)- and (57-2. 
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Figure 3.2 High enantioselectivity c m  be visualIy detected in the quick E measurement 

of lipases toward 4-nitrophenyl 2-phenylpropanoate, 1. Lipase-catalyzed hydro Iy sis of 4- 

nitrophenyl esters of the pure enantiomers and the reference compound yield pink and 

yello w chromophores. The reaction solurion turns orange if both substrates are 

hydrolyzed, pink if only the reference compound is hydrolyzed. With cmde CRL, both 

steps of the quick E measurement result in orange solutions5 indicating low 

enantioselectivity . With isopropanol-treated CRL, the (R) selectivity step produces a pïnk 

solution, indicating that only the reference compound is hydrolyzed in this step and the 

lipase has high enantiopreference towards the (S)-enantiomer. 
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"...whereupon pouring into a smallphial, full of impregnated warer. a very 

little spirit of vinegar, 1 found that, according to my expectation, the 

ceruleous colo ur immediately vanished, but was  dece ived in the expectation 

thar 1 had, that the golden colour would do so roo; for, which way soever I 

turned the phial, either tu or from the light, 1 found the liquor to appear 

always of a yellowish colour and no other. Upon this i imugined that the 

acid salts of the vinegar having been able to deprive the liquor of ils 

ceruleous CO Iour, a sulphurous salt being of a contrary nature, would be 

able to mortz3 the saline parricles of vinegar. And desn-oy their effects; und 

accordin& having placed my self behvixt the window, and the phial, and 

into the same liquor dropt a few drops of oil of t a m r  per deliquium (as 

chymistas c d  it) i obsewed with pleaszrre, that imrnediately upon the 

dzfision of îhis liquor, the impregnared water was resrored to ils former 

ceruleous coloztr ... " 

Robert Boyle 

Experinzental Histoiy of Colours, 1664 

The word indicator is derived from the Latin indicare, "to disclose" and,  in 

general terms, is a substance which indicates the state of the system with respect to a 

selected component. The first use of an indicator for pH analysis was reported by W. 

Lewis in 1767' although Robert Boyle is generally regarded as the f i s t  to recognize the 

remarkable powers of plant extracts to change colours upon treatment with acids and 

bases? In the 20" cenrury, researchers began to apply pH indicators to monitor the 

progress of enzyme-catalyzed reactions that produce or consume protons. In this chapter, 

we extend the application of pH indicators to ccdiscIose" the enantioselectivity of 

hydrolytic enzymes toward chiral substrates. 

In Chapter 3, we presented a spectrophotometric meîhod to rapidly determine the 

enantioselectivity of hydrolytic enzymes towards chromogenic esters. We used 
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chromogenic esters to fim demonstrate quick E because their relative rates of hydrolysis 

are easily determined spectrophotometrïcally. We wished to make the quick E assay more 

general and extend quick E to synthetically useful, non-chromogenic esters. To do so, we 

needed a spectrophotometric method to detect the rates of hydrolysis of esters. In this 

chapter, we detail the development of a quantitative, coIourimetrÏc assay to measure 

enzyme-catalyzed rates of hydrolysis of esters using a pH indicator. Hydrolysis of an 

ester releases a proton(s). We measure the rate of proton release using a pH indicator and 

use a modified form of the Beer-Lambert law to relate the absorbance kinetics of the 

indicator to the true rates of hydrolysis. This pH indicator assay sets the stage to carry out 

quick E measurements of non-chromogenic esters in Chapters 5 and 6. 

We can also use this pH indicator assay to rapidly estimate enantioselectivity. 

Using pure enantiomers of a chiral ester, the ratio of separately measured initial rates of 

enzyme-catalyzed hydroly sis estimates the enantioselectivity . Although this ratio is not 

the true enantioselectivity, it can rapidly ident* active and enantioselective hydrolases 

from a large library towards a target substrate. We used the prïmary alcohol, solketal 

butyrate, as a test substrate because it is an important chiral building block and previous 

screenings with hydrolases by other researchers s howed only Iimited success. 

The pH indicator assay is currently under patent review, in collaboration with 

Thermogen, Inc. (Chicago, IL). 

1. Lewis, W., Experiments and Observutions on American Potashes. With m e asy 

Method of detennining their respective Qualities, London, 1767. 

2. Boyle, Robert, Experimental History of Colours, London, 1664. 

This chapter is almost a verbatim copy of a published article and is reproduced with permission 

from Chemistry - A European JournaI, VoI. 4, Lana E. Janes, A. Christina Lowendahl, Romas 

J. Kazlauskas, "Quantitative Screening of Hydrotase Libraries Using pH Indicatorsz Identieing 

Active and Enantioselective Hydrolases", 23 17-2324, Copyright 1998, Wiiey-VCH, Weinheim. 
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Abstract: The slowest step in fmding a selective hydrolase for synthesis is ofien 

the screening step. Researchers must run small test reactions and measwe the 

amounts of stereoisomers formed by HPLC, GC, or NMR- We have developed a 

colourimetric method to speed up this screening. We quantitatively detect ester 

hydrolysis uçing a pK indicator, 4-nitrophenol. We estimate the selecûvity by 

measuring the initiai rates of hydrolysis for pure stereoisomers separately. To 

demonstrate the utility of this method, we screened seventy-two commercial 

enzymes towards racemic solketal butyrate, an important chiral building block. 

First, we eliminated the twenty hydrolases that did not catalyze hydroLysis of 

either enantiomer. Next, we measured initial rates of hydrolysis of the pure 

enantiomers of solketal butyrate. For horse iïver esterase, these initial rates 

differed by a factor of twelve. Subsequent GC experiments confïrmed an 

enantiomeric ratio of fifteen for this hydrolase. Although this enantioselectivity 

is moderate, it is the highest enantioselectivity reported for a hydrolysis of 

solketal esters. 

Introduction 

Chemists often exploit the high sereoselectivity and regioseIectivity o f  hydrolytic 

enzymes to solve synthetic problems.'~or example, researchers use selective reactions 

cataiyzed by lipases to prepare enantiomerically pure pharmaceutical intermediates and to 

selectively deprotect sensitive synthetic intermediates. One Iunitation to the wider use of 
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hydrolases is the difficulty in findhg the best hydrolase for a given reaction. Although 

several empirical d e s 2  can help one select likely candidates £rom the fifty to one hundred 

hydrolases cornrnercialIy available, most researchers also use screening. To screen for 

selective hydrolases today, researchers run a small reaction for each hydrolase, workup 

the reaction, and determine the ratio of stereoisomers by HPLC, GC or NMR.~  At best, 

one determination takes four hours. To Save time researchers rarely screen ail commercial 

hydrolases and likeiy miss sood hydrolases. 

To speed up this screenùig, we have developed a quantitative, colorimetric assay 

for hydrolysis of esters using pH indicators. Hydrolysis of an ester at neutral pH, for 

example, solketal butyrate (butyryl ester of 2,î-dùnethyl-1,3 -dioxolane-4-methanol) 

below, releases a proron. We measure the 

hydrolase 
buffer, pH 7.2 

9 - 
rate of proton release using a pH indicator. 

Researchers have used pH indicators to monitor the progess of enzyme-catalyzed 

reactions that release or consume protons since the 1940's.'- ' For example' researchers 

have monitored reacüons catalyzed by amino acid decarbo~ylase.~ carbonic anhydrase,' 

choline~terase,~ hexokinaseg* ' O  and proteases." Many researchers either uçed a pH 

indicator assay qualitatively or calibrated the color change with addirional experimenrs. 

However, by choosing the reaction conditions carefùlly, one cm ensure that the 

color change is proportional to the number of protons. In particular, both the buf5er and 

the indicator must have the same afEinity for protons @Kars within 0.1 unit of each other) 

so that the relative amount of buffer protonated and indicator protonated stays constant 

as the pH shifts during the reaction. Researchers defmed the proportionality between the 

rate of indicator absorbance change and reaction rate as the buffer factor, Q. 6, 7, 12 When 

the pKaYs of the indicator and bmer  are the same, Q is given by Eq. 4.1 where C 

represents the total molar conceniration (surn of acid and base fonns) of buffer (B) or 



indicator (In), AE represents the dBerence in extinction coefficient between the 

- 
protonated and deprotonated forms of the indicator and Z represents the path length. 

Eq. (4.1) 

The true reaction rate is given by Eq. 4.2, where dMdt is the rate of indicator absorbante 

change. The highest sensitivity ( k g e s t  &4/dt) occurs when Q is small. Thus, l o w e ~ g  the 

bufEer concentration or increasing the indicator concentration increases the sensitivity of 

the assay, 

dA 
rate ( ,mol  / min) = - x Q x reacrion vokrrne x lo6 

dt 
Eq. (4.2) 

We used this assay to screen for enantioselective hydrolases in 96-well 

microplates, Fi-me 4.1. Using pure enantiomers, we separately measured the initial rates 

of hydrolysis of each enantiomer. Hydrolases that showed large dBierences in the initial 

rates of hydrolysis of the two enantiomers were M e r  analqzed by traditional methods 

to determine enantioselecti~ities.~ Note that the ratio of separately rneasured initial rates 

of hydrolysis of the enantiomers is NOT the mie enantioselectivi~, so this screening 

provides only an estimated enantio~electivity.'~ To minimize the amount of pure 

enantiomers needed, we first screened using racemic substrate to eliminate hydrolases that 

did not catalyze hydrolysis of the racemic substrate. Whittaker et al. measured the 

esterase activity of  proteases in 96-well microplates using a sirnilar assay.ll However, 

their assay required additional calibration experirnents because it did not use an indicator- 

buffer pair with the same pK, values. 

To demonstrate this methodo we screened a library of seventy-two commercial 

hydrolases (lipases, esterases and proteases) towards solketal butyrate, an important 
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chiral buildhg block in the synthesis of pharmaceuticals and biologicaily-active 

cornpo~nds. '~ Many researchers have searched, without ntccess, for a highiy 

enantioselective hydrolase that could resolve this sub~trate. '~ For hydrolysis in water, the 

highest enantiomerk ratio was 9 for a proteinase fiom Aspergiilus ory~ae,'~ while for 

acylation of solketal in organic solvent, the W e s t  enantiomenc ratio was 20-25 for a 

lipase from Pseudomonas species (lipase AK).'~ Our screening, which is easily completed 

in one afternoon, has identified a new hydrolase, horse liver esterase, with an enantiomeric 

rario of 15 for the hydrolysis of solketal butyrate. This is the highest enantioseIectivity 

yet reported for hydrolysis of a solketal ester. 

Results 

Opiimiiing sensitive of the assay 

Since most hydrolases have maximal activity near neutrai pH1 we developed the 

assay for pH 7.2. As a pH indicator, we chose 4-nitrophenol. The similariq of its pKa 

(7.15'3 to the pH of the reacrion mixture ensures that changes in pH give a large and 

h e a r  color change! The large difference in the extinction coefficients of the protonated 

and deprotonated foms (200 vs. 180000 M-1 cm-' at 304 nm) gives good sen~it ivi ty. '~  

Finally, nitrophenols bind less to proteins than some polyaromatic indicato~s.'~ The 

concentration of the pH indicator should be as hi& as possibie to maxirnize sensitivity, 

see Eq. 1.1 above. In our assay, the hi& initial absorbance of 4nitrophenoxide/4- 

nitrophenol lunited the concentration ro 0.45 r n ~ . ~ '  This concentration gave a starting 

absorbance of -1.2 where the accuracy is stiil not compromised by low light levels. 





As a buffer, we chose BES (MN-bi@-hydroxyethyll-2-aminoethanesulfonic acid) 

because its pK, (7. 1j2') is identical to that of Cnitrophenol. This identity ensures that 

changes in proton concentration during the reaction gives linear changes in absorbante.* 
We empirically determined an optimum buffer concentration of approximately 5 rnM, see 

below. This value is a compromise between low buffer concentrations to maximize 

sensitivity, see Eq. 4.1 above, and hi& buffer concentrations to ensure accurate 

measurements and small pH changes throughout the assay (c0.05 pH units for 10% 

hydrolysis at Our conditions). The small pH changes are important because kinetic 

constants can change with changing pH. 

Suitable substrate concentrations ranged fiom 0.5 to 2 rmM, typically 1 mM. At 

substrate concentration below 0.5 rnM, the absorbance changes are too srnall to be 

detected accurately. For example, hydrolysis of 5% of a 0.25 rnM substrate concentration 

at our standard conditions (pH 7.2, 0.45 rnM 4-nitrophenol, 5 mM BES), changes the 

absorbance by only 0.005 absorbance units. Solubility in water sets the upper limit of 

substrate concentration because spectrophotometric measurements require clear solutions- 

Typical organic substrates dissolve poorly in water? so we added organic cosolvent - 7 vol 

% acetoninile. For very insoluble substrates, we previously prepmed clear emulsions 

using detergent? 

Quantitative validation of the assay 

To confimi that color changes accurately rneasured the release of protons, we 

experimentally determined the factor Q and compared it to the theoretical Q .  calculated 

using Eq. 4.1. First, we aimicked the proton release upon hydrolysis of the subsnate b y  

addition of HCI, Figure 4.2. The absorbance decreased Iinearly due to protonation of the 

4-nitrophenoxide. The reciprocal of the slopes corresponds to the buffer factor, Q, 

calculated using Eq. 4.1. As expected, the decreases were all linear and the slopes 

increased with decreasing b a e r  concentration. However, below 2 mM buffer, the 

experimentally measured slopes disagreed with the theoretical slopes by more than 1 0%. 
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W e  chose 5 mM as the buffer concentration for our assay as a compromise between 

accuracy and sensitivity. 

S m d  changes in reaction conditions did not compromise the sensitivity or 

accuracy of this assay. The measured value of Q did not change by more than the 

experimental error (-5%) upon addition of 7% of acetonitrile or dimethyl suifoxide. The 

measued value of Q also did not change due IO ui.Saiown buEer salts in the commercial 

hydrolases or due to added CaC12 (2 mM) in the stock solutions of proteases- 

As a test reaction, we monitored the horse Lver esterase catalyzed hydrolysis of 

racemic solketal butyrate. The decrease of the indicator absorbance, Fiume 4.3a, was Iinear 

and correspanded to a specific activity of 1.85 ,pnoVmin/mg protein." Control 

experirnents with no subsuate or with no esterase showed no change in absorbance over 

one hou.  When we s.caled up the reaction 100-foId and monitored the reaction with a pH 

stat, we rneasured a higher specific activity, 4.99 ,pmoI/rninlmg protein. We attribute the 

difference to activation fiom the rapid mechanical stirring in the pH stat experiment. 

Reaction rates increased linearly with the amount of enzyme added for three 

typical hydrolases, one from each class of hydrolases in our library, indicating that the 

enzyme-catalyzed reaction rates determined with this assay are proportional to the total 

enzyme concentration, Fi,gure 3 3 .  

Screevring for hydrolases enantioselective towclrds solkeral butyrate 

To demonmate the utility of our method, we screened a library of seventy-two 

commercial hydrolases towards (=)-solketal butyrate. All hydrolases were dissolved in 

the assay buffer, 5 mM BES buffer at pH 7.2. Since some solid hydrolase preparations 

contain buffer salts and extenders, the pH of each solution was checked and readjusted to 

pH 7.2 when necessary. First, we screened with racemic solketai butyrate t o  elimùiate 

hydrolases that did not catdyze hydrolysis of either enantiomer. This screen elirninated 

the twenty hydrolases Iisted in note a of TabIe 4.1. 



HCI added (M) 

Figure 4.2 Sensitivity of the assay solution to added acid. The yellow color o f  the assay 
soluUon decreased linearly (regession factor = 0.97 for 24.5 mM; >0.99 for ail other 
concentrations) in each solution. For a given amount of acid, solutions with lower 
concentrations of bufTer showed larger color changes. For b&er concentration above 2 
mM, the experirnentally measured slopes were within 5% of the theoretical slopes 
calculated using Eq. 4.1 (where A& = 17.800 M-1 cm-1, Z = 0.292 cm, CI, = 0.447 mM). 

For buf5er concenrrations below 2 mM, the experhental and theoretical slopes disagreed 
by >IO%. We chose a buffer concentration of 5 rnM to maximize sensitivity without 
compromising accuracy. Each point is an average of four measurements, with variation 
<3% between each measmement. All lines are normalized to a starting absorbante of 1.4. 
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Next, we estirnated the enantioselectivity of the remaining f i - i w o  hydrolases 

toward solketal buvrate by separately measuring the initial rates of hydrolysis of the 

pure enantiomers, Table 4.1. We used the ratio of these rates as an estirnated 

enantioselectiviry." Note that the ratio of these rates is NOT the nue enantioselectivity, 

or enantiomeric ratio E, because we measured the rates of hydrolysis of the enantiomers 

separately. Nine hydrolases showed estimated enantioselectivity 24. The seven lipases 

and proteases favored the (R)-ester, while the two esterases favored the @)-ester. The 

highest estirnated enantioselectivities were found with horse liver esterase (HLE, 

estimated enantioselectivity = 12), Rhizopus oryzae lipase (ROL, estirnated 

enanrioselectivity = 1 1 ) and protease fiorn Bac ih .~  subrilis, variarion Bioteczrs A. (BSP, 

estimated enantioselectivity = 7). Previous workers identified Aspe~giZItcs otyzae protease 

(AOP) as an enan~oselective hydro1ase.'%is hydrolase was also among the nine 

enantioselective hydrolases (estirnated enantioselecrivity = 5) .  The identification of HLE, 

ROL and BSP as enantioselective hydrolases towards solketal butyrate are new results 

from th is  screening. 

Although we used only the first 3 - 4 minutes of data in the calculations, we 

rnonitored the reactions for one hour to ensure that we did not miss slow hydrolases or 

hydrolases that show a lag h e .  Al1 substrate/hydrolase solutions were prepared and 

measured in quadruplicate to ensure accuracy. The total screening t h e  for seventy-two 

hydrolases in quadruplicate was 1 80 minutes plus several minutes between each plate to 

fill the 96-welI plates. This time could be easily reduced to less than an hour with a 

shorter screening tirne. CompIete screening of the library towards a racemate and its 

enantiomers is easily completed in an afkernoon. 

We also changed reaction conditions in the assay in an attempt to increase the 

estimated enantioselectivity toward soiketal butyrzte. For example, the activity of 

hydrolases, especially lipases, often increases in the presence of an imerface. W e  reasoned 

that this interfacial activation may also change the enantioselectivity. We screened the 

hydrolase library with Triton X-100 (a non-ionic detergent) added to create micelles. The 
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' Aspergillus oryzae 
protease 

Volume of hydrotase added (uL) 

Figure 4.3. a) Initiai rate measurement for boxed point showing the measured absorbante 
change in the horse liver esterase-catalyzed hydrolysis of (=)-solketal butyrate with 5 UL 
hydrolase solution. Us@ Eq. 1.2, the calculated rate equals 0.0050 ,mol/mul: specific 
activity equals 1.85 pol/min/mg protein. Measured points fit a straight Iine with 
regression factor of O.997. b) Increased rates ofhydrolysis of 1 rnM (=)-solketal butyrate 
with increased amount of hydrolase. Rates are calcdated over 200 seconds using Eq. 4.2 
where A& = 17,300 M-' cm-', Z = 0.365 cm (final volume was 125 .pL), C g  = 4.70 mM, 

Crn = 0.365 mM, 5.9% acetonitde. Measured points fit a straight line with regession 

factor of 0.97 for each hydrolase. Each point is an average of four initial rate 
measurements, which differed by a%. 
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Table 4.1. Activity of commercial hydrolases towards (+soiketal butyrate and its 
enantiomers. 

Source of active hydrolasea Wtb prote Sup- Activity Activity Activity Estimated 
p[ier (*) ï ~ ) ~  ( q d  Ee 

Lipases 
Aspergillus niger 30 0.61 0.029 1.72 2.0 1 1-17 (S) 

,.--.a-.. ........................... I.-.......-....-.-....-. . *..*...-.-a-. f .- f.fff.ffff.ff..f..ff - ...................... f.f...-ff..ffffff.f~ fffff ..fff..f.f ....... 
--".-"".CI........... 7.1 4.5 0.03 9 0.157 0.03 17 4.95 (R) .. As~~~i!Ius~o.z.~e ......-.----.ee..e--.....e.-.-.....e....--..e..e gggggggg..gggg.ggg-gg.. .........-.--....... ...+....-........-.. .-.-.-. -....-.-.....-- ... -. 

Candida antarcrica lipase A 34 4.9 h 0.035 O .O 66 0.036 1.83 (R)  
Candida antarctica lipase B 29 3.9 i 1.15 0.667 0.556 1-20 (R) 

Candida lipolytica 35 0.23 f 0.1 14 0.340 1-13 (R)  0.381 
Candida mgosa 31 0.35 j 2.76 4 -25 1.85 2.30 (R) 

Candida rugosa (kylindracea) 37 0.71 k 2.03 3 .O6 1.77 L.73 (R) 
Humicola sp. 13 4.0 h 0.027 0.372 0.147 2.53 (R) 

Penicillin camem berrii 86 0.92 f 0.060 O. 189 0.498 2.63 (S) 
Penicillin . rocpfortii .... ............... 57 0.74 0,151 . 0.844 1.23 ....................................... 1.46 (S) -.- ................- ....-.......,.... " .." ................................................ L ............................. " ..........-.-....-. 
Pseudom onas cepacia 31 3.1 0.038 0.085 0.02 1 4.05 (R)  i..." .... - ................--.................... ........... " ........-. " " .......,...-.*...... L ............................................. " " -.....- -.-...-......---- .-.. ...................... S... .....-. .... ............. 

Psertdomonasfluorescens 5 0.73 0.09 1 0.572 0.565 1.0 1 (RI r ..................... - -..........-S... ". ..........-..........-........... ...... " ...................*............,..., g.," .,.,....-.-.. I.........................................-............ - - . . . . . - .  ......... 
44 3.7 0,063 0.286 0.066 4.3 3 (RI Rhi?2?usiava2ic.~w: Ew:.......Ew:............" .......................... " .... " ....... L ......*.....................-.......................*........-.-.......--........... ..................... 
53 4.1 0.040 O. z%!ffs.ozaE ............................ " ..................................... L .................. *." ..........--..---.. -. I 74 0.0 I l  1 1.3 (R) ,......~...........~.....-.....................*...-..... .- ... 

Therm us aquariczis 
Esterases 

Acetylcholine esterase 
Bacillzcs sp. 

Bacillu srearorhermophilus 
Bacilfus thermogiycosidasius 

Bovine cholesterol esterase 
Candida lipolytica 

Cutinase 
EOO 1 
E002 
E003 
E004 
€0 05 
EOO6 
E007 
€009 
EO IO 
EOll 
E0 13 
E0 14 
E016 

E017b 
E018 
E0 19 
E020 - - - -  0.16 n 4.97 8.35 

C.......-.....-............rii........i..i.............ir..~i.rr...i.rr.....i....r....r.............................~.......r................-..-..........i...-...--..---....-'....-...... 

Pio liver esterase - 0.09 7 1.9 3 -03 ......................................................................................................................... ............................................................... 
Pi3 liver esterase 0.36 0.49 5.79 3-26 

$ ........................... ,.. .............................................................................................. ~..gg.gg..gg..g..ggg ................. - ....---....-.-..---..... 
Horse liver esterase 1.7 0.59 0.975 O. 168 i .................................................. ................... ...S........... ........................................ X" ............................................................ 

1-10 (R)  

1.3 5 (R)  
2.96 (R)  
1.68 (R) 
2.59 (R) 
1.21 (S) 
1.25 (S) 

2.28 (R) 
1 -49 (R) 
1.93 (R)  
1.32 (R) 
1-05 (S) 
1-25 (R) 
1 -40 (R) 
1.1 1 (S) 
L.16 (R) 
r -3 9 (R) 
1.73 (S) 
1 .O2 (R) 
1.76 (R)  
1.83 (R)  
1.12 (R)  
1.96 (S) 
1.21 (S) 



Table 4.1 continued. 

Source of active hydrolasea Wt-b Prot Su p- ActiviQ Activity Activity Estimated 
c plier d cmd (acr E~ 

Proteases 
Saccharomyces cerevi~iae 1.2 0.26 0.085 0 3  19 0.074 2.96 (R)  ...... 

P....... - .............M......... ". ....-............,.............. .. ....... " ............................ "2 ..*..-.*..-.....-*......-.......--...*..-..-.- "*......--.-.--.--.-...." .a-.a..... "."..... 
Aspergihs opzae 29 7.0 0.097 0,157 0.032 4.9 1 (R) t.. ..-.-..........,.,. ................. ............................. ".,,.,..,.",. "......".........A ......... ., .......... .................................................................... -.- a... - 
Aspergifhs saroi 32 0.40 j 0.748 3.17 3-13 1 .O 1 (R) 

~ a c ~ i ~ ~ i i c h e n f o r m i s  5.2 . 2.1 0.335 .......................... 0.261 0.083 ..... 3.14 (R) .. y-.-- .S..--.-.-....--.-----.- .-....d..---.....-......,.....-... ....-.....--....-.-....- 2 -..---...-.** ------------..---- -.------.--.- 
Bac. subtiiis var. Biorecus A 4.2 1-7 ............ 0.35 1 0.22 1 ... O .O5 03 ......... 729 (R) .... i- .-.-...-......., ....................................... . . . .  *.8 -...-.....--....-.--...-.-..-.*.*-*---- " *.-------. "-.-.--. 

Subtilisin Carlsberg 9.7 4.4 j 0-083 0.313 0.082 2.60 (R) 
S[reptomyces ~rtkeus 20.1 7.2 O 0.012 0.032 0.0 135 2.37 (R) 
The&o$in Type X 2.4 0.15 0.095 O 2 5 5  0.738 2.89 (S) ,--....-.-.. " ...-.............. ...... 2 ...... ................................................. . .,............. L ..........,.................................-.........---...-.............................. - S..... .-..- 
Proteinase. bacterial 4.7 2.1 2 0.186 0.154 0.028 5.50 (RI . . ..S... .............. --.........-..,.S.. .. ...... - ..--...-. : .... ....... -- .......,...~.....,.,.., ,.,",".,,, ....*-..... 5:" ...... 5:5:".5:...-.." ................ -...-...- ...-.... -.- ---.. -...-...--5: 

Proteinase K 0.42 0.07 R 2. 14 3-08 3.29 1.34 (RI 

OThe following hydrolases sho wed no detectable activity (<O. 0 1 .not/mui/mg protein) 
towards racernic solketai butyrate: Lipases: Amano lipases fiom Rhizopus stoZon$er, 
Mucor javanicus and Mucor miehei, wheat germ lipase (Si-ma)' porcine pancrearic lipase 
(Biocatdysts), lipase fiom Rhizopus niveus (Boehringer Mannheim); Esterases: 
ThermoGen esterases E008, E0 12 and E0 15, Fluka esterases fkom Therrnoanaerobizïm 
brockii and Mucor miehei; Proteases: a-chymotrypsin (Si-ma), pepsin frorn hog stomach 
(Fluka), subtilisin from Bacillm Iichenfonnis (Fluka), thrombin from human plasma 
(Fluka). trypsin (Worthington. Freehold, XJ)- Si-ma proteases korn BaciZZu polymdma, 
bovine pancreas type 1, papay a, Sti-epromyces caespitosus. 'Amount (mg) of so lid 
enzyme per ml of buffer in the stock solutions. 'Protein concentration of  stock soIurions 
in mg proteidml determined by the Bio-Rad assay using BSA as a standard. d~bserved 
rate of hydrolysis in ,moVrnin/mg protein. Rates calculated using Eq. 4.2 were divided by 
the protein content in the weII. The values are an average of four rneasurements, which 
typically varied by less than 2%. eRatio of the separately neasured initial rares for the 
enantiomers. This ratio is NOT the true enantioselectivity, but is a usefil estimate of the 
enantioselectivity. The absolute con&uration of the faster reacting ester is in parentheses. 
Note that hydrolysis of the (R)-ester yields the (5')-alcohol due to a change in the priority 
of rhe substituents. [ h a n o  Enzyme USA Co., Ltd. (Troy, VA). Wuka Chernie 
(Oakville, ON). hBoerhinger-~annheim (Mannheim, Germany). Novo-Nordis k 
@aagsverd, DK). JSi_gma-Aldrich (Oakville, ON). 9 iocatal~sts Ltd. (Pontypridd, Mid 
Glam, Wales, UK). ' ~ e n z ~ m e  (Cambridge, MA). munilever Research lab s (Vlardingen, the 
Netherlands). "ThermoGen, Inc. (Chicago, IL). oCalbiochem/Behrig Dialostics (La Jolla, 
CA). 



reaction rates increased for eight hydrolases (three lipases and five esterases), decreased 

for w - t w o  hydrolases, and stayed constant for twelve hydrolases. Unfortunately, the 

estimated enantioselectivities remained unchariged or decreased slightly for the best 

hydrolases: AOP (decrease from 4.9 to 4-21, ROL (decrease fiom 11.3 to 9.6), HLE 

(decrease fiom 17.2 to 7.6), BSP (decrease from 7.3 to 5.4). with non-selective 

hydrolases, the e h a t e d  enantioseIectivities showed s r n d  increases or decreases, For 

example, subtilisin Carlsberg increased fi-otn 2.6 to 2.8, esterase fiom Bacillus 

srearorhermophilus increased from 1.7 to 2.4 and AspergflZz~ oqzae lipase decreased fkom 

4.95 to 1.8. Overall, the selectivities towards sorketal butyrate did not significantly change 

upon addition of Triton X-100. 

To c o n h n  these screening resulrs, we measwed the enantioselectivity of three 

selective hydrolases and three poorly-selective hydrolases using the conventional 

endpoint method,' Table 4.2. Under conditions similar to those in the screenuij solutions 

(1 mM substrate, 7% acetonimle as cosolvent), the m e  enantioselectiviq and the 

estimated enantioselecüvity agreed to within a factor of 2.3. Since 1 rnM solketal butyrate 

is too dilute for practical preparative reactions, we also measured the enantioselectivity of 

these hydrolases at 50 mM solketal butyrate where the reaction mixture conrained 

insoluble droplets of substrate. The enahoselectivity under these conditions also agreed 

with the enanrioselectiviry estimate from screening to wiùiin a factor of 2.6. 

The most enantioselective hydrolase was HLE, E = 14.8 at 1 mM, E = 9.7 at 50 

mM substrate concentration, respectively. At 50 mM substrate without acetonitrile, the 

enantioselectiviy of HLE declined slighdy again to E = 8.7 (c = 17.1% after 2.5 h). These 

values agee well with the esrirnated enantioselectivities of 12.1 (without Triton X-100) 

and 7.6 (with Triton X-100). Although Partali et al. reported an enantiomeric ratio of 9 for 

AOP16, we measured an estimated enantioselectivity of 4.9 and a true enantioselectivity 

of 4.8 under our conditions. Althou@ the esùmated enantioselectivity for ROL was also 

high (11.3), the true enantioselectivity was lower, E = 4.8 - 4.9. Hydrolases with low 

estimated enantioselectivities (Cm, Esterase EO 13, cutinase) also showed low true 
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enantioselectivities. Thus, hydrolases identified as enanttioselective indeed were 

enantioselective and hydrolases identified as nonselective were not enantioselective. 

Our screening procedure quickly identified FILE as a new hydrorase for the 

resolution of soketal butyrate with modest enantioselectivity. It is the most selective 

hydrolase reported in literature to date for the hydrolysis of an ester of soketal. 

Discussion 

The most important part of the assay design was to ensure that it accurately 

rneasured the rates of hydrolysis. The first requirement is that the buffer and indicator 

have pK,'s within 0.1 units. A difference in pK,'s of 0.3 units causes an 8% error when 

the pH changes by 0.1 unit." In a typical assay, the pH changed by 0.05 un i t s  (1 0% 

hydrolysis of the substrate), thus, differences in pKals can lead to non-Iinear and 

inaccurate rates. If different pK& cannot be avoided, one can still get accurate results b y 

using calibration e~~erirnents'~ or a more complex equation.10 The linear relationship 

between the amount of acid added and the color change, as shown in Fi-me 1.2, confirms 

that the pKàs lie within the acceptable range in our experiment. Further, the agreement of 

the theoretical and experimental dopes to within 5% esrablishes that the assay is 

quantitative. 

The assay tolerates small changes in reaction condiuons' such as the addition of 

7% acetonitnle. Indeed, the pK, of 4-nitrophenol changes only slightly from 7-15 to 7.17 

upon addition of 10% ethanolF6 This result suggests that cosolvent concentrations below 

10% do not compromise the accuracy of the assay. Also, maIl amounts of salts present 

in the hydrolase solutions (buffer salts in commercial hydrolase preparations, 2 mM 

CaC12 in the protease solutions) did not affect the accuracy. 

This assay is approximateIy seven times less sensitive than one using hydrolysis 

of Cni~ophenyl esters. For example, if the rate of hydrolysis towards a non-chromogenic 

ester and a 4-nitrophenyl ester were identical, then our assay would require seven times 
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more hydrolase to observe the same c h g e  in absorbame. The assay with Cnitrophenyl 

esters releases one molecule of Cnitrophenol (53% of these will be deprotonated at pH 

7.2), while our assay protonates one +nitrop henoxide for every twelve protons released. 

There are several advantages with this screening method. First, it is hundreds of 

times faster than conventional screening. The 96-weii format ailows the analysis of large 

numbers of samples simultaneously. However, speed is not gained at the expense of 

accuracy; variation between quadniplicate measurements for a reaction is typically ~ 2 % .  

Moreover, our method is quantitative unlike screening for hydrolytic activity by Z C .  

Second, since the entire reactions and analyses taise place in the microplate wells, worhxp 

and analysis by GC, HPLC or NMR is avoided. Third, it requires hundreds to thousands 

of &es Iess substrate (typically 20 yg/well) and hydrolase (we used between 0.6-35 pg 

proteidwell). For this reason, it may be useful in the screening of mutant hydrolases in 

directed evolution experimentç. Fourth, this assay mesures the hydrolysis of any ester, 

not just chromogenic esters. The most important rule of  screening is 'You get what you 

screen for', so the ability to screen the target compound, not an analog of the target 

conipound, is an important advantage. For speed, we screened in microplates, but one 

could also adjust the concentrations to use cuvettes and a conventionai LV-vis 

spectrophotometers. 

There are few disadvantages with our screening method. First it requires pure 

enantiomers, albeit in small arnounts. We screened the hydrolase Iibrary in quadruplkate 

with only six rnilli=g-ams of each enantiomer of solketal butyrate. Second, it provides on& 

an estimatrd enantioselectivity. This method ignores some or all of the differences in KM 

of the enantiorners. Third, it requires clear solutions. i o  obrain clear solutions with water- 

insoluble substrates, experimentation is sometimes required to h d  the best cosolvent or 

ernulsion conditions. 

In this paper, we assayed for hydrolase activity at pH 7.2, but other b a e r  

indicator pairs may be suitable for screening at other pH's. For example, at pH 6 

chlorophenoi red @Ka 6.0) and MES (2-[N-morpholino] ethanesulfonic acid, pKa 6.1 ) 



may be suitable; at pH 8 phenol red (pKa 8.0) and EPPS (N-[2-hydroxylethyl]pipera~i.ne- 

hr -[3-propanesulfonic acid], pK, 8.0) may be suitable; at pH 9 thymol blue (pK, 9.2) 

and CHES (2-[N-cyclohexylamino]ethane-sulfonic acid, pK, 9.3) may be suitable. 

We are currently adapting this acid-base indicator assay to meanire true 

enantioselectivity by extending our Quick E method for measuring true 

enant iose lec t i~ i t~ .~  

Experimental Section 

General. Chernicals were purchased f5om Si-ma Chernical Co. (Oakville, ON) and were 

used without M e r  purification udess stated. Triton X- 100 was purchased from ESA 

Inc. (Chelrnesford, MA). Standardized acid was purchased ftom 4 & C Amencan 

Chernicals Ltd. (Montréal, QC). Enzyme suppliers are noted in the footnotes of Table 

4.1. Al1 microplate assays were performed on a Specmunax 340 microplate reader with 

SOFTmax PRO version 1.2.0 software (Molecular Devices, Sunnyvale, CA). P olystyrene 

96-well flat-bottomed microplates (maximum volume 360 ./well? Corning Costar, Acton, 

MA) were filled using Eppendorff 8-channel pipettes (5- 100 pl, 50- 1.200 ul) and solution 

basins for rnultichannel pipettes (Fisher Scientific, Nepean, ON). The initial rate of the 

small-scale horse liver esterase-catalyzed ester hydro ly sis reaction was measured with a 

Radiometer RTS 822 pH stat. 

(+)-SoZketal butyrate. Butyric anhydride (2.87 mL, 17.5 mmol. 1.5 equiv.), 4- 

dimethy laminopyridine (0 .O7 1 p 0.58 mmol, 0.05 equiv.) and anhydrous sodium 

carbonate (1.86 g, 17.6 m o l ,  1.5 equiv.) were added to a solution of (=)-solketal (1 -54 g 

11 -7 mrnol, 1 .O equiv.) in ethyl acetate (40 mL) and stirred ovemight. The reaction mixture 

was washed several rimes with water, then with brine, and the organic emact was dried 

with magnesium sulfate. Flash chromatography (3: 1 hexanes:ethyl acetate) afforded the 

pure butyryl ester as a yellow oil in 9 1 % yield. RJ= 0.56 (3 : 1 hexanes:ediyI acetate), 'H- 

NMR (200 M H i ,  CDC1-j): 6 = 0.98 (t, ' J  (H,H) = 7.4 Hz, 3H; CH;), l -37 (s, 3 H; C h ) ,  



1.43 (s, 3H; CH3), 1.67 (sextet, 'J ( H a  = 7.4 Hz, 2H; CHd, 2.3 3 (t, I J  (H,H) = 7-3 Hz, 

2H; CH2), 3-7 (m, 1H; 1 H of CH2), 4-05-4.16 (m, 3H; 1 H of CH2., CH2), 4.27 - 4.32 (m, 

1H; CH). 13c-NM12 (200 MHz., CDC13): 6 = 15.3 (CH3), 19.9 (CH2), 26.9 (CH3), 28.1 

(CH3), 37.3 (CH2), 65.5 (CH2), 67.3 (CH2), 74.6 (Cm, 110.3 (C), 173.1 (C=O); MS (CI) 

m/z: 203 m, 9), 187 (53, 145 (100); HhVS under EI showed no molecular ion. 

(9 -SoZketal buware and (R) -soZketal buvate.  Sarnples were prepared f?om 

enantiomerically pure solketal as above for the racemate. The enantiomenc purities of the 

buryrates measured by GC (see below) were 99.2% and 99-8%, respectively. No 

contaminating buync acid or solketal were detected by GC or 'H-M. 

HydroZase library. The hydrolases were dissolved in BES buffer (5.0 m i ,  pH 7.2 

containing 0.02% NaN3 as preservative) at the concentrations Listed in Table 4.1 (0.5-40 

mg solid/mL solution). CaCll (2  mM) was added to the protease solutions since some 

proteases requùe caIciurn ions to maintain their structure. For hydrolase samples with Iow 

protein content? we used saturated solutions (up to 40 mg soLid/mL) and for hydrolase 

sampIes with hi& protein content, we chose Iower concentrations (typically. 1 mg 

s o l i W ) .  Each solution was centrifuged to remove insoluble material ( 5  min, 2,000 rpm) 

and titrated to a final pH of 7.2. The protein concentrations were determined using a dye- 

binding assay fiom Bio-Rad (Mississauga, ON) with bovine senun albumin (BSA) as the 

standard. Solutions were stored in a 96-well assay block 'mother plate' equipped with 

alurninum sealhg tape (2 mL maximum volume in each well, Corning Costar, Acton, MA) 

at -20 O C .  This 'mother plate' speeds up repeated screens using the same hydrolases and 

is a convenient way to store large libraries of hydrolases. Hydrolytic activity of the 

libraries is maintained over several months. 

Screening of commercial hydrolases with pH indicators. The assay solutions were 

prepared by mixing solketal butyrate (430 pL of a 30.0 rizM solution in acetonitrile), 
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acetonitriie (470 a), 4-niîrophenol(6,OOO pL of a 0.9 1 1 5 mM solution in 5.0 mM BES, 

pH 7.2) and BES buffer (5,110 pL of a 5.0 rnM solution, pH 7.2). Hydrolase solutions (5  

pL/well) were transferred fiom the mother plate to a 96-well microtiter plate using an 8- 

channel pipette. Assay solution (1 00 ,/well) was quickly added to each well u s h g  a 

1,200 pL, 8-charme1 pipette. ï h e  fmal concentrations in each well were 1 .O mLM substrate, 

4.65 mM BES, 0.434 m i l  4-nitrophenol, 7.1 % acetonimle. The plate was quickly placed 

in the microplate reader, shaken for 10 s to ensure complete mixinp and the decrease in 

absorbance at 404 nm was rnonitored at 25 OC as often as permitted by the microplate 

s o h a r e ,  typically every 11 seconds. The starting absorbance was typically 1.2. Data 

were collected for one hour to ensure we detected slow reactions and reactions with a lag 

tirne. Each hydrolysis was carried out in quadruplicate and was averaged. The first 10 s of 

data were sometimes erratic, possibly due to dissipation of bubbles created during 

shakùig. For this reason, we typically excluded the fxst 10 s of data fiom the calculation 

of the initial rate. Activities were calculated fiom slopes in the linear portion of the c w e  

usually over the first two hundred seconds. The initial rates were calculated £kom the 

average dA/dr using Eq. 4.2 where & = 17.300 M-' cm-' (experimentally deterrnined for 

our conditions) and 2 = 0.306 cm. To calculate specific activity (ynolirninlrng protein). we 

took into account the total amount of protein in each well. 

Screening of CO mmercial hydroZases w ith pH indicutors under intel facial activarion 

conditiom. The procedure was the same as above except that the BES buffer ( 5  mM1 p H  

7.2) contained Triton-X 100 (8.45 mM). Final concentration of Triton X-100 in the wells 

was 2.8 mM. 

Small-scale reactions with I mM (&-1-solke~ul butyrate. These small-çcale reactions mimic 

the conditions in the microplate during pH indicator activity screening except that no 

indicator is present. Hydrolase solutions (50 pL) were added to soIutions of (*)-solketd 



butyrate (3.50 mL of a 14.4 rnM solution in acetonitde) and BES b a e r  (46.45 mL of a 

5.0 mM solution, pH 7.2) for a final reaction volume o f  50 mL (1.0 rnM substrate, 4.63 

mM BES, 7% acetonitrile). M e r  stimng at room temperature for a t h e  estimated fiom 

the pH indicator screening, the mixture was emacted with diethyl ether (3 x 20 mL). 

These extracts, which contained both the ester substrate and the alcohol product, were 

combine& washed with water and dried with magnesiuni sulfate, filtered and evaporated 

to dryness. 

Small-scale reactiom with 50 mM W-solketal butyrate. Hydrolase solutions (250 @ for 

CRL, ROL, HLE, AOP, E013; 30 pL for cutinase) were added to solutions of (&)-solketal 

butyrate (352 y1 of a 0.7 15 LM solution in acetonipile) and BES b e e r  (4,398 ~1 of a 5.0 

m .  solution, pH 7.2) for a final reaction volume of 5.0 mL (50 mM subsrrate, 4.65 mM 

BES, 7% acetonitrile). Reactions were worked up as above. 

Determinatfon of enantiomeric purity by GC. Gas chromatography analysis was 

perfomed on a Varian 589-Senes II Gas Chromatograph equipped with a Chirasil-DEX 

CB chiral stationary phase (25 rn x 0.25 mm x 0.25 pm Chrompack, Raritan, NJ). For 

analysis, solketal was converted to the acetate by dissolving the m i m e  of solketal and 

soiketal butyrate in ethyl acetate (5 rnL) c o n % i . g  acetic anhydride, 4- 

pyrrolidinopyridine and anhydrous potassium carbonate. The solution was stirred for one 

h o u  at room temperature, then filtered, was washed with brine, then water, dned with 

magnesiurn sulfate and evaporated to dryness. Both the starting material, solketal 

butyrate, and the acetate of the product were simultaneously separated with baseline 

resolution by using a temperature gradient (1 00 'C to 130 OC, 2 'C/min). Solketal 

butyrate: k', = 8.1 1 (9, a = 1 .O4; solketal acetate: k', = 4.21 (S), a = 1.10. The ee-values 

reported in the tables are the mean of three injections. We did not observe any 

racemization of the substrate during derivatization. 
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Chapter 5 

The ultïmate goal of the research in this thesis was the development of a 

quantitative method to rapidIy screen for enantioselective hydrolases towards a target 

substrate that does not require the rneasurement of enantiomeric purity. Chapter 3 

introduced the quick E method using chrornogenic esters. In this chapter, we exrend quick 

E to measure the enantioselectivity of non-chromogenic esters usin; the pH uidicator 

screen deveIoped in Chapter 4. 

Several problems were encountered during the development of quick E and they 

are detailed in this chapter. Moreover, the background and theory of the quick E method 

are fully explored in this chapter. 

Experimental details that were not included in Chapter 3 are descnbed in full. 
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Abstract: Spectrophotometric assays are the most kequentiy used method to monitor the 

course of an enzyme-catalyzed reaction due to their convenience and speed. We apply the 

speed and convenience of these assays to rneasure the enantioselectivity of hydrolase- 

catalyzed kinetic resolurions of chiral alcohols and carboxyIic acids. The established 

method to measure enantioselecrivity is cded the endpoint method where a researcher 

nins a small-scale reaction for each hydrolase with the target substrate, then measures the 

enantiomeric purity of the reaction products. This method is rime-consuming so 

researchers rarely test large numbers of hydroiases for enantiosefectivity towards a chiral 

substrate. We report the stepwise development of a rapid spectrophorometric method to 

measure the enantioselectivity of hydrolases u s i q  initial rate measurements. The initial 

rate of hydrolysis of a pure enantiomer of a target substrate, relative to a reference 

compound, is measured yielding the selechviry ratio, [(kcatKM)R/(kcaI/KiLI) rq2renCe] - A 

second initial rate measurement gives the selectivity ratio for the other enantiomer 

[@cat/Kh<)s/(kcx/KM)refer2nte] and the ratio of the selectiviry ratios yields the enantiomeric 

ratio, E. We cal1 this method "quick F' because of its speed We fxst develop this method 

using chrornogenic esters then generalize this rnethod to any ester with the use of p H  

indicators to quantitatively detect protons released during ester hydrolysis. Quick E 

measurements for both chromogenic and non-chromogenic esters agree well with E values 

detemiined by the endpoint method. Using quick E, we c m  detemine the 

enantioselectiviues of approxirnately 100 hydrolases per day. 



Hydrolase-catdyzed resolutions of racemates are usefil for the production of 

enantiomericaiiy-pure cornpounds. They are performed under mild reaction conditions, 

can show higher selectivity than classical synthetic methods, and slow for the 

preparation of a wide variety of enantiomericdly-pure molecules such as primary and 

secondary alcohols, and carboxylic acids.' However, the difncult task of selecbng a 

suitable hydrolase fiom hundreds of commercially avadable hydrolases and 

microorganisms rernains a major deterrent to their wider use. Researchers have developed 

empirical rules and models to aid in the selection but these models cannot accurately 

predict the degree of selectivity. Researchers m u t  therefore carry out screening to 

identie suitable hydrolases. 

When researchers screen for enantioselectivity, they are looking for hydrolases 

with good hydrolytic activity and very high enantioseIectivïty toward a racemic substrate. 

In rare ideal cases, the enantioselectivity is so good that the reaction stops at 50% 

conversion when al l  of the preferred enantiomer is consurned, leaving both product and 

residuai starting material with hi& enantiomeric excess. In practice, most hydroIases do 

not exhibit this degree of selectivity towards a substrate, so the degree of selectivity, 

cdled the enantiomenc ratio or E, must be determined. 

In a hydrolase-catalyzed reaction, the observed initial rate of a hydrolysis of a 

substrate (v) is expressed by the foilowing steady-state equation where CE] is the 

concentration of E-ee enzyme and [SI is the initial concentration of ester.' 

V = - =  (2;)-[SI-[B] - Eq. (5.1) 
dr 

When two substrates are present in solution, they both compete for the enzyme's active 

site. From eq. 5.1: it follows that the ratio of rates of hydrolysis equals the ratio of tlieir 

k,,,/KM values (the specificity constants) after taking into account the concentration of 

both substrates. If the IWO substrates are a pair of enantiomers, the ratio of their 

specificity constants equals the enantiomeric ratio, E, Equation 5.7? 
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Enantiorneric ratio = E = 

127 

Eq. (5.2) 

To calculate E by measuring the kinetic constants, k,, and KM, a researcher 

mesures the initial rates of hydrolysis of each enantiomer as a function of its substrate 

concenbation and transforms the data into a Iinear form for a ~ ~ a l ~ s i s . ~  Although this 

method reveals usefûl information on the kinetics of each enantiomer as well as the overail 

enantioselectivi~, it is unsuitable for screening large nurnbers of hydro lases for 

enantioselectivity because it is tirne-consuming - it requires multiple measurements for 

each pure enantiomer and siodcant data andysis. 

Most researchers prefer to use the integrated forrns of Equation 5.2 developed b y 

Sih and coworkers c d e d  the endpoint method? which relate the degree of conversion of 

the reaction to the enantiomeric purity of the 

product (ee,), Equation 5.3. 

remaining substrate (ee,) or resuiring 

- ~n[ ( l -  c)(l+ ee, )] - 
~n[ ( l -  c)(l- ee,)] 

Eq. (5.3)  

To determine E by Sie endpoint method, a researcher runs a srnall-scale reaction with a 

candidate hydrolase and racemic substrate, stops the reaction before completion, works 

up the reaction usually to separate product £iom starting material, then determines the 

enantiomeric purities of the reaction products. Finding analfical conditions to separate 

enantiomers using chual stationary phases or NMR chiral shift reagents can be difficult 

and time-consuming and is often the slow step in screening In general, a single endpoint 

measurement takes several hours to perform so researchers rarely screen d l  commercially 

avaiIabIe hydrolases. Rather, they tend to focus on hydrolases that have been widely 

reponed in the literature. Less common but enanrioselective hydrolases are IikeIy 

overlooked when a researcher Iimits the nurnber of hydrolases tested. 

To avoid the slow step of rneasurïng enantiomeric purities, researchers have 

proposed alternate methods to determine enantioselectivity based upon the measurement 



of rates of hydrolysis. Jongejan and coworkers developed a method to calculate E by 

anaiyzing initial rates of reaction with varying ratios of enantiomers but k e d  total 

substrate concen~ation.6 Although this method c m  be accurate, it is not si-ificantly 

faster than the endpoint method because it requires multiple initial rate measurements as 

weU as curve fitting to evaluate E. Alternately, researchers have developed methods to 

analyze reaction progression curves of hydrolase-catalyzed reactions to determine 

enantioselectivity.' These methods can be less accurate than the endpoint method and 

dso require substantid data manipulation to determine E. 

In this paper, we present the stepwise development of a novel 

spectrophotomenic method to accurately measure the enantioselectivity of hydrolases 

based upon the measurement of initial rates. Rather than measure the relative rates of 

hydrolysis of a racemic solution to determine E (this would require measuring 

enantiomeric purity ro evaluate the relative rate of hydrolysis of each enantiomer), we 

separately measure the rates of hydrolysis of each enantiomer relative to a reference 

compound. We obtain a specificity ratio (kc,/KM) for each pure enantiomer relative to the 

reference compound and the ratio of the relative specificity constants for each pure 

enantiomer yields the enanioselectivity. (k&KM)R/(kcat/KdSS We call this method "quick 

E" due to ils speed and ease. 

Fkst, we validate the quick E method using chrornogenic esters as substrates. 

Next, we extend quick E to non-chromogenic esters with the use of pH indicators to 

visualize ester hydrolysis. To validate the quick E method, we compare the 

enantioselectivity of hydrolases towards subsrrates using the quick E method and Sih's 

endpoint method. Quick E measurements for both chromogenic and non-chromogenic 

esters agee well with enantioselectivities determined by the more traditional endpoint 

method. 

Resui ts 

Screening enantiorners of chrornogenic esters separately ro esrimare enantioselectiviry 

To properly evaluate enantioselectivity based upon initial rates of hydrolysis, the 

rates of hydrolysis of both e n d o m e r s  must be measured sirnultaneously to reflect their 

relative binding in the enzyme's active site. However, the relative rate of hydrolysis of 



both enantiomers cannot be simuitaneously detemiined without measuring enantiomeric 

purities, so researchers of'tea estunate enantioselectivity by measuring the initial rates of 

hydrolysis of the two enantiomers in separate hydrolysis experiments, Equation 5.4.' 

Eq. (5.4) 

We separately measured the initial rates of hydrolysis of Cnitrophenyl esters of pure 

enantiomers to quickly estimate the enantioselectivity of several lipases towards three 

common chiral carboxylic acids, 2-phenylpropanoic acid, 1, 2-(4- 

isobutylphenyl)propanoic acid (commercially available as Ibuprofen), 2, and 

phenylalanine, 3, Fi,gure 5.1. The rates of hydrolysis of 4nitrophenyl esters were 

conveniently determined specrrophorometricaliy by monitoring the rate of release of 4- 

nitrophenoxide anion at 404 nm, Fi,oure 5.2. The ratio 

of hydrolysis estimated the enantioselectivity. 

of separately measured initial rates 

Figure 5.1 Structures of chiral carboxylic acids for testing. 

We compared these estimated enantioselectivities to the "tme" enantio selectivities 

detemiined by the endpoint method. Table 5.1 In al1 cases, the enantioselectivity was 

over or underestimated by 1.2 to 3-fold by separately rneaniring the initial rates of 

hydrolysis of the pure endomers .  The highest estimated enantioselectivity measured 

was 55 for isopropanol treated Candida rugosa lipase towards 2, but its true 

enantioselectivity was > 100 by the endpoint method. 4-Nitrophenyl esters of 



phenyldanine, 3, were ememely unstable at p H  8 (ti12 = 0.51 h) so we corrected the 

observed rates for chernical hydrolysis during spectrophotometric measurements. 

Moreover, we could not determine the enantioselectivity of 3 by the endpoint method 

because it cornpletely hydrolyzed during workup. 

Step 1: = 

hydrolase - 
NO9 buffer 

Figure 5.2 Initial rates of hydrolysis of Cnitrophenol esters are easily meanired 
spectrophotometncally by measuring the linear increase in absorbance at 404 nrn over 
time. The initial rate of hydrolysis of (3-1 is determined in the first step t o  estimate 
enantioselectiviry. The second step uses (R)-1 and the ratio of the two rates estimates the 
enantioselectivity . Note that the extinction coefficient accounts for the partial ionization 
of Cnitrophenol at pH 7.5; in practice, Cnitrophenol (pK, 7.13) is not fully ionized at 
pH 7.5 as shown. 

Estimated E values do not yield the m e  enantioseiectivities because differences in 

KM between the two enantiomers are ignored in separately measured initial rate 

measurements. When initial rates are measured at sanirating substrate concentrations. 

where [SI =- KM, all of the enzyme's active sites are occupied and the rate of hydrolysis is 

independent of the substrate concentration. The observed initial rare depends on k,,. 

However, when the initial rates are measured at concentrations below sanirating substrate 

concentrations. where [SI KM, most of the enzyme's active sites are unoccupied and 

the rate of hydrolysis is considerably slower. The observed initial rate depends upon kca,, 

KM and [SI. Thus, the ratio of separately-measured initial rates of pure enantiomers only 

yields the correct value of E when the KM value for the (R) and (5') enantiomers are 

identical or when the substrate concentranon during initial rate measurernents is well 

below the KM values of both enantiomers. 
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O v e d ,  separately rneasured initial rates of pure enantiomers can be a fast estimate of 

enantioselectivity but give inaccurate E values because some or ail of the contributions 

5om KM are ignored. 

Usingpseudaracernates to determine the enantioselectiviîy of  chromogenic esters. 

To accurately determine E using separately measured initial rate measurements, 

the rates must reflect the competition between the enantiomers for the hydroIaseYs active 

site. To introduce competition without introducing the other enadorner, we added a 

c'p~eudoenantiomer~' to compete with each pure chromogenic ester. The pseudoracemates 

are an equirnolar pair of esters where each enantiomer of the chiral acid is linked to a 

stnicturaily similar but different achiral aicohol. For example, the pseudoenantiomer of 4- 

nitrophenyl-(3-2-phenylpropanoate, 0-1, is a non-chromogenic pheny 1 ester, p henyl- 

@)-2-phenylpropanoate, (RI-4. Both enantiorners compete for the enzyme's active site 

but we o d y  detect the hydrolysis of the 4-nitrophenyl ester spectrophotometricdIyY 

However, the observed rate of hydrolysis of the chromogenic ester reflects the 

competition between both pseudoenantiomers, Figure 5 21. 

Ln the first step of the measurement of E using pseudoenantiomers, the ratio of 

rates of hydrolysis of (9-l/(R)-4 is measured. In the second step, the reverse pair of 

pseudoenantiomers is used where the (R)-enanriomer reieases the chromophore. The ratio 

of initial rates of hydrolysis of the nvo chromogenïc enantiomers relative to their non- 

chromogenic pseudoenantiomers yields a value for E, Equation 5.5. 

Eq. (5.5) 
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Step 1: 

- 
E 404 "m. 8 = 15,800 M' cm-' 

Figure 5.3 Step one of the pseudoracemate screen for enantioselectivity towards esters of 
Zphenylpropanoic acid. The pseudoracemate is an equimolar mixture of (3-1 and (R)-4. 
A yellow color appears if the hydrolase catalyzes the hydrolysis of the (8-es~er. The 
second step of the pseudoracemate screen (not shown) uses the reverse pair o f  substrates 
[4-nitrophenyl-(R)-2-phenylpropanoate and phenyl-(S)-2-phenylpropanoate] . An 
enantioselective hydrolase shows a yellow color in only one of the two steps. The ratio 
the rates of  hydrolysis at  104  nm for step 1 and step 2 gives a value for E. Note that the 
extinction coefficient accounts for the partial ionization of 4-nitrophen01 at  pH 8; in 
practice, Cnitrophenol @Ka = 7.15) is not fully ionized at pH 8 as shown. 

To test this method, we measured the enantioselectivity of isopropanol-treated Candida 

rugosa lipase (IPA-CRL) towards 4-nirrophenyl-2-phenylpropanoate 1 using phenyl 

esters as pseudoenantiorners, 4. We reported in Table 5.1 that the enantioselectivisl of 

IPA-CRL towards 4-nitrophenyl-2-phenylpropanoate measured by the endpoint method 

is >100. Using pseudoracemates, we found that the enanrioselectivity was underestimated 

by Xold ,  with E = 55, Table 5.2. Moreover, this value was only slightly closer to the 

m e  enantioselectivity than the estimated E in Table 5.1. When we measured the 

enantioselectivi~ of isopropanol-treated Candida rugosa lipase toward phenyl-(=)-2- 

phenylpropanoate, 4, by the endpoint method, we were surprised to k d  that the 

enantioselectivity of IPA-CRL towards the phenyl ester of Zphenylpropionic acid was 

10-fold lower than for the 4-nitrophenyl ester analogue, E = 9.5 (ee, = 42.3%, eep = 

72.6% at 40% conversion). Enantioselectivity is sensitive to smdl structural changes. 
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Table 5.2 Enantioselectivities of isopropanol-treated Candida rzrgosa lipase towards 4- 

nitrophenol-(5)-2-phenylpropanoate, 1, detemiined by the pseudoracemate method." 

Pseudoenantiomer (aC (WC Ed 

pair pair pair Pseudoenantiomers 

4 (phenyl esters) 1.98 0.0361 55 j 

5 (2-chloroethyl esters) 1.15 O -0399 38 1 2  

"Concentrations during hydrol ysis: 0.43 mM of each pseudoenanriomer, 1 -7% DM S O, 

0.0028 mg protein for (S) pair, 0.055 mg protein for (R) pair. bEnantiomeri~all~-~ure 

pseudoenantiorners are used in equimolar amounts to the pure enantiorners of 3- 

nitropheny1-2-phenylpropanoate during screenin,. ?Rate of hydrolysis of the 4- 

nitrophenyl ester of the pseudoenantiomer pair reported in pmol/min/mg protein using 

4 0 ~  pH = 13$00 Wl-'crn-' and Z = 1 cm. The uncertainty in the data was detemiined to 

be 5.7% by calcdating the standard deviation of single absorbance measurements. d ~ a t i o  

of the fast rate over the slow rate, Equation 5.5. Error represents the standard deviauon of 

three measwements. 



We next used 2-chloroethyl esters of 2-phenyIpropionic acid 5, as 

pseudoenantiomers of 4-nitrophenyl-2-phenylpropanoate 1. Although these esters 

appear structurally very different, their enantioselectivity by isopropanol-treated 

Candidn mgosa lipase was reported to be >lOO.'O Still, the E value by the 

pseudoracemate method was considerably lower (E = 38) than the E value by the 

endpoînt rnethod. 

For an ester to be a true pseudoenantiomer, it rnust oniy differ in structure but not 

in kinetic constants (k, and Kbl). Identical enantioselectivities to ward the racernates of 

both esters do not ensure that two esters are suitable as pseudoenantiomers since there are 

a limitless number of combinations of b e t i c  constants that yield the sarne E value. To 

use pseudoenantiomers to accurately measure enantioselectivity? the kinetic constants of a 

chromogenic ester and its corresponding non-chromogenic ester must be identical. Finding 

a suitable match for each measurement is impractical since the kinetic constants would 

have to be detemined for each hydrolase. Overall, the pseudoenantiomer method is 

slower to set up than the traditional endpoint method to evaluate enantioselectivity. 

Measuring enantioselectivity of chromogenic esters via quick E 

To introduce competition into the separately measured initiai rate measurements 

of pure enantiomers, we added an achiral chromogenic ester, resorufin tetradecanoate 6 ,  to 

both initial rate measurements of the pure enantiomers. ljnlike pseudoenantiomers, the 

reference cornpound introduces the same competition with both pure enantiomers, Fi-me 

5.4. We cal1 this method "quick E" because of its speed and ease. 



0^$'0\ ' NO, 

( 9 - 1  hydrolase 
buffer 

c13HT0@ 

Figure 5.4 Fù. s  step in the quick E measurement of enantioselectivity of a hydrolase 
toward (&)-4-nitrophenyl-3-phenylpropanoate, 1. Hydrolase-catalyzed hydrolysis of (9- 
1 and resorufïn tetradecanoate 6 releases yellow and pink chromophores, respectively. 
The solution turns a deep orange colout if both the substrates are hydrolyzed, pink if 
only the reference compound is hydrolyzed. The second step of the quick E is the same, 
except that it uses the (R)-enantiomer of the chiral ester. Equation 5.6 yields the 
selectivity ratio for each step. The extinction coefficients of both chromophores account 
for their partial ionization at pH 8; in practice, neither are fuUy ionized at pH 8.0 as 
shown above. 

When two substrates compete for an enqme's active sire, the ratio of the 

specificity constants (k,,,/Kd can be determined simuitaneousl y b y rneaniring the initiai 

rates of hydrolysis of the pair, after taking into account their initial concentrations. The 

ratio of rates of hydrolysis of the 4-nitrophenyl-(S)-2-phenylpropanoate, 1, vs. the 

reference compound, 6,  after taking into account the initial concentrations, yields the 

se lec t iv i~  ratio of the hydrolase for the substrate versus the reference compound for the 

first step of quick EI Equation 5.6. The choice of reference compound is unimportant (see 

discussion section for practical considerations) as long as the same reference compound 

for used in both steps in quick E. 

(s) - 1 k / ~ ) s , l  in i f i d  rate,3j-1 [6]  selectivizy ratio = - - x 
6 (kcal ) iniriaZ rare, [(s) - 11 Eq. (5.6) 

In a second step, the experiment is repeated with the (R)-enadorner and the 

reference compound 6, and the (R)-116 ratio is determined. The specificity constants 



0Eat/KM) of each pue  enamiorner relative to the same reference compound are determiried 

in two initial rate rneasurernents and these specificity constants are directly comparable to 

each other. The ratio of these two selectivity experiments yields, by defrnition, the 

enantioselectivity, Equation 5.7. 

(8 - 1 n t  r u e  [6] 
selectivity ratio x 

6 - - initialrute, [@)-II - - ( k c a t / ~ M ) f s ) - l  
initial ratecRl-, F I  = quick E 

( R)- ' selecrivity ratio x (kcU )( R ) - l  
6 initial rate, [(R)-1] 

Eq. (5.7) 

When both selectivity experiments use the sarne substrate concentrations, Eq. 5.7 can be 

sirnplified to the ratio of initial rates from each selectivity experiment, Eq. 5.8 

i n  t e  inirial rate, 
quick E = x 

initial rare, initial rufecRl-l 
Eq. (5.8) 

Using the quick E rnethod, we measured E vaiues for 1 - 3 and compared these values to 

their endpoint values reported in Table 5.1 . The Quick E method agreed with the endpoint 

method for 1 and 2, Table 5.3. We measured low, average and excellent enantioselectivities 

accurately by this technique. We codd not measure the quick E of phznylalanine, 3, 

because of its instability in aqueous solution. 

Extending quick E to chiral alcohols 

Another important class of chiral building blocks are chiral alcohols and many 

hydrolase-catalyzed resolutions of secondary and, to a lesser extent, pnmary alcohols, 

have been reported in the literature." 
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A requirement of quick E is the ability to monitor the rate of hydrolysis of a pure 

enantiomer and a reference compound simultaneously. However, it is d'ifficult to find a 

chromophore in the acid portion of the rnolecule to derivative an alcohol into a 

chromopnic ester. Researchers have previously used thioester analogues of alcohols to 

spectrophotometncaily detect lipase-catalyzed rates of hydrolysis. l2 Hydrolysis of a 

thioacetate releases a thiol which, in its reactive thiolate anion fom,  c m  cleave the 

disulfide bond of Eilman's reagent [5,5'-dithiobis(2-nitrobenzoic acid); DTNB] to release 

a yeIlow chromophore at 4 12 nm, Figure 5.5. L3 

Gooc 
EIIman's reagent 

1 
€41 2 nm, a= 1 3,600 M- cm-' 

Figure 5.5 Hydrolysis of (R)-I -phenethyl thioacetate, 7, releases a thiolate anion which 
cleaves Ellrnan's reagent to produce a yeilow chromophore (Elhan's anion) which can be 
detected spectrophotometrically. The degree of ionization of the thiol at pH 8 is 
dependent upon its pK,. 

Researchers have previously resolved thioacetates with hydrolases and observed 

enantioseIectivities similar to their alcohol counterpans. l4 We therefore prepared (&)- 1 - 
phenethyl thioacetate, 7, as a structural analog of (&)-1-phenethyl acetate. We  measured 

the enantioselectivity of subtilisin Carlsberg towards 7, E = 9.7 by the endpoint rnethod 

(ee, = 75%, eep = 63%, 22 h). This value was higher than the value previously reported 



for 1-phenethyl acetate, E = 3.7." In both kinetic resolutions, the (R)-enantiomer was the 

preferred enantiomer by subtilisin. This enantiopreference q e e s  with empirïcai d e s  

developed for subtilisin ~ a r l s b e r ~ .  ' 
We next prepared the pure enantiomers of 7 and measured the quick E value with 

subtilisin Carlsberg, Table 5.4. We used resonifin acetate as a reference compound (2.27 

pnoVmidrng protein) because resonifin tetradecanoate was not a substrate for subtilisin 

Carlsberg. 17 

The measured rates of subtilisin-catalyzed hydroIysis of the pure enantiomers of 7 

detected with E h a n ' s  reagent were only two-fold above the background rate of 

formation of E h a n ' s  anion using our assay conditions. Afier correcthg the rates of 

hydrolysis for background formation of Ellman's anion, the quick E value was calculated 

to be 1.4,7-fold lower than the E value measured by the endpoint rneSiod, Table 5.4. To  

ensure that we cculd detect hydrolysis of a thioacetate with EllrnanTs reagent under our 

assay conditions, we tesred the hydrolysis of S-ace~khiocholine iodide b y  

acetylcholinesterase under identical assay conditions and observed large, linear changes in 

absorbance at 4 22 nm (55,000 pol/rnin/rng protein). 

There are several practical problerns associated with using thiol analogues for qui& E 

measurements of aicohoIs. Since the rate of hydrolysis of the thioacetate is not directly 

measured, errors in the absorbance kinetics of 5'-thi0-3~-nitrobenzoate formarion 

(Ellrnan's anion) lead to errors in the quick E values. Ellrnan's ressent can be cleaved by  

other nucleophiles present in solution, so accurately detecting low hydrolase activity 

towards the thioacetate cm be difficult. ImportantIy, the reactive forrn of the product 

thiol is the thiolate anion, RS,  so the pK, of the released thiol is critical. The pK, of 2-  

phenylethyl thiol and many other organic building blocks are above pH 918, s o  less than 

10% of the released thioI is in its reactive form towards Elhan 's  reagent at pH 8. 

Fomasier and Tonellato report the pK, of thiocholine is 7-85, so more than 50% of 

acetylthiocholine is in its nucleophilic form at pH 8, which partially accounts for the hi& 

activity we observed in the test assay.Ig mitesides and coworkers found that the 

rnaxbnurn rates of thiol-disulphide interchange between thiols and E h a n ' s  reagent are 

observed for thiols having pK, values close to the pH of the reaction s o ~ u t i o n s . ~ ~  It is not 
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Table 5.4 Enantioselectivity of subtiiisin Carlsberga protease towards (&)-1-phenethyl 

thioacetate, 7, using the Quick E method in the presence of Eliman's reagent (DTNB). 
Sub- (RI-enantiornert- refb (m-enanthmer+ Quick Endpoint 
strate - refb EC Ëd 

412 nm 574 m 412nm 574nm 

- - -  

a3 -1 4 mg &d/mL, solution; 1 -39 mg protedmL solution by the Bio-Rad assay. !Final 

concentration in the cuvette during assay: 0.433 mM thioacetate, 0.545 mM DTNB, 

0.078 m.M resorufin acetate, 0.7% Triton X-100, 44 rnM Tris buffer, 12% acetonitrile. 

The sirnuitaneously liberated Ellman's anion and resonifin anion were measured at 313 nm 

and 574 nrn, respectively, at 25 OC for 30 seconds. Rates are caiculated in ,pmoV&mg 

protein using Z = 1 cm, ~ 5 7 ~  nm = 3 1.500 M.' cm-' (9% acetonitrile, pH 8.1 ) and g404 nm (9% 

acetonitrile, pH 8.1) = 13,600 M-' cm-' and are corrected for spontaneous hydrolysis of 

EIhan's reagent under our conditions duMg the assay 'Enantiomenc ratio calculated 

using Equation 5.3. Error is the standard deviation for 3 measurements. d~onditions d u k g  

endpoint reaction: room temperature, pH 8, 50 mM Tris buffer, 50 mg substrate 

dissolved in 1 mL acetoninile, 3.14 subtilisin Carlsberg. Error bars are an esthnare of 

error fiom integation that we estimated to be (3%. 
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practical to assay hydrolases under very basic conditions where the pH of the solution is 

close to the pK. value of the released thiol 09) .  FinalIy, it is unpleasant to synthesize 

and work with the thioL analogues of pure dcohols. 

We, therefore, chose to focus on the development of a more versatile and simple 

method to extend quick E to non-chromogenic esters. 

Extending quick E tu non-chmogenic esters 

For quick E to be a versatile technique, it was necessary to generalize the method 

for any ester substrate, not just chromogenic esters. To accomplish this goal, we 

developed a quantitative, spectrophotometric assay to measure the hydrolasccatalyzed 

rates of hydrolysis of esters using pH indicatord' Hydrolysis of an ester bond releases 

an alcohol and acid moiety and also a proton(s). With a suitable pH-indicator, the released 

proton(s) produces a change in absorbance of the pH indicator. If the conditions of the 

assay are chosen carefuUy, the rare of change of absorbance of the pH-indicator is directly 

proportional to the rate of enzyme-catalyzed ester hydrolysis, Equation 5.9, where 

is the difference in extinction coefficients of the fully protonated and 

deprotonated form of the pH indicator. Importantly, the reaction buffer and pH indicator 

must have identical pK, d u e s  to ensure a linear rela~onship between the absorbance 

kinetics and the enzyme kinetics. This sensitive pH indicator assay enables us to  

accurateiy measure the rates of hydrolysis of any ester substrate. 

inirial r a r e ( ~ o l / m i n )  = dm, [ ~ u f f e r l  
X X 

1 
x rxn vohme x io6 Eq. (5.9) 

dt [indicaror] A E ~ ~ , , ~ - I  

To test this method, we used 4-nitrophenol as a pH indicator to rneasure the rates 

of hydrolysis of an ester of the primary alcohol. solketal bumate? 8, at neutral pH in the 

presence of the reference compound, resorufin acetate, 6 .  The first step of the extended 

quick E rneasurement is shown in Figure 5.6. 



Step 1 : 

:pp' (OH 
hydroiase 

BES buffer, pH 7.2 * 
O 

Figure 5.6 The fxst step of the quick E measurement of a non-chromogenic ester, solketal 
butyrate 8, using 4-nitro phen as the pH indicator. Hydrolase-cataly zed hydrolysis of 
(5')-8 and resonifin acetate, 9, releases protons and the pink chromophore, resorufin. We 
calculate the rate of hydrolysis of resonifrn acetate by the change in absorbance at 574 
m. To calculate rate of hydrolysis of (9-8,  we subtract the rate of protons released 
during hydrdysis of the reference compound fkom the total rate of protons detected with 
4-nitrophenol. The ratio of relative rates, (S)-8/9 is the selectiviw ratio for the frrst step in 
quick E. The second step is the same but uses the (R)-enantiomer and resoTufm acetate. 
The ratio of selectivity ratios from both steps yields quick E. 

The rate of hydrolysis of the reference compound is calculated using the extinction 

coefficient of resonifïn for the screening conditions, Equation 5.10. We measured E = 

15,100 ~ ' ' c r n - ~  for pH 7.2, 7% acetonitrile. 

To determine the rate of hydrolysis of the pure enantiorners of soketal butyrate, 

we first determined the acid dissociation constant of resorufm dcohol, pK, = 8.1 5. Only 

10% of the resomfïn released upon hydrolysis of resonifin acetate is deprotonated at pH 

7.3: so 1.1 protons are released for every resonifin acetate rnolecule hydrolyzed (one 

proton is fiom the acetic acid which is fully deprotonated at neutral pH). Since the p H  

indicator detects all protons, we subtract the rate of protons tiom hydrolysis of the 



reference compound fiom the total rate of protons detected to obtain the true rate of 

enzyme-catalyzed hydroIysis of the pure enantiomers of solketd butyrate, Equation 5.1 1. 

Eq. (5.1 1) 

Note that for eq. 5.1 1 ro be accurate, it is important to use a strong enough buffer during 

the assay to ensure that the pH of the solution overall does not change si-gificantly during 

quick E measurements. The ratio of deprotonated resonrfin molecules changes with 

chmghg pH. We chose 5 mM BES buffer as a compromise between hi& buffer 

concentrations to ensure small changes in pH throuphout the assay ( 0.05 p H  units for 

10% hydrolysis of  the substrates) and low buffer concentrations to maximize the p H  

indicator sensitivity (<0.055 change in absorbance units for 10% hydrolysis o f  substrates 

in a quick E rneasurement). 

We used this extended quick E method to measure the quick E values of several 

hydrolases towards solketal butyrate, a comrnon chiral building block in organic synthesis. 

Fiume 5.7-" We then compared these values to the E values deterrnined by the endpoint 

method to c o n f m  that quick E measured the enantioselectivities correctly. 

Enantioselectivities by quick E agree with those by the endpoint method for five out of 

six hydrolases, Table 5.5. Only with horse liver esterase did we observe a two-fold 

difference between the endpoint E and the quick E value. We ataibute the lower quick E 

to the added surfactant, Triton X-100, which was not present d a g  the  endpoint 

reaction. 



Figure 5.7. Photo of the first step of a typical quick E screen for enantioselective 
hydrolases towards a target substrate using 4-nitrophenol as the pH indicator and 
resonifin acetate as a reference compound. A different hydrolase is present in each well. 
Hydrolase-catalyzed hydrolysis of pure enantiorners and resonifui acetate releases 
protons and the pi& chromophore, resorufm. Wells that are a bright pink color indicate 
that the reference compound is hydrolyzed quickly by the hydrolase. Yellow welIs 
indicate slow to no hydrolysis of the reference compound. It is not possible to detect the 
decrease in absorbante of the indicator with our eyes but monitoring the changes in 
absorbantes at 404 nm and 574 nm yield the relaive rates of hydrolys-is of  both 
substrates. The second step of quick E is the same but uses the opposite enamiorner. 
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Discussion 

The most important consideration in the development of quick E was to ensure 

that we accurately measured the enantiomeric ratio, E. To do this, we needed to account 

for differences in k,, and KM between both enantiomers since the enan~omeric ratio, E, is 

a ratio of the specificiq constants (kJKM) of both enantiomers, Eq. 5.2. 

In general, when more than one substrate cornpetes for the enzyme active site, the 

ratio of their initiai rates of hydroly sis equds their relative specificity constants (k,,/KM 

values) after taking into account the initiai substrate concentrations, Eq. 5.1. When the 

two substrates are enantiomers, the ratio equals the enantiomeric ratio, E, and a researcher 

measures enantiomenc purity of the reaction products to determine the relative rates of 

hydrolysis. However, a researcher can also determine the kJCM value of an enantiomer 

relative to a substrate that is not its enantiomer as long as the rates of hydrolysis of both 

substrates can be measured sirnuitaneousIy. This measurement is the basis of quick E. 

In quick E, we add an achiral, chromogenic reference compound to the separate 

solutions of pure enantiomers, then measure the initial rates of hydrolysis of the pure 

enantiomers relative to the reference compound. In a single spectrophotometric 

measurement, we obtain of each pure enantiomer relative to the reference 

cornPound." The ratio of the two steps yields the enantiomenc ratio, E. Without a 

competing reference compound, the measured initial rates o d y  reflect kcaKM when the 

substrate concentrations are weU below the KM values. Other groups have used multiple 

substrate kinetics to determine relative kca/KM values toward rnix-tures of peptide 

s~bstrates.'~. "* 26 We apply this technique to the rapid determination of 

enanUoselectivity of hydrolytic enzymes. 

Cornpetitive substrate inhibition does not affect the enantioselectivicy of an 

enzyme so the presence of a reference compound, which acts as a cornpetitive inhibitor to 

the pure enantiomers, does not alter the enantioselectivity of a hydrolase towards a chiral 

s~bst ra te .~  In quick E, the rate of hydrolysis of each pure enantiomer is diminished to an 

extent consistent with the cornpetition between the pure enantiomer and the reference 

compound for the enqme's active site. This is true regardless of the substrate 

concentrations relative to each other as well as relative to their individual KM values, so 



cornpetition experiments between pure enanttiomers and a reference cornpound can be 

performed under conditions where the substrate concentrations are weIl below theïr KM 

values. 27 

A major requirement of the quick E method is the abiEty to accurately rneasure 

initial rates of hydrolysis of the pure enantiomers and the reference compound 

sllnultaneously. We first deveIoped quick E ushg chrornogenic esters because it is 

convenient to monitor their rates of hydrolysis spectrophorometncally. We chose an ester 

of the alcohol, resorufin, as a reference compound because it releases a brilliant pink 

chromophore with an absorbance maximum at 574 nrn. Importantly, this absorbance does 

not overlap with the absorbance maximum of 4-nitrophenoxide, so the rates of hydrolysis 

of both the 4-nitrophenyl esters of the pure enantiomers and resorufïn acetate are easily 

determined simultaneously. R e s 0 ~ 1 1  analogues have been used previously to 

spectrophotometrically monitor the activity of enzymes including ~-deallcylases~~, 

galac~osidases'~, c e ~ u ~ a s e d ~ ,  lipases3', proteases, esterases, and phospholipases.32 

To rneasure the rates on non-chromogenic esters, we developed a p H  indicaror 

assay to visuaiize the hydrolysis of any ester." We chose 4-nitrophen01 as the pH 

indicator because the absorbance of cornmon poIyaromatic indicators overlapped with the 

absorbance of resodin. We needed to know the pK, of r e s o d n  at our screening 

conditions to quantitatively account for protons fkom the hydrolysis of the reference 

compound, eq. 5.1 1. Other groups reported thar the pK, value of the phenolic oxygen of 

resonifin is approximately 6." However, we observed IWO distinct pK, values for 

resonifui at pH 6.0 and 8.1 . We believe ihe former is the p Ka of the proton on the 

bnd-&g ninogen of resonifin while the latter is the pKa of the phenolic oxygen. We 

expect that the nitrogen of r e s o h ,  a planar rnolecule with delocalized electronic 

structure, would display a pK, comparable to the nitrogen of pyridine which has a pKa of 

5.2. Also, the pKa value of 6.0 is low for a phenolic alcohol; in cornparison, the pK, of 4- 

nitrophenol is 7.15. Finally, we determined the extinction coefficient of resorufim at p H  

7.2 is 15,100 M-' cm? We, and others, observed that the absorbance of resonifin when 

fully deprotonated is 53,000-69,000 W1crn-' depending on experimental conditions."* 33 

If the pK, of the phenol is 5.8, over 95% of the resoninn is deprotonated at pH 7.2 and 

the extinction coefficient shouId be very close to the absorbance maximum. 



Quick E measurements also requûe that initial rates are rneasured under 

cornpetitive conditions. Two substrates do not compete if there are very large differences 

in their kinetic parameters and the Iarger the difference, the lower the accuracy of the 

measured s e l e c t i q  ratio. Sc hellenberger and coworkers found that relative rate constants 

cannot be reliably estimated for a mixture of two or more substrates that diner by two or 

more logarithmic unit in their rate constants, uniess substrate concentration can be 

quantified with ememely hi& precision.23 In quick E, when there are very large 

differences in hydrolytic activity between the reference compound and the enantiomers, a 

more suitable reference compound must be chosen. For exarnple, we used resonrfin t- 

butylacetate 10, when meaniiing the quick E of Rhizopzrs owiae lipase (ROL) towards 

soiketal butyrate 8, because resorufin acetate, which was suitable with aU other 

hydrolases tested, was too quickly hydrolysed by ROL relative to the pure enantiomers 

of solketal b m a t e .  

The selectiviv ratios, kc,,/KMF are strictiy comparable only to other selectivity 

ratios relative to the same reference compound. For example, determining 

enantioselectivity with pairs of pseudoenantiomers gave the incorrect E value because the 

rates of hydrolysis of the two pure enantiomers of the substrate were reIative to different 

reference compounds. Similarly, Herrnetter and coworkers used "enantiomer analogs" of 

aiky ldiacy 1 glycerol analogs labeled with two different flouro phores to measure lipase 

stereoselectivity. They found that the enantiomenc analogs displayed different kinetics so 

direct cornparison of the two rates codd only estimate the stereoselectivisr, not 

accurately measure itJ4 

There are several advantages to the quick E method. Foremost, quick E is 

significantly faster than the endpoint method because the entire quick E reaction takes 

place in a rnicropl~te well or cuvette. Workup and meanuing enantiomenc purities is 

avoided. Using microtiter plates to sirnultaneously detemûne the quick E values of a 

library of hydrolases aIso increases the speed of quick E. Quick E measurements require 

little si~bstrate and enzyme so our method is weil suited for measuring the 

enantioselectivities of smd amounts of recombinant hydroIases. Finally, quick E 

measurements are sensitive to very smdl changes in enantioselectivity and may therefore 



be useh l  in directed evolution experiments to increase the enantioselectivity of hy dr olases 

where improvements between generations of hydrolases are small. 35 

There are also disadvantages to the quick E method. Clear solutions with Mly  

dissolved substrates are a requirement of spectrophotomeaic measurements. In particular, 

precipitation of substrates d d g  rate measurements produce false negative rates which 

cause large error in the measured rates of hydroIysis using 4-nitrophenol as a pH 

indicator. The reference compounds and most organic subsnates are insoluble in aqueous 

solutions so finding conditions for clear solutions can be challen-gbg. To dissolve 

substrates, we added water-miscible organic cosolvents and Triton X- 100, a non-ionic 

detergent, but these additives can alter the enantioselectivity of an enzyme toward the 

substrate. Fbally, pure enantiomers are required for quick E measurements albeit in smaii 

quantities - we can typically measure the quick E of 100 hydrolases in quadruplicate 

towards a target submate using less than 10 mg of each pure enantiomer. 

Note that quick E is prone to the same problems that face the endpoint 

determination of E- Due to assumptions made in deriving Equation 5.3, both the endpoint 

method and quick E will give inaccwate enantioselectivities in two common situations - 

impure biocatalysts and reactions inhibited by products. First, E values calculated using 

impure biocatalysts are a weighted average of ali the enzymes.' If  these enzymes differ 

significantly in their af3in.i~ for the substrate, then différent enzymes will dorninate the 

activity at different substrate concentrations. Second, when product inhibits the reaction 

the apparent enantioselectivity c m  change. To include product inhibition in the 

quantitative analysis, researchers use more complex equarions that take into account the 

mechanism of lipase-catalyzed reaction (ping-pong bi-bi).36 The deviations are usually 

small, so researchers consider thern ody in the final process optimization. 

The most important confinnation of the quick E method is that E values match E 

values determined by the endpoint method. Using both chrornogenic esters and non- 

chromogenic esters, quick E vaiues agreed with enantiornenc ratios d e t e k e d  by the 

endpoint method. The extension of the quick E rnethod to non-chromogenic esters 

k e a s e d  the utility of this method since it is not always possible or convenient to 

convert a target substrate into a chromogenic ester, such as phenylalanine, 3. Importantiy, 

substrate analogs do not always have the same enantioselectivity as the target substrate. 



Overall, quick E is a simple but quantitative method to detennine the 

enantioselectivity of hydrolytic enzymes and simplifies the seiection process for chemists 

to find enantioselective hydrolases. We next apply this method to i den t a  stereoselective 

hydrolases useful for the production of pharrnacological agents and to develop highly 

active and selective hydrolases via directed evol~t ion?~ 37 

Experimental 

General. Chernicals were purchased fiom Si-ma-Adrich Chernical Co. (Oakyille, ON) and 

were used without fiirther purification unless stated. EDC-HC1 (N-ethyl-Nt-[3- 

(dimethylamino) prop y l] carbodiimide hydrochloride) and I -hy droxy benzotriazole 

(anhydrous) were purchased from Chem-Impex Int. (Wood Dale, IL). TRTS buffer was 

purchased Eom ICN Biomedicals, Tnc. (Aurora, OH). The pure enantiomers and racemate 

of 7-(4-isobutylpheny1)propanoic acid were supplied by M i .  Michael Trani of the 

Biotechnology Research Institute (Montreal, Quebec). Enzyme suppliers are noted in the 

footnotes of Tables. Spectrophotornetric assays in cuvettes were performed on a Hewlett 

Packard 8452A diode array spectrophotometer equipped with a Neslab RTE-1 00 water 

bath temperature control unit. Microplate assays were performed on a Specnamax 340 

microplate reader with SOFTmax PRO version 1.2.0 s o h e  (Molecular Devices, 

S~llflyvale, CA). Polystyrene 96-well £lat-bottomed microplates (maximum volume 360 

gl/weU, Corning Costar, Acton, MA) were filled using Eppendorf 8-channe1 pipeaes (5- 

100 pl; 50-1,200 pl) and solution basins for multi-channel pipettes (Fisher Scient&, 

Nepean, ON). The initial rates of small-scale euzyrne-catalyzed hydrolysis reactions were 

measured with a Radiometer RTS 812 pH stat. NMR were recorded on a Varian Gemini 

200 MHz spectrometer. Melting poinrs were taken on an Etectrothermal melting point 

apparatus and were corrected. Mass spectra were acquired using Er (70 eV) conditions or 

CI WH3 as ionization gas) on a Kraos MS25RFA double focussing mass spectrometer. 

Hi& performance liquid chromotography (HPLC) was perfomed on a Spectra Physics 

liquid chromatogaph, mode1 8800, equipped with a Spectra FOCUS forward opucal 



scstnning detector, SP8800 autosampler and Spectra Physics software. HPLC chiral 

stationary phases were purchased fiom DaiceI Chernical Industries Ltd. (Foa Lee, NJ). 

Synthesis of Submares 

Esters were synthesized usin,o a modified DCC coupling ernploying a water 

soluble coupling reagent (EDC-HCl; N-ethyl-N'-[3-(dimethyIarnino) propyIIcarbodiirnide 

hydrochloride) unless stated ~therwise. '~ Alcohol (1.1 equiv.), acid and 1 - 

hydroxybenzotriazole (1.1 equiv.) were added to anhydrous dichioromethane in a round 

bottom flask stirring in an ice bath. The mixtures stirred for 15 minutes, then EDC-HC1 

(1.1 equiv.) was added. The reactions were aliowed to warm to room temperature and 

stirred for 48 hours, followed by washings with saturated sodium bicarbonate, water, I N 

HC1, then water, in that order. Esters were purified by silica gel chromatography eluted 

with hexanedethyl acetate and recrystallized, when soIids, fiom hexanes/ethyl acetate, 

unless stated otherwise. 

(*)-4-ni~ophenyl-2-phenylpropanoate, 1. 4-nitrophenol was recrystallized from 

chloroform and (+)-2-phenylpropanoic acid was purified by vacuum distillation prior to 

coupTing. The reacgon afforded 2.35 ,a (10.4 mmol, 78% yield) of the utle compound as a 

yellow solid: R/= 0.53 (3: 1 hexanes:ethyl acetate); mp = 155.8 - 162.5 O C ;  'H-NMR (700 

MHz, CDC1,) 8 1.64 (d, 3H, J =  7.0 Hz), 3.96 (q, lH, J =  7.2 Hz), 7.18 (d, 2H, J =  9.0 

HZ), 7.38 (m, 5H), 8.23 (d, 2H, J =  9.2 Hz); ' 3 ~ - ~ ~  (200 MHz, CDC13) 6 19.9, 46.9, 

122.6, 123.4, 127.7, 128.0, 129.2, 139.5, 145.4: 155.5y 171.8; MS (EI) d z :  771 (14';~ 5);  

133 (59), 105 (NO), 103 (4), 79 (4), 77 (4), 63 (1), 5 1 (1); HRMS (EI): calcd. for 

CI jH13N 04: 271 -08460; found: 271 .O8445, 0.6 pprn error. 

(R)- and (S)-4-ni~ophenyl-2-phe~ylpropanoate, (R) and (S)-1. Samples were prepared 

fkom enantiomencally-pure 2-phenylpropionic acid as above for the racemate. The 

enantiomeric purities of the esters measured by HPLC (see below) wex 99.7% and 

99.4%, respectively. Yields for the reactions were 51% and 56%, respectively. 



(&)l-nihophenyl 2-(4-isobutylphenyllpropanoate, 2. The reaction afEorded 0.70 g (2.14 

mmol, 44% yieid) of the product as a yellow solid after çilica gel chromatography with 

100% chlorofom as eluent, followed by recrystallization: Rf= 0.57 (chlorofom); mp = 

57.8 - 60.0 O C ;  'H-NMR (200 MHz, CDCL,) S 0.91 7 (d, 6H7 J =  6.6 Hz), 1.63 (d, 3H, J 

=7.2 Hz), 1.91 (m, lm, 2.48 (d, 2H, J =  7.0 Hz), 3.96 (q, lH, J =  7.2 Hz), 7.14 - 7.31 

(m, 6H), 8.23 (d, 2H7 J = 9.2 Hz); l3c-NNR (200 MHz, CDC13) 19.9, 23 -9, 3 1.6, 46.3, 

46.5, 11 1.4, 122.6, 125.4, 127.4, 129.9, 136.6, 141.3, 172.0; MS (EI) m/z: 327 (M", 6),  

189 (3, 161 (100), 145 (4), 117 (1 1.2), 105 (3, 92 (5); HRMS (EI): calcd- for 

C19H2,NI04: 327.11720; found: 327.14705, 0.5 ppm error. 

(R)-and 0-4-nitrophenyl 2-(4-isobuSrlphenyllpropmoate, (R) and (9-2. Samples were 

prepared h m  enantiomericdly-pure 2-(4-isobutylpheny1)propanoic acid as above for the 

racemate. The enantiomeric purities of the esters measured by HPLC (see below) were 

98.2% and 99.6%, respectively, afier hydrolysis 10 the acid using aqueous NaOH for 

andysis. Yields for the reactions were 68 and 65%, respectively. 

D,L-phenymanine-+nitrophen01 ester TFA safi, 3. D,L-phenylalanine was convened to 

its N-t-BOC denvative using di-tertbutyl-pyrocarbonate following a procedure of Tarbell 

et al.)' The protected amino acid was then converted ro its Cnitrophenyl ester following 

the coupling procedure above. The r-BOC goup was subsequently removed by stirring 

the solid compound in 5 mL neat TFA for 10 minutes, followed by removal of TFA in 

vacuo. The final product kvas recrystallized fiorn chloroform afFording the title compound 

as a white, fluffy solid in 45% yield overaIl from three steps: mp = 1 77.1 - 178.9 OC 

(sample darkens at 160 O C ) ;  'H-NMX (200 MHz, CD,OD) 6 3.41 (d, 2H, J = 7.2 HZ), 

4.68 (t, IH, J =  7.2 Hz), 7.29 (d, 2H, J =  9.4 Hz), 7.32-7.43 (mM, SH), 8.36 (d. 2H, J =  

9.2 Hz); MS (EI) m/z: 286 (MO-, 2), 240 (2), 195 (23), 167 (4), 120 (100), 9 1  (29), 69 

(19), 46 (23); HRMS (EI): calcd. for Cl jHt4NZ04: 186.09536; found: 286.09520, 0.5 ppm 

error. 
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D- and L-pherrylalmine-4-nilrophenol ester TFA salt, D and L-3. Samples were prepared 

fiom enantiomericdy-pure L- and D- N-&-BO C-phenylalanine-4-nîtrophenol ester 

(Si-ma-Aldrich Co., 99% punv) by removal of the N-GBOC group as for the racemate. 

The enantiomeric purities of the esters measured by HPLC (see below) were both > 

99.5% (see below). 

(=)-phenyl-2-phenyZpropanoare, 4. Phenol was recrystallized fiom dichIoromethane prior 

to coupIhg. The reaction afforded 1.01 g (4.47 rnmol, 67% yield) of the t i t le compound as 

a clear oïl: RJ= 0.86 (3:1 hexanes:ethyl acetate); 'H-NMR (200 MHz, CDCL) 6 1.66 (4 

3H, J =  8 Hz), 3.96 (q, LH, J =  8 Hz), 7.04 (d, 2H, J =  8 Hz), 7.40 (m, ~H); '~c-NMR 

(200 MHz, CDCL) 8 20.1, 46.9, 121.7, 126.0, 127.6, 127.8, 129.0, 129.6, 140.2, 150.8, 

172.7; MS (EI) m/z: 226 (M.+, 2), 132 (7), 105 (lOO), 94 (IO), 77 (9), 63 (3, 5 1 (3), 37 

(2); HRMS (EI): calcd. for C15H1402: 226.09970; found: 226.09937, 1.4 ppm error. 

(R)- and (S)-pheptyl-2-phenylpropanoafe, (R) and (59-4. Samples were prepared £?om 

enantiomericdly-pure 3-phenylpropanoic acid as above for the racernale. The 

enantiomeric purities of the esters meanired by HPLC (see below) were 98.4% and 

98.8%. respectively, after hydrolysis to the acids using aqueous NaOH. The yield for 

both enantiomers was 5 1 %. 

(R)- and (S)-2-chloroethy[-2-pheny@ropanoare. (R) and (S)-5. Samples were prepared 

fiom enantiomerically-pure 2-phenylpropanoic acid. The enantiornenc purities of the 

esters measured by HPLC (see below) were 98.7% and 98.9%, respecrively, afier 

hydrolysis to the acids using aqueous NaOH. The yield was 27% and 47%, respectively 

as yellow oils: RI= 0.60 (3 : 1 hexanesethyl acetate); 'H-NMR (200 MHz, CDCI,) 6 1 -54 

(d, 3H, J =  7.4 Hz), 3.64 (t, 2H, J =  6 Hz), 3.77 (q, LH, J =  7 Hz), 4.3 (m, îH), 7.2 - 7.4 

(m, 5H); L 3 ~ - ~  (200 MHz, CD30D) 6 20.0, 42.7, 46.6, 65.2, 127.5, 12 8.9, 140.2, 

173.9; MS (EI) m/z: 212 (M-, 21), 133 (6), 105 (LOO), 77 (9), 63 (4), 51 (4); HRMS (EI): 

calcd. for CI IHls02Cl: 212.06041; found: 726.09937,O.j ppm error. 



(=)-1-phenetlryl rhioacetate, 7. The racemate and its pure enantiomers were synthesized 

following a procedure by Corey and ~ i m ~ n c h . ~ ~  TO a stirred solution of 

triphenylphosphine, fieshly recrystallized fiom ethano1 (0.861 g, 3.28 rnmol, 2 eq), in 30 

mL of anhydrous THF at O OC in a 50 mL round bottorn £la& equipped with a stir bar, 

was added düsopropylazodicarboxylate (655 &, 0.663 g, 3.38 m o l ,  2 eq) dropwise. 

The reaction stuTed in the ice bath for 30 minutes. To this cloudyo yellow mixture was 

added dropwise a solution of thiolacetic acid (96% purity, 237 .L, 0.249 g, 3 -28 mmol, 2 

ecl) and (*)-1 -phenethyl alcohol (197 pL, 0.2 g, 1.64 mrnol, 1 eq) dissolved in 4 rnL of 

THF. The reaction turned a greenish-black colour and, afier 1 h at O OC, the solution was 

allowed to w m  to room temperature, then stirred for an additional 1 h. The final reaction 

was a clear yeLlow solution which appeared as 4 spots by (96:4 hexanes: ethyl 

acetate). The reaction was concentrated in vacuo to 10 mL and washed with a solution of 

saturated sodium bicarbonate (4 x 15 d). Hexanes (10 mL) was added, produchg a white 

slurry which was fïitered through a pad of celite, then through a 4 cm pad of silica gel. The 

reaction was dried over MgS04 and evaporated. The reaction products were resuspended 

in hexanes (4 mL) and the solution filtered to remove excess niphenylphosphine oxide 

which precipitated as a white solid Siiica p l  chromatography with 1:l 

dichIoromethane:hexanes as eluent afforded 81 -2 mg of the product (0.45 m o l ,  28% 

yield) as a water-white oil: RI= 0.3 5 (1 : 1 dichloromethme:hexanes); 'H-NMR (200 MHz. 

CDCl,) 8 1.66 (d, 3H, J =  7.2 HZ), 2.30 (s, 3H), 4.73 (q, IH, J =  7.2 Hz), 7.3 (m, 5H). 

13c-NMX (200 MHz, CDC1;) 23.8, 31.9, 44.3, 127.5, 127.6, 128.9, 142.7, 194.5; MS 

(EI) m/z: 180 (M.+, 13), 138 (j), 105 (100), 77 (1 l), 59 (4), 51 (6), 4-4 (19); HRMS (EI): 

calcd. for Ci&l->OS: - 180.06088; found: 180.06100, 0.7 ppm error. 

(S) and (R)-1-phenethyl-thioacetate, (R)  and (9-7.  Samples were prepared fiom 

enantiomerically pure 1-phenethyl alcohol as above for the racemate. The yields were 

67% and 63% respectively. Both were water white oils. The enantiomeric p u d e s  of the 

thioacetates measured by HPLC (see below) were 99.5% and 99.3%. 



(+YoZketal butyrate, 8 and (R) and (,Y)-8. Synthesis and characterization data were 

previously reported in Chapter 4?' 

Synthesis of reference compounds 

Resomg7n acetate, 9 .  This compound was prepared using a modif'ied procedure by Kramer 

and ~uilbault .3~ To a s lmy  of resoninn sodium salt (95% purity, 1.015 g, 4.3 mrnol, 1 

eq.) in 60 rnL anhydrous dichIoromethane, was added anhydrous pyndine (0.349 ml-, 4.3 

mmol, 1 eq). The solution was cooled in an ice bath, then acetyl chlonde (0.614 mL, 8.6 

m o l ,  2 eq) was added dropwise over 10 minutes. The deep purple reaction mixture 

immediately turned orange. The reaction was warmed to room temperature and stirred 

ovemight. The reaction was next diluted with dicidoromethane to 300 mL and filtered 

through a coarse glass frit to remove unreacted resorufîin, and the solvent removed in 

vacuuo. The reddish-orange residue was recrystallized fiorn ethanol to yield 0.48 g (1 -8 9 

mrnol, 44% yield). of a crîmson powder: Rf = 0.20 (21 hexanes:ethyl acetate); mp = 

21 7.4 - 220.2 OC (çarnple darkens at 2 15.4 OC) Diterature = 2 -3 -23  OC (uncorrectedy']; 
1 H-NblR (CDCI,, 200 MHz) 6 2.37 (s, 3H), 6.34 (d, 1H, J =  1.8 HZ), 6.90-6.84 (dd, 1 

H, J =  2.1 Hz, 9.9 Hz), 7.11 -7.16 (dd, lH, J =  2.2 Hz, 7.3 Hz), 7.16 (s, superimposed, 

lH), 7.44 (d, lH, J = 9.7 Hz), 7.81 (d, lH1 J = 4.4 Hz); " c - ~ ~ M R  (200 H z ,  Dg- 

152.9, 168.2, 184.9; MS (El) m/z: 255 (M.+, 14); 213 (100); 185 (72); 136 (7); 128 (4); 63 

(14); 43 (9). HRMS (ET): calcd. for CI,H9NI04: 255,05315; found: 255.0530, 0.6 ppm 

error. 

Resomfin tetradecanoate, 6 .  The procedure was sirnilar to the acetate derivarive but 

myristic anhydride was added dropwise over 10 minutes to the solution, stirring in an ice 

bath. The deep purple reaction mixture immediately tumed yellow. Several attempts to 

recrystallize the crude product were unsuccessful. We, therefore, diçsolved the cmde 

reaction in chloroforrn, added 1 x 3 cm of silica gel to the reaction, evaporated the sluny to 

dryness, then added the mixture to the top of a prepared silica gel column (5  x 15 cm) and 

ran a flash column using 2: 1 hexanes: ethyl acetare as eluent. The spots containkg the 
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product were combined, evaporated, then recrystaltized fiom ediyl acetatehexanes to  

afford 0.578 g (1.30 mm01 33% yield) of the titie compound as a bright orange solid: R/ = 

0.46 (2: 1, hexanes: ethyl acetate); rnp = 1 13.0 - 114.8 O C ;  'H-NMR (CDCI3, 200 MHz) 6 

0.88 (t, 3H, J=6.8 Hz), 1.26 (br. rn, 20 H), 1.57 (m, 2H), 7.61 (t, 2H, J =  7.6 Hz), 6.34 

(d, 1H,J=2.0 HZ), 6.84 - 6.91 (dd, 1 H, J=2.0 HZ, 9.8 HZ) ,  7.09 - 7.14 (dd, lH, J =  2.8 

Hz, 7.3 Hz), 7.15 (s, superimposed, lH), 7.44 (d, lH, J =  9.8 Hz), 7.81 (dd, lH, J =  0.96 

Hz, 8.3 Hz); ' 3 ~ - ~  (200 MHz, D6-DMSO) 6 15.7, 24.2, 26.3, 30.5, 30.6, 30.7, 30.8, 

30.9,31.0, 31.1, 31.9, 32.0, 33.4, 106.7, 119.7, 121.8, 127-5, 131.3, 134.0, 135.0, 144.5, 

148.2, 149.4, 153.5, 169.2, 185.9; MS (CI) d z :  424 (h4J3+- 27); 213 (100); 185 (18); 156 

(3); HRMS under EI showed no molecular ion. 

Resoru-n t-butylacerate (resorufin 3.3-dimethylbutyrate), 10. The procedure was the same 

as above but r-butylacetyl chloride (1.1 eq) was added dropwise over 10 minutes. The 

solution immediately tumed a yellow-brown color. After 21 h, additional methylene 

chloride was added and then reaction was washed with sanirated sodium bicarbonate, 

twice with distilled water, and dried over MgSOi. The resulting orange soiid was 

triturated with ethanol and the sluny filtered IO e o r d  0.294 g (0.945 mrnol, 25% yield) 

of the title compound as a brïght orange solid: Rf= O -3 3 (2.5: 1 hexanes:ethyl acetate); mp 

= 163.1 - 163.7' Ci 'H-NMR (CDCI;, 200 MHz) 6 1.16 (s, 9H), 2.49 (s, 2H), 6.34 (d, 

lH, J =  1.9 HZ), 6.84-6.90 (dd, 1 H, J =  1.8 H Z  9.9 Hz), 7.09 -7.14 (dd, lH, J =  2.8 Hz, 

7.3Hz), 7.15 (s: superimposed, lH), 7.44(d, lH, J =  10.0Hz),7.80 (d, lH, J =  8.3 Hz); 
13 C-NMR (200 MHz, CDCI,) 6 31.1, 32.7, 49.0, 107.7, 110.2, 129.7, 13 1.3, 131.4, 

135.0, 135.3, 144.4, 148.2, 149.3, 153.2, 169.6, 185.8; MS (EI) d z :  31 1 (M.', 8.2); 254 

(4.6); 213 (100); 185 (24); 156 (4); 128 (3); 99 (10); 57 (22); HFNS (EI): calcd. for 

Cl8Hl7N1O4: 31 1.1 158; found: 31 1.1 155, 0.8 ppm error. 

Separately measured initial rates of chrornogenic esters. Cnitrophenyl esters of 2- 

phenylpropanoic acid, 1, and 2-(4-isobuty1phenyl)propanoic acid, 2, were ernulsified in 



aqueous solutions according to ~orderwübecke.~' A solution of (R) or (9-4-nitrophenyl- 

ester (500 pL, of a 7.8 mM solution in acteonitrile) was added dropwise to Tris buffer 

(9000 pL, 50 mM, pH 7.5) contahing 0.45 w/v% Triton X-100 (Pierce Surfact-Arnps) 

and vortexed until clear, This emulsion remained clear for at least 3 hours. To rneasure the 

initial rates of hydrolysis, lipase solutions fiom Table 5.1 (100 pL) were added to the 

substrate emulsion (900 kL) in a cuvette at 25 OC and the liear increase in absorbance at 

404 nrn was monitored for 15 S. The final concentrations in the cuvettes were 0.3 69 rnM 

substrate, 0.39% Triton X-100, 45 mM Tris buffer, 4.76% acetonitde. No spontaneous 

chemical hydrolysis was detected. Solutions of 4-ninophenyl esters of  phenyldanine, 3, 

in acetonitrile (5  pL of a 50 mM solution in acetonitnle) were added to HEPES buEfer 

(1000 PL, 10 mM , pH 7.5). To measure the rates of hydrolysis, 5 of .4NL solution 

was added and the change in absorbance monitored as above. The reported rates are 

corrected for spontaneous chemical hydrolysis (tin = 0.5 1 h). 

Psezidoracemate screen ro determine the enanrioseZec~ivity of isopropanol-treated Candida 

rugosa lipase ( P A - C U )  ~owards Il-nirropheny[-2-phenylpropano~te, 1. TWO sets of 

pseudoenantiorners were used. In the f h t  set which use phenyl esters of 2- 

phenylpropionic acid 4, the first assay solution was prepared by adding 4-nitrophenyl- 

(5')-2-phenylpropanoate (27)-1 (5 of a 50 mM solution in DMSO) and phenyl-(R)-2- 

phenylpropanaote (R)-4 (5 pL of a 50 m .  solution in DMSO) to TES buffer, (559.4 UL 

of a 10 rnM solution, pH 8) and were allowed to equilibrate to 25 OC. An aliquot of IPA- 

CRL (6.6 uL, 0.42 mg protein/ml) was added to the reaction mumire and the reaction was 

dowed to stir for various times. The final concentraeon during measurement were 0.43 

mM of each pseudoenantiomer, 1.7% DMSO. The reaction was terminated upon addition 

of 500 @ of DMSO which fully dissolved the substrates and inactivated the enzyme. 

The absorbance of 4-nitrophenolate anion was monitored at 25 OC, 404 nm for different 

reaction times. The initial rate of formation was calculated by plotting the formation of 4- 

nitrophenolate anion vs. time and using the slope of the line as the rate. Rates of 
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hydrolysis in pmol/min/mg protein were calculated using an extinction coefficient of 

15,800 ~ " c m - '  and I of 1 cm. The ratio of the fast hydrolyzing pseudoracemate to the 

slow hydrolyzïng pseudoracernate was used to calculate E, equation 5.4. The second step 

of the screen is prepared in a similar fashion using Cnitrophenyl-(R)-2- 

phenylpropanoate, (R)-1, and phenyl-(9-2-phenylpropanaote, (a-4, as substrates but 

only 500 pL of TES buffer was added. We added 10 times more enzyme to these assay 

solurions to linearly and accurately measure the rate of the slow r e a c ~ g  Cnitrophenol 

ester (66 pL IPA-CRL solution, 0.84 mg protein/mL). 

The second set of pseudoenantiomers for 4-nitrophenyl-(&)-2-phenylp~panoate~ 

1, use the enantiomericdy pure esters of 2-chloroethyl-2-phenylpropanoate, 5. 

Measurements are carried out identically as above. 

Ouick E measurements of chrornogenic esrers, 1-2. Substrate solutions were the sarne as - 
for separately measured initial rate measurements, but a solution o f  resorufin 

tetradecanaote 6 (0.5 mL of a 1.59 mM solution in acetoniûile) was added slowly to the 

vorîexing solutions of pure enantiomers. It was necessary to use a 2-fold increase in the 

concentration of Triton X-100 to solubilize resorufm tetradecanoate. The emulsions 

remained clear for at least 2 hours. To measure the initial rates of hydrolysis, lipase 

solutions frorn Table 5.3 (100 pL) was added to the subnrate emulsion (900 uL) in a 

cuvette at 25OC and the linear increase in absorbantes at 404 nm and 574 nrn were 

monitored for 15 s- Rates are caicuiated in pmoi/min/mg protein after taking inIo accomt 

the amount of protein in each cuvette. The final concentrations in the cuvettes were 0.351 

mM substrate, 0.071 rnM r e s o d n  tetradecanoate, 0.73% Triton X-100, 43 mM Tris 

buffer, 9% acetonitde. No spontaneous chernical hydrolysis was detecred at 404 nm or 

574 nm. 

Ouick E measurernenrs of 1-phenethyl thioacetate,7. The procedure was the same as above 
d 

with the following exceptions. A solution of (R) or (S)-1 -phenethyl thioacetate, 7 (1 18 

of a 42.4 mM solution in acetonitde), and Ellman's reagent (500 pL of a 12.6 mM 



solution dissolved in 4:l acetonitrile50 rnM Tris buffer, pH 8).was added dropwise to 

Tris b a e r  (9000 pL, 50 mM, pH 8.0) conraining 0.9 w/v% Triton-XI00 (Pierce Sufact- 

Amps) and 382 pL acetonitrile as cosolvent, To this, a solution of resorufin acetate 9 (500 

pL of a 1.80 mM solution in acetoniîrile) was added slowly to the vortexhg solutions of 

pure enantiomers. To measure the initial rates of hydrolysis, subtilisin Carlsberg (100 ,pL. 

of a 3.14 mg solid/ml solution in 50 mM Tris buffer, pH 8) was added to the substrate 

emulsion (1000 ,fi) in a cuvette at 25 OC and the increase in absorbance at 412 nm and 

574 nm were monitored for 200 S. The final concentrations in the cuvettes for 

measurements were 0.433 mi thioacetate, 0.545 mM Ellman's reagent, 0.078 mM 

resonifin acetate, 0.7% Triton X- 100,44 mM Tris buBer: 12 % acetonitnle. A significant 

rate of spontaneous cleavage of DTNB was detected under these conditions (1.93 x IO-' 

pmollmin). Rates of hydrolysis by subûlisin Carlsberg were corrected for background 

formation of 4-nitrothiolate anion. We did not detect an increase in the background rate of 

deavage of DTNB in the presence of O. 1 mM resonifin. Buffers should be degassed prier 

to use to rninirnize oxidation of sulfhydryl groups during the measurements. 

Quick E rneaszrrements of solkeral buyrate, 8, ~oirg p H  indicarors These measurements 

were can5ed out wing 96-well microplates and a microplate reader. The assay solutions 

were prepared by mi>cing the pH-indicator, 4-nitrophenol (3,000 pL of a 0 -91 15 rnM 

solution in 5.9 mM BES, pH 7.2): BES buffer (2560 p L  of a 5.0 mPvl solution containhg 

0.33 rnM (2.1 1 %) Triton X- 1 00, pH 7.2), and acetonitrile (28.6 PL), then vortexing the 

solution. (R)-solketal butyrate (R)-8 (37.4 uL of a 168.6 nirvI solution in acetonitrile), and 

resorufixl acetate, 9 (374 ,a of a 1.685 miLl solution in acetonitde) were added dropwise 

to the slowly vortexing solution to ensure the formation of micelles and clear solutions. 

Hydrolase solutions (5 jiL/weLi) were added to the wells and the assay solution (100 

Wwell) was added quickly using an 8-channel pipette. The final concentration in each 

well is 1 .O rnM solketal butyrate, 0.1 mM resonifin acetate, 4.65 mM BES buffer, 0.434 

mM 4-nitrophenol, 0.134 mM (0.86%) Triton X-100, 7% acetonitrile. The plate was 



placed quickly in the microplate reader, shaken for 10 s to ensure complete d g  and the 

sirnultaneous decrease in absorbance at 404 nm and increase at 574 nm were rnonitored at 

23 O C  as often as pennitted by the microplate software, typically every 11 seconds. Data 

were colIected for 15 minutes. Each hydrolysis was carried out in quadruplicate and was 

averaged. The procedure was repeated for the other enantiomer (57-8. ~ c h v i t i e s  were 

calculateci with equations 5.10 and 5.1 1 using the dopes of the linear, initial portions of 

the curves where Aqar nm = 17,300 ~ ' c r n - '  and = 15,140 i\/~-'crn'! (both 

experïmentally determined for our conditions) and ! = 0.306 cm. To calculate the specific 

activities (pmoVmin/mg protein), we took into account the total amount of protein in 

well as determined by rhe Bio-Rad protein Assay. 

Isopropanol treatment of Candida rugosa Zipnse. Lipase was purified by the method of 

Colton et. al.1° Cnide Candida mgosa lipase (20 g. solid, 800 units by PNPA assay) was 

dissolved MES b a e r  (100 mL, 50 m.?, pH 6.0, 4 OC) by stimng for 30 minutes. 

Isopropanol (100 mL, 4 O C )  was added dropwise over 30 minutes and allowed to stir for 

48 h at 4 OC. The solution turned from clear to cloudy while nirring. A precipitate was 

removed by centrïfuging at 3000 rpm for 30 min at 4 OC. n i e  supernatant was dialyzed 

against doubly distilled water (3 x 4 L) and concentrated 10 20 mL by ultrafiltration under 

usina an Amicon PM- I O membrane: 692 units with PNPA assay, 16.8 mg prorein b y 

the Bio-Rad protein assay using BSA as the standard, 87% yield. The clear yellow 

enzyme solution was stored at 4 OC with 0.02% wt/vol % Na!, as presenrative. 

General procedure for small-scale eiîyme-cata~zed hydro[yses of esters ro determine the 

m<e E. Lipases (100 mg solid or 0.7 mg protein of PA-CRL) were added t o  Tris HC1 

buffer (9 EL, 10 mM, pH 8) and stirred for 30 minutes to ensure complete dissolution. 

Substrates (100 mg) were dissolved in 1 mL acetonimle and added to the st?ming solution 

and the rate of hydrolysis was rnonitored by pH stat which maintained the pH at 8 by 

automatic titration with 0.0965 N NaOH. Reactions were terminated by ex-tracbg the 

remaining starting material with diethyl ether (3 x 20 mL). The aqueous phase was then 

acidified to pH 2 with 1 N HCl and the product acid extracted with diethyl ether (3 x 10 
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mL). Ethanol was added dropwise dining the workup to break up the emulsions and 

inactivate the enzymes. Both extracts were dried with MgS04, filtered and concentrated in 

vacuo. For analysis, the remaining starting materid was converted to the acid unng 
aqueous NaOH (1 5 equiv,) in ethanol. The enantiomeric excesses were measured by  

HPLC as descnbed below. 

Small-senle enzyme-caralyzed hydrolyses of (h) -se c-phenethyl thionceme, 7, to determ ine 

the tme E. The procedure was sirnila. to above with the following changes. Subtilisin 

Carlsberg (2 mg) was added to Tris bufYer (9 mL, 10 mil ,  pH 8) prior to addition of the 

substrate. Reactions were terminated by extracting the rnixnire with ethyl acetate (3 x 20 

mL). These extracts, containing both the ester substrate and alcohol product, were dried 

over MgS04 the mixture concentrated in vacuo. The product alcohol was separated 60m 

the remaining acetate by preparative-scale TL,C wing 3:l hexanes:ethyl acetate as 

developing solvent. The enantiomeric excesses were measured by HPLC as  descnbed 

below. Specific activiy towards (=)- 1 -phenthyl thioacetate = 2.83 ~moYmin/mg protein. 

Enantiorneric excess derenninarion by HPLC. 

Enantiomers of 1 and 2 were analyzed using a Daicel OD-H column at 25 OC, 754 m, 1.0 

mL/min. Absolute configurations were confirmed with authenric samples. 

2-phenylpropanoic acid- 9 8 2 1  hexanes:isopropano~:TF.4; kF = 3.35; ks. = 4.05; a = 1.2; 

R, = 2.13. 

4-nirrophenyZ-2-(4-isobzi~~henyllprop~: 100: 1 :O. 1 hexanes:isopropanol:TFA; k ~ ?  = 

2.41; ks. = 2.93; a = 1.31; R, = 1.66. 

2-(4-isobu~lphe&)propunoic acid.- 100:1:0.1 hexanes:isopropanol:TFA; kr = 3.31; ks* 

= 4.27; a = 1.29; R, = 3.43. 

Enantiomers of 1-phenethyl thioacetate, 7, were analyzed using a Daicel OJ-R column at 

25 OC, 234 nm, 98:2:1 hexanes: isopropanol: TFA; 0.8 ml/min. Absolute confibwations 

were confirmed with authentic samples and by cornparison to the literatu~e.~' 



Enantiomers of phenylalanine were analyzed using a Crownpak CR(+) column at 25 O C ,  

200 nm, 0.8 rnL/rnïn, with aq. HC104, pH 2 as the mobile phase. 

Phenylalanine: kD' = 3 -93; kLY = 5.20; a = 1-32; R, = 3 -86- 

pK, measurements 

pKa of Resontf i  Severai groups report the pK, of resorufin to be approximately 6. We 

believed this value was the pK, of the ring nitrogen and not rhe alcohol moiety so we 

detemiined the p Ka using two methods to confirm our results. Note that the commercial 

form of resorufïn sodium salt (Sigma-Aldrich) contains appr oximate 1 y 25% impurities s O 

we carried out ail pK, measurements with resorufin (95%, Sigma-Aldrich). 

Spectrophoromeh-ic ripalion: A solution of  resorufim (659 ,uL of a 3.1 5 mM solution in 5 

mM BES buf5er) wad diluted to 25 mL, with 5 mM BES buffer to give a fmal 

concentration of 0.083 mM resonifm. This concentration is similar to that in solution at 

initial raies concentrations in the Quick E rneasurements. '" This solution was acidified 

with 2 M HC1 to pH 2.8, an aliquot removed (1 00 PL) and its absorbance at 574 nm 

detemiined with a microplate reader. An aliquot of NaOH (100 .pL of a 0.0981 N 

solution) was added to the resonifin solution and allowed to stir. This procedure was 

repeated until a f ~ a l  pH of 10.6. The absorbance ai 574 nm was plotted vs. the pH, and 

the pH value where the absorbance was 50% of the maximal value equaled the pK, of 

resonifin under these conditions. By the rnethod, a pKa value of 8.1 5 was measured. The 

experirnent was repeated using doubly disrilled water rather than buffer, and pK, value 

was 8.13, 

Potentiomeh-ic ritration: A solution of resorufin was titrated with 9.S I mM NaOH and the 

change in pH per volume of base added was recorded. The volume of base at the 

equivalence points was noted and the half volume of the equivalence points gave two pK, 

values at 6.0 and 8.13. 
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pka of Cnitrophenol. The spectrophotometrïc titration was carried out as above, for 4- 

nitrophenol(10 mg dissolved in 10 mL of 5 mM BES buffer). The pK, was rneasured to 

be 7.1. This value agreed with the reported literature value- 
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41. Beckmann, I. D., Aima College, MI, personai communication. Dr. Beckman 

suggests that the spectral properties of resorufin may be dependent upoa its 

concentration since two resonifm molecules can reaIig by stacking when in water 

or by ali@ling in the same plane, nitrogen toward nitrogen, such that hydrogen 

bonds codd form between the phenol and carbonyl groups. Either dimer may 

exhibit different pK, values. Thus the pK, meaçurements may be dependent upon 

concentration. For this reason, we carried out all pK, determinations at 

concentrations that matched quick E concentrations. 



Chapter 6 

Since the discovery of AZT as a potent inhibitor of the human immunodeficiency 

virus (MV) l ,  2' -3 '-dideoxynucleoside analogs have figured prominently in the 

development of effective antiviral agents. However, different stereoisomers of these 

nucleoside analogs exhibit different anti-viral acrivities and cytotoxicities, so synthetic 

routes that control the relative and absolute stereochemistry at the two epùrierizable 

stereocentres of nucleoside analogues are of considerable interest. 

BioChem Pharma Inc. (Laval, Quebec), developed the powerful ami-AIDS dmg, 

3TC, and is a world leader in the research and development of nucleoside analogues as 

therapeutic agents. 3TC and related dideoxynucleoside analogs are effective inhibitors of 

HIV replication because they are phosphorylated in vivo to their corresponding 5 ' -  

triphosphates, which act as both comperitive inhibitors of the reverse viral transcriptase 

and as chah terminators. Several of the chernical synthetic routes to pure stereoisomers of 

nucleoside analogues are difficult and/or expensive to carry out. We collaborated with 

BioChem Pharma Inc. to discover alternate routes to pure stereoisomers of nucleoside 

analogues using hydrolases. 

In this chapter, we apply the screening methods described in Chapters 3 h o u g h  5 

to rapidiy identie stereoseIective hydrolases for the production of the key diastereomer 

intemediates of dioxolane nucleoside analogues. To do this' we extend our methods for 

screening for enantioselectivity to screening for diastereoselectivisr. 

Finally, this chapter illustrates that enzymes are amazing, versatile chemists. We 

use a hydrolytic enzyme to produce a key interrnediate of a therapeutic agent. In nim, this 

therapeutic agent can inhibit DNA polymerase, the key syntheric enzyme used for viral 

replication in the human irnmunovirus.' 

This work is currently under patent review in collaboration with BioChern Pharma 

h c .  and will, thereafter, be submitted for publication. 
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Hydrolase-catalyzed separation of cis and tram diastereomers of 2- 

benzyloxymethyl-4-(S)-carboxylic acid-1,s-dioxolane methyl ester; 

useful intermediates for the synthesis of dioxolane nucleosides. 

Lana E. Janes,§ Alex Cimpoia,B Romas J. Kazlauskas§ 

g~e~arzmenr  ofChemistry, McGill University, 801 Sherbrooke Sr. W. MorrrréaL Québec, Canada H3A 

2 K6. 

q ~ i o ~ h e m  Pharma, fnc.. 2 75 Armand Froppier Blvd. Laval. Québec, Canada H7V 4R7. 

Abstract: Dioxolane nucleosides, in which an oxygen replaces the carbon in the 

3' position in the ribose moiety of dideoxy nucleosides, are powerfiil 

pharmacologicaI agents, particularly for the treatment of AIDS and hepatitis-B 

virus. However, their synthesis remains a si-gnificant challenge since the relative 

and absolute stereochemistry of the two  stereocentrres must be controlled- 

Several promising routes to pure stereoisomers of a key intcrmediate dioxolane 

yield a mixture of confi,aurations at the 2-stereocenter. Separation o f  these 

mixtures by silica gel chromatography yields the pure diastereomers but this 

process is tedious and expensive for Iarge-scale preparation. In this paper, we 

report that two inexpensive, commercially-available proteases - cc-chyrnotrypsin 

and bovine pancreatic protease - discriminate between the cis and tram 

diastereomers of 2-(R,S)-benzyloxymethy1- 1 , 3 - d i o x o l a n e - 4 - ( 9 - c b c  acid 

methyl ester (diastereoselectivity = 29-35). We discovered these selective 

hydrolases by screening a library of 91 commercial hydroiases with our 

previously developed activity and stereoselectivity screens that use p H 

indicators. A small-scale a-chymotrypsin-catalyzed hydrolysis of a mixture of 

cis and pans diastereorner methyl esters yields the desired cis dioxolane rnethyl 

ester in >98% diaçtereomenc excess and in good yield. Cornputer modeling of 



transition state analogues of both diastereomers in the active site of a- 

chymotrypsin rationdizes the observed preference of the tram diastereorner on 

the molecular level. 

Introduction 

3'-Thia- and oxa-substituted 2, 3'-dideoxynucleoside analogues are an important 

class of pharmacologicai agents, for exarnple 3'-thia-dideoxynucleoside 3TC (p-L-(-)-2'- 

deoxy-3'-thiacytidine) 1, is a potent inhibitor of die human immunodeficiency virus 

0, Figure 6.1.1 Similady, 3'-oxa-dideoxynucleosides possess anti-viral activity as 

weii as anti-turnour activity. (=)-Dioxolane-T, 2, and its natural (+)-L-diastereomer 

possess ad-HIV and anti-HBV (heparitis-B virus) activitiest while Pdioxolane 5-(2- 

bromoviny1)uracil is active against herpes simplex virus rype 1 and 23. P-L-(2s: 49-  

dioxolane cytidine (BCH-4556) 3: the 3'- oxa derivative of 3TC exhibits porent anti- 

tumour activity towards human prostate cancer and rend carcinoma the latter for which 

there is currently no effective therapeutic agem4 

2 3 
(2)-dioxolane-T BCH-4556 

(cis conformations) 

Figure 6.1. Examples of dideoxynucleoside analoges in clinical use or under clinicai 

evaluation. 

Since stereoisomers of dioxolane nucleosides usually have different biological 

activities and toxicities, many researchers bave explored synthetic routes to pure 

stereoisomers of dioxolane nucleosides. These routes must control the relative and 



absolute stereochemistries at two potentially epimerizable centres of the dioxolane ring. 

Researchers have pubiished multi-step routes to pure stereoisomers. Two routes 

use expensive carbohydrates as starting materials. 1,6-Anhydro-P-L-gulose is used for the 

synthesis of L-(2q-dioxolane nucleosidesj and 1 &anhydro-D-mannose is used for the 

synthesis of P(2R)-dioxolane nucleosides.2b~6 Glycolic acid and terr-butyldiphenylsilyl- 

protected glyco aldehyde is used to synthesize P-(2s)-dioxolane thyrnid i~e .~  Although 

these procedures yield pure stereoisomers of dioxolane nucleosides, they are too lengthy 

and expensive for large-scale synthesis. 

Routes starting fkom less expensive carbohydrates set one stereocentre but not the 

other, thus yielding mixtures of diastereomers of 2-beqloxymethyl-4-carboxylic acid- 

l,3-dioxolanes, the key intermediare in the synthesis of dioxolane nucleosides. Combining 

protected benzyloxyacetaldehyde with D-mannitol.8 L-ascorbic acid,g (=)-methyl 

glycerate2a or cornbuiing benzyloxyacetaldehyde with 2_3-O-isopropylidene-(3-glyceric 

acidza* yield, afier a few steps, the diastereomers in Figure 6.2. Separahon of the 

mixtures of diastereomers by silica gel chromatogaphy or fiacrional crystallization sets 

the stereochemistry at the ?-position. Next, oxidative decarboxylation to their 4-acetates 

prepare the molecules for couphg  to the base with a Lewis acid catalyst, but destroys 

the stereochemistry at the 4-position." A second separation of diastereomers resers the 

stereochemistry at the Cposition. 

To replace the expensive separation of diastereomers with silica gel, we expiored 

hydrolase-catalyzed routes to separate diastereomers. Hydrolytic enzymes (h ydrolases) 

are well documented as usefil chiral catalysts for the production of enantiomericdy-pure 

dcohols and carboxylic acids. Their commercial availability, relatively low cost. and 

tolerance for a wide class of substrates make thern attractive biocatalysts. l2  

DifEerent diastereomers of 2-benzy loxymethyl- l,3-dioxolane-4-carboxylic acid are 

cornmon intermediates in the syntheses of mixures of dioxolane nucleosides, Fiwe 6.2. 
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8 1 - 1 0 7  Me 

OMe 

Figure 6.2 

L-ascorbic acid 

+ 2.3-0-isopropylidene- 
(S)-glyceric acid 

1-- SeparaBon - - Dioxolane 
of diastereamers nucleosides 

B ~ o ~ O O ~  1 

2-Benzyloxy-7.3-dioxolane- 

Synthetic routes to diastereomerically-pure dioxolanyl nucleosides via 
m i m u e s  of key intermediate dioxolane acids. 

We produce a mixture of (2S, 459- and (ZR: 45') dioxolanes 3 using a synthetic procedure 

starting from benzyloxyacetaldehyde and 2,3-O-isopropylidene-(S)-glyceric acid methyl 

ester.la We therefore focus upon hydrolase-cataiyzed routes ro the separation of mixtures 

of cis-(2S, 4s) and pans-(ZR; 4s) dioxolanes by selecrive hydrolysis of  their methyl ester 

derivatives, 4. Imponantly, this separation sers the u l b a t e  stereochernistry of the £Ïnd 

Researchers have previously used hydrolases to separate enantiomers of 

thiaoxolane nucleosides and their precursors. l 3  Researchers fiom the University of Leeds 

and Glaxo-WeUcome used lipase fiom Pseudornonas fluorescens for the preparztion of 
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homochiral (ee >go%) a-acetoxysulfides and a$-diacetoxy sulfides via kinetic14.'5 and 

00 acid d ~ d c  la resolutions. These opticaily-pure intermediates c m  subsequently under, 

catalyzed cyclization with control of stereochemistry at the thioacetal chiral centl-e, to 

yield optically-pure thiaoxolanes, the key intermediate of 3TC. Hoong er. al. used pig 

fiver esterase (PLE) to selectively hydrolyse b u m l  esters of enantiomeric mixtures of 

FTC (2' ,3'-dideoxy-5-flouro-3 '-thiacytidine) and BCH- 189, the racernic forrn of 3TC. l 7  

Storer and coworkers used a 5'-ribonucleotide phosphohydrolase from Cr-otah atrox to 

selectively hydroly se the (+)-monop hosphate enantiomer of (=)-BCH- 1 8 9 with > 99% 

diastereomenc excess. 1 8 

Less work has been carried out with the dioxolane nucleosides. To our knowledge, 

the o d y  reported enzyme-catalyzed route to diastereomericaily-pure dioxdane 

nucleosides or their precursors used adenosine deaminase to selectively deaminate purine 

dioxolane nucleosides in hi& diastereomeric excess. 19 

To identiQ selective hydrolases towards a target subsuate, tradiuondy a 

researcher carries out several srnail-scale kinetic resolutions wiùl a srnall number of 

commercidly-available hydrolases, then detennines the selecrivity by determining the 

optical purities of the reaction products.'* This method is urne-connuning because it 

requires workup of the reactions and rneasuring optical purities. In general, a researcher 

does not test dl available hydrolases so potentially selective hydrolases are Likely missed. 

To increase Our chance of iinding a hizhly selective commercial hydrolase towards 

dioxolane methyl ester, 4, we used our previously developed methods to rapidly screen a 

library of commercial hydrolases for activity and diastereoselectivity towards a 1 : 1 cis: 

t r a m  mixture of 4 in 96-weLl plates using pH indicators.21 Our screening has identified 

two hydrolases, a-chymotrypsin and bovine pancreauc protease, with hi& 

diastereoselectivities, D = 29 - 35. We optknized these reactions then c d e d  out a 

preparative-scale separation of a mixture of the diastereomers to obtain the desired C ~ S  

dioxolane 4 in very high diastereomeric excess (>98%) and in good yield. This work 

represents our f i s t  application of screening for diastereoselectivity. 



Results 

Estirnated diastereoselecfntizy 

We first estimated the diastereosefectivity of ninety-one commercial hydrolases 

towards the cis-(ZS, 4S) and irans-(ZR, 45') dioxolanes, 4, by measuring the initial rates of 

hydrolysis of the two pure diastereomers separately. The ratio of the two rates is the 

estimated diastereoselectivity, TabIe 6.1. Note that this ratio is NOT the mie 

diastereoselectivity, or diastereomeric ratio, D, because we measured the rates of the pure 

diastereomers separately.22 To rapidly and accurately derennine the rates of ester 

hydrolysis, we used a microplate reader and pH indicator (4-oitrophenol) as described 

previously, Fi-me 6.3 .2' 

Figure 6.3 First step in the screen for estimated diastereoselectivity. Enzyme-catdyed 
hydrolysis of pans-(2R14S)-dioxolane methyl ester releases a proton. We measure this 
rate of release with a pH indicator; the rate of color change of the pH indicator is 
proportional to the enzyme-catalyzed rate of hydrolysis. The second step of the screen is 
the sarne but uses the cis-(îS,4S) dioxolane methyl ester. The ratio of rates of hydrolysis 
estimates the diastereoselectivity. 

Fouteen of  the ninety-one hydroiases did not catalyze hydrolysis of either 

diastereomer (activity ~ 0 . 0  1 pol/min/mg protein). Of the remaining seventy-seven active 

hydrolases, seven showed estimated diastereoselectivities >8, all favoring the tram 

dioxolane. Three of these hydrolases - bovine pancreas protease, a-chymotrypsin and 

subtilisin fiom Bacillus licheniformis - showed no detectable hydrolysis towmd the cis 



dioxolane during 20 minutes of screening. For these hydrolases we report an estimated 

diastereoselectivity of > 100. Bovine cholesterol esterase showed an estimated 

diastereoselectivity of 1 5 7. Protease f?om Streptomyces caespitosus, Diversa clonezyme 

ESL-001-02, and horse b e r  esterase showed modest estimated diastereoselectivities of 

18, 13 and 8, respectively. Aithough twenty-one hydrolases favored the cis diastereomer, 

their estimated diastereoselectivites were low, D < 1 .1 - 6.9. AU subsequent experiments 

focus on six of the Crans selective hydrolases. We omitted the Diversa clonezynie because 

it was expensive and showed ody  a moderate estimated diastereoselectivity. 

True diastereosetectivi~ via quick D 

To rneasure the diastereoselectivi~ of these six hydrolases more accwately, we 

used our previously published method called "quick E1.z3 Quick E is a spectophotmetric 

assay to rapidly determine the enantioselectivity of hydrolases towards chiral substrates 

without rneasuring enantiorneric purities. We add an achiral reference ester, resoni.fin 

acetate 5, to the assay solutions of the pure dioxolane methyl esters. This addition 

introduces cornpetition between two substrates for the enzyme active site in each step of 

the assay. 

We first measured the rates of hydrolysis of the tram dioxolane methyl ester and 

resonifin acetate simultaneously, Figure 6.4. The ratio of relative rates (in , ~ o l / m i n )  

calculated using Equations 6.2 and 6.3 (see experimental section) after accounting for the 

initial concentration of both substrates, yields the selectivity of the hydrolase toward the 

trffns dioxolane, 4, vs- Tesonifin acetate, 5, &,,/kM) rn, dioxo[ane/(kcat/kM) raorufin acerare- In 

the second step of the screen, we measured the true selectivity of the hydrolase toward 

the cis-dioxolane, 4, vs. resorufm acetate, 5. Since the reference compound is the same in 

both experiments, the ratio of the two true selectivity ratios calculated using Equation 6.4 

(see Experirnental section) yields the m e  diastereoselectivity, &,t/KM) rms 
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hydrolase - 
BES, pH 7 2  

4nitrophenol 

MeOH + 

A, 

Figure 6.4 First step of the Quick D measurernerit toward pans-(IR, 45') dioxolane 

methyl ester, 4. Eqme-caralyzed hydrolysis of the pans-(2R,IS)-dioxolane methyl 

ester and the reference compound, resonifin acetate 5, releases protons which produce a 

decrease in the yellow absorbance of the pH-indicator present in solution, and a briliiant 

pink chromophore, resonifin anion. Both of the absorbance changes. at 404 nm and 574 

nm respectively, can be monitored sirnultaneously. The simultaneous initial rates of 

hydrolysis of each compound are calculated in ,prnoVmin using Equations 6.2 and 6.3. The 

ratio of relative rates yields the selectivity ratic. afcer taking into account the iniual 

concentrations of  each substrate. The second step of the Quick D is the same, except that 

it uses the cis-(îS, 49-dioxolane methyl ester. The ratio of selectivity ratios is the 

diastereoselectivity, Equation 6.4. 



Table 6.1. Activity and estunated diastereoselectivity of commercial hydrolases towards 
cis-(2S,4S) and fians-(2R,4S) dioxolane methyl esters, 4. 

Source of active hydroIasea wtb prote Sup- Activity Activity Estimated De 
~ t i e r  rra& c i 4  

Lipases 
Aspergillus niger 
Aspergillus oryzae 

Candida antarcrica lipase A 
Candida l@olytica 
Candida mgosa 

Candida rugosa (cylindracea) 
Candida utilk 
Hurnicola sp, 

Mucor javanicus 
Mucor miehei 

Penicillin camem bertii 
Penicillin roquefortii 
Pseudom onas cepacia 

Pseudomünas sp.. iipoprotein Iipase 
Pseudomonas sp type B., Iipoprotein 

Iipase 
Rhizopus arrhizs 
Rhizopus javanicns 

Rhkopus niveus 
Rhizopus oryrae 

Rhizopus srolon$er 
Thermzts aqztaticus 

Esterases 

Acetylcholine esterase 
Bacillus sp. 

Baciilus srearotherm op hihs 

3 .O6 (rram) 
2.30 (rrans) 

1.60 (cis) 
1.40 (mm) 
1 -59 (trans) 
2 -3 8 (rrans) 
3 5 1  (trans) 

1-32 (cal  
2.02 (rrans) 

1.36 (cis) 
1. I4 (cis) 

1.34 (tram) 
3.09 (cis) 

2.1 6 (rrans) 
4.06 (trans) 

1.05 (cis) 
2.37 (trans) 

1.23 (cis) 
1.63 (rrans) 
1.1 1 (trans) 
1.55 (tram) 

i -02 (trans) 
1 -13 (rrans) 

1.02 (cis) 

Candida rzigosa 
Cutinase nom Fusarium solani p isi, 

purified 
Cutinase fiorn Fusarizrm solani pisi, 

crude 
EOO l 
E002 
E003 
E004 
E005 
EOO6 
E007 
E008 
E009 
EO I O  
E011 
E0 13 
EO 14 

1.1 2 (rrans) 
1.92 (rrans) 

2.04 (rrans) 

1.17 (trans) 
1 .O2 (cis) 

1.60 (rrans) 
1.15 (cis) 

1 -80 (rrans) 
2.46 (rrans) 
1.1 9 (pans) 
1 .65 (tram) 
I -3 9 (~rans) 

1.33 (cis) 
1-83 (rram) 
1.52 (trans) 
1-14 (trans) 

E015 0.52 0.26 n 0.3 SG 0.606 1.57 (cis) 
EO 16 1.0 0.26 n 6.68 12.0 1.80 (cis) 
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TabIe 6.1 continued. 
Source of active hydrolasea wtb P r o t C  Sup- Activity Activity Estimated ~e 

plier transd cisd 
E017b 1.0 0.33 n 7.32 4.84 1.51 (tram) 

2.0 0.76 n 1.10 2.05 1 .86 (cis) 
0.60 0.20 n 5.52 4.43 1 -25 (tram) 
0.44 0.16 n 11.6 10.3 

ESL-001-07 L.0 O O .S79 O J 25- 2 .&3 _(t1aa12sj - i - - - - - - - - - - - - - - - - - - - - - - l G - - - - - - - - - , - e - - - - - - - -  - - -  
Horse Iiver sterase 0.59 32% - - - $353. - - g p ~ a - m ~  -! L , - - - , - - - - - , , - - - - , - - - - , l L - - , - , - - L , , , ,  
Pig Iiver esterase na 1.8 i 127 89.9 1 -4 1 (tram) 
Pig liver esterase 0.36 0.49 g 23.4 11.2 2.09 (tram) 

Saccharomyces cerwkiae 1.2 0.26 g 1.03 0.841 122 (tram) 
Pro teases 

Aspergillus atyzae 29 7 .O L O. 140 0.127 L.lO(rranr) 
Aspergillus satoi 32 0.40 I 3.16 1.64 1.93 ( tram) 

Baciiius lichenformis 5.2 2.1 g 1.94 0.395 6.58 ( tram) 
Bacillus polyrnyxa 31 0.46 L 0.0876 0.0866 1.01 ( tram) 

Bac. subrilis var. Biotecus A 4 -2 1.7 L .O0 0.258 3.88(tranr) i - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - g - _ _ - - - - - - - - - - - - - - - - - - -  
7 7 -.- i 0.275 c0.01 >IO0 , - , - - ~O_~@EE?ECL~~S~%FE L - - - - - 32- - - - - - - - - - - - - - - - - - - - - - - - - - - - 

! - , , , - -%C~YG!!!S~ - - - - - - - - j L - -  2-0 - - - --- I 5 C - 0.329 - - - - - - - <O - .O - 1- - ->- ~O-(tpmJ -1 

Optirnase L660 na 29 P 0.108 0.1 15 1 .O5 (cis) 
pepsin fkom hog stomach 23 0.49 g 0.0333 0.228 6.87 (cis) 

Proteinase, bacterial 4.7 3.1 0.869 0.23 4 3.71 ( tram) 

TherrnoIysin, Type x 4 0.15 L 0.28 1 0.186 1 -5 1 ( tram) 
thrombin from human plasma 2.0 0.026 g 0.473 3,- 18 4.61 (cis) 

Acylases 

Aspegilirts meileus 26 0.96 a Q 0.05 19 0.0609 1.17 (cis) 
hoo kidney 1.1 0.71 R 0.78 1 0.23 8 3 -28 ( tram) 

"The following hydrolases showed no detectable activity (~0 .01  poWmin/mg protein) 
towards either diastereomer: Lipases: Candida antarctica B (Novo-Nordisk), lipoprotein 
lipase ftom Chromobacterizun viscoszrm pluka), porcine pancreatic (Biocataly~ts), 
Pseudomonas fluorescens (FTuka); wheat germ (Signa-Mdrich). Esterases: E0 12 
(ThermoGen), ESL-001-06 (Diversa), Thermoanaerobizrm brockii (Fluka). Proteases: 
papaya (Sirma-Aldrich), Penicllin amidase fiom E. coli (Fluka), Prolidase fkom 
Lactococcus Zactis (Fluka) , remin fio m Mucor meihie (Fluka), Sireptomyces grise us 
(Calbiochem/Behrig), trypsin (Worthington). 'Amount (mg) of solid enzyme per ml of 
buffer in the stock solutions. "na" = not avdable; received as a solution. 'Protein 
concentration of stock solutions in mg protein/mL detennined by the Bio-Rad assay using 
BS.4 as a standard. Qbserved rate of hydrolysis in ,y.moi/min/mg protein. Rates are 
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calcuiated in pmol/min using Equation 6.1 then divided by the total amount o f  protein in 
each well. The values are an average of four measurements, which typically varied by Iess 
than 2%. Tatio of the separately measured initial rates for the diastereomers. This ratio is 
NOT the m e  diastereoselectivity, but is a useful estimate. The absolute confi-mation of 
the faster reacting ester is in parentheses. /~rnano Enzyme USA Co., Ltd. (Troy, VA). 
Tluka Chemie (Oakville, ON). hBoerhinger-~annheim (Mannheim, Germany). 'si--- 
Aldrich (Oakville, ON). '~iocatalysts Ltd. (Pontypridd, Mid Glam, Wales, UK). 
k~enzyme (Cambridge, MA). 'Altus BiochemicaIs (Cambridge, Ma.). "Unilever Research 
Labs (Vlardingen, the Netherlands). nThennoGen, Inc. (Chicago, IL). DDiversa Corp. (San 
Diego, CA) PGenencor (Palo Alto, CA). 
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The quick D values for the six hydroIases were significantly Iower, sometimes more 

than twenty h e s  lower, than the estimated diastereoselectivities, Table 6.2. The three 

hydrolases with estimated diastereoselectivities X O O  showed quick D values of only 4.4 

- 13. Cholesterol esterase (estimated diastereoselectivity of 157) showed the highest 

rneasured quick D value, D = 17. Horse iiver esterase (estimated diastereoselectivity of 

8.5) showed a true diastereoselectivity of 3.5, while protease kom Sîreptomyces 

cnespirosus (estimated diastereoselectivity of 18) sho wed a quick D diastereoselectivity 

of 1.6. 

Quick D measurements reveal large differences in KM values between the two pure 

diastereomers that are not always detected in measurements for estimated D. For example, 

bovine pancreatic protease showed very large differences in initial rates, estimated D > 

100. However, its quick D value was significantly smaller, D = 12.8- Differences in the 

rates of hydrolysis of the reference compound in quick D reveal large differences in 

binding between the two pure diastereomers which are ignored in the estimated D assay, 

Fiame 6.5. Resorufin acetate is hydrolyzed 6-fold more slowly in the presence of the 

tram diastereomer than in the presence of the cis diastereomer, suggesting that resonifin 

acetate binds in the active site, disrupting the binding of the cis diastereomer. Resonifin 

competes more fairly with the tram dioxohe  substrate for the active site, so both exhibit 

comparable rates of hydrolysis. In the estirnated D measurernent, we could not detect 

hydrolysis of the cis dioxolane metlyl ester, possibly due to tight binding of the 

substrate, with subsequently low substrate turnover. Dserences in binding are difficult to 

detect when separately measuring initial rates of hydrolysis. 
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Figure 6.5 a) Initial rate measurements of the quick D measurement with bovine 
pancreatic protease. The measured absorbance changes at 404 nm (accounting for the 
protons released fiom both the pure diastereomer ester and resorufin acetate) and 574 nm 
(accounting for the released resorufïn anion) are rneasured simultaneously in two separate 
selectivity steps. Al1 absorbances are normalized to zero. Conditions in the well during 
assay: 2.0 mM cis or tram dioxolane methy3 ester, 0.1 mM resorufin acetate, 4.65 mM 
BES, 0.434 mM 4-nitrophenol, 0.86% Triton X-100, 7% acetonitnle. Regession factors 
for each slope were Xl.97. b) Relative rates of hydrolysis of the two diastereomers in the 
quick D measurement and in estimated D rneasuremea where no reference compound is 
present. For quick D measurements, the rates of hydrolysis of the pure diastereomer 
methyl esters were determined by subtracting the contribution of the protons released 
during resorufin hydrolysis from the total number of protons detected with the pH 
indicator, Equation 6.3. Conditions in the well during estimated D meaurements were 
similar to quick D but no Triton X- 100 was added. 



Table 6.2. Di~slereomeric ratios of liydroleses townrds cisr-(2S, 4J?n1id trntis-(ZR, 4'5;) dioxoleric iticlhyl esters, 4, iising (l ie Qiiick D 

metliod. 

1-lorse liver esterase 10-200 7.69 0.286 2.0 19 0.265 3.5 A 0.6 8.5 

pro t ense 

Subtilisin from Bncilltrs 10-50 4.9 1 9,43 1.15 9.79 4,4 * 0.9 >IO0 

lichenlJbwis 

flSee Toble 6.1 Tor detnils. b a h  collectioii tirne. CFiiial coiicçntration in  eacli well: 2.0 iiiM dioxo1:ine melliyl ester, 0.1 m M  resorufin 
acetate, 0.43 m M  pnp, 4.65 mM RES biiffer, 7.0% AcCN, 0.1 34 rnM (0.86%) Tri ton X- 1 00. Clianges in absorbaricc at 404 nm and 
574 nrn were monitored simidtaneoiisly. Rates were calciilnted iii pniollniin iising Eqiiations 6.2 and 6.3. Vnliics are iii p-tiol/min x IO-'. 

No spontaiieous chernical hydrolysis was detected. d~ i i i ck  D calciilaietl iising Eqiiatioii 6.4; for a cotnplete derivation, see Janes, L. E.; 
Kazlaiiskas, R. J. J. Org. Chem. 1997, 62,4560-4561. Average aiid standard deviation of four ineasiiremenis. CVnliies fiam Iàble 6.1. 



True diastereoselectivity via rhe e n d p h r  method 

To confîrm that w e  measured the mie diastereoselectivities correctly via "quick 

D" measurements, we also measured the diastereoselectivities by the traditional endpoint 

method (small-scale preparaîive reactions). Starting kom a 1 :1 mixture of the cis-(2S,49 

and iram-(2R,4S) diaçtereomers of 4 and using the same reaction conditions as the 

screening (2 mM substrate, 7% acetonitrile), we allowed the hydrolase to partiaily 

hydrolyze the ester. After separation of the product acid fkom the remaliing ester, we 

rneasured the diastereomer composition of each by both LH-NMR spectroscopy and 

HPLC. Diastereoselectivities fkom these preparative reactions agee with those measured 

by the 'Quick D' screen to within the error limits for five of the six hydrolases, Table 6.3. 

Only with horse Liver esterase, did two values m e r  significantly - 11.4 (preparative 

reaction) vs. 3.5 (Quick D). We atù5bute the lower diastereoselectivity in the Quick D 

experirnenr ro the added surfactant, Triton X-100, which was not present in the 

preparative reaction. We previously noted a decrease in the enantioselectivi~ of horse 

liver esterase upon addition of Triton X-100.71 These experiments c o n b  that the Quick 

D method accurately rneasures diastereoselectivities. 

Optirnizution of reaction conditions 

We also determined the diastereoselectivities at 80 mM substlare concentration 

which is more typical of a preparative reaction. Insoluble droplets of the substrate were 

visible at thk  concentration but no acetonitrile was added. Diastereoselectivities were 

measured by the endpoint method, Tabie 6.3. Quick D measurernents could not be 

performed at this subswate concentration because spectrophotometric rneasurements 

require clear solutions. Under these new conditions, the diastereoselectivity of three 

hydrolases did not change (cholesterol esterase, protease from Shepromyces c., subtilisin), 

rhat of one hydrolase decreased (horse Iiver esterase), and that of two hydrolases 

increased by a factor of 3.6 (a-chymotrypsin and bovine pancreatic protease). T o  test 





whether this increase in diastereoselectivity came fiom the increase in the substrate 

concentration (fiom 2 to 80 mM) or elimination of the acetonitde, we dso measured the 

diastereoselectivity of cc-chymotrypsin at 80 mM substrate with 7% acetonkile. Some 

substrate remained undissolved as droplets in the reaction mixture. The 

diastereoselectivity was an intemediate value, 16, higher that at 2 mM substrate with 7% 

acetonitrile @ = 7.7), but lower that at 80 rnM substrate with no acetonitrile @ = 29)- 

This intermediate value suggests that while 7% acetonitrile lowers the diastereoselectivity, 

the hiber substrate concentration also lowers the diastereoselectivity. Other researchers 

have observed loss of z c t i v i ~  and selectivity of cc-chymotrypsin in the presence of 

organic solvents.24 

For synthetic use, we tested the separation of 1:2 nans:cis mixture o f  4 with U- 

chymotrypsin because our curent synthetic route to the dioxolane acids yields a 1 2  

mixture of wans: cis acids.10 Using Sih's equation, we calculated that the desired cis-(2S, 

4s) dioxolane rnethyl ester will have >98% de above 42% conversion.~S We canied out 

the reaction at 80 mM substrate concentration, alIowed the a-chymotrypsin to hydrolyse 

the substrate to 13% conversion, and isolated the remainïng cis-ester in 83% theoretical 

yield and >98% de, Figure 6.6. 

a-chymotrypsin 

O-' BES buffer, pH 7.2 

1 :2 : trans: cis 
136 mg 

ci's-QS, 4S/-dioxolane methyl içter trans-(2R, 43-dioxolane acid 
75 mg, >98% d.e. 51 mg, 56% d.e. 

55% yield 

Figure 6.6 Preparative-scale separation of a 1 :2 ms:cis mixture of dioxolane methyl 
esters using a-chymotrypsin 

Cornputer modeling 

To rationalize the hi& diastereo selectivity of a-chymotry psin t0wa1-d the 

dioxolanes, 4, we used computer modeling of enzyme-transition state analog complexes. 



Since a-chymotrypsin is a serine proteaçe, the f ~ a  sep  in an ester hydrolysis is the 

attack of the Oy of the active site serine at the ester carbonyl forming a tetrahedral 

intermediate.26 Collapse of this tetrahedral intermediate releases the aicohol. We assume 

that the transition state involved in formation or collapse of this first tetrahedral 

intermediate defines the selectivity of chymotrypsin. To M m i c  this ~ansi t ion state, we 

used the phosphonates linked to a-chymotrypsin shown in Figure 6.7. indeed, 

researchers have shown that phosphonates mimic weil the transition state for ester 

hydro ly sis .27 

Ser 189, G I ~  21 

s p e c i f i c  &" 
pocket 

Gly 226 

l'eu 17 

Figure 6.7 Transition state analog for the a-chymotrypsin-catalyzed hydrolysis of 
dioxolane esters pans- and cis-4. The ûy of the catalytic serine (Ser 195) attacks the ester 
carbonyl once it binds in the active site. This attack forms the tetrahedrai intermediate. 
The phosphonate above @lack lines) mimics this tetrahedral intermediate. Chy motrypsin 
residues are drawn in gray. Five hydropen bonds, marked a-e, stabilize the charges. To be 
judged catalytically cornperent, the minimized structures must contain all five hydrogen 
bonds. Three coniormations for each dioxolane were constructed by varying the torsion 
angle rnarked y and deked  by the atoms marked with asterisks. For each conformation, 
the phenyI ring was fit into the hydrodphic pocket manually. 

To position the phosphonate within the active site, we f i s t  linked the 

phosphorus covalently to the Oy of serine 195. To position the dioxolane ring: we 

considered al1 three possible staggered conformations dong the phosphorus-carbon bond. 
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This gave three conformations for cis-4 (a-c) and for nms-4 (a-c). When N-acyl amino 

acids esters or amides bind to cc-chymotrypsin, the N-acyl goup  favors a region called the 

nm-site (amide site). This sire is polar because it contains a hydrogen bond acceptor, the 

carbonyl oxygen of Ser 214. For the dioxolanes, the three different staggered 

conformations alternately place either the oxygen, the rnethylene, or the hydrogen in this 

am-site. For each conformation, we manually adjusted the orientation of the benzyl 

moiety so that it f i t  into a-chymotrypsin' s specificity pocket. This specificity pocket 

accounts for a-chymotrypsin's preference for amides and esters of amino acids with 

aromatic side chahs, e.g. phenylalanine.'* The binding of hydrophobie groups to this 

pocket (SI pocket) dominates the binding of molecules to the active site, so we assumed 

that the benzyl group binds in this pocket. 

We stssumed that a catalytically productive complex required all five hydrogen 

bonds within the cataiytic machinery s h o w  in Fi-me 6.7. To assign a hydrogen bond. we 

looked, fxst, for a donor to acceptor atom distance of less than 3.1 A. Second. we looked 

for a nearly linear arrangement of donor arom, hydrogen, and acceptor atom. We 

considered an angle of 120' or more as nearly Linear. We classi£ied any structure lacking 

two or more of the five hydrogen bonds as non-productive. However, if a structure iacked 

only one hydro,aen bond and it was only slightly outside the limits set above, then we 

classified it as possibly productive. The two lowest energy smzcnires for the tram isomer 

(trans-4c and -4b) are possibly catalytically produclive structures, Table 6.4. One or two 

hydrogen bonds in each structure are tveak. On the other hand, the lowest energy 

structures for the cis isomer (cis-4a and 4 b )  are probably not productive. The [en-ths of 

the hydrogen bonds are significanily too long. We interpret these modeling results as 

follows. The most favorable orientations for the tram isomer are productive complexes, 

so this isomer reacts. The most favorable orientation for the cis isomer is not productive, 

so this isomer binds, but does not react. To react it must bind in a much higher energy 

orientation. 





Discussion 

Extending two previously developed screening methods for activity and 

enantioselectivity to memure diastereoselectivity, we rapidly identified two active and 

selective proteases, a-chymotrypsin fiom bovine pancreas and bovine pancreatic 

protease, useful for the separation of diastereomeric mixtures of cis-(2S, 4.9 and tram- 

(2R, 45') dioxolane methyl esters. We then optimized the a-chymotrypsin catalyzed 

separation of a 1 :2 irans:cis mixture of the dioxolane methyl ester 4 to yieId the cis-(X, 

4 9  dioxolane methyl ester in high d-e. (>98%) and good yield (55% overall fiom a 1 :2 

trans:cis mixture). This enzymatic separation simplifies the preparation of a key 

intermediate in the synthesis of dioxolane nucleosides. 

We previously reported that screening for esumated E with separare enantiomers 

accurately e h a t e d  the enantioselectivities of a Iibrary of hydrolases towards solketal 

butyrate." Other researchers have dso used the initial rates of hydrolysis of pure 

enantiomers to estimate enan1ioselectivit~.29 However, we found the separately 

measwing the initial rates of hydrolysis of dioxolane methyl esters 1 overestimated the 

diastereoselectivities of  the most selective hydrolases by as much as 20-fold. O d y  one of 

six estimated D values agreed with the mie diastereoselectivities determined by the 

endpoint method. The m e  diastereoselectivity is the ratio of the specificiv constants 

(kcat/KM) for each diastereomer. When we rneasure the diastereomers separately in the 

screen for estimated D, we eluninate competitive binding between the two diastereomers. 

At saturating substrate concentrations, the initial rate equals the k,,; a t  panidly 

saturating substrate conditions, the initial rate also depends on the KM value.jo Thus, the 

ratio of initiai rates ignored ciifFerences in binding between the two dioxolane merhyl 

esters. 

Quick D accurately determined diastereoselectivity because cornpetition for the 

active site is reintroduced in the screen upon addition of a reference compound. m e n  

multiple substrates compete for the enzyme active site ( in this case, a pure dioxolane of 1 
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and resonifin acetate, 5), the ratio of their initid rates of hydrolysis, after taking into 

account their initial concentrations, equds their relative kcatKu v a l ~ e s . ~  ' Importantly, the 

rate of turnover of all substrates decreases but the stereoselectivity of an enzyme does not 

change in the presence of a cornpetitive inhibitor, so addition of resorufin acetate does not 

change the hydrolase's diastereoselectivity towards the dioxolane merhyl esters, 4.32 In 

the presence of the reference compound, relative kCac and KM values for each substrate are 

deterrnined and the ratio of the two selectiviv experiments yields the diastereoselectivity. 

The two most selective hydroIaçes identïfied by OLU screening methods were both 

proteases isolated kom bovine pancreas and may indeed be the same enzymes- Although 

bovine pancreatic protease (Signa) is a cmde preparation while a-chymotrypsin (Sigma) 

is a purÏfied protein, both had sùnilar activity toward 4-nitrophenyl acetate and both had 

essentidly the similar protein content, 30 and 32% wt. % proteidwt. % solid, 

respectively. Both had similar activity in the scale-up reactions with 80 m i  substrate 

(2-4 U/mg protein for a-chymotrypsin, 1.8 U/mg protein for bovine pancreatic protease) 

and in screening reactions toward 2 m l  mm-dioxolane methyl ester (0.329 ,pnoI/min/mg 

protein for a-chymotrypsin; 0.275 ,moVminlmg for bovine pancreatic protease). The 

initial rates towards the cis-dioxolane methyl ester were too slow to rneasure for both 

hydrolases. These similar activities and diastereoselectivities suggest that chy motryp sin is 

present in commercial bovine pancreatic protease and may be responsible for the observed 

activity and diastereoselectivity. Both hydroIases are also similar in cost (a- 

chymotrypsin = $0.55/LT, bovine pancreatic pancreas = $0.43/U) so either is usefiil for 

preparative scaie ~ e ~ a r a t i o n s . ~ ~  

Other groups have separated diastereomers by selective hydrolysis of their ester 

derivatives.34 Konigsberger et. al. use Candida rzrgosa Iipase ( C m )  to separate a mixture 

of cis and tram methyl esters of 4-substinited of 4-cyclohexanecarboxylates.~ 

Ogasawara and coworkers use Pseudomonas cepacia (PCL) lipase to se IectiveIy acy late 

and hydrolyze mixtures of cis and m s  4-iert-bu~lcyIcohexanemethanols and I ,4- 



cyc10hexanedïmethanoI~ 369 37 In these cases, both PCL and CRL prefer the pans isomer 

with moderate to excellent diastereoselectivity. Dioxolane methyl esters are diastereomers 

of 5-membered ring systems which are much more flexible than the six-membered 

cyclohexane ring systems above so stereoselectivity is more demanding. 1.3-Dioxolane 

rings are flexible even with bdky allsyl substituents at the 2- and 4-positions.38 

We chose to separate diastereomers of a key intermediate rather than 

diastereomers of the final dioxolane nucleosides. The c o s  of each intemediate increases 

with each step in the synthesis of  the dioxolane nucieosides so separaring mixtures of the 

h a 1  compound is costly and wastes material. We have dso observed that hydrolases 

exhibit lower activity towards the final nucleosides than towards their srnaller, key 

intermediates?' 

In summary, a procedure has been developed for the hydroiase-catalyzed 

separation of a mixture of cis and tram 2-benzyloxymethyl-4-carboqlic acid- 13- 

dioxolane rnethyl esters. Our rapid screening techniques identified a-chyrnotrypsin fkom 

bovine pancreas and bovine pancreatic protease as active, diastereoselective catalysts 

fkom a library of 9 1 commercial lipases, esterases, proteases and acylases. This separation 

is adaptable to the large-scale preparation of 3-(S)-benzyloxyrnethyl-4-(S)-carboxylic 

acid- 1,3 -dioxolane methyl ester, the key intermediate in anti-viral and anti-cancer agents, 

including BCH-4556. 

Experimental 

Generul. Chernicals were purchased fiom Sigma-Aldrich Co. (Oakville, ON) and were 

used without M e r  purification unless stated. Enzyme suppliers are noted in the 

foomotes of Table 6.1. Al1 microplate assays were performed on a Specû.amax 340 

microplate reader with SOFTmax PRO version 1.2.0 software (Molecular Devices, 

Sumyvale, CA). Polystyrene 96-well flat-bottomed microplates (maximum volume 360 

pl/well, Corning Costar, Acton, MA) were fiIled us% Eppendorf 8-channel pipettes (5- 
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100 pl, 504,200 pl) and solution bas& for rnulti-channel pipettes (Fisher Scientific, 

Nepean, ON). The initial rates of the srnall-scale enzyme-catdyzed hydrolysis reactions 

were measured with a Radiometer RTS 822 pH stat. NMR were recorded on a Varian 

Gemini 200 MHz and a Bruker 400 MHz spectrometer. Melting points were taken on an 

Electrothermal melting point apparatus and were corrected. 

Dioxolane rnethyl esters, 4. The (2S, 4S)-cis and (ZR, 4S)-tans dioxolane substrates were 

synthesized fiom benzyloxyacetddehyde and 2,3-O-isopropylidene-(S)-glyceric acid 

meîhyl ester following a procedure by Norbeck et. The cis and pans acids were 

separated by silica gel chromatogaphy using 99/0.5/0.5 dichloromethane/methanoVacetic 

acid as eluent, then converted to methyl esters ushg dimethoxypropane and catalytic 

HCL40 The diastereomeric excess of the cis ester was 98.7%: while the pans ester was 

99.6% by HPLC. Rf=0.4 1 (2: 1 hexanes:ethyl acetate). 

2-(R) -b e~~lo.ymethyZ-4-(S) -carboxylic acid- 1,3-dioxolane rnethyl ester (tram 

diastereomer): IH-NMR (CDCI;, 400 MHz) 6 3.56-3.65 (m, 7H), 3.78 (s, 3H)? 3.99 (dd, 

lH, 8.2 Hz. 5.4 Hz), 4.31 (dd, lH, J =  8.2 Hz, 11.8 Hz ), 4.66 (dd, 1H. J =  7.1 Hz. 6.3 

Hz), 4.69 (s, 2H), 5.33 (L 1H' J =  4.6 Hz): 7 - 7 7 - 7 3  (m, 5H). LjC-NMR (CDCl;, 400 

MHz) 6 51.4, 67.2, 69.2, 72.7, 73.0, 103.3, 125.7, 126.8, 127.4, 136.8, 170.3 

2-(S) -ben,zyZoxymethyZ-4-(S) -carboxyIic acid-1.3 -dioxolane rnethyl ester (cis diaste~eomer) : 

'H-NMR (CDC13, 400 MHz) 3.63-3.72 (m. 2H), 3 -74 (s, 3H), 4.1 0 (dd, 1 H, J = 8.6 Hz7 

7.5 Hz), 4.25 (dd, 1 H, J =  8.7 Hz, 3.8 Hz), 4.60 (dd, lH, J =  7.3 Hz, 3.8 Hz), 4.63 (s' 

2H), 5.23 (t, lH, 4.6 Hz), 7.27-7.37 (m, 5H). LsC-NMR (CDCI;, 400 MHz) 6 51.4, 67.5, 

Resorufiin acetare, 5. This compound was prepared using a modified procedure by Kramer 



and G3bault.41 To a slurry of resonifm sodium salt (95% purity, 1.02 g, 4.32 mmol) in 

60 mL anhydrous dichioromethane, was added anhydrous pyridine (0.349 mL, 4.32 

mrnol, 1 eq). The solution was cooled in an ice bath, then acetyl chloride (0.6 14 mL, 8.63 

mmol, 2 eq) was added dropwise over 10 minutes. The deep purple reaction mixture 

immediateiy turned orange* The reaction was warmed to roorn temperature and stirred 

ovemi& The reaction was diluted with dichloromethane to 300 mL and filtered through 

a coarse glass f i t  to remove unreacted resonrfin, and the solvent was removed in vacuuo. 

The reddish-orange residue was recrystallized from ethanol yietding a crimson powder' 

0.48 g (1.89 rnmol, 44% yield). Rf=  0.20 (2:1, hexanedethyl acetate); mp = 217 - 220 OC 

(sample darkens at 215 OC) [lirerature = 223 - 225 O C  (uncorrected)41]; 1H-NMR 

(CDC13, 200 MHz) 6 2.37 (s, 3H), 6.34 (d, lH, J =  1.8 Hz), 6.90-6.84 (dd, 1 H, J =  2.1 

Hz, 9.9 Hz), 7.11 -7.16 (dd, IH, J =  2.2 Hz, 7.3 Hz), 7.16 (s, superimposed, lH), 7.44 

( d  1H, J = 9.7 Hz), 7.8 1 (d, lH, J = 4.4 Hz). This 'H-NMR specmim matches that 

reported previously.42 1jC-NMR (d6-DMSO? 200 MHz) 6 72.2, 106.3, 11  0.1, 119.7, 

130.8, 130.9, 133.6, 135.0, 143.8, 147.9, 149.2, 152.9, 168.2, 184.9; M S  (ET) d z :  255 

(Mm', 14); 213 (100); 185 (72); 156 (6.6); 128 (3.2); 63 (14); 43 (9.0). HRMS (EI): calcd. 

for C14H9NIOJ: 255-0532; found: 255.0533, 0.6 ppm error. 

Hydrolase Zibrary. Since most hydrolases have maximal activity near neutrai pH 7, we 

screened all hydrolases at pH 7.2. Previously, we optimized our pH indicaror assay for 

neutral p ~ . 2 1  The hydrolases were dissolved in BES buffer (5.0 rnM, pH 7.2 containing 

0.02% NaN3 as preservative) at the concentrations listed in Table 6.1 (0.26 - 86 mg 

solid/mL solution). Ca& - (2 mM) was added to the protease sotutions since some 

proteues require calcium ions to maintain their structure. For cmde samples o f  hydrolase, 

we used saturated solutions (up to 86 mg solid/mL) but for purified hydrolases, we chose 

lower concentrations (typically 1 mg soLidhL). Each solution was centrifu~ed to remove 

insoluble material (5 mui, 2,000 rpm) and titrated to a final pH of 7.2. The protein 



concentrations were determined using a dye-binding assay fkom B io-Rad (Mis sissauga, 

ON) with bovine serum albumin (BSA) as the standard. Solutions were stored in a 96-well 

assay block 'rnother plate' equipped with duminun sealhg tape (2 mL maximum volume 

in each weil, Coming Costar, Acton, MA) at -20 OC. This 'mother plate' speeds up 

repeated screens using the sarne hydroIases and is a convenient way to store large libraries 

of hydrolases. Hydrolytic activity of the lïbraries is maintained over several months. 

Estimared diasrereoselectivify. The assay solutions were prepared by mUang cis or tram 

dioxolane methyl ester (504 pl ,  of a 50.0 mM solution in acetonitrile), acetonitrile (386 

PL), 4-nitrophen01 (65000 ,a of a 0.91 15 rnM solution in 5.0 m i  BES, pH 7.2) and BES 

buffer (5,110 pL of a 5.0 nvl solution. pH 7.2). This solution was vortexed to ensure 

complete mkuing. Hydrolase solutions (5  ,pLJwell) were transferred h-om the rnother plate 

to a 96-well microtiter plate using an 8-channel pipette. Assay solution (1 00 uL/well) was 

quickly added to each well using a 1,200 pL 8-channel pipette. The £inal concentrations in 

each weli were 3.0 mM substrate, 4.65 rnM BES, 0.330 rnM 4-nitrophenol. 7.1% 

acetoninile. The plate was quickly placed in the rnicroplate reader, shaken for 10 s to  

ensure complete mixing and the decrease in absorbance at 304 nm was monitored at Zj°C 

as often as perrnitted by the microplate sofkare, typically every 11 seconds. The 

starting sbsorbance was typically 1.2. Data were collected for twenty minutes to ensure 

we detected slow reactions and reactions with a Iag time. Each hydrolysis was carried out 

in quadruplicate and was averaged. The f ~ s t  10 s of data were sometimes erratic, possibly 

due to dissipation of bubbles created d u ~ g  shaking. For this reason, we typically 

excluded the frrst 10 s of data kom the calcdation of the initial rate. Activities were 

calculated fkom slopes in the linear portion of the cuve usually over the fnst wo hundred 

seconds. The initial rates were cdculated fiom the average dA/dt7 u shg  Equation 6.1 

where AE = 1 7,3 00 M-1 cm-1 (accounting for the fully deprotonated and protonated forms 

of the pH indicator, experirnentally determined under our conditions) and Z = 0.306 cm. 



To calculate specific activity (pmoVmin/mg protein), we took into account the total 

amount of protein in each weil. 

rafe = c%04nm x [buffed 
1 

x mn volume x 106 
dr [indicaror] AE,, - Z Eq. (6.1) 

True diastereoselectivi~ using Quick D. The assay solutions were prepared by &g 3- 

nitrophenol(6,OOO uL of a 0.9 1 15 mM solution in 5.0 mM BES, pH 7.2), BES buffer 

(5,120 pL of a 5.0 mM soluaon containhg 0.33 mM (2.1 1%) Triton X-100 pH 7.2). and 

acetonitde (41 -6 ,d), then vortexing the solution. Dioxolane methyl ester (90.4 ,p.L of a 

279 mM solution in acetonitrile) and resonifin acetate (748 pI of a 1.685 rnM solution in 

acteonitrile, N.B. The solubility 1 s t  of resorufïn acetate in acetonitrile is approximately 

2 mM in acetoniae) were added dropwise to the slowly vonexing solution to ensure the 

formation of micelles and clear solutions. Hydrolase solutions (5 ,yL/well) were 

transferred from the mother plate ro a 96-well microtirer plate using an 8-channel pipette. 

Assay solution (1 00 ,uL/well) was quickly added to each well using a 1,200 , 8-channel 

pipette. The f i a l  concentrations in each well were 2.0 mM dioxolane methyl ester, 0.1 

mM resorufin acetate, 4.65 mM BES, 0.434 mM Cnitrophenol, 0.134 mM (0.86%) 

Triton-X100, 7% acetonitde. The plate was quickly placed in the microplate reader, 

shaken for 10 s to ensure complete mixing and the simultaneous decrease in ab sorbance at 

404 nxn and increase in absorbante at 574 nm were monitored at 35" C as ofien as 

permitted by the microplate software, typicdly every 17 seconds. Data were collected for 

twenty minutes. Each hydrolysis was carried out in quadruplicate and was averaged. The 

fist 10 s of data were sometimes erraac, possibly due ro dissipation of bubbles created 

during shaking. For this reason, we excluded the first 10 s of data fiom the calculation of 

the initial rate. This procedure was repeated for the other enantiomer with the reference 



compound. Rates of hydrolysis in pmoVmin were calcuiated using Equations 6 -2 and 6.3 

fiom dopes of the linear, initial portion of the curve where A&4o4 = 17.300 M-i cm-1 and 

~ 5 7 4  = 15,140 M-1 cm-1 (both experimentally determined for our conditions) and i = 0.306 

cm. 

Eq. (6.2) 

Eq. (6.3) 

For very active hydrolases, we used the dope of 50 scconds but for less active 

hydrolases, we used up to the f i s t  900 seconds. The quick D v d u e  was calcdated kom 

the ratio of initial rates kom the two screening steps, &er taking into account the initial 

concentrations of the substrates, Equation 6.4. 

D = rarerms dioxo lane [reference] rUecir dioxolme [ reference] 
X x 

[cir dioxoiane] 
Eq. (6.4) 

ratereference [rrans dioxo iane] refe rence 

T h e  diustereoselectivity wing small-scale reactiom The reaction conditions rnimic those 

in the microplate during estimated diastereoselectivity except that no indicator is present. 

Hydrolase solutions (500 PL) were added to solurions of (1 :l cis:zrans)-dioxolane methyl 

ester (3.5 rnL of a 28-77 rnM in acetonitde) and BES buffer (46mL of a 5.0 m,M solution, 

pH 7.2) for a final reaction vohne  of 50 mT, (2-0 rnM substrate, 4.65 mM BES, 7% 

acetonitde). The final soIutions were clear. The rates of hydrolysis were monitored by 

pH-stat which maintained the pH at 7.2 by automatic titration with 0.098 1 N NaOH. 
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Reactions were usually terminated at 40% conversion, as noted on the pH-stat by 

extracting the srarting material ester with ethyl acetate (3 x 20 mL). The aqueous layer 

was adjusted to pH 2 with 1 N HCl and the dioxolane acid extracted with ethyl acetate (3 

x 20 mL). Ethanol was added dropwise during the workups when necessary to break up 

emulsions. Both extracts were dned with MgS04, filtered and concentrated in vaczro. The 

diastereomeric excesses were measured as described below and the diastereomeric ratio, D, 

was calcuiated according to Sih.20 There was no detectable chernical hydrolysis of the 

substrate at pH 7.2. We did not observe any diastereomer enrichment during extraction of 

ester and acid ùito ethyI acetate. 

Scale-up reactions with 80 mM subsîrate. Hycirolase solution (500 ,L) was added to a 

solution of 1:l cis/trans dioxolane methyl ester (212 mg) and BES buffer (9,800 pL of a 

5.0 rnM solution, pH 7.2) for a final reaction volume of 1 0.5 rnL (80.0 rnM substrate, 4.9 

mM BES). The substrate was present as oil droplets. Reactions were carrjed out and 

worked up as above. 

Determination of diastereomeric puriîy by NMR. Analysis was perfomed on a Varian 

Gemini 200 MHz NMR spectrometer in CDC1;. The pans ester shows a triplet at 6 5-33 

( j ~ =  4.6 Hz) and the cis ester shows a triplet up field at 6 5.23 ( îJ  = 4.6 Hz). The rrans 

acid shows a triplet at 6 5.33 ( j J  = 3.6 Hz), while the cis acid shows a broad singlet up 

field at 6 5.19. We did not observe any epimerfzation of the subseate or product acid 

during workup. 

Dereimination of diastereomeric purity by HPLC. To M e r  confirm the diastereomeric 

excesses detemiioed by NME2, we also determuled diastereomeric excesses wing HPLC. 

Diastereomenc excesses agreed well, typicdly 4% variation benveen values detemüned 

by NMR and HPLC. .4nalyses were perfomed on a Waters AUiance 2690 Separarions 



module (Solvent and Sample Management), Waters 996 photodiode array detector and 

Millennium 20 10 Chromatography Manager Version 2.15. Diastereomers of the dioxolane 

acids were analyzed using a YMC ODS-AM 5 p, 120 A, 4.6 mm ID x 250 mm column 

(YMC, WiImington, N.C) and a Waters in-line pre-colurnn filter kit. The mobile phase 

was composed of HzO + 0.0 1 % TFA, pH 3 2 8  (pH was adjusted using 5 N NaOH) and 

CH3CN + 0.01% P A .  A gradient was nin £kom 30% C H m  to 55% CH3CN over 50 

minutes with a flow rate of 0.5 rnL/min. The detector was set at 2 10 nrn: k',, = 3 -2 1, 

kyCis= 3.52, a = 1 .IO, R, = 1.33. The same HPLC system was used to analyze the 

diastereomers of the dioxolane rnethyl esters but we used Millennium 32 Version 3.00 

software and a Phenomenex Prodigy ODS 3 pn 100 A 4.6 mm ID x 250 mm coIumn 

(Phenomenex, Torrence, CA) with a Waters in-iine pre-column filter kit. The composition 

of the mobile phase was isocratic 25% CH3CN + 0.01% TFA and 75% H 2 0  + 0.01% 

TF,!, pH 3.28. The flow rate was 1 .O mL/min. and the derector was set at 200 nm: k',,, = 

23.6, k',, = 24.9, a = 1.05, R, = 2.5. 

Enzyme-catalyzed synthesis of cis-(2S, 4s)-dioxolane rnethyl ester. -4 2: 1 mixture of 

cis:trans dioxolane rnethyl ester (136.5 mg, 0.541 mrnol) was weighed into a reaction 

vessel and BES buf5er (6,263 , of a 5 mM solution, pH 7.2) was added. The substrate 

rernained as insoluble droplets. a-Chymotrypsin43 (500 5, 0.0 19 units by PNPA assay) 

was added to begin the reaction and the rate and degree of hydrolysis was monitored by a 

pH-stat which maintained the pH at 5 by automatic titration with 0.0981 N NaOH. The 

reaction was terminated at 43 % conversion for hi& diastereomeric purity as detemiined 

by Sih's equations for recycling, by exiracting the remaining startin= materid ester with 

ethyl acetate (3 x 20 mL). The aqueous layer was adjusted to pH 2 and the product acid 

extracted with ethyl acetate (3 x 20 mL). Both extracts were dried with MgS04, filtered 

and concentrated in vacuo. The diastereomeric excesses were measured by NMR 

spectrosccpy as described above and the diastereorneric ratio, D, was calculated according 
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to sihZ0 By this method, we obtained the cis-(2S, 4$)-dioxolane methyl ester (2-(3- 

benzyloxymethyl)4(S)-carboxylic acid-1,3-dioxolane methyl ester) as a clear oil in 55% 

overail yield, with >98 % diastereomeric excess. 

Modehg of tmnsition stme anahgs in acchymo.ypsin. Al1 modeling was done with 

Discover, version 2.9.7 @iosym/MSI, San Diego, CA) using the NbfBER force field, We 

used a distance dependent dielectric constant of 4.0 and scaled the 1 3  van der Waals 

interactions by 50%. The distance dependent dielectric constant damps long range 

electrostatic interactions to compensate for the lack of explicit solvation.* Results were 

displayed using h i g h t  11 version 95.0 (BiosydMSI). The starting structure was the x- 

ray crystal structure of tosylated bovine alpha chyrnotrypsin45 obrained from 

Brookhaven protein data bank (füe 2cha). Using the Biopolymer module of Insight 1', 

hydrogen atoms were added to correspond to pH 7.0. Histidines were unchqed, 

aspartates and glutamates were negatively charged and ar30inines and lysines were 

positively charged- The catdytic histidine (His) was protonated. The tosyl group, which 

covalently linked to Ser195 in the x-ray smcture, was replaced by a phosphonate analog 

shown in Fimaure 6.7. 

Energy minirnizattion proceeded in four stages. First, 200 iterations of steepest 

descent algorithm, ail protein atoms constrained with a force constant of 10 kcal mol-1 

A-2; second, 200 iterations of conjugate gadients algorithm with the same constraints; and 

third, 500 iterations of conjugate gradients algorithm with only the backbone constrained 

by a 10 kcal mol-1 A -  force constant. For the fourth stage, minirnization was continued 

using conjugate gradients algorithm without any constraints until the rrns deviatio n 

reached less than 0.005 A mol-'. Crystailographic water molecules were included in al1 

rninimizations. Water moIecdes and the substrate were not constrained through any of 

the minimization cycles. 
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Summary 

Hydrolytk enzymes are excellent catalysts for the production of pure stereoisomers 

but selecting suitabIe hydrolases fiom hundreds of commercial hydroiases towards a 

synthetic target is a major deterrent to their widespread application in organic synthesis. 

In this thesis, we report the development of methods to speed up the selection process. 

For a first approach, researchers often use empirical rules to predict the 

enantiopreference of a hydrolase towards a substrate. These rules are a summary of the 

observed enantiopreferences fiom resolutions previously reported in the literature and 

crudely identify the structural features of a substrate necessary for good 

enantioselectivity. Lipase fiom Aspergillus niger (ANL) has been widely applied as a 

chiral catalyst for the production of stereoisorners but rhese applications were largely 

discovered by trial and error. We focussed on the development of ernpirîcal rules for 

A m  towards chiral secondary alcohols and chiral carboxylic acids to help chemists 

rationaily appIy ANL to solve synthetic problems. Similar to other lipases, we found that 

the relative size of the substituents at the stereocentre sets the enantioselectivi~ of Al. 

towards secondary alcohols. With carboxylic acids, we found that a positively charged 

amino group sets the enantioselectivity for Am. This structural feature is unusual since 

lipases have evolved in nature to hydrolyze unch-ed, lipophilic substrates. Purification 

of ANL increased its enantioselectivity towards a-amino acids, particularly cyclic amino 

acids such as proline, by removing a contaminating amidase. 

Althou& empirical models help predict the outcome of a hydrolase-catalyzed kinetic 

resolution, a researcher m u t  always experimentally determine the enantiomeric ratio, E, 

which is the degee of selectivity the hydrolase has for one enantiomer over the other. 

Currently, the endpoint method is the standard approach to evaluate E. A researcher runs 

a small scale kinetic resolution o f  a racemic substrate with each hydroiase, then 

determines the enantiomeric purities of the reaction producrs to calculate E. This 

approach is unsuitable for rapidly testing large number of hydrolases because it requires 

measurin; enantiomeric purities. 

To avoid this slow process, researchers often estimate the enantioselectivity by 

measuring the initial rates of hydrolysis of chromogenic esters of both pure enantiomers 



in separate hydrolysis experiments. The ratio of initial rates estimates the 

enantioselectivity. We developed a quantitative, colorimetric assay to measure the rate of 

hydrolysis of any ester using pH indicators. It is not always possible ro derivatize a target 

substrate into a chromogenic ester. Hydrolysis of an ester releases protons; the rate of 

proton release can be easily measured using a pH indicator. Moreover, when the buf5er 

and the pH indicator have the same affinity for protons (similar pK, values) the 

absorbance kinetics of the indicator are directly proportional to the true enzyme kinetics. 

We used this method to estimate the enantioselectivities of a Library of commercial 

hydrolases towards a chiral primary alcohol, soketal butyrate, and quickly identified 

hone liver esterase as the most enantioselective hydrolase reported to date for the 

hydrolysis of an ester of soiketal. 

Estimating enantioselectivity is fast but can be inaccurate because sorne or  al1 of the 

effects of competition between the enantiomers for the active site, reflected in the KM 

values of the pure enamiomers, is ignored with separately measured initial rates. To 

accouit for differences in KM between the two enantiomers, we added a reference 

compound to the separately measured initial rate measurements of pure enantiorners. The 

relative rates of hydrolysis of the pure enantiorners versus the reference compound yields 

a ratio of  the specificity constants in each hydrolysis expriment that accounts for 

conmi butions from Kbl to the O bserved rates, (&aM)s/&af/KbI)reference- The ratio of the 

two competition experiments yields the enantiomeric ratio, (kCat/K~) J&,t/K&. We 

calied ~ h i s  method quick E because it accurately detennines the enantiomeric ratio in 

minutes. 

We f i s t  validated quick E using chromogenic esters as substrates because their rates 

of hydrolysis are easily measured spectrophotometrically. Next, to generalize quick E to 

any ester, we applied our pH indicator assay to measure initial rates of hydrolysis during 

quick E measurements. 

Finally, as proof of the usefulness of the screenùig methods developed in this thesis, 

we apply these methods to solve an industrial problem. Dioxolane nucleosides are 

powerful pharmacological agents used for the treatment of EEV and rend and prostate 

cancers. However, their synthesis remains a significant challenge since the relative and 

absolute stereochemistry of the two stereocentres must be controlled. Current routes to 



pure stereoisomers yield m i m e s  of diastereomers that must be separated by silica gel 

chromatography. To avoid th is  rime-consuming and expensive step, we used our 

screening techniques to identie two hydrolases, a-chymotrypçin and bovine pancreatic 

protease, that are useful for the separation of cis and tram diastereomers of a key 

intermediate dioxolane ester. Both hydrolases yield the desired cis diastereomer in good 

yield and excellent diastereornenc excess (>98%). 



Contributions to Knowledge 

We developed two empirical rule that can predict which enantiomer of secondary 

alcohols and chiral carboxylic acids reacts faster with lipase fiom Aspergillzu niger 

(ANL). For secondary alcohols, a rule previously proposed for other lipases and 

esterases based upon the size of the substituents at the stereocentre, also works for 

ANL but with lower reliability (77%). For carboxylic acids, the size of the 

substituents at the stereocentre could not predict the enantiopreference, but a 

positively-charged amino goup  at the stereocentre sets the enantiopreference of ANL 

towards a-amino acids. A r d e  Iimited to a-arnino acids is completely reliable. These 

niles c m  help chemists develop new applications for ANL as a chiral biocatalyst. 

Paaial purification of ANL with ammonium sulphare precipitation or using an FPLC 

anion exchange column removes contaminating hydrolases fiom the commercial 

preparation and increases the enan~ioselectivity of ANL towards many a-axnino acids. 

including the cyclic a-amino acids, proIine and pipecolic acid (E >100). 

Currently, there is no simple method ro rapidly screen Iibraries of hydrolases for 

enantioselectivity towards a chiral substrare without measwing enantiomeric purities. 

We developed a fast spectrophotometric method called "quick E" that accurately 

measures enantioselectivity of hydrolases in less than one minute. This method does 

not require enantiomeric purity measurements but rather uses the initial rates of 

hydrolysis of pure enantiomers relative to a reference compound to determine the 

relative kcatlK~ values of both pure enantiomers of a racemic pair. The ratio of these 

rates yields the enantioselectivity. This method is amenable for measuring the 

enantioselectivities of chromogenic esters (e.g. 4-nitrophenyl esters) and non- 

chromogenic esters ( cg .  methyl esters and acetates) of a subsuate. 

We developed a fast spectrophotometric assay to quantitatively measure the 

hydrolytic activiiy of hydrolases using pH indicators. If a buffer and pH indicator are 



chosen with the same pK,, the true rate of enzyme-catalyzed hydrolysis is easily 

calcdated using a modified form of the Beer-Lambert Iaw. 

5. Our pH indicator assay can also be used to separately measure the initial rates of 

hydrolysis of pure enantiomers of a chiral substrate and the ratio of the rates used to 

estimate the enantioselectivity. Using this method, we idenWied horse Liver esterase 

as a useful biocatalysts for the kinetic resolution of soketal esters, enantioselecbvity 

= 15. Aithough rnodest, this value is the hig-hest enantioselectivity reported to date for 

the hydrolysis of a soketal ester. 

6. Currently, there is no method ro accurately measure the enantioselectivity of large 

librarïes (H000) of small quantities (ug) of mutant hydrolases generated in directed 

evolution experiments. We, therefore, optimized the sensitivity of the quick E method 

and the pH indicator assay to screen large libraries of hydrolases and substrates in 

microtiter plates, the current standard for automated high-throughput screenings. 

Using microtiter plares greatly increases the speed of measurements and reduces the 

amount of substrate and enzyme needed per measurement (typically 20 pg of 

substrate and 1-35 ug enzyme per rneasurement). For these reasons, these screens will 

be used to screen mutant hydrolases in directed evolution experirnents to increase the 

enantioselectivity of a hydrolase towards a synthetic target. 

7. We idenùfied two hy dro lases, a-chymûtrypsin and bovine pancreatic protease, useful 

for the hydrolase-catalyzed separation of cis and rrans  diastereorners of 2- 

benzyloxymethyl-4-(9-carboxylic acid-lJdioxolane methyl ester. Dioxolane acids 

are key intermediates in the synthesis of anti-viral and anti-cancer agents. Curent 

routes to the pure stereoisomers require expensive and tedious separation by silica gel 

chromatography. Using cc-chymotrypsin and bovine pancreatic protease eliminates 

this slow step in the synthesis of pure stereoisomers. 



Future Work 

"...if w e  wish to catch up with ~Vature, w e  shall need ro use the same 

methods as she does, and 1 can foresee a rime in which physiological 

chemistry will not only make greuter use of natural emymes, but wiZZ 

actually resort to creating synthetic ones. " 

Emil Fischer 
Nobel Lecture 1902 

Suggested fùture work with Aspergz'llus niger 1 ipase 

Lipase isolated fiom the fungus Asper,oilhis niger (ANL) is an unusual lipase. While 

most lipases do not accept charged substrates, -4NL prefers them and readily accepts a- 

amino-acids as substrates. We demonstrated that ANL has very high activity and 

enantioselectivity towards two cyclic amino acids, proline and pipecolic acid. This 

property potentially make ANL an excellent catalyst for lipase-catalyzed syntheses of 

biologically-active peptides containing proline and pipecolic acid in their sequence, for 

example the tripeptide OH-Pip-AIB-Pip (AIB = aminoisobutyric acid, Pip = pipecolic 

acid) which is part of efiapeprin D, a toxin against insectsl. hlthough enzyme-catalyzed 

peptide syntheses have been reported by other groups, enzyme-catalyzed synthesis of 

peptides that contain prorine and pipecolic acid in their sequence has been largely 

uns~ccessful.~ 

Enzyme-catalyzed synthesis of small peptides is a suitable alternative to 

tradihonal chernical methods because of miId reaction conditions, no racemization of the 

amino acids upon coupling to other residues, and minimal use of protecting goups  and 

coupling reagents. 

Several groups have used proteases to synthesize because they catdyze 

peptide bond formation. However, proteases also cataIyze the reverse reaction and 

hydrolyse the growing peptide. Other shortcomings of proteases inchde low yield and 

narrow substrate specificity. 



Alternately, lipases have been used to catalyze the formation of peptide bonds 

because, unlike proteases, they cannot hydrolyse the growing peptide. Other groups have 

used lipases to make peptides4 but none report the synthesis of peptides with proline or 

pipecolic acid in their sequence. We believe ANL may cataIyze the synthesis of peptides 

that incIude cyclic a-amino acids in their sequence since is has excellent 

enantioselectivity and activity towards proline and pipecolic acid. 

Suggestedfutwe work with the quick E rnethod 

With the recent confluence of chemistry and molecular biology. a new and elegant 

method has emerged to enhance the properties of enzymes called directed evolution. It 

has been used to develop enzymes with improved thermostability, substrate specificity 

and tolerance to organic solvents and it is currently emerging as a technique to enhance 

the enantioselectivi~ of hydrolases.5 

Directed or "in vitro" evolution accelerates the evolution of enzymes using molecular 

biology techniques such as error prone P C R ~  and gene shuffling7 to generate large 

libraries of mutant enzymes. The library is thsn screened for improvements in the desired 

propem to select the best enzymes from that generation for another round o f  mutation. 

This cycle is continued, with the best enzymes from each cycle serving as parents for the 

next generation. Beneficial mutations evolve over several cycles until the desired catal><ic 

goal is reached. - 
.4 critical part of any directed evolution expenment is the selecrion method used to 

choose the best enzymes fiom each round of mutation. The first rule of directed evolution 

as proposed by Dr. Frances Arnold of the California Institute of Technology is 'You get 

what you screen for" so efficient screening systems are paramount to the success of these 

experiments. Researchers recently used the ratio of separately measured initial rates of 

hydrolysis of pure enantiomers to rapidly estimate the enantioselectivity of libraries of 

mutant lipases produced using error-prone PCR.' Estimating enantioselectivity by 

separately rneasuring initial rates of pure enantiomers ignores some or al1 of the 

contributions of KM to enantioselectivity so mutant enzymes that distinguish berween 

enantiomers based upon differences in KM are not selected with this screen. 



The ultimate go& when we developed the quick E screen was to measure the 

enantioselectivities of libraries of mutant hydrolases in directed evolution experiments. 

Improvements between generations of enzymes in directed evolution are often small but 

the quick E method is sensitive to small changes in kacar and KM. LmportantIy, quick E 

requires only microgram quantities of hydroIases and substrate to determine E so it is 

suitable for high-throughput screenings of large nurnbers of mutant hydrolases. Our next 

major application of quick E is to screen Iibraries of mutant lipases for smalI but stepwise 

increases in enantioselectivity rowards a synthetic target. 
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Empirical rules for the enantiopreference of lipase from Aspergillus 
niger toward secondary alcohols and carboxylic acids, especially 

a-amino acids 

Lana E. Janes and Romas J. Katlauskas ' 
McGiU University. Depanment of Chemistry. 801 Sherbrooke Sc. W.. Montréal, Quebec H3A ZK6. Canada 

Absrracr: Lipase from Aspergillus niger (ANL. Arnnno lipase AP) caralyzes enantio- 
selcctive nydrolysis and acyiation reactions. To aid in the design of new applications of 
this lipase. we propose two empirical rules chat predict which enantiorntr reacts faster. 
For secoodary alcohols, a mle proposed previously for other lipases also works for ANL, 
Dut with lower reliability (77%. 37 of 48 exarnplrs). For carboxylic acids. w: exarnined 
both crude and panially-purified ANL because commercial ANL contains contarninating 
hydrolases. Panial purification rernoved a conrarninating amidase and increased the 
enantioselec~ivity oi ANL toward many a-amino acids. inciuding cyciic amino acids- 
Unlike other lipases. ANL readily acccpts positively-charged substrates and snows the 
highest enantioseieciivity toward a-amino acids. Although a nile based on the sizes of 
the substitucnts could not predict ihe fast-reacting enanriomer. a n l e  iimired IO cc-arnino 
acids did predict the fasi-rtacting enantiomcr. We estirnate ihat the chargcd a-amino 
group contributes a Factor of 4&100 (~4G~=Z.2-2 .7  kcal/mol) io ~ h e  cnantioselectivity 
of ANL towards carboxylic acids. O 1997 Elsevier Science t t d  

Introduction 

Lipase-catalyzed reacrions are one of ihe bcst methods to produce enantiomericaIIy pure 
compounds.' Lipase from the fungus Aspergilius niger (Am) is a usefui enanrioselectivr catalyst. 
especialiy Tor the resoiution of secondary alcohois and carboxylic acids. These reacrions were 
discovered by trial and error. To identify other appiications of this lipase, it woutd be useful  to 
have generaIizations or rults thar identify which structures in a subsrrate are required f o r  high 
enantioselectivity. The only previous generalization for ANL was Iimited to secondary aicohols of 
2-(rneihy1thio)-3-acetoxy esters.' 

The simplesr rules for hydrolase-catalyzed reactions do not atternpt ro predict the degree of 
enantioselectivity, but only which enantiorner reacts faster. For zxample, a  NI^ based on the s i z e  of 
the substituenu at the srereocenter predicts which enantiomer of a secondary alcohol reacts f as tes  
F i g u r e  1). 

This rule suggests that the lipases distinpish between enantiomers of secondary alcohols primarily 
based on the retative sizes of the substituents. For the synthetic chemist. this means that Iipases 
resolve secondary alcohols with different-sized substituenrs betrer than alcohois with simiiarly sized 
substituenrs. In this paper, we will show that ANL also follows the rule in Figure 1 ,  but with lower 
reliability than for other lipases. 

Predicting the fast-reacting enanriomer of a carboxyIic acid has been more difficuh for lipases. 
For purified iipase [rom Candida rugosa, a rule based on the size of the substituents w u  reiiable,' 
but we show in this paper rhat this rule is not rrIiabIe for ANL. For ANL, the most efficiently 
resoived carboxylic acids are oc-amino acids and the fast-reacting enantiomer hôs the L-configuration 

* Comsponding author. 



secondary alcohols carboxyfic acids 

al1 lipases CRL ANL 

Figurt 1. Empincai NI& [hm predict the fast-ruicring enantiorner in lipase-catalyred mctians. For secondq alcohols. J I  
iipases. including A m ,  folIow a nile thor compares the sizt of the substiwcnt~ 01 rhe sterrocenter. For carboxylic ncids. 
a mie based upon the si= of  rhc substituents at the srereocenicr works for CRL. but nor for ANL. A mIe for ANL 
includes only a-rimino x i d s  (including cyclic amino acids) rrnd suggrsts ihot a charged a-arnino group i s  essentid for high 
enuitiosrltctivity. ANL always hydrolytcs the nrituml L-i?nmiiomer. M rrprcsents n medium sized substiiuenl e-p.. CH3: L 

rcpresents n Ivge substituent. tg.. Ph: R nprescnts m y  olky! or  ql group. 

Figure 1 ). This mode1 suggests that charge. nor size. of rhe substituents at the stereocenter sets the 
enantioseiectivity of ANL for carboxylic acids. 

Lirerature survey of the enanriopreference of ANL roward secandrcry alcohok 

TO test if the secondary alcohol rule also applies to lipase from Aspergillus niger, we sumrnarized 
a11 reported ANL-catalyzed reactions o f  secondary alcohols (Table 1 ). Figure 2 shows the structures 
of the fast-reacting enantiomers. The examples include both hydrolyses of esters and acylations of 
aIcohols. but for consistency the  structures in Figure 2 are al1 alcohols. We excluded patents and 
examples where the enantioselectivity was 4. For eight examples, the nile is equivocal because the 
size of both subsrituents is similar according to CPK modeis. We rnarked these examples 'sim. size' 
in Table 1 and exciuded them from the tally brlow. Note, however, that two of these examples showed 
good enantioselectivity, E>40. 

For the rernaining 48 substrates, the rule in Figure 1 predicts the absolute configuration of the 
favored tnantiomer in 37 cases. but fails in I l  cases, 77% accuracy. (Gutssing alone gives 50% 
accuracy because there are only two choires.j Six of the 48 substrates showcd enantioselectivities 
and the rule predicted the Favored enanciorner For al1 six of these. Of ~ h e  I 1 exceptions LO tne rule. eight 
showed low enantiosetectivities, Ec 10. bur  three showed moderate enan~ioselecrivity ( E = 2 W  1). r i v e  
of the s ix  bicyclic alcohols !cornpounds 23-27j did not obey ~ h e  size rule. Thus, the size rulr usually 
predicts the favored enamiorner, but the reliability is less chan for other lipases where the rdiability 
is often This lower reliability may be an inherent characteristic of ANL or it rnay be d u e  to 
contaminating hydroiases, see beiow. 

A lirerature sumey of enaririoseiecrivi~ of A Ni. iowurd carboqlic acids 

Table 2 summarizes al! reported ANL-catalyzed hydrolyses of esters of carboxyIic acids i n  the 
k r a t u r e  and Figure 3 shows ~ h e  structures of the faster-rrac~ing enan~iorners.~ h-hJL favors the 
naturally occurring L-enantiorner of pipecolic acid. 31. homophenylalaninr. 33 (R=CHICH2Ph). and 
the 12 N-Cbz-protected arnino acids, 38. ANL showed no enantioseIeciivity roward N-acetyl pipecolic 
acid, 39. For the non-amino acid substrates, ANL showed moderate enantioseIectivity toward 2- 
phenoxypropionic acid, 40, and low enantioseIectiviry toward acids 41 and 42. From such a Iimited 
range of substrares (se&n structures in total). it is difficult to deduce which classes of carboxylic acids 
ANL resolves efficiently. For this reason. we resoived ri wider range of carboxytic scids with both 
crude and partialIy-purified ANL (Table 3). 

Enantioselecriviry of ANL roward carboqlic acids does nor depend on rhe size of rhe rubstiruen rs 

We tesred the methyl esters of nine cx-amino acids, 33, the octyl ester of 32, three fi-amino acids, 
34-36, and one a-disubstituted amino acid, 37. i n  addition. we tested esters of an aryIoxypropionic 
acid, 43, mandeiic acid, 44. two arylpropionic acids, 35 and 46, two furoic acids, 47 and 48 a n d  2- 
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- absol utc aHydrolysis of ihc aceraic tstcr usinp lipase AP-6 from Amano Enzyme Co. unlrss noicd orhcrwise. Figurr 2 shows ih- 
con6gurations of the favored enantiorntr. knaniiomcric raiio. E. rncJsurcr rhe prdcrrnce O( the cnzyrnc for one enamiorner ove r  
the 0ihcr: Chen. C, S.; Fujimoto Y.; Girdaukas. G.: Sih. C. J. L Anr. Cheni. Soc. 1982. 104. 7294-7299. m c  nilc in .?p. i 1s 

mbiguous  whcn boih subsiitucnts arc similar in s ix:  these rramplcs a r t  markcd 'sim. site'. ~ A N L  from Rbhrn; zstcrificarion with 
dodccanoic acid: Gerlach. D.: Missel. C.: Sctrreier. P. Z, trbenrnr.-Uttrcrr. Forsch 1988. 186. 3L5- 18. <Li. Y.-F.: Htmmcrschrnidt. 
F- Tcrrahcdron: Asynnirrry 1993. 4. 109-120. f ~ i ~ a s e  AP: cricfification with v i n y i  actiaic: Hirai. Y.: Nagatsu. M. Chem. Lcrt. 
1994. 21-22. 8Lipasc A; crtcnficaiion wiih vinyl accuic in carbon [tirachloride: ffiminrka. i.; Gornicka. 1.: Sikora. M.: Cora. i. 
Terrohedron: Arymrncrry 1996. 7. 907-910. h~k i ta .  H.: Umezawa. r.: Takano. M.: Ohyarna, C.; Marsukura. if.: Oishi. 'T. Chcm- 
Pham- Bull. 1993.41.55-63. 'Hydrolysis of ihc chioroecciaic ester- Jftoh.?.: Kuroda. K.: Tomosada. M.: Tailagi. Y. J- Or& Ciiem. 
1991.56. 797-804. k ~ r t s c h c r .  M.; Hamrnerschmidt. F.: Kahlig. K. Syniharr  1995. 10. 1267-1272. i ~ r c s c h e r .  M.; Li. Y.-F.: 
Hammerschmidr. F. Terrohcdron 1995. SI. 4933-4946. mRcacrion carricd oui at JO°C. "Akita. H.: Matsuicura. H.; Oishi. T. 
Teirahcdrorr Lcrr. 1986.27. 524 142%. OLipase A-6 immobiiizcd on Ccliic: Akita. K.; Enoki. Y.; Yamada. if.: Oishi. T. Cheni. 
P h a m .  Bufi. 1989.37. 2876-2878.P.Miura. S.: Kurozurni. S.: Toru. T.; Tanaka. T.: Kobayasni. M.: Maisuoara. S.: Isnimoio. S. 
Tcimhcdrort 1976.32. 1893-1898. QLipasc A: Nacrnura. K.: Trikahashi. N.: Tanaka. S.: Ida. K J. Chcnt. Soc.. Perkitt T m u  1. 1992. 
2337-2343. Estimaicd E values bascd on the reportcd cnanliornrric punties. 'Lipase from 3 u k a  Chcrnicai CO.: Zaravucka. M.: 
Z~Zana.  2: Rcjzck, M.. Srrcinz. L.: Wimrncr. 2.: Mackova. M.; Dcmnerova. K. En:. Microb. Tcck 1995. 17. 566-869. = 6 for 
csrcrificaiion with vinyl acctate in  bcnrcne. ' ~ i ~ a s e  APFr Paiti. R. N.: Bancrjcc. A.; Ko. 2. Y.;  Howeil. J. M.: Li. W.-%: 
Comczoglu. Ç. 't.: Panyka. R. A.: Smrka. L. Bio~crhnol. ~ p p f .  Biochcni. 1994.20.23-33. '~oenkr.  C-; Kluwrr. P.: Huggcr. U.: 
Kricgcr. R.: Prinzbach. H. Terrahedron Letr. L993.34.476 1-4764. 

chIoropropionic acid, 49. For pipecok acid, 31, we previously showed that the enantioselectivity of 
ANL increased significantly (from E-20 to b100) upon partial purification of the Iipase to rernove 
a contaminaring hydrolase.' For this reason, we measured rhe enantioselectivity of both crude and 
partialiy-purified ANL. 

ANL resolved only the a-amino acids with an enantioselectivity > 10. For proline, phenylalanine. and 
phenylglycine, the enan~ioselcctivity of crude ANL was moderate to good (E-20-70) and increased to 
>90 upon purification. For alanine the enantioselectivity also increased frorn 3 ro 41 upon purification. 
The specific activity of ANL towards these subsuates increased up to two-fold upon purification 
(0.214.49 Wmg for crude, 0.55-0.96 Utmg for partially-purified), On the other hand, the specific 



Figure 2, Examples  fmm the litenturc of secondiuy d c o h o l s  rcsolved or desyrnmeirized by ANL. Stnicrures show the fast 

reacling alcohol enultiornrr. Most examples fallow the mIe in Figure 1. DetYk in Table 1. 

Tabic 2. L~tcr;iture survty of the rnmtioseirciiviiy of ANL towrud cuboxylic acidsu 
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aHydroiysis of ihe meihyl csttr using lipase AP-6 fmrn A m n o  Enzyme Co. rinlcss noud otiurvisc. Figure 3 shows the absoluu 
configuralion of the favorcd cnantiomer. h ' h c n  ihc swciurc  is  a common amino acid. iu thrcc leticr abbreviaiian JS givcn in 
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Amino acids 

o f  lipase from ti .~pegillus niger 

: reaction 36 37 
------------*---------------------------------*----- 

Acids with uncharged substltuents 

Figure 3. Carboxylic acids tesred in cnantiosrlecrive rwc~ions wiih ANL. Enmtiosrlrciivitirs x e  moderate or berter (=>IO) 
only for the sztmples in rhc solid-lin+ boxes. Examples in the dotred-line boxes did not r e m  with ANL. Structures show 
the fast reacring enanriomer where the absolute confi guniion is known. Table 2 provides details for the examples frorn the 

lireniure and Table 3 lisrs cxperirnenrd m u l u  for rxamples rrporrrd in this paper. 

acrivity of ANL towards N-Cbz-phenyial~nine. 38 (where R=Bn), decreased by a faclor of nine 
upon purification and the enantioseIectivity decreased frorn 20 to 13. These decreases suggest that a 
contaminating hydrolasc in crude ANL con-tributes CO the hydrolysis of N-Cbz-phenylalanine-methyl 
ester. For the non-charged substrates, 43, 4 5 ,  47-49, the specific activity increased as much as 20- 
fold (0.05 1-1 -4 U/mg for crude, 0.072-3-0 U/mg for partially-purified). but the enantioselectivity 
rernained Iow. Thus, purification increased the  specific activity toward many substrates. but increased 
the enantioselectivity only roward substrares with a charged or-amino group. 
The specific activity of crude ANL toward a-amino acids with larger side chains- tryprop han. 

tyrosine, and O-rnethy 1 tyrosine - were 5-5 O cimes lower than for the rhose with smaLler side chains. 
The enantioselec~ivity was low to moderate (ES-25). There was iittle change upon purification- The  
specific activity increased two-fold towards tyrosine and O-meth y 1 tyrosine, but decreased two- fold 
towards tryptophan, however the enantiose lectivies remained approximately the same (E=2.5-21). 
Three strrically hindered, unnatural a-amino acids, terr-leucine (33, R=r-Bu), 2.6-dimethyityrosine 
(33, R=4'-OH-2',6'-Me-C6H2) and the a-disubsti~uted amino acid, 37, did not react. The slow 
hydroiysis and lower enantioselectivity towards large substrates suggest that there is a limit to th: size 
OF the side c h a h  that .4NL can accornmodare. 

ANL did not catalyze the hydrolysis of a n y  of the three 8-amino acids. 34-36, even though these are 
not sterically hindered. Both cmde and partEally-purified ANL showed low enantioselectivity toward 
the aryioxypropionic acid. 43, mandelic acid, 44, ~ h e  two aryipropionic acids, 45 and 46, the two 
furoic acids, 47 and 48, and chioropropanoic acid, 49. 

.4 rule comparing the size of the substituents at the stereocenter predicted the enantiopreference of 
purified lipase from Candida rugosn towards carboxylic a c i d ~ , ~  but this mle does not work for A N L  
(Figure 1). For the a-amino acids, 33, the larger group, R, fies to the  left. but for the N-Cbz-a-amino 
acids, 38, the Iarger group, N-Cbz, Iies to t h e  right. Yet ANL favors the L-enantiomer for both. For 
substrates 41 and 43, the larger group lies tu the left, but for 42 the larger group lies to the right. We 
also compared the overall accuracy of the size rule. Arnong the 40 carboxylic acids tested in eicher this 
work or Iiterature reports, eight did not ream. We excluded another seven because both substituents 
had similar sizes (31.32, 33 (R=CH3 [AIa]). 38 (R=n-pentyl, n-hexyl) and 47,481. We aIso excluded 



Table 3. Eri~itioselecùvity o f  ANL in r k  hydmlysis of  cYboxyfic acid este& 

crude A N L ~  Parti&-PuriCicd A N L ~  
Stmct Rc Rate ce, ee,, p Rate ee, u, ES Follows 

M c  [AIa] 
CH+CH2CH2 [Mec] 

Ph 
Bn [Phc] 

Indoy l-CH2Frp J 
4'-OH-C6H4-CH2 [ryr] 
4'-OMc-C&-CH2 

4'-OH-2'8-MerC6HrCH2 
1-611 

Bn [Phc] 
Ph 

sim. size 
Y'=S 

Y= 
Y== 
VCS 

Y'= 
Y== 

no 

Y'== 
na 
na 

sim. sttc 
sirr.. sirt 

uHydrolyris of the rncihyI csicr unicss nored oihewisc. Figure 5 shows the absoluir configuration of the f a ~ r e d  cnanttorner- 'nd' = 
no1 dciermincd; '-' = cwld no( be mclsurcd b u s e  no rcaction vas deiecrd; 'na' = not appiicabie bccautc the enaniioselcciiwiy 1s 
belaw 2 or because the absolute configuration u unknown. b ~ ~ d c  ANL is tipase AP-6 frcm Amam as reccivcd a d  pmially- 
punfied ANI.. is lipase AP-6 prectpiiaied wtth 25-55% saturaiion o f  ammonium sulkie. W c n  ihc smicturc ts a cornrnon amino acid. 
its t h e  Icttcr abbrcviation is gwcn in brnckcu. dlni~irl  rate of hydrolysis rn u n i h g  protcin. Umr = ~ m o l  of ester nydmlyzui pc r  
minute. Crude ANL coctained 2.8 W% protein by the Bio-Rad protcin arsay . % rcprcsenu thc cnanLomenc ratio which mcarures 
tht prefucnce of thc enzyme for onc cnantiomer o v a  chc oihec then. C. S.: Fujimoto Y.: Girdauiias. G.: Sih. C. J J. A m  Chem. 
Soc- 1982. IW. 729a-7299. Unlas  otherwuc noicd. E war calculaicd h m  cc, and c5p. k  sr calculared korn ccp m d  pchcnt 
con%rsion. gHydmlysis of the octyi ester. Thc mcrhyi ester of 32 was unslablc ac room icrnpcnturc: rhc meihyl crien of 47 and 4 8  

%ry volaiilc. h~hcnylglycine methyl ester parually raccrnizcd aftcr 24 hourr at pH 5 T o  deicrrninc E accuatciy. wc uscd shom 
rclction limes (iypically l h) and m e n s u d  cep and cef irnmedtairly afrcr m stoppcd the rcactiun. Othcn also notcd the 
racernizatipn af phrnylgtycine. For uampic. Sfüraiwa. T.; Sabu. S.: Fujühima. K: Kuroicawz H. Bull. Chcm Soc. Jpn. LWI. 64. 
191-195- 'Hydrolysis of ihc ethyi c%r.J~ydmlysis of ~ h c  chforocthyl cstcr. k~ U ~ S  C I I C U I ~  from ccS and percent coavcrsion. 

39, 44.45 from the ulIy because the enantioselectivity was ( 2 .  For the remaining 22 substrates. only 
2 0 obeyed the size rule corresponding to 45% accuracy. This accuracy is simiIar to guessing atone. 

Hi8 h enanrioselectivity requires a prqronaied anrino group (-iVH3 +) 

Additional evidence that size of the substituencs a1 the stereocenier is not important cornes frorn 
good to excellent enantioselectivity toward several carboxylir acids chat contain simitarly sized 
substituents. Purified ANL resolved three tx-amino acids, pipecoiic acid, proiine and alanine, wirh 
an enantioseiectivity of 41 to >1ûû even though the two substituents differ only in the charge of the 
substituents at the stereocenter. This difference corresponds CO a  AG^ of 2.2-2-7 kcaUmo1. 

The enantioselectivity of punfied ANL toward 2-pnenylglycine (33 where R-phenyl, E=94) was 
rnuch higher than for analogs without a protonated arnino group. Tne enanuosefectivity toward 
mandelic acid, 44, and 2-phenylpropionic acid, 45, was only 1.2-1 -3. Similarly, the enantioselecrivity 
of purified ANL toward alanine (33 where R=methyl. E=41) was much higher than toward 2- 
chloropropionic acid, 49 (E=8). 
Ta test whether high enaniioseiectivity requires a protonated amino group, we measured the 

enantioselectivity of ANL as a function of pH (Table 4). Both enantioselectivity and specific activity 
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Table 4. Infiumce o f  pH on the cnnntiosclenivicy of pyridly-purificd ANL toward phcnyldmine-methyl est&' 

ORnctian conditions: 15 uni= of lipase (by PNPh aswy). rwrn rcmpcrature. 25 m M  substra~c in 10 ml sodium accixe  buffer ( 1 0  
mM) for pH 4-6 and Tris-Ha buffer (IO mM) for pH 6.9. 5 values a! pH 6 werc similx in boih buffers. Reaciions wrre monitorcd 
by pH sut. bunit = p n o l  of ester hydmlyred pet rninuic. CThc fraction of proiontttd Phe-methyl ester ar iht givcn pH W S  

calcuiaced using a pKB = 7.m Icncb. W.P.: Regccuttin. J.  CRC Hundbook of Biochemi~ir).. Selrcrcd Dmafor Mofecufor Biofogy 
CRC: B o a  Raton. K. 1986. pp 1167-1226. d ~ e e r m i n c d  by HPLC with r Cmwnpak CR(+) column,?ht prcfemd enanliamer utas 
L as cscablishtd by the ordcr of  etution on the CR(+) calurnn and cornparcd IO authentic m p l c s :  the 0-enantiomcr clulcr f i ~ i  for  
both acid and mcthyi ester. CE vas caiculucd fmm etS and cep as defincd by Chen. C. S.: Fujimoto Y.: Girdaukas. G.: sih. C- 1- J .  
Am, Chcm SOC. 1982. 104. 72%-7299. Error limirs ut astimatcs.~~hcn~ialaninc-meih~i csrcr hydmlyrrd spuntancously ai pH 8.9 
at a rate o f  9.2 x t(r4 mins1 (6.6% hydrolysis during ihr 1 h ctnciion).fhc ce values wcrc eorrccrcd Tor this hydmlysis. The 
uncomcted values arc ccs = 0.72 and ce = 0.40. Sponlaneous hydmlysis was noLdcrccied at  othcr pH vaiucs. P 

were highesr at pH 5 toward pnenylalanine-methyl ester. At higher pH bcth the rate and the 
enantioselectivity decreased by factors of5.3-7.6 and 4-66, respectively. These decreases are consistent 
with the -NH3+ form of phenylalanine-methyl Ester as the most reactive and best resolved form of 
the substrare. At pH 4 the enantiosefectivity also dropped to 6, but we attribute this drop to partial 
denaturation of ANL. hfter incubation at pH 4 for 1 h. the lipase activity measured at pH 7.5 with 
PNPA as the substratc dropped by 50% for crvde lipase and 25% for partialiy-purified ANL. Incubation 
at pH 5-9 showed no drop in activity by PNPA assay. 

To confirm that ANL accepts other positively-charged substrates, we tested S-ace~ylthiocholine 
iodide, a thioester with an -NMe3+ group in the thiol porrion. Indeed. crude ANL cataiyzed the efficient 
hydrolysis of this subsuate with a rate of O. 19 Ulmg prorein. This rate was 100 rimes faster than with 
lipase from Candida rugosa and 10.000 times faster than with lipase from Pseudonionas cepacia- 
However, ANL was 10,000 limes slower at  hydrolyzing this substrate than acetyicholine e s ~ t r a s e . ~  

ANL is nor an arnidase 

High enantioselecrivity toward a-amino acids suggests that partialiy-purified ANL rnay b e  an 
amidwe. not a Iipase. Howevrr, we confirmed that parrially-purified ANL is not an amidase by testing 
its abiiity to catalyze hydrolysis of D,L-phenylalaninamide (Table 5). Panially-purïfied ANL stiowed 
no detectable hydrolysis of the amide. In contrast, crude ANL catalyzed the slow hydrolysis of D,t- 
phenylalaninamide favoring the natural L-enantiomer with excellent enantioseIectivity, suggesting ihat 
crude ANL conrains a xmarninating amidase. The activity of the cmde Iipase rowards phenylaIanin- 
amide was 2-6 times faster at pH 3-5 than at pH 7.5 and 9. Researchers have previously isolated 
proteases with optimal activities at acidic pH from Aspergillus r ~ i ~ e r . ~  

Purified PLNL is indeed a Iipase because it catalyzed hydrolysis of insoluble substrates 100 times 
more efficiently than crude ANL: orive oiI (0.29-0.62 U/mg protein for partially purified vs 0.005 
U/mg protein for crude) and ethyl butyrate (0.44-2.42 for partially purifird vs 0.02 Ulmg protein for 
crude). 

Discussion 
Because al1 lipases foliow the secondary alcohoI mie in Figure 1, it is not surprising that ANL 

d s o  foilows the mie. However, the reliablity of the rule for ANL is significantly Iower than for othvr 
iipases: 77% for ANL, but >90% for most other lipases. Although the lower reliablity may b e  an 
inherent characteristic of ANL (no sequence or structure is known for this lipase), it is most likely due 
to the contaminating arnidase. This amidase rnay favor the opposite enantiomer of secondary alcohols 



Table 5. Hydmlysis of DL-phtriyldaninmidt by Aspetgillw niger lipaseo 

*Reution conditions: 15 unils o f  lipase. room temperature. 25 mM subrcrate in 10 ml sodium aectatc bufkr ((00 mM) for pH 4. I 
and pH 5 and sodium phosphate buffu ( t  OO mM) fa  pH 7 5  and 8.9. Rcartions wcrc monitorcd by TLC ( I:l:. CHCIi:MeOH; 1 % 
NH40H)  and reminaicd whcn product and starting maicrial spots appeued appmxirnarcly qua1 i a  in~tnsiiy. DUn~r/rng = p t o I  of 
amide hydmiysed pcr minute pcr mg of  proicin. cEnanriomeric ercnics and dcgrre o f  ccnversion wert oemmincd by HPLC 
(Cmwnpak CR(+) column). E ms crlculaud from ee, and tep as dcfincâ by Chen. C. S.: Fujimoto Y.: Girdaukar. G.: Sih. C. S. 1. 
A m  Chem SOC. 1982, 101.729L7299. The prcierrcd enanitoma war L according ru h c  ordcr cf clution on the CR(+) coiurnn 
cornparcd io wthcnticsamples: chc D-cnanriomcr elriies first for both acid and amide. 

pH 

4.1 
5.0 
7.5 
8.9 

and thus account for the exceptions to the rule. A rzcent survey showtd chat lipases and the protease 
subtilisin favor the opposite enanriomers of secondary n l~ohols , '~  thus it is reasonable to suggest that 
the amidase in cmde ANL rnay a h  favor the opposite enantiomer. 

Many groups have identified contnminacing hydrolases in  crude AN-.'.' '." For example, Hofelman 

crude A m  
octivityb ee, ==P EC 
tutmg) 
0.016 29 >99 >LOO 
0.036 48 >99 >IO0 

0.0068 63 9 9  >LOO 
0.0058 59 >99 >IO0 

er al. identificd esterases, proteases and amClases as well as a lipase. The main commercial use of 
AMI. is in cheese-rnaking to accelerate the ripening of flavors.'; Both lipases and proteases contribute 

PP AN=- 
activityb 
rutmg) 
~0.0002 
~0.0008 
~0.0003 
~0.0002 

to this ripening. so there is no need for purer enzymes. For synrhetic appiicacions, however. a purer 
form of ANL would be useful. 

Our survey showed ANL. uniike other lipases, readily accepts positiveiy-charged subsuates. Carrea 
er al. found that ANL was tne best Iipase for deprotection of cephalosporin derivatives containing a 
carboxylate near the reactive site.I2 This result suggests thac ANL may aiso readily accept negatively- 
charged subsuaies. 

A protonated a-amino substituent was the most important fcarure for high enantioseiectivity of 
ANL toward carboxylic acids. ASL resolves srnaII ;O medium sized a-nrnino acids wirn very good 
enantioselectivity, but iarger amino acids reacr slowly wirh iower enantioselectivity. The L-enantiomer 
was always iavored as shown i n  Figure 1. Many proteases rrsoive amino acids esters.": but ANL is 
the only lipase thar shows high enantioseiectivity toward a range of amino aeid esters. 

AIthough crude lipase from Humicola lanuginosa rrsoived a-amino acids and ~,a-disubstituted 
ff-arnioo acids. ~ i u - e r  al. found that the rruecatalyst was an irnpuriry. Because ihis irnpurity did 
not catalyze hydroiysis of O-nitrophenyl butyrare or olive oit, it was probaoly a protease.'5 Simiiarly. 
Houng er ai. reported enantioselective hydrolysis of amino acid esters ta:alyztd by cmde PPL, but 
again the r u e  cataiyst may be a concarninaring protea~e. '~ 
For carboxylic acids, a rule based on the size of the substituents did no[ work for eithcr 

crude or purified ANL. This result suggests that eIectronic effects. specifically charge. control the 
enantioselectivity of AiK .  We estimate b a t  interactions of the lipase with the -NH3' or =NHz+ 
group con~ribute a factor of 40 to 100, corrrsponding to a 2.2-2.7 kcaVrno1 difference in  44G'. 
This-estimate corner from the enanrioselectiviti of ANL ioward substrates whox substituents at the 
stereoccnrer differ oniy in charge. Similarly, Rotticci er al. iound that electronic efiects influence the 
enantioselectivity of lipase B from Candida antarctica (CAL-B)." Replacing a bromo substituent by 
methyl changed the enantioselectivity of CAL-B by a factor of >30 (>Z kcal/rnol in AAGf) and  the 
enantioselectivity either decreased or increased depending of the localion of the substituent. 

Another unique feature of ANL is thac it cataiyzes ihe enantioselective hydroIysis of cyciic amino 
acids-proIine and pipecolic acid. This ability rnay be useful For synthesis of peptides containing - - 

cyclic arnino acids. Although some proteases can accept proiine, they aIso catalyze the hydrolysis of 
peptide bonds.I8 



Experirnenbl section 
General 

Lipase frorn ~ b e r ~ i l l u s  niger (AP-6) and Pseudomonas cepacia (iPL-80) were purchased frorn 
Amano International Enzyme Co. (Troy, VT). Lipase from Candida rugosa (type VII) and acetylcholine 
esterase (isolated from electric eel) were purchased from Sigma Chemical Co. (Oakville, Ontario). 
Chernicals were purchased from Sigma-Aldrich Chemical Co. (Oakville, ON) and used without 
further purification unless stated otherwise. D,L-p-Aminoisobutyric acid, ?A, and D.L-3-aminobutyric 
acid, 35, were purchased from Fluka Chemical Co. (Oakville. ON). D,L-dirnethyl tyrosine and D.L-2- 
aminoteualin-2-carboxylic acid. 37. were provided by Dr P. SchilIer, IRCM, Montréal. (t)-Ketoprofen 
chloroethyl ester. 46 and (f)-rnethyf-2-(4-chlorophenoxy)propanoate, 43, were provided by Dr Xan 
Colton. 

UItrafiltration was performed with an  Amicon ultrafiltration kit (Oakville, ON) under Ni, using 
a YM-10 Alter. ~ e i t i n g  points werc taken on an Elecirothcmîl melting point apparatus and were 
corrected- Protein concentrations were measured using a dye-binding assay t'tom Bio-Rad (Missisauga. 
ON) with bovine serum albumin as tk standard. Punfied ANL was desalted with Bio-Gel P6 (Bio- 
Rad), a size exclusion gel. Enzyme assays were camed out on a HewIett Packard 8452A diode array 
spectrophotometer equipped with a Pieslab RTE-100 water bath temperature control unit. The rare 
of Iipase-catalyzed ester hydrolysis was measured on a Radiometer RTS 822 pH stat. HPLC chiral 
stationary phase columns were purchased from Daicel Chemical Industries Ltd (Fort Lee, NJ). NMR 
spectra were recorded on either a Varian Gemini 200 MHz. Jeol 270 MHz or Unity 500 MHz NMR 
spectrome ter, 

Hydrolase activity was measured using p-nitrophenyl acetate (PNPA) as a substrate. An aliquot 
(5  PL) of enzyme solution wai added to phosphate buffer (1.00 mL, pH 7.5. 10 mM), aIlowed to 
equilibrate to 25°C. followed by addition of an aliquot (5 PL) of PNPA (50 mM solution in 1:l 
acetonitrile/ 10 m M  pncsphare ouffer. pH 7.5). The initial rate of formation of p-nitrophenoiate WU 

monitored at 25°C. 404 nm for 30 seconds. Activity was ratcuIared using the Beer-Lamben Iaw. 
with a ce11 length of 1 cm, and exrinction coefficient of 11.600 M" cm'' which accounts for the 
incomplete ionization ofp-nitrophenolate ar pH 7.5. Crude ANL showed an activity of 48 U/g solid 
( 1  -7 Uimg protein) with this assay. tT=pmol of ester hydrolysed per minute. 

Activity of tne partially-purified lipase towards olive oi1 (0.6-35 mM) and ethyl butyrate (9-250 
rnM) were measured at pH 5 (sodium acetate buffer. 10 mM) using a pH stat which maintained the 
pH at 5 by automatic titration with 0.1 N NaOH. insotuble su~s t ra te  remained during the vsay to 
ensure interfacial activation. 

Parrial purificarion of ANL by precipirarion wirh anr~rto~riuni srrlphare 

The procedure was carried out accordinp to NpYoun-Chen et ai.? Ali steps during enzyme 
purification were carried out at 3°C. Cmde lipase from Aspergillus niger (.4mano AP-6, 32 g, 1500 U 
by PNPA assay) was stirred in Tris-HC1 buffer (250 mL, 25 mmoi, pH 7.5) for 3 h, then centrifuged 
(10,000 rpm, 20 min) to remove insoluble material. Solid ammonium suIphate (36 g, 25% saturacion) 
was added to the stirring supernatant in srnall portions every 15 min over 4 h. The solution was stirred 
overnight. The resulting suspension was centrifuged (10,000 rpm. 20 min), the very small pellet was 
discarded, and additianal ammonium suiphate (5 1 g, 55% sa~uration) was added in small portions over 
4 h. The solution was stirred overnight then centrifuged (3000 rpm. 45 min). The supernatant was 
discarded and a brown pellet containing the lipase was dissoived in sodium acetate buffer (25 mL.  IO 
mM, pH 5). This solution was desalted with a size exclusion gel (BioGel-P6) using 1 O mM phosphate 
bufier, 10 m M  NaCI, pH 7 as eluent at a linear flow rate of 12.7 crnth. Fractiens were coilected 
and assayed using the PNPA ssay. Those fractions with lipase acrivity wer: pooied yielding 70 rnL 
of solution containing 189 units (13% yield). The solution was concentrated by ultrafiltration with 



an Amicon YM-IO membrane yieiding 13 mL (14.5 UimL. 4.25 mg pro te idml)  of lipase solution. 
Partially-purified ANL solution showed a specific activity of 3.4 1 U/rng protein accounring for a two- 
foîd increase in specific activity over the cnide preparation. and an enantioselectivity of >100 towards 
phenytalanine-methyt ester HCI. The dark brown solution retained full activity when siored a t  4°C 
with 0.02 wt/vol% NaN3 solution as preservative for at least 3 months. Wiih other lots of crude AW. 
the best paniaI-purification used 2 5 4 8 %  saturation with ammonium sdphate. 

Parrial purzjicarion of ANL by anion-erchange chrornarographp 

SeveraI lots of crude A N L  gave c 10% yield when purified by ammonium suiphate precipication. 
These lots were partially-purified by first precipitating ANL at 60% saturation with ammonium 
suiphaie, and second, anion exchange chromatography. The 60% peliet (385 units. 19% yield) was 
dissolved in sodium acetate buffer (23 mL, I O  mM, pH 5) and desahed with a Bio-Gel P-6 colurnn 
as described a ~ o v e .  The fractions were assayed using the PNPA assay and rhose with lipase activity 
were pooled. yietding 27 mL of solution containing 236 units. The phosphate buffer was exchanged 
for Tris-HCI buffer (25 rnM, pH 7.48) by ultrafiltration using an Amicon YM- IO membrane, for a 
final volume of 5 mL (4.00 U/mL, 2.18 Uimg protein). 

The solution (2.5 mL) was then injected onto a MonoQ anion exchange colurnn (MonoQ H R  515 
column, Pharrnacia, Baie d'Urf6, QC) equilibrated with Tris-HC1 buffer (25 rnM, pH 7.38) using a 
Pharmacia FPLC sysrem, The column was eIuted at a flow rare of O S  rnUmin with the same buffer for 
ID mL, foIlowed by a linear gradient of 0-0.5 M NaCl over 70 mL, then eluted with 0.5 M NaCl for 
10 mL. Fractions ( 2  mL) were collected and assayed by PNPA. Fractions 13-15 conrained hydrolase 
activity. The procedure was repeated and fractions 13-15 from borh runs were pooled, yietding 12 
rnL of solution containing 77 units (27% yield overall from the  60% pellet). ANL partially purified 
oy this technique showed a spccific activity of 7.74 U/mg protein accounting for a 4.5-fold increase 
in specific activity over the crude preparation and enantioselectivity of > 100 towards ohenylalanine- 
methyl ester HCI. The dark brown solution retained full activity when stored at 4°C with 0.02 wdvol% 
NaN3 solution as preservative for I rnonth. 

Synrhesis of esrers of carboqfic acids 

Esters of al1 carboxyiic acids were previousiy prepared in the Iiterature. 'H-NMR and "C-NMR 
data are provided because not al1 Iiterature references inciuded complete NMR data. Amino acid esters 
were purified by rrcrystallization From methanol/diethyi ether; al1 other esrers were purified by flash 
chrornatography. 

D.L-2-Phenylgl~~cine-methyL ester-HCI was prepared by Fischer estcr i f ica~ion:~~ 98% (white solid):  
mp= LXJ.I-I3O. 1 OC; Rf=0.5 1 (chIorofom:methanof=95:5): 'H-NMR (CD30D, 200 MHz) 6 3 -82  (S. 
IH), 4.88 (br S. 3H), 5.30 (S. 3H). 7.49 (m, SH); ';c-NMR (CD30D, 200 MHz) 6 54.9, 38.5, I 29.3, 
130.6, 131.3, 133.3, 169.6. 

D.L-Proline-ocryl ester-NCI, rnethyl ester of 32, was prepared by Fischer esterifi~ation:'~ 73% (ckar  
oil); RJ=0.8 1 (chloroform:methanol=50:50); 'EI-NMR (CDClj, 200 MHz) 6 0.87 (t, 3H). 1.45 (m. 
lOH), 2.1 i (m, 2H), 2-39 (m. 2H), 3.43 (m. 2H), 4. I O  (m. IH). 
2.6-DimethyI-DL-ryrosine-merhyl ester-HCl was prepared according to PitzeIe et al.:'0 70% (Iight 

brown solid); mp=139.4-140S0C: Ri=0.88 (ethyl acetate:methanot=3:2, 1 %  N&OH); ' H - M R  
(D20, 270 MHz) 6 2.18 (s, 6H), 3-06 (m. 2H), 3.67 (S. 3H). 4.16 (t, IH, J=8.3 Hz), 6-58 (s, 2H); 
1 3 C - ~ ~ ~  (CD30D, 200 MHz) 6 21.6, 31.8, 32.5, 54.4. 54.6, 1 16.6, 123.3, 139.5, 157-1, 170.6. 

O-Me-DL-Tvrosine merhyl esrer-HCI was prepared according ro Moersch er ai.:2' 85% (whire so l id) ;  
mp= 1 67-1 68°C; Rf=0.78 (ethyl ace~ate:methanol=3:2,1% NH40H); I H-NMR (6-DMSO, 200 MHz) 
6 3.10 (m. 2H). 3.68 (s, 3H), 3.75 (S. 3H), 4-21 (t. 1H, J=6.8 Hz), 6.90 (d, 2H, J=8.6 Hz). 7-17 (d, 
2H, 3=8.6 Hz); "C-NMR (CD30D, 200 MHz) 6 37.7, 54.2, 54.5, 56.2, 56.6, 115.7, 127.0, 1 31.5, 
160.5, 170.0. 

D,L-ten-Leucine-mefhyl ester-HC1 was prepared according to Brenner et al.:= 9 1 % (white solid); 
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mp=228.4234.7"C (sublimes without melting); R1=0.80 (ethyl acetnte:methanoi=3:2. 1 % N&OH); 
'H-NMR (DG. 500 MHz) 6 1-07 (S. 9H), 3.29 (s, 3H), 3.72 (S. IH). I3C-NMR (CD20D, 500 MHz) 
6 28.1, 34.8. 63.7, 182.9. 

(2)-Methyl B-arninoisobutyrate-HCl, methyI ester of 34. was prepared accoraing to Brenner et 
ai.:'? 99% (white solid): rnp=109.9-110.6°C: R,=0.76 (chlorofom:rnethanol=1:1); 'KNMR (D20. 
200 MHz) 6 1-16 (d, 3H, J=7.68 Hz), 2.85-2.93 (m, lH), 3.01-3.27 (m. 2H). 3.68 (s, 3H); I 3 C - N ~ ~  
(D20, 200 MHz) 6 17.9, 40.8,44.8, 56.3, 178.0. 
(2)-Merhyl3-aminoburyrare-HC1, rnethyl ester of 35, was prepared nccording to Brenner et Q C . : ~  

96% (yeltow oil); RI=0.79 (rnethanol:chIoroform=l:I); 'H-NMR (DIO. 200 MHz) 6 1.29 (d, 3H, 
J=6.9 Hz), 2.69 (d, 2W, J=6,1 Hz). 3.63-3.74 (m. LH), 3.69 (S. 3H); I3C-NMR (DzO, 200 MHz) 6 
21.6, 4l.5,48.O, 56-1, 180.1. 

(2)-Merhyl 2-antinorerralin-2-carbon),lare, methyl ester of 37, was prepared by the method of 
Obrecht et al.:z 486 (white soiid); mp= 13 1-132°C; R,=0.68 (hexanes:ethyl acetate=3: 1); 'K-,~TMR 

(CDCi3. 500 MHz) 6 1 -92 (m. 1 H), 2.16 (m. 1 H), 2.76 (d. 2H. 5=16 hz), 2.84 (m. 1 Hl, 2.99 (m, 1 H), 
3.30 (d, IH, J=16 hz), 7.06-7.13 (m, 4H). '"-NMR (CD30D, 200 MHz) 6 14.2, 25.3, 31.7, 39.7, 
56.6. 61.2, 126.1, 128.8, 129.7, 132.8, 134.5, 176.2. 

The N-Cbz derivatives 38 (R=Bn, Ph) were prepared frorn their respective methyl esters following 
a procedure by B ~ d a n s k ~ : ~ '  

D.L-N-Cbz-Phenylnlanine-nzerhyl a r e c  62% (yellow oil); R, =O32 (chIoroform:methanol=95:5); 
'H-NMR (CDC13, 270 MHz) 6 3.10 (m. 2H), 3-7 I (S. 3H), 4.65 (m. 1 H). 5.08 (S. 2H), 5.2 1 (br d, 
2H, 1-7.9 Hz). 7.09-7.33 (rn, IOH): I 3 C - N ~ ~  (CDC13. 200 MHz) 6 39.6, 53.5, 55.9, 127.4, 128-3, 
128.4, 128.8. 128.9, 129.5, 135.8, 136-4, 155.5, 171.7. 
D,L-N-Cbz-Phenyglycine-melhyl ester: 54% (white soiid); mp=79.8-82. i OC; +O-37 

(hexanes:ethyl acetaie=3:1); 'H-NMR (CDC13, 270 MHz) 6 3.72 (5, 3H). 5.09 (S. 2H). 5.84 cd, lH, 
J=7.2 Hz). 5.85 (br d, 2H, 3=5.67 Hz), 7.17-7-35 (m. 10H); !;C-NMR (CDC13, 200 MHz) 5 53.9. 
59.0, 68.1, 127.4, 128.3, 128.4, 128-6. 128.8, 128.8, 129.1, 1292. 136.3. 136.8, 155.2, 171.0, 

We prepared the octyl esters of 37 and 48 and the 2-chloroethy1 ester of 45 using 
a rnodified DCC coupiing ernploying a water soluble coupling rea9:nt (N-etiiyl-ff'-[3- 
(dirnethylamino jpropyl]~arbodiimide):~ 
(r)-2-Chlome~hyl2-phenylproparioare, chloroethyl ester of 35: 74% (yellow oïl); Rf=0.60 (hex- 

anes:erhyl acerate=3:1); 'H-NMR (CDCI3, 2GO MHz) 6 1.54 (d ,  3H. J=7.4 Hz). 3.64 (t, 2H. J=6 Hz). 
3.77 (q, IH, J=7 Hz), 4.3 (m. 2H), 7.2-7.4 (m. SH); '"C-NMR (CDsOD, 200 MHz) 5 20.0, 42.7, 
46.6, 65.2, 127.5. 137.8, 128.9, 140.2, 173.9. 

(2)-Ocryl tetrahydro-2-jhroare. octyl ester of 47: 69% (clear oil); Rf=0.59 (hexanes:ethyl ac- 
etate=3:1); 'H-NMR (CDC13, 200 MHz) 6 0.86 (br t, 3H, J=l .  13), 1-25 (br S. 1 ZH), 1.62 (m. 2H), 
1-94 (m, 3H), 2.28 (m. IH), 4.08 (m. 2H), 4.12 (t, 2H. J=6.8 Hz). 4.39 (m. 1H); I3C-NMR (CD3 OD. 
200 MHz) 6 15.7, 24.L, 26.7, 27.3, 30.0, 31 -6, 33-1, 66.0, 70.3, 173.2. 

(5)-Ocryl retrahjldro-3$~roure, octyl ester of 48: 73% (clear ail); RI=0.69 (hexanes:ethyL ac- 
etate-3:i); 'H-NMR (CDCI,, 200 MHz) 6 0.86 (br t. 3H). 1.37 (m. 12H), 1-60 (m. 2H). 2.1 (m. 2H). 
3.07 (q, IH, /=8 Hz), 3.854.04 (m. 4H). 4.1 1 (t, 2H, J=6.6 Hz); "C-NMR (CDCl;, 500 MHz) 6 
13:9, 22.4, 25.0, 25.6, 28.4, 28.9, 30.0, 30.6, 31.5, 64.8, 69.1, 72.4, 77.7, 103.0, 161.9. 
(&)-Merhyl-2-chloropropanoure, methyl ester of 49. (r)-2-Chloropropionyi chloride was added 

dropwise CO a stirring solution of methanol in an ice bath, under an amosphere of Nz. The reaction 
was allowed to w a m  to roorn temperature and was stirred for 1 h. The reaction was then neutraiized 
with saturated sodium bicarbonate, extracted with diethyl ether (3 x 15 mLj, dned over MgSOc, fiitered 
and concenuaced in vacuo: 89% (yellow oii); RJ=0.5 1 (hexanes:ethyl acetate-2: 1); 'H-NMR (CDCIj, 
200 MHz) 6 1.69 (d, 3H, Jz6.9 Hz), 3.79 (s, 3H), 4.41 (q, IH, /=6-9 Hz); I3C-NM~ (CDCI3, 200 
MHz) 5 23.0, 53.5, 54.1, 170.3. 



General procedure for ANL-cataiyzed hydrolyses of antino acid esters. esters of32-37 

Aspergillus niger lipase (25 units) was added to sodium acetate buffer (8 mL, 10 mM, pH 5) and 
stirred for 1 h to ensure complete dissolution- D,L-Amino acid esters (IO0 mg) dissolved in sodium 
acetate buffer (1 rnL, 10 mM. pH 5) were added and the rate of hydrolysis was monitored by pH 
stat which maintained the pH at 5 by automatic tination with 0-1 N NaOH- Reactions were usually 
terminated at approximately 40% conversion, as noted on the pH stat, by removing the enzyme by 
ultrafiltration with a YM- 10 Amicon membrane. The aqueous extract containing both the staning ester 
and product acid was concentrared in vacuo. The enantiomeric purities of the acid and ester were 
measured as described below and the enantiorneric d o ,  E, was caiculaced according to Sih.26 When 
the enantiomeric excess of both starting ester and producr acid couid not be detemined in a single 
HPLC run, the starting ester and acid were separated by adjusring the schtion to pH 8 with saturated 
NaHC03 and extracting the ester with ethyl acetate (3 x 15 mL). Etnanol was added dropwise during 
the workup to break up emulsions when necessary. The cornbined organic extracts were dried over 
MgS04, fiitered, and concentrated iti vacn.o, producing the ester. The aqueous p h s e  was concentrated 
in vacuo, yielding the product acid. There was no detectable chemical hydrolysis of the amino acid 
esters at pH 5 ,  

General procedure for ANL-catai)red hydrolyses of carbo.r),lic acid esrers. esrers 01'38, 39, 43-49 

The procedure was sirnilar to above, with the following changes. (r)-Carboxyiic acid esters (1  00 
mg) were dissolved in 2 r n t  diethyl ether and added CO the stirring enzyme solutions. The stining 
reactions were sealed with ParafiIm ro prevent appreciable evaporation of the ether Iayer during the 
reactions. Reactions were terminated at a convmient conversion Dy adjusting the soiution to pH 1 using 
1 N HCI and the product acids and starting esters were extracted with diethy! ether (3x20 mL). The 
staning ester and acid were separated by adjusring the solution to pH 8 with saturated NaHCQ and 
extracting the ester with ethyl acetate ( 3 ~  15 mL). The aqueous Iayer was adjustcd to pH 2 and the acid 
extracted with ethyl acetate (3x 15 mL). Ethanol was added Sropwise during workup to break up the 
emulsion and inactivate the enzyme. Both rxtracts were dried with Na2SOJ. filcered. and concentrated 
in vacuo. The enantiorneric rxcesses of the acids and esters were rneasured as described beiow and ~ h e  
enanriomeric ratio, E, was calculated according to ~ i h . ' ~  There was no detectable chemicai hydrolysis 
of the above substrates at pH 5,  

Delermination of enanriomeric puriry by HPLC using a chiral starionan phase 

High performance Iiquid chromatography (HPLC) was performed on a Spectra Physics Iiquid 
chromatograph, mode1 8800 equipped with a Spectra FOCUS forward optical scanning derectar. 
SP8880 aurosampler and Specu-a Physcis software. The analyticai chiral colurnns used for enantiomeric 
resoiurion were a Chiralpak AD amylose derivatized column, a Chiralcel OD column, a Chiralpak 
WH column and a Crownpak CR(+) crown ether derivatized column (Daicel Chernical Industries Ltd. 
Fort Lee, NJ). Enantiomeric excesses were measured as described bdow and the enantiomeric ratio, 
E, was calculated. The area OF the peaks was measured either hy electronic integration or cur and 
weigh when elecuonic integration gave unequal areas for the racemare. 

Enantiomers of the proiine, 32, were analysed with a Chiralpak WH column using 0.25 m M  CuSOo 
as eluting buffer with the detector set at 254 nrn: 50°C, 1.5 mumin,  kLt=2.25; kDr=3.90; (~=1.75;  
R,=2.77. ProIine was dissolved in eluting buffer ( 1  mg/mL), and neutraiized to pH 7 with dilute NaOH 
prior to injection. Proiine esters were hydrolysed with aqueous NaOH for analysis. The absolute 
configuration was established by cornparison with an authentic sarnple of L-profine. 

Enantiomers of cx- and B-amino acids, 33-35, their methyl esters, and phenyialaninamide were 
separated with a Crownpak CR(+) modified crown ether column, using aq, HC104 solution as eluent, 
with the detector set at 200 nm. Concentrations of O. 1 mg cornpound/mL mobile phase were injected 
for analysis except for alanine, 1.0 mgIrnL. Absotute configurations were inferred from the order of 
elution on a CR(+) column for which the Penantiorner always elutrs first and by the reponed orders of 



elution in i iterature for the compounds below." CAUTION: Aqueous soiutions containing perchloric 
acid shouId not be evaporated and can expiode if heated. 
Alanine: O°C, aq. HClOa p H  1.5, 0.4 mWmin, kD'=0.75; kLr=2.30; a=3.07; R,=6.00. 
.4lanine-nrethyi esrer: 25°C. aq. HC104 p H  2, 0.3 mumin, kDt=0.38; kLr=0.70; a=1.84: R,=I.8. 
Methionine: 2S°C, aq. HCIQ pH 2, 0-8 &min, kDt=0.82 k,' = 1.6; &=le%; R,=2.I 2. 
Methionine-methyl esler: SOC, aq. HC104 pH 2.0.8 rnifrnin, kDr=l -79: kL'=4.04: a=2.26; Rs=3.00. 
Phenylaianine: X°C.  aq. HCI04 p H  2, 0.8 m u m i n ,  k,'=3.93: kLt=5.20; rx=1.32; R,=3.86. 
Phenylalunine-methyi ester: 2S°C. aq. HC104 pH 1,. 0.8 mL/rnin. k,'=8 -29; kLr=l 0.09; a= 1-22; 

R,=2.76; and ac 5°C. aq- HCIOJ pH 15. 0.8 mUmin, k,'=lI-7: kLt=20.9: cx=1.78; R,=3.87. 
Pher~+aninaniide: 5°C. aq. HCIO4 pH 1.5, 0.8 mumin, kD'=7.66: kLr=14.8; ix=1.93; R,=5-05- 
2-Phe~zyigiycine: 40°C. aq. HClOJ pH 2, 1 .O m u m i n ,  kD1=l -37; k,'=4.46; a=3.25; R,=I O. 1. 
2-Phenylglycine-m~e~/ryl esrer: 40°C. aq. HClOl pH 2, 1 .O mWmin. ko'=3.89: kLT=1O. 18; &=2.62; 

Rs=IO.O, 
Qrosine: 25°C. aq. HCIO, pH 2 ,  0.8 mUmin. kD'=2. 11 ;  k,'=2.84: cx=1.34; R,=l.09. 
Qrosine-merh_vl esrer: 25"C, aq. HCIOJ pH 2, 0.8 mL/min. k,'=4.27; k,'=6.24: ~t=1.36; R,=1 -62. 
4-O-Me-Qrosine: 25OC, 1.2 rnWmin, aq. HCIOJ pH 2 k,'=6.62; kL'=8.73: a= 1.3 I ; R,=2.80. 
4-O-Me-ororine-merhl ester: 2S°C, aq. HCIOa pH 2. 1.2 mL/rnin, kD'=14.72: kLt=19.88; a= 1.35; 

Rs=1.89, 
2.6-dimerhyfryrosine: 25°C. aq. t i C 1 O ~  pH 2. 0.8 mumin.  kD'= 10.19: k,'= 1 1-29; cx=1.1 1 ; R,=0.84. 
2,6-diniethyiyrosine-nzet/z)'l esrer: 25OC. aq. HCJOr pK 2. 0.8 m u m i n ,  k,'= 10.89: kLr= 1 2.1 ! : 

R=L.I L; R,=1.08. 
Tr),ptop/zan: 2j°C. aq. HCIO., pH 2, 1 2  mlirnin, k,'=l L.6 1 ; kL'= 14-32: a=L -23: RS= 1.20. 
Tvprophan-nrerhyl esrcr: X 0 C .  aq. HCIOJ pH 2, 1.2 mumin, k,'=24.6 1 : kLf=32.47; a= 1-22: 

R,= 1-40. 
8-Anzinoisobupic acid, 34: 0°C. aq. HCiOj pH 1. 0.4 W m i n .  kDr=3 .48; kLr=4.15: I X = ~ .  19; R,= 1.04. 
Merhyi B-anzinoisobu~raie: O°C, aq. HCIO,: pH 1.5, 0.a rnllrnin, kD1=3,03: kL'=4.00: a= 1.32; 

R,=1.63. 
3 - A n t i n o b u ~ ~ i c  acid. 35: 0°C. aq. HCIOa pH 1.5, 0.d mWrnin. kU'=2.05, kL'=2.64, a=! 2 9 ;  R,= 1-29. 
Merhyl3-arninobu~*rare: 0°C. aq. HCIOJ pH 1.5, 0.4 mUmin.  ko'=4-19; kL'=5. 17: ct= 1.23: R,=1.73 

Enantiorners of 43, 2-(4-chlorophenoxyfpropionic acid, were separated using a Chiraipak AD 
column as oescribed previously by Coiton er al.:'' 2% am. 25°C. hexanes:isopropanol:trifluoroacetic 
acid=95:S:l, 0.5 mL/rnin, ksf=2.13; kR1=2.80; oc=l.3!; R,=3.78. The absolure configuration w.s 

estabIished by comparison with the reponed order of elution oy the coiumn manufacturer. The ester 
of 43  was hydrolyzed to 43 with 1.5 rquivalents of aqueous &OH prior to analysis. 

Enantiorners of 38 (R=Bn. Ph) ana 45 were separat~d using a Chiralcd OD colurnn. The tsrer 
of 4 5  was hydroIyzed to 45 with 1.5 rquivalents of aqueous NaOH prior to analysis. The absolute 
configurations were es~abiished by comparison with the reported order of eiurion by the coIurnn 
manu facturer. 

2-Phenylpropionic acid, 45: 254 n m .  25"C, hexanes:isopropanol:forrnic acid=98:3:1, 0.5 mL/rnin, 
kR8=3 -35; kS'=4.05; E= 1.2 1 ; R,=2 13. 

N-Cb;-Pherrylalanine: 254 nm. 25°C. hexanes:isopropanol:iriAuoroaceric acid=79:20: 1,O.S ml fmin ,  
kDt= 1.84; kL'=2. 13; LX= 1.16; R,= 1 -52. 

N-Cbz-Phenylalanine-merhyl esrer: 254 nm, 25°C hexanes:isopropanol=80:20, O S  mWmin, 
kLr=4.74; kD'=5.34; ûc= 1.13; Rs=l .47. 

N-Cbz-Phenylglycine-rzïerhyl esrer: 254 nm, 3YC. hexanes:isopropanol=80:20, 0.5 r n l l m i n ,  
kSf=2.87; kR'=3.37; (x= 1.17; R,=2.00. 

Deternrination of enantionretic purir), by ' H-NMR 

The racemic esters of 47 and 48 were dissolved in CDCI3 and the ' H-NTVIR speccra were obtained 
using a 300 MHz spectrorneter. Solid uis[(3-heptafl uoropropylhydroxyrnethy1ene)-(+)-camphorat01 



3732 L. E. JANES and R. J .  KAZLAUS KAS 

europiurn(II1). E ~ ( h f c ) ~ ,  was added portion-wise until separate signais for the COOCHz rnethylene 
triplet of the racemic octyl esters were obtained. The triplets of 47 were separated by 3-4 Hz and those 
of 48 were separaced by 3.7 Hz. The number of equivatents of shifc reagent necessary to obtain the 
separarions was then added to the esters for which the cnantiorneric purity was to be detemined. The 
absoIute configurations were not determined. 

Dererntination of enartrionreric p u r e  by gas chronrarography rcsing a chiral s t a r i o n a ~  phase 

Gas chromatography was perfonned on a Varinn 589-Series II gas chromarograph equipped with 
chirai stationary phases. 

Enantiomers of methyl mandelate (methyl ester of 44) were separated on a Chiraldex G-TA30 
coiumn (Astec Inc.. Whippany, NJ) which contained 2.6-di-O-pentyl-3-O-rrifluoroacetyl derivative 
of y-cyclodextrin as the stationary phase: 1 IO0C. split ratio 1 15: 1. ks'=i7.8; kR'=l 8.4: a=1.03; 
R ~ û . 9 1 .  Product acid was convened ro the ester derivative with echereal CHzN2 for anaIysis- The 
absolute configuration was established by cornparison with the reponed order of eiution by the column 
manu facturer. 

Enantiomers of the rnethy l ester of 49 were separared using a Chirasil-DEX CB coiurnn (Chrompack 
Inc-. Raritan. NJ) which contained a poiydimtthylsiioxanederivative of  fi-cyclodcxirin as the stationary 
phase: 60°C, kS1=3 -8; kR'=4.47; a=l. 17; Rs=5.00. Producc acid 49 was convertcd to the rnethyl ester 
for analysis by dissolution in methanol containing a çatalyric arnount of sulfuric acicf. Tne absoiute 
configuration was esrablished by comparing the order of elution with an authentic sarnpie of (5)- 
methyl-2-chloropropanoate. 
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Hydrolase-catalyzed resohüons of racemates are orten 
the best route to enantiomencdy pure cornpound~.~ 
These reactions are often more selective and cheaper 
than chernicd mefAods. To fhd an enantioselective 
hydrolase for a target compound, researchers firçt screen 
commercial enzymes and cultures of microorganisrns and 
then optimize the reaction conditions. Both screening 
and aptunization require measuring the enantioselectiv- 
ity of the reaction. The enantioselectivity of  an enzyme 
is the ratio of the specificity constants, K&KM, for the 
enantiomers, eq 1.z3 

enantiomeric ratio = E = ( k c a J G k a s t  enant 
(1) 

( k c a t / K ~ ) s l o w  enant 

Currently, the best method to measure E is the 
endpoint method developed by Sih's g r ~ u p , ~  but screening 
hundreds of commercial enzymes or cultures of microor- 
ganisxns by this method is time-consurning. To measure 
E, researchers nin a test resolucion, work up the reamion, 
and rneaçure conversion and enantiomeric purity of the 
s t a n i n g  material o r  product. A Spica1 example, rneasur- 
ing the enantioselectiviw of a hydrolase toward 1, 
required approximately 4.5 h. 

Recognizing this difficulty, researchers have reported 
alternative methods to measure E by measuring initial 
rates of samples witn varying ratios of enantiomers4 or 
by analyzing reacGion progression c u r ~ e s . ~  Unfortu- 
nately, they are not signiiïcantly faster and can be less 
accurate than the endpoint method. In this paper, we 
report a method to measure E in I min kom reiative 
initial rates of hydrolysis of pure enantïomers and a 
reference compound. Researchers previously used mk- 
tures of substrates i o  measure enzyme selectivity."e 
excend these techniques to enantioseiectivity and co rapid 
spectrophotometric measurements. 

Hydrolyses of pure enantiomers of 4-nitrophen yl 2-phe- 
nylpropanoate, (S)-l and (RI-1, and 4-nitrophenyl244- 
isobutylpheny1)propznoar;e (ibuprofen 4-nitrophenyl es- 
ter), ( S 2  and (R)-2, iiberates the yellow p-nitrophenoxide 

-- - 
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York, 1992-1997. Faber, K. Biotmfirmations in Orgarzic Chemistry. 
2nd ed.; Springer: BerLin, 1995. 
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man: New York. 1985; pp 103-106. 
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(4) (a) Jongejan. J. A.; van Tol J. B. A; Geerlof, A; Duine, J. A 
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Figure 1. First step of the quick E measure of enantioselec- 
tivity of lipases mward Cnitrophenyl2-phenylprapanoate, 1. 
Lipase-cataiyzed hydrolysis of C3- l  and the reference corn- 
pound, resorufin tetradecanoate, yields yeiiow and pink: chro- 
mophores, respeaiveIy. The solution turns deep orange if both 
substrates are hydrolyzed, pink if only the refèrence compaund 
is hydrolyzeé The second step of the quick E is the same. 
exce_ot that it uses the CRI-enantiomer of the c h i r d  ester. 
Equationç 2 and 3 pteld the enantioselectivity. 

ion.' The increase in ahorbance at 404 n m  revealed the 
initial rates of hydrolysiç of each enantiomer, but the 
ratio of these rates did not give the enantiorneric ratio, 
Table 1. The ratio of races over- and underesbated E 
by zis much as 70% because it ignored cornpetitive binding 
of the two enantiomers to the enqvme. In other cases, 
researchers Îound that ciifferences in KM for the enanti- 
omers contributed a factor of 3-4 to 'Jie enantioselectiv- 
ity." 

To reintroduce cornpetition, we added resorufin tet- 
radecanoate as a reference cornpo~nd.~ We monitored 
th2 initial rates of'nydroi-mis of CS)-1 at 404 nm and the 
reference compound ai; 572 nm in the same solution, 
Fimaure 1. *Ffter taking into ôccount the initial concentra- 
tions of both substrates, the ratio of these rates yielded 
the seiectivity of the hydrolase for (SZI over the reference 
compound, eq 2. 

A second experiment usuig (RI-1 and the reference 
compound yielded the selectivicy of (RI- 1 over the refer- 

(7) Enantïomericaily pure acid and 4nitmphenol were mupbd using 
1 equiv of N-ethyl-hr-[3-(dimethyiamino)propyll carbodiimide and 1 
equiv of 1-hydroxybenzotriazole in anhyckous dichlorornethane at O 
'C for 15 min and then stirred at room remperacure for 48 8. Esters 
were purified b y  column chromatography on siiica gel elut& with ethyl 
acetace and renystaiiized fram hexanedethyl acetace, 44-60% yield. 
(RI-1, 99.7% ee: ISl-1, 99.42 ee; (RI-3. 98.246 ee; (Sl-3, 99.6% ee. 
Starikgacids showed the same enantiomeric purity. AU enantiomeric 
purities were measured by EIPLC usïng a Chiracei OD-H coiumn 
(Daicel) at 23 OC. eIuted at I mUrnin. ZPhenyIpropanoic acid (98/2,1 
hexaned2-pmpanoIItrifluomacetic a d ,  k~' = 3.35; ks' = 4.05; a = 1.2; 
R, = 2.13); 244-isobutyiphenyl)pmpanoic acid (100/1/0.1 hexanesl2- 
propanoUtrifiuoroacetic acid, hR' = 3.31; ksO = 4.27; c = 1.19; R, = 
2.43): 3 (100/i./O.l hexanem-propanoVtrinuoroacetic acid, k~' = 2.41; 
ks8 = 2.93; a = 1.21; R, = 1.66). For analysis, samples of 1 were 
hyàrolyzed to the acid in aqueous NaOH. 
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Table 1. Enantiomeric Ratios of Hydrolases toward (&)-L and (i3-3 Measured Using the Endpoint Methoda and the 
Ratio of Separzitely-Measured Initial Rates of Hydrolysis of the Enantiomers 

substrate Lipaçeb @esc (8) eepc (961 cd (%) EC endpoint initiai ratd(S) initial radCR) rate ratio SIRg 
I PCL nd 67 60 29 i 3 15.32 0.771 20 k 1 
L CRL 17 50 25 3.5 f 0.2 2.81 2.38 1 ,' 0.2 
1 PA-CRL 43 98 30 > 100 3.56 0.092 40 -L2 
1 PPL nd 2 4 1-1 -t 0.1 1-11 0.757 1-4 0.1 
1 CAL-A 20 23 37 1-9 5 0.1 1.40 0.355 4 -L 0.2 
3 PcL 28 43 -2 39 3.3 & 0.1 B) 0.535 0.579 1.1 0.1 CR) 
3 CRL 5.3 14.5 27 1.4 zk 0.1 0.330 0.274 1.2 & 0.1 
3 PA-CRL 40.1 >99 29 > 100 0.702 0.0128 55 5 

a Reaction conditions: mom temperature, 10 mM Tris buEi ,  pH 8, 100 mg of crude Lipase or 0.7 mg of protein for IPA-CRL, 1 mm01 
of substrate dissohed in 1 mt of acetonitrik For spectrophotometric measurements, the Iipases were dissolved in Tris buffer (25 mM, 
pH 7.5) and centrifuged to remove insohbie material. PCL (Iipase fkom Pseudomarzas cepacia, Amano iipase PS, 29.3 m g  soIid~mL1, CRL 
(lipase from Candida rugosa, Sigma, 36.9 m g  of solid/mL; 0.5 mg pro te in /d  by the Bio-Rad protein assay). IPA-CRL (CRL treated with 
2-propanol as  in ref 12a; 0-7 mg/rnL of protein by the Bio-Rad protein assag), PPL (porcine pancreatic lipase, Sigma, 42-3 mg ofsolidfml), 
CAL-A Clipase A from Candi& antarc&ca. Boehringer Mannheim. 18.2 mg of solidhL). ee, = enantiomeric excess of remainmg substrate. 
eep = enantiomeric exceçs of product. Determined by RPLC as desaibed in ref 7. d Extent of conversion. Enantiomeric ratio calculated 
using eq 2. Error Iimits for E were estiniated assuming an errur of il% for enantiomeric puritp. A11 hydrolyses îavored the iS)-eoantiomer 
except the PCLcatalyzed hydrolysis of 3, which favored the U&entmtiomer. f Substrates were emulsified in aqueous solution according 
to: Vorderwulbecke, T.; KiesIich, K.; Erdmann, EL Enzyme Microb. Technol. 1992, 14, 631-639. -An acetonitrile solution of 1 (7.8 mM, 
0.5 mL) or  3 19-04 mM, 0.5 mL) waç added dropwise to Tris buffer (9 mL, 50 mM, pH 8.01 containhg 0.45-0.90 w/v % Tritan X-100 
(Pierce Surfact-Amps) and vortexed util  clcar. This emulsion remaïned dear for at ieast 3 h. To mesure  initial rates of nydrolysis, the 
Iipase solution (100 pi , )  WBÇ added to the substrate emulsion (900 pi2 at 25 OC, and the increase in absorbance a t  404 nm was monitored 
for 15 S. No spontaneous chemical BydroIysis was detected. Values are in absorbance per second x IO3. g Average and standard deviation 
for three experiments. 

Table 2. Enantiomeric Ratios of Hydrolases toward  (3-1 and ( 9 - 3  Using the Quick E Method  

(Sinantiorner t refb CRI-enantiomer - reib 

subsnace l ipase 404 n m  572 nm 404 nrn 573 nm EC qui& E 
1 PCL 13.2 9.79 0.379 7-50 29 i 3 
1 CRL 1.02 9.48 0.28 9.02 3.5 0.3 
1 IPA-CRL 1.89 7.58 0.004 3.68 210 = 20 
1 PPL 0.199 0.186 0.125 0.164 1.4 I 0.3 
1 CAL-A 3-15 1.53 0.824 1.47 2.3 I 0.2 
3 PCL 0.3341 6.78 0.5750 4.709 2.5 = 0.3 CR) 
3 CRLd 3.408 49.3 1.342 02.16 3 2 2  
3 PA-CRL 3-154 8.78 ~0.01 5.767 > 140 

a See Table 1. Substrate solutions as for Tabie 1. out an acetonitrile solution o f  resorufin cecradecanoate (0.5 mL, 1.6 mM) v:aç d s o  
added. The Lieerated 4-nicrophenoxide and resorufïn were measured in zwo separate measurements at 304 and 572 nm, respectively, a t  
25 "C for 15 S. No spontaneous chemical hydrolysiç was detected. Values are in absorbance per second x IO3. Enanuomeric rano 
caicu!ared using eq 3. Average and standard deviation for three measurements- CRL (lipase fiom Candida rugosa, Simgma, 314 mg 
solid/mL. 1.9 mg protein/mL Sy the Bio-Rad protein açsay). 

ence compound. The rat io  of these i;wo selecnvi9es yields 
the enannomeric ratio,  eq 3. 

. . 

selectivïty 
reference 

The quick E rnethad agreed with the endpoint method 
for both 1 and 2 us ing  Eve different l ipases,  Table 2. We 
measured low (E = 1.Q average (E = 271, and excellent 
(E = 210) enantiomeric ra t ios  correctly by chis technique. 
Each hydrolysis exper iment  requires  30 s; thus ,  the 
measurement Lime for E was only one minute. 

There are three advancages to  the quick E method. 
Firs t ,  it is m a n y  times faster than a t y p i c d  endpoint  
measurernent, yet has equivalent o r  better accuracy. 
Accuracy may be  parcicularly important for screening in 
directed evolution wnere the improvements  of each 
generation are small.1° Note that qu ick  E is based on 
the same equat ions  as the endpoint methods,  so  inac- 

- - -  - 

(8)  Wu, S. H.; Guo, 2. W.; Sih, C. J. J. Am. Chem- Soc. 1990.212. 
1990-1993; van der Lugt, J. P.; EIfri.uk. H.; Evenaar, J.; Docidema. 
K J. In Microbial Reagents Ur Organic S y n t h i q  Servi, S, Ed,; Kiuwer 
Acadernic Dordrecht. 1992; pp 261-272. 

(91 Resoruiin acetate can dso serwe as a reference compound. 
Prwious use of resoniiin acetate as a chromogenic lipase substrate: 
Iuamer, D. N.; Guilbault, G. G. Anal. Lett. 1064, 36, 1662-1663. 
Herrmann, R. Cirirnia 1991.45,317-318. 
(10) Moore, J. C.; Arnold, F. H. Nature Biotechnol. 1996. 14, 456- 

468. 

curacies of che endpoint  method aIso a p p l y  quick E.I1 

Second, it requires rnuch smaller a m o u n t s  of hydrolase 
'Decause îhe en t i re  reaction occurs in the speccrophotom- 
eter. This advantage may be especially useful for screen- 
ing biocatalyst iibraries. Third, che qui& E rnethod can 
m e s u r e  high enanciaselectivities m o r e  eas i ly  chan the 
endpoint rnethod. 

There a r e  also severai disadvancages t o  this screen. 
Fîrst, it requ i res  pure enmtiomers, a l b e i t  in small 
amounr;ç (-20 ;cg p e r  measurement  in a 200 u L  cuvette). 
Second, the curent version of quick E measures the 
enantioselectivity only for  chromogenic substrates, Fu- 
ture versions of quick E vil1 extend the r a n g e  co ail 
esters. Tkird, ç p e c t r o p h o t o m e ~ c  m e a s u r e m e n t s  require 
c lear  soIutions, Dissolving hydrophobie s u b s t r a t e s  in 
aqueous solution requires addition of surfactants. 
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(11) Due to assumpüons made in deriving eq 1, hoth the enàpoint 
method and qui& E wiil give inaccurare enantioselecüvities in two 
cornmon situatians-impure biocatalyst and reactions inhibited by 
product. 
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Quantitative Screening of Hydrolase Libraries Using p H  Indicators: 
Identifying Active and Enantioselective Hydrolases 

Lana E. Janes, A. Christina Lowendahl, and Romas J. Kaziauskas* 

Abstract: The slowest step in finding a 
selective hydrolase for synthesis is often 
the screening step. Researchers must 
run small test reactions and measure the 
amounts of stereoisomers formed by 
HPLC, GC, o r  NMR We have devel- 
oped a colorimetric method to speed up 
this screening- We quantitatively detect 
ester hydrolysis using a pH indicator, 4- 
nitropheno1. We estimate the selectivity 
by measuring the initial rates of hydrol- 
ysis for pure stereoisomers separately. 

To demonstrate the utiiity of this meth- 
od, we screened seventy-two commer- 
cial enzymes for enantioselective hy- 
drolysis of racemic soiketal butyrate, an 
important chiral buildkg block. F~rst, 
we e h i n a t e d  the twenty nydroiases 
that did not ca tal-vze hydrolysis of either 

enantiomer. Next  we measured initial 
rates of hydroIysis of the pure enan- 
tiomen of solketal buryrate. For horse- 
liver esterase, these initial rates differed 
by a factor of twelve. Subsequent GC 
experiments confirmed an enantiomeric 
ratio of fifteen for this hydrolase. ,41- 
thou$ this enantioselectivity is moder- 
ate, it is the highest enantioselectivity 
reported for a hydrolysis of solketal 
esters. 

Introduction lane&methanol), reIeases a proton (Scheme 1). We measure 
the rate of proton release using a p H  indicator. 

Chemists often exploit the high stereoseiectiviry and re,- =rose- 
lecrivity of hydrolytic enzymes to solve synthetic prob1ems.I1l 
For example, researchers use sdective reactions cataIyzed by 
lipzses to prepare enantiomericaIly pure pharmaceurical 
intermediates and to selectively deprotect sensitive synthetic 
intermediates. One iimitation to the wider use of hydrolases is 
the diiiculry in finding the best hydrolase for a given reaction. 
Although several empirical rulesm can assist in the selection 
of likely candidates kom the fifty to one hundred hydroiases 
cornmerciaIly available, most researchers also use screening. 
To screen for selective hydrolases today. researchers run a 
small reaction for each hydroIase, work up the reaction. and 
determine the ratio of stereoisomers by HPLC, GC, or 
NMR-i3! At best, one determination takes four hours. To save 
time researchers rarely screen a11 commerciat hydrotases and 
likely miss good hydrolases. 

To speed up this screening, we have devdoped a quanri- 
tative, colorimetric assay for hydrolysis of esrers using pH 
indicators. Hydrolysis of an ester at neutral pH, for example 
solketal butyrate (1, butyryl ester of 22-dimethyI-13-dioxo- 

[*I Prof. R J. KazIauskas L. E. Jnnes. Dr. A. C Lawendah1 
Dcpanment of Chemistry, McGili University 
801 Shcrbrooke S r  W,. Montrial. Quibec 
H j A  2K6 (Canada) 

Scheme 1. Hydroyisis of solkeral outyr2te a: nrutrai pH. 

Researchers have used pH indicators to monitor the 
progress of enzyme-catalyzed reactions tha t  release or con- 
sume protons since the 1940's.14.'? For example, researchers 
have monitored reactions cataiyzed by amino acid dccarbox- 
ylaseJq carbonic anhydrase,I71 cho~inesterase,!~] hexoki- 
nase,f9. lo) and proteasedlll Many researchers either used a 
pH indicator assay qualirarive1y o r  caiibrated the color change 
with additional experiments. 

However, by choosing the reaction conditions carefully, one 
can ensure that the color change is proportional to the number 
of protons. In particular, both the buffer a n d  the indicator 
must have the same affinity for protons (pK,s within 0.1 unit 
of each other) so that the relative amount  of proronared 
buffer to protonated indicator stays constant as the pH shifts 
during the reaction. Researchers defined t h e  proportionaIity 
between the rate of indicator absorbance change and reaction 
rate as the buffer factor, Q.L6n7. When the pK,s of the  
indicator and buffer are the same, Q is given by Equation (I). 

Fax: (+ I) 514-398-3797 where C represents the total molar concentration (sum of acid 
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and base forms) of bufier (B) o r  indicator (In), AE represents 
the difierence in extinction coefficient between the proto- 
nated and deprotonated f o m  of the indicator, and I 
represents the path length. The true reaction rate is given by 
Equation (2). where dAldt is the rate of indicator absorbance 
change. The highest sensitivity (iargest dA/dc) occurs when Q 
is srnail. Thus, lowering the buffer concentration o r  increasing - 
the indicator concentration increases the sensitivity of the 
assay. 

dA 
x Q x reaction volume x 1116 (2) 

We used this assay to screen for enantioselective hydrolases 
in 96-weii microplates (Figure 1). Using pure enanriomess, w e  
separately measured the initial rates of hydroIysis of each 
enantiomer. Hydrolases that showed Iarge differences in the 

R ester 

I i; ""' 
inactive hyurolase 

0 0 active. but nonçaleaive nydrolase 

O (Fi)-selaive hydrolase 

O (9-sdective hycrolase 

Figure 1. Schemaiic &a-gram of the coforirnerric scrern for znantioseiec- 
tivity. The c h i e s  reprtsent wells in a micropiare containin3 either rhe R or 
the S enantiomer. Hydralysis of an ester rcleases acid rnar dtcolorizes the 
pK indicator. Dark circles represent no  reactian. wnilc the white circies 
represtnr welIs in which nyaroiysis occurred. This diagram exaggeraces die 
color cnange: in practicc the cdor  change is nat visibie to rne eye. Th= 
hydrolase is rejecred if n:ither enanriomer reacts or if ~ 0 t h  enantiornrrs 
r-act a t  sirnilar rates If one eaantiorner r=acts significantiy fasrer :han the 
ocher. then rhe hycroiase is t s t e d  funher. Note that measuring the rates of 
hydroiysis of pure enanriomers separately givts only an cstimnted 
enantioseiectivity. nor the :rue enancioseteaivity (see r d  [131)- 

initial rates of hydrolysis of the two enantiomes werr further 
analyzed by traditional rnethods to determine enanrioselec- 
tivities[jl Note thar the ratio of separately me~sured  initial 
rates of hydrolysis of the enantiomers is not the m e  
enantioselectivity, so this screening provides only an estimat- 
ed enantiose1ectivity;i~ To ninimite the amount of pure 
enantiomrrs needed, we fint screened using racemic substrate 
to  elirninate hydrofases that did not catalyze hydrolysis of the 
racemic substrate. Whittaker et al. measured the  esterase 
activity of protrases in 96-well microplates ming a simiIar 
a~say . t~~ ]  However, their assay required additional caiibrarion 
expenments because it did not use an indicaror-buffer pair 
with the same pK, values. 
To demonstrate this method, we screened a library of 

seventy-two commercia1 hydrolases (lipases, esterases. and 
proteases) For enantioselective hydrolysis of solketal butyrate, 
an important chiral building block in the synthesis of 
pharmaceuticals and biologically active ~ o r n ~ o u n d s . [ ' ~ ~  Many 
researchers have searched, without success, for a highly 
enantioselective hydrolase that could resolve this substrate.ltq 

For hydrolysis in water, the highest enantiomeric ratio was 9 
for a proteinase from Aspergillus oryzaeJJq while for acyIation 
of solketal in organic solvent, the highest enantiomeric ratio 
was 20-25 for a lipase from Pseuciomonas species (Lipase 
AE().['q Our screening, which is easily campleted in one 
afternoon, has identified a new hydrolase, horse-liver ester- 
ase, with an rnantiomeric ratio of 15 for the  hydrolysis of 
soIketaI butyrate. This is the highest enantioselectivity yet 
reported for hydrolysis of a solketal ester. 

Results 

Opfimizing sensitivity of the assayr Since most hydrolases 
have maximal activity near neutral pH- w e  developed the 
zssay for pH 73. -4s a pH indicator, we chose 4-nitrophenal. 
The sirnilarity of its pK, (7.15[*7) ta the pH of the reaction 
mixture ensures that changes in pK give a large and linea- 
color chansefl The Iarge difference in t h e  extinction coef- 
ficients of the protonated and deprotonated forms (200 v, *rsus 
18 000 M-' cm-' at 304 nm) gives good sensirivi&181 Fïnally. 
nitrophenols bind less strongly to proteins than some poiy- 
aromatic indicat~rs.['~! The concentration of the pH indicator 
snould be  as  high as possible to maxirnize sensitivity [Eq. (l)]. 
In o u  assay, the high initial absorbance of 4-niuophenoxide/ 
4-nitrophenol !irnited the concentration ro 0.45 mx[zO1 This 
concentrarion gave a srarting absorbance o f  = 1.2, where the 
accuracy is suI1 not compromisrd by low light Irvels. 

As a bufier, we chose BES [NjV-bis(7-hydroxyrthyI!-2- 
aminoethanesuifonic acid] -becausc irs pK, (7. l5l3]) is identical 
to that of Lnitrophenol. This ensures that changes in proton 
concentration during the reaction give iinear changes in 
absorSan~e-[~l  We empirically determined a n  optimum buffer 
concentration of approximately 5 r n ~  (see b elow). Tnis value 
is a compromise bctween low buffrr concentrations to 
rnaximize sensitivity [Eq. (l)]. and  hi& buff e r  concentrations 
to ensure accurare measurements and srnail  pH changes 
throughout the assay (< 0.05 pH units for 10 % hydrolysis 
uncier our conditions). The small pH changes are important 
Decause kinetic constanrs zan cnange with changing pH. 

Suitable substrate concentntions :anged £rom 0.5 to 2 m ~ .  
typicaliy 1 m x  At substrate conccntration beiow 0.5 mM, the 
aosorbance changes are too small to be detecred accurately 
under our standard conditions For exampIe, hydrolysis of 5 % 
of a 0.25rnh.r substrate concentration under  Our standard 
conciitions (pH 7.2, 0.45 n~ 3-niuophen 01, 5 r n ~  BES). 
changes rhe absorbance Dy only 0.005 absorbance units. 
Solubility in water sets the upper iirnit of substrate concen- 
tration because spectrophotometnc measurements require 
clear solutions. Typical organic subslrates dissolve pooriy in 
water. so we added organic cosoivent-7 v o l  % acetonitnle. 
For very insoluble substrates. we used previously prepared 
dea r  emulsions wil3 detergent~.['~1 

Quantitative vaiidation of the assay: To confirm that the color 
changes accurarely measured the release of protons, we 
experirnentally determined the factor Q and compared it with 
the theoretical Q, calcuIated using Equation (1). First, we 
mirnicked the proton release upon hydrolysis of the substrate 

C h m .  Eur. 1. 1998.4, No. 11 <Q WLEY-VCH Vcrlnrr GmDH. D-69451 Weinheirn. 1996 0947-6539~81iMIl-2325 5 175*.25/0 2325 
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by addition of Ha. Figure Z The absorbance decreased 
linearly owing to protonation of the 4-nitrophenoxide. The 
reciprocal of the slopes corresponds to the buffer factor, Q, 

HCt added (M) 

figure 2. Scnsitivity of rhe assay solution co adoed acid. Tne yellow coior 
of the assay solution decreased iinwriy (regression factor=0,97 for 
245 mM ; > 0-99 for a11 other conccnuarions) in eacn sol ution. For r givcn 
amount of acid. solutions with tower coccenrra:ions of buffer showed iarger 
coior cnanges. For buffer concenrration above 2 n ~ .  the experirnentaIIy 
measured slopcs were within 5% of the theoreticai slopcs calcuiated by 
rneans of Eq uation (1) (wnere AE = 1 7 8 0  M-' cm-'. 1 = 0 2 9 2  cm. C,, = 
0.447rnM). For ouifer concenrrations below ZmM. the :xperintncal and 
theoretiai slopts disagreed 'Dy > :O%, We chose a buffer concentration of 
5 mM to maximire sensitivity wirhour rornpromising accumcj. Eacii point is 
an average of four rnrasurementr wirh varia~ion < 3 %  berween each 
rneasurernent Ail Iines are normaiized to a staning absorbance of 1.4. 

calculated by means of Equation (1). As expected, the 
decreases were aU iiiear and the sIopes increased with 
decreasing buffer concentration. However, below 2 m ~  bu:- 
fer, the experimentally measured dopes disagreed with the 
theoretical slopes by more than 10 %. W e  chose 5 m ~  as the 
buffer concentration for Our assay as a compromise between 
accuracy and sensiuviry. 

Srnall changes in reaction conditions did not compromise 
the sensitivity or accuracy of this assay. The mezsured value of 
Q did not change by more than the experimentai error 
( ~ 5 % )  upon adaition of 7 %  of acetonitde or ciimethyl 
sulfoxide. The measured value of Q also \vas not changed by 
unknown buffer saits in the commercial hydrolases or by 
added CaClz ( 2 m ~ )  in the stock solutions of proteases 

As a test reaction. we rnonitorrd the hydrolysis of racemic 
solketal butyrate catalyzed by horse-liver esterase. The 
decrrase or' the indicator absorbance was Iinear 
(Figure 3a), and corresponded to a specific activity of 
1.85 p a l  min-' mg-' protein.iZ4J Control experiments with 
no substrate or with no esterase showed no change in 
absorbance over one hout, When we scaled up the reaction 
a hundredfold and monitored the reaction with a pHstat, we 

0.0040 

, , - ' Aspergillus cryzae 
0.0030 *- - - omrease 

Volume of hydrolase addsd (pL) 

Figure 2. a) Initial rate mcawrrment for boxed point showing the 
measurea absorbance change in the hors=-tiver esterase-atalyzed hydrol- 
ysis of (cl-solketai butyrate with 5 p L  nydrolase soiution. Tne calculated 
rate [Eu. (2)) cquak Q.005Q +molmin-: and the  spenf ic  activicy equals 
1.85 .molmin-:mgL proiein. The measured points fit a straight iine with 
regrtssion factor of 0.997. b] Increésed rates of hydrolysis of I n M  (i)- 
soIketal Dutyrate with increascd amaunr of hydrolase. Rares are calculated 
over 200 seconds DY rneans of Squation (2).  where AC = 17300 ~-:m.-~, 
I=0.365 cm (final volume was 1 3  d). CB=4.70 M. Cl, = 0.365mM. 
5.9% acetonitriie. Tne measured points fit a çtraignt iine with regression 
factor of 0.97 for :ach nyaraiSc. Eacn point is an average of four initial 
rare measurcments. whicii differed oy < 2 %. 

rneasured a nigher specific acuvity. 4.99 .mo l  min-' mg-' 
protein- W e  anribute the difierence to activation by the rapid 
mechanka1 stimng in ~ h e  pHstar experiment. 

Reaction rates increased Iineariy with the amount of 
znzyme added for three typicai hydroiases. one from rach 
class oi hydrolases in O u r  library. indicating that thr enzyme- 
catafyzed reaction rates decermined with this assay are 
proportionai to the total enzyme concentration; see figure 3b. 

Screening for hydrolases enantioselective f o r  solketal buty- 
rate: To demonstrate the uti1iry of Our method, we screened a 
iibrary of sevenry-two commercial hydroizses for enantiosc- 
Lective hydrolysis of (=!-solketai b u v a t e .  .LU1 hydrolases 
were dissolved in the assay buffer. 5 mM BES buffer at pH 73. 
Since some solid hydrolase preparations contain buffer salts 
and extenders, the pH of each solution was checked and 
readjusted to pH 7.2 whrn necessary. First: we  screened with 
racemic solketal butyrare to eiiminate hydrolases that did not 
cataiyze hydrolysis of either enantiomrr. This screen elimi- 
nated the twenty hydrolases Iisted in note [a] of Table 1. 

Next. we estimated the enantioselectivity of the remaining 
fifty-two hydrolases for solketai butyrate by separateIy 
measuring the initial rates oi  hydrolysis of the pure enan- 
tiomers, Table 1. W e  used the ratio of these rates as an 
rstimated rnantioseIectivit}r.[q Note that the  ratio of these 
rates is not the true enantioseIectivity. or enantiomeric ratio 
E, because we measured the rates of hydrolysis of the 
enantiomers separately. Nine hydroiases s howed estimated 
enantiosdectivity 24. The seven lipases and proteases 

- - 
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Table 1- Activity of commercial hydrolases towards (It)-solkctal butyrate and its enannamers 

Lipases 
Aspergillus niger 
Aspergillus oryzae 
Candida atuarczïca lipase A 
Candida ~ ~ ~ a r c r i c a  Iipase B 
Candida iipolytica 
Candida rugosa 
Candida rugosa (qfindmcea) 
Hwnicoin rp. 
Peniciiiïn camembcnii 
Penicilkir roquefonii 
Pseudornanus ccpacia 
Pseudomonas ~7uarescens 
Ririzopus javaniuu 
Rhizopur oryzae 
Themus aquaricur 

Esterases 
Acetylcholine esterase 
Bacillus sp. 
Bacillus nearorhennophih 
Bacillu hemoglycosidarius 
Bovine dioltstcrol esterase 
Candida [ipolyrica 
Cu6 nase 
EOOl 
E002 
E003 
EQ04 
E005 
E006 
E007 
E009 
EOl O 
EOll 
E013 
E014 
EU16 
E017b 
E028 
E019 
E020 
Pig-liver csterase 
Pig-iiver esterase 
Horse-Iivcr esterase 
Saccharomyces cerevkiae 

Proteases 
Axpergillus oryrae 
Aspergillus snroi 
Bacillus lirhenifnrmu 
Bac subrilis var. Biorecus A 
Subtilisin Carfsberg 
Srrepfornyces griseus 
Themolysin. Type X 
Protcinase, bacterinl 
Proteinas: K 

1-17 {S) 
495 {R) 
1.83 (R) 
120 (R)  
1.22 ( R )  
230 (R) 
1.73 (R) 
753 (R) 
2.63 fS) 
1-46 (9 
4.05 (R) 
1-01 [R) 
433 IR) 
U3 IR) 
1-10 ( R )  

i35 (R) 
2-96 ( R )  
1.68 ( R )  
159 (R) 
1.21 (S) 
2 2 5  (S) 
Z28 (R) 
I.49 ( R )  
1-93 ( R )  
1.32 ( R )  
1.05 rs) 
2 2 5  (R) 
1.40 (R) 
1.11 (SI 
L i 6  ( R )  
1 3 9  (R) 
1.73 (S) 
1.02 (R) 
L-76 (R) 
1.83 (R) 
l.12 f R )  
1.96 (S) 
121 (S) 
r .IO (s) 
491 (9 
2-73 ( 5 )  
E.2 (S) 
2-96 ( R )  

4.91 CR) 
1.01 (R) 
3.14 (R) 
729 (R) 
'60 (R) 
237 (R) 
2.89 (S)  
550 (R) 
1-34 ( R )  

[a] The following hydrolases showed no derectabit activity (~0.01 pmol min-' mg-! procein) towards racemic soIkera1 buryract r Lipases : Amano Iipases €rom 
Rhizopt~ssrolonifer. Mucor javanicr~c and Mucor miehei. wtieargcnn Iipase (Sigma). porcine pancreatic Iipase (Bioca:alysts), lipase from Rhizoprrs niverû 
(Boeh~nser  Mannheim): fierases: ThermoGen esterases EOO8. E012 and EOl.5. n u k a  esterases €rom Thermoanaerohiwn brockzi and Mucor miehei: 
Proteases: a-chymotrypsin (Sigma). pepsin from porcine sromach (Fiuka). subtilisin irorr. Bacillis lichenifomis (Fiuka). tnrombin from human plasma 
(Fiuka). trypsin (Worthington. Freehold. Na. Sigma proteases frorn Bacillus polymyxa. bovine pancreas type 1. papaya. Strepromyces caespirosu. 
[b] Amount (mg) of sotid enzyme per mL of bufirr in the stock solutions [cf Protein concentration of stock solutions in mg protrinrnL-' determined by the 
Bio-Rad assay using B S A  as a standard. [dl Observed rate of hydroiysis in ~ o l m i n - ~  mg-' protein. Rates zalculated by Equation (2) were ciividcd by the 
protein wnrent in the  well. nie vaiucs are an average of four measurements. which typically varied by l e s  than ?%.[el Ratio of the sepantrly rneasured 
initial r a t s  for the enantïornerr This ratio is n a  the true e=nantioscleaivity. but is a ustful estimare of the enantioseiectivity. The absolute configuration of the 
faner reacting ester is in parentheses. Note thar hydrolysis of the R ester yields the S aIcohoI due to a change in the prionty of the subnituents [O Arnano 
Enzyme USA (Troy. VA). [g) Fiuka Chcmie (Oakville, ON). [hl Boehnngcr-Mannheim (Mannheim. Germany). [il Nova-Nordisk (Baagsverd. DK). 

Sigma-Aldnch (Oakville, ON). [k] Biocataiysts (Pontypridd. Mid-Glamorgan, Wzies. UK). [l] Genzyme (Cmnbridge. MA). [rn] Uniiever Research Labs 
Wlardingen, the Nethedands). [n] ThermoGcn (Chicago. IL). [O] CaIbiochemfBehrig Diagnostics (La Jolla. C A ) .  
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favored the R ester, while the two esterases favored the S 
ester- The highest estimated enantioselectivities were found 
with horse-fiver esterase (HLE, estimated enantio- 
selectivity = 12). Rhizoptcs oryzae lipase (ROL, estimated 
enantioseIectivity = 11). and protease £rom Bacillus subriiis, 
variation Biorecus A (BSP, estimated enantioselectivity = 7). 
Previous workers identified Aspergillur oryzae protease 
(AOP) as an enantioselective hydroIase.l1q This hydrolase 
was a h  among the nine rnantioselective hydrolases (esti- 
rnated enantioselectivity = 5). The identification of FILE, 
ROL, and BSP as enantioselective hydrolases For solketal 
butyrate are new results from this screening. 

Although we used only the first 3-4 minutes of data in the 
calculations, we monitored the reactions for one nour to 
ensure that we did not miss slow hyaroIases o r  hydrolases that 
show a lag time. AI1 substratelhydrolase solutions were 
prepared and measured in quadrupiicate to ensure accuracy. 
The total screening rime for seventy-two hydrolases in 
quadrupficate v a s  180 minutes plus several minutes be- 
tween each piate to fil1 the 96-well plates This time could 
be easily reduced to less than an hour with a shorter 
screening timz. CompIere screening of the Iibrary towards 
the racemate and its enantiomers is rasiiy completed in an 
afternoon. 

We also changed reaction conditions in the zissay in an 
attempt to increase the estimated enantioselectivity for 
solkrtal butyrate. For exampl:, the activity of hydrolases, 
especialiy lipases* often increases in the presence of an 
interface. We reasoned that this interfaciaI activation may also 
change the enantioselecuvity. We screened the hydrolase 
library with Triton X-100 (a nonionic detergent) added to 
create micelles. The reaction rates increased for eight hydro- 
Iases (three lipases and five ssterases). decreased for thiny- 
two hydroiases. and scayed constant For tweivc nydrolases. 
Unfortunately. the estimated enantioseI~,ctivitivs rernained 
unchangrd or decreased slightly for the best hydroiases: AOP 
(decrease from 4.9 to 4.2). ROL (decrease £rom 11.3 to 9.6). 
HLE (decrease from 12.2 to 7.631. and BSP (decrease from 
7.3 to 5.4). With aonselective hydrofases, the estimated 
enantiose~cctiviues showed small increases or  decreases. For 
exarnpIe. subtiiisin Carkberg increased from 2.6 to 2.8. 

esterase from Bacillus srearorhemophilur incrreased £rom 
1-7 to 2.4, and Aspergillus oryzae lipase decreased from 
4.95 to 1.8, OveraII, the selectivities for soiketal butyrate 
did not significantiy change upon addition of Triton 
X-100. 

To confirm these screening results, w e  measured the 
enantioselectivity of three selective hydrolases and threc 
poorly selective hydrotases using the conventional endpoint 
r ne th~d[~ i  (Table 2). Under conditions similar to those in the 
screening solutions (1 mM substrate, 7 Oh acetonitrile as 
cosoivent), the crue rnantioselectivity and the estimated 
enantioselectivity agreed to within a factor of 2 3 .  Since 
I m~ solketal butyrate is too dilute for practical preparative 
reactions, we also measured the enantioselectivity of these 
hydroiases at 5 0 m ~  solketal butyrate. where the reaction 
mixture containcd insoluble droplets of substratc. The enan- 
tioselectivity under these conditions also a g e e d  with the 
enantioselectivity estimate from screening to within a factor 
of 3.6. 

The rnost enanrioselective hydrolase was HI-E. E= 14.8 
and 9.7 a t  substrate concent-ations of 1 mhr and 5 O r n ~ .  
reçpecuvely. Ar 5 0 m ~  substrate without acetonitrile, the 
enantioselectivity of HLE dectined siightly again to E = 8.7 
(c = 17.1 % after 2.5 h). These values a g e e  weIl with the 
estimated enantioseiectivities of 12.1 (without Triton X-100) 
and 7.6 (with Triton X-100). -4lthough PanaIi et al. reportrd 
an enantiomeric ratio of 9 for ~ 0 P . l "  wz measured an 
estimated enantioselectivity of 3.9 and a r u e  enantioselec- 
tivity of 4.8 under ou- conditions. Althoujh the estirnated 
enantioseI~ctivity Eor ROL was also high (11.3), the true 
~,nantiosrlectivity was lower. E=4.S-4.9. Hydrolases with 
low estimated enantioseleccivitirs (CRL. Esterase E013. cu- 
rinase) also showed low [rue rnôntioseieccivities. Thus. hydro- 
lases identified as enantioseiertive wcre indeed enantioselrc- 
tive and hydrolases identified as nonsdective were not 
enanrioselective. 
Our screening procedure quickly identined H E  as a riew 

hydroiase for the resolution of solketai butyrate with modest 
enantioselectivity. It is the most seiective hydrolase reported 
in the Iiterature CO aate for the hydrolysis of an ester of 
solketal. 

Table 7 Tm: enantioselectivities of hydrolasrs rowards solketal buryrate neasured by the rndpoinr merhod. 

Hydrolase Srni [mu] Tirnem [hl ee,l'! [%] ecfl[% 1 0" ["A] True hrimated Pfl 

Rhizopu oryzoe Iipase 1 16.5 95.4 23.6 80.2 5.0 =0.1 ( R )  12.3 ( R )  
Rhizopus ory=ne lipase 50 1-25 37.6 51.2 42.5 4.4 = O.! (R) 
Horse-liver estera..e 1 3.0 403 81.8 33.0 14.8 = 0.7 (S) 1 3 2  (S) 
Horse-Iivcr estense 50 25 2 . 1  77.3 22.2 9.7 = 0.1 (S) 
Cutinase 1 3_0 =8 27.a 77 .7 5.0 = 0.02 (R) 2.28 (R) 
Cutinase 50 0.42 703 41.8 62.7 4.8 = 0.04 ( R )  
Aspergillus oryzae protease 1 4.0 10.5 65.8 I3.8 5.4 = 0.1 fR)  4.91 ( R )  
A s p e r g i h  oryzae protease 50 14 11.1 620 15.2 3.6 I 0 . 1  ( R )  
Candida rugosa iipase 1 2 5  863 14.4 85.7 3.0I0.1 (R)  1.73 (R) 
Candida rugosa Iipase 50 0.1 15.7 40.5 27.8 7 7  = 0.02 (R) 
Esrense Ml3 I 9 5 O O 20 I .O 1 
Esterase E013 50 2.0 O n+i nr nr 

[a] Substrare concentration in the reacn'on minure. [O! Reaction dme. [cl Measured enantiorneric purity of the sraning matcrial iee,) or product (ee,). 
[dl D e y e t  of conversion uiculated by ee,/(ee,-ee,). [elThe [rue enantioseiectivity was caicuiated from ee, and ee, accardinp to ref. [3]- The ahsoluce 
configuration of rhe fast-reacting ester is in parentheser ï h e  error iimits were estirn~ted from enantioselectivities measured from threc separate GC 
injections [g Values from Table 1. [g] nr= no reacrion derecred by GÇ 
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Discussion 

The most important part of the assay designwas to ensure that 
i t  accurately measured the rates of hydroIysis- The frrst 
requkement is that the buffer and indicator have pK2 within 
0-1 units A difference in pK, of 0.3 units causes an 8 % error 
when the pH changes by 0.1 in a typica! assay, the pH 
changed by 0.05 units (10 % hydrolysis of the substrate) ; thus, 
differences in pKas can lead to nodinearand inaccurate rates 
Ifdifferent pKas cannot be avoidrd, one can still.get accurate 
resuIts by using calibration experirnent~['~l or a more cornplex 
equati~n-[ '~] The linear reIationship between the amount of 
acid added and the coior change, as shown in Figure 2, 
confirms that the pK,s lie within the acceptable range in Our 
expenment. Further, the agreement of the theoretical and 
experimental slopes to within 5 O h  establishes that the assay is 
quantitative. 

The assay tolerates srnali changes in reaction conditions, 
such as the addition of 7 % acetonitrïle. Lndeed, the pK, of 6 
nitrophenol changes o d y  slightly ikom 7.15 to 7.17 upon 
addition of 10 % ethanoi,12q This result suggests that cosolvent 
concentrations below 10% do nor: compromise the accuracy 
of the assay. A h ,  small amounts of salrs present in the 
hydrolase solutions (buffer salts in commercial hydrolase 
preparations, 2 m ~  CaClz in the protease solutions) did not 
affect the accuracy. 

This assay is approxirnately sever, times less sensitive than 
the one usin; hydrolysis of bnitrophenyl esters. For exampie, 
if the rate of hydrolysis for a nonchromogenic ester and a 4- 
nitrophenyl ester were identical, then our assay would require 
seven times more hydrolase to observe the same change in 
absor~ance. The assay with 4nitrophenyl esters releases one 
moIecuIe of hnitrophenol(53 % of these wilI be deprotonated 
at pH 7.2), whiie our assay ?rotonates one 4nitrophenoxiar 
for every twelve protons released. 

Thcre are several advanrases to this screrning method. 
First. it is huncirecis of tirnes fzister than convrnuonaf scrren- 
ing. The 96-weI1 format aIIows the analysis of Iarge numbers of 
samples simultaneously. Howrver, speed is not gained at the 
expense of accuracy; variatior, betwren quadrupikate meas- 
urements for a reaction is typically c 2%. Moreover, our 
rnethod is quantitative, uniike screening for hydrolytic activity 
by TLC Second, since aII the reactions and anaiyses take 
place in the micropIate wells, workup and anaiysis by GC, 
HfLC, or NhiR is avoided. Third, it requires hundreds to 
thousands of times iess substïate (typically 20 ~ w e l l )  and 
hydrolase (we used between 0.6 -35 ug protein/welI). For this 
reason, it may be useful in the screening of mutant hydrolases 
in directed evolution experiments- Fourth, this assay measures 
the hydrolysis of any ester, not just chromogenic esters. The 
most important rule of screening is "You get what you sneen 
for", so the abiIity to screen the target cornpound, not an 
anaiogue of the target compound, is an important advantage. 
For sperd, we screrncd in microplates, but one could also 
adjust the  concentrations to use cuvettes and a conventional 
UV-vis spectrophotometer. 

There are a few disadvantages with our screening nethod. 
First, it requires pure enantiomers, albeit in small aniounts. 
We scrrened the hydrolase library in quadruplicate with only 

su rnilIigrams of each enantiomer of solketal butyrate, 
Second, it provides only an estimated enantioseiectivity. This 
method ignores some or al1 of the differences in Kbf of the 
enantiomers Third, it requires clear solutions. To obtain clear 
solutions with water-insoiubie substrates, experimentation is 
sometimes required to find the best cosolvent or  emulsion 
conditio ns 

Zn this paper we assayed for hydroiase aciivity at pH 7.2. but 
other buffer indicator pairs may be suitable for screening at 
other pH values For example. ar pH 6 chlorophenol red 
(pK,=6.0) and MES f2-(N-rnorpholino)ethanesulfonic acid, 
pK, =6.L] may be suitable; at pH 8 phenol red (pK, = 8.0) and 
EPPS [ /V-(2-hydroxyIe thy l )p iperaz ine-1V' - (3-p~  
acid), pK, =&O] may be suitable; at pH 9 thymol blue (pK,= 
9.2) and C E S  [2-(N-cyclohexyIamino)ethanesulfonic acid. 
pK, = 9 3  1 rnay be suitabIe. 

We are currently adapting this acid -base indicator assay to 
rneasure true enantioseiectivity by extending Our Quick E 
method For measunng true enantioselectivityY31 

Experimental Section 

Gencral: C'nernicals were purcnased h m  Sigma-Aldrich (Oakvilke. ON) 
and wert used witnout f u ~ n e r  purification unless otncrwise srated. Triton 
X-IO0 was purcnased from ESA ~Chelnrsford. M A ) .  Srandardized acid 
was purchased korn A&C .enencan Chemicals  montréal al. QC). Enzyme 
suppiiers are noced in the iootnotes of Table 1. AL1 m icropiate assays were 
performed on a Spectramax 340 rr.icrapIate reaaer widi SOFïrnax PRO 
version 22.0 snfiware (Molecuiar Devicer Sunnwale. CA). Polystyrene 96- 
well flar-'aotromed microplates irnaximum volume 360 pbwell. Corning 
Costar. Acton. MA) were filled using EppcnaoM 8-channe! pipettes CS- 
100 &, 50- 11B0 &) and solurian jasins for multichannel pipettes (Fisher 
ScientZc. Nrpean. ON). Tne initia! rate of the srnall-scalt hone-liver 
esterase-ca taiyzrd s e r  h yarolysis reaction was mecvured with 2 Raaio- 
mcter RTS iE2 pHstat. 

(=)-Solicetal butyrate (1): Butyric anhydride 2 - 8 7  mL. 17.5 mmol. 
!5 equiv}. .Ldimetnylaminopyriuine (0.071 g. 0.58 rnmol. 0.05 rquiv). and 
anhydrous sodium carbonate (1.86 0. 17.6 mmol. !.5 equiv) were added to a 
soiution of (5)-soiketal (15-1 g. 1'1.7 mmol. 1.0 equiv) in etnyl a e t a t e  
(40 m l )  and stirred overnight r i e  r=action mixture w x  washea several 
times with water. then with onne. and t'ne orpanic :xtract was dried with 
rnagtxium sulfate. Rash cnrornatography i3:l hexanwletnyl acetare) 
zfforded the pure b u t y ~ l  ester as 2 yeIIow oil in 91 % yieid. Rf=056 (3:l 
iiexaneslethyi acetare): 'H NMR (200 MHz. CDQ,): d =0.9S (L ' J ( H H :  = 
7.4 Hz. 3 H. CH,), 137 (S. 3 H. CH,). !.43 (S. 3 H, CEj). 1.67 fsext=t. 
31(H.H)=7.4 E-fi. 2H. CKd. (L  '/(EH) =7.3 H z  2H.  CHZ). 3.7 (m. 
IH. 1H of CH2).4.L15-4-16 (m. 3H. !Ho€  CH2. CH2j.4.f7-432irr.. I H .  
CH): I3C NMR (200 MHz. CDCI,): 6 = 153 (CH,). 19.9 (C-). 26.9 (CH,). 
26.1 (CH,). 37.3 (CH,). 65 J (CH,). 673 (CH2), 74.6 (CH). 110.3 (Cl. i73.1 
(C==O). 
CS)-Salketal burymte und (R)-solketai butyrate: Sarnples were prepared 
from enantiornericaily pure solketal as outlined aoove for the racemate. 
T h e  enanuorneric purirics of the 'autyrates rneasured tiy GC (see below) 
werr 392% and 99.8%- respectively. N o  contaminaring b u w c  acid or 
solketaI were dctccttd by GC or 'H N M R  

Hydrolase library: Tne nydrolases were dissolved in BES buffer (5.0rnhi. 
pK 7.2 conraining 0.02°/o NaN, as preservativt) at the concenrrations listed 
in Taole i (05-40 mg solid/rnL solution). CaCI, (2mhr) was added to the 
prottase solutians since sornt proteases require calci urn ions ro maintain 
their srrucrure. For hydroiase sarnples with low prorein content, w e  uscd 
saturatcd solutions (up to 40 mg solidlml). and for hydrolase sarnples with 
high proiein content. w e  chose lower concenrrations Ccypicaliy. 1 mg soiidl 
mL). Each solution was cenvifiiged ro remove insoluble material (S min, 
2000 rpm) and citrared to a final pH of 7.3 Tne protein concen tntions wtre 
determined using a dye-binding assay from Bio-Rad (Mississauga. ON) 
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with bovinesemm alburnin (BSA) as the standard- Solutionswerc stored in 
a 96weli assay block mother plate equipped with aluminum sealing tape 
(2 mL maximum volumc in cadi welL Corning Conar. Aaon. MA) at 
-20 "C This mother plate spceds up repeated screens that use the same 
hydrolasts. and is a convenient wzy to store large librancs of hydrolases. 
Hydrolyùc activity of the iibraries is maintaincd over several months. 

Screening of cummercial hydrolases with pH indicators: The a s a y  
soiutions were prepared by mixing solketai butyrate (420 pL of a 30.0rn~ 
solution in acetonirrile). acetonitrile (470 pL). +nitrophen01 (6000 pi- of a 
0.9115m~ ~ h t i 0 n  in S - O ~ M  BES. pH 7.2). and BES buffer (5110 6 of a 
5.0mu salution. pH 7.2). Hydrolase solutions (5 .Uwell) were transferred 
from the mother plate to a 96-well rnicrotiter plate using an S-channcl 
pipette. Assay sotution (lm pUwell) was quickly added to each wcll using 
a 1200 & &channe1 pipette The final concentrations in :ach well were 
1 . 0 m ~  substrare, 4 .65m~ BES. 0.434rnu 4nitrophenol. 7.1% acetonitrile. 
The platewas quickly piaced in the microplate reader and shaken for 10 s to 
ensure camplete mixing. and the decrease in absorbance at 404 nm was 
monitorcd at 25'C as often as permirred hy the microplate software, 
typiwlly every 11 seconds. n e  starting absorbance was typically 1 3  Data 
were mllected for one hour to ensure we detected slow reaaions and 
reactions with a lag t imt  Ench nydroiysis was carried out in quadrupliate 
and was averaged. ï h e  fim IO s of data were sornetimes erratic possibly 
due to dissipation of bubbles created during shaking. For this reason. we 
typically excluded rIie fint 10 s of data irom the caIcuIatian of the initiai 
rate. Acrivities werc calcuiated from slopes in the linear portion of the 
curve, usualiy over the fim two hundred seconds ï h e  initial races wsre 
calculated from the average d d d t  by means sf Equation (7). where AE = 
1 7 3 0 0 ~ ~ ' m - '  (experimsntaliy deterrnined for Our conditions) and i =  
0.306 cm.To calculate specific acuviry (pmolrnin-'mg-' protein). we took 
into aaaun t  the m a l  amount of protein in each well. 

Screening of commercial hydrofnses with pH indiators under inirrfricial 
acrivafion conditions: The procedure was the same as outiined above 
excepr that the BES ouifer (srnu. pH 7.2) contained Triton X-100 
(8.45rn~1.The fiai concentration of Triton X-100 in the wells was 2.8mxi. 

Small-sale reactions with l m ~  (= )-solketal butyrate: These srnail-scale 
reactions rnimic the condirions in tne microplate auring pH indicator 
activity screening except char no indicator is present Hydrolase solutions 
(50 p.L} were added io solutions of (=)-solkctal butyrare (3.50 mL of a 
14.4mm solution in acetonirriie) and BES buffer (46.35 rnL of a 5 .0 rn~  
solutian. pH 7.2) for a final reaaion volume of 5U mL (1.Om~ substrare. 
4.65mm i3E$ 7 %  acctonirrk). h h e r  stimng at room tempenrure for a 
rime estirnated €rom the pH indicator screening. the mixture was extracted 
with dierhyl ether (3 x 20 mL). The extncts  wnich contained both the ester 
su'bstrate and the aicohol product. were cambincé washed wth wôter and 
dned with rnagnesium sulfate. Ïilrered, and evaporated ro dryness. 

Small-sale reactiuns with 50 mM (=)-solketal butymte: Hyarolast 
solutions (250 p.ï for CRL. ROL. HLE. AOP. E073: 50 p.L for :urinase) 
were addcd to solutions of (4)-solketal butyrate (352 ,d of a 0.715% 
solution in acetonitrile) and BES bufier (4398 ,A of a 5.Ornu soiution. 
pH 7.2) for a final reanion voiurne of 5.0 mL ( 5 0 r n ~  suostrate. 4.65m~ 
BES. 7% acetonitrile). Reactions were worked up as ouriined above. 

Detcrminatian o f  enantiomeric purity by CC: Gas cnramatograpny 
analysis was periormed on a Hewlen Packard 5890 Series II Gas 
Gromatograph equipped with a Chirasil-DEX CB chiral stationary phase 
(25 m x 075 mm x O75 rn Chrompack Raritan. NJ). For anaiysis. solketal 
was converred to the acetate hy aissolving the mixture of soiketal and 
solkeral butyrate in ethyl acetate (5 mL) conmining acetic annydride. 4- 
pyrroiiàinopyridine. and anhydrous potassium carbonate. The solution was 
stirred for one hour at room rernperarure. rhen filrered. washed with brine. 
then water. aried with rnagnesium sulfate and evaporated to dryncss. Both 
the staning rnaieriat solkeral buryrate. and the acetate af the produc: wer: 
simultaneously separared with baseiine resolution oy means of a temper- 
ature gradient (100'C ro 130'C. 2Tmin- ') .  SolkstaI butyrare: k', =S.ll 
(5). n=1.04; solketaI acetate: k', = 4 2 1  (SI. a = 1.10. Tne ee vziues 
reported in the tables are the mean of three injections We did not observe 
any ncemization of solketal or itq esters during denvatizarion- 
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report that rhe pK, of the indicatorand buffershould bc within 0.1 p H  rneasuring the rates of hydrolysis of the pure cnantiomcrs For 
unit of each athcr: s e t  rcf. [6]. utample: G. ZandoneIla, L Haalck, E Spcncr. K- Faber. E Paltaut A. 
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nitrophenyl esters) may relcase more than one proton percsrer group 1261 Ref. [19]. p. 94. 
hyarolyzed and shodd be accountcd for in Equation (L). 
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