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Preface

When I discuss an enzyme assay with a chemist, we spend our time devising a
process that will turn an enzymatic reaction into a detectable signal. The chal-
lenge lies in the synthesis of the molecular elements involved in the assay and
whether they will behave as expected. Enzyme assay design has elements of ra-
tional drug design if it requires docking an unnatural substrate into an enzy-
me’s active site. An enzyme assay may also offer a testbed for a supramolecular
functional device, serving to demonstrate its utility. Eventually new principles
emerge that might change enzyme analytics altogether.

Then I turn to the biochemist or microbiologist, who sees the enzyme assay
as one of many elements in a broader setup, such as the genetic selection of an
active enzyme, or the study of its function and mechanism. We usually settle
for a commercially available probe or couple the enzyme reaction to a biological
system. Our attention focuses on the genetic design of the experiment or its
biochemical interpretation. When it succeeds, we wonder with amazement at
the results which we only very partly understand.

Finally I meet the industrial researcher, who is hard pressed for preparative
performance within a short time window. Our discussion is narrowed down by
tight specifications bound to the goals and methods. Nevertheless, the unaltered
passion of the scientist keeps shining through. In addition, the products of in-
dustrial research and development are remarkable and vindicate the efforts of
the entire community.

Romas Kazlauskas, Manfred Reetz, Huimin Zhao, Theo Sonke, Nick Turner,
Dan Tawfik, Andrew Griffiths, Virginia Cornish, Valéria Maia de Oliveira, Gilson
Paulo Manfio, Albin Hermetter, Jennifer Harris, and Yao Qin Shao have agreed to
join forces with me to compose a book on enzyme assays. These authors belong to
the world’s leading figures in this area. I thank them and their co-authors for their
time and efforts, which were essential to the project. I also thank my co-authors
and students Johann Grognux and Renaud Sicard, and Elke Maase and Romy
Kirsten at Wiley-VCH, for their precious help in editing.

The field of enzyme assays is evolving rapidly and touches an ever increasing
number of applications. The present volume captures what we as authors
believe is a fair coverage of the area at that point in time. We hope that the
book will prove a useful source of information, inspiration, and references for
its readers across chemistry and biology.

Berne, October 2005 Jean-Louis Reymond

X






List of Contributors

Amir Aharoni

The Weizmann Institute of Science
Department of Biological Chemistry
Rehovot 76100

Israel

Roland Bezemer
DSM Food Specialties
Analysis

PO Box 1

2600 MA Delft

The Netherlands

Ruth Birner-Griinberger

Graz University of Technology
Department of Biochemistry
Petersgasse 12/2

8010 Graz

Austria

Souvik Chattopadhaya

National University of Singapore
Department of Biological Science
3 Science Drive 3

Singapore 117543

Republic of Singapore

Virginia Cornish
Columbia University
Department of Chemistry
3000 Broadway, MC 3111
New York, NY 10027
USA

Lucien Duchateau

DSM Pharma Chemicals —
Advanced Synthesis
Catalysis & Development
PO Box 18

6160 MD Geleen

The Netherlands

Gert-Jan Euverink

University of Groningen
BioExplore

Groningen Biomolecular Sciences
and Biotechnology Institute

PO Box 14

9750 AA Haren

The Netherlands

Andrew D. Griffiths

University Louis Pasteur

Institut de Science et d'Ingénierie
Supramoleculaires (ISIS)

CNRS UMR 7006

8 alleé Gaspard Monge, BP 70028
67083 Strasbourg Cedex

France

Johann Grognux

University of Berne
Department of Chemistry &
Biochemistry

Freistrasse 3

3012 Berne

Switzerland

XV



List of Contributors

Jennifer L. Harris

The Genomics Institute of the
Novartis Research Foundation
10675 John Jay Hopkins Drive
San Diego, CA 92121

USA

and

The Scripps Research Institute

Department of Molecular Biology

The Scripps Research Institute
10550 North Torrey Pines Road
San Diego, CA 92121

USA

Huub Henderickx
DSM Resolve
PO Box 18

6160 MD Geleen
The Netherlands

Albin Hermetter

Graz University of Technology
Department of Biochemistry
Petersgasse 12/2

8010 Graz

Austria

Tyler W. Johannes
University of Illinois
Department of Chemistry
600 S. Mathews Ave
Urbana, IL 61801

USA

Romas J. Kazlauskas
University of Minnesota
Department of Biochemistry

Molecular Biology and Biophysics

and The Biotechnology Institute
1479 Gortner Avenue

Saint Paul, MN 55108

USA

Scott Lefurgy

Columbia University
Department of Chemistry
3000 Broadway, MC 3153
New York, NY 10027
USA

Alice Loidl

Graz University of Technology
Department of Biochemistry
Petersgasse 12/2

8010 Graz

Austria

Valéria Maia de Oliveira
Center of Chemistry, Biological
and Agricultural Research
CPQBA/UNICAMP, CP 6171
CEP 13081-970

Campinas, SP

Brazil

Gilson Paulo Manfio

Natura Inovagio e Tecnologia
de Produtos Ltda.

CEP 07750-000

Cajamar, SP

Brazil

Manfred T. Reetz
Max-Planck-Institut fiir
Kohlenforschung
Kaiser-Wilhelm-Platz 1
45470 Miilheim/Ruhr
Germany



Jean-Louis Reymond
University of Berne
Department of Chemistry &
Biochemistry

Freistrasse 3

3012 Berne

Switzerland

Cintia Roodveldt

The Weizmann Institute of Science
Department of Biological Chemistry
Rehovot 76100

Israel

Dick Schipper

DSM Food Specialties
Analysis

PO Box 1

2600 MA Delft

The Netherlands

Hannes Schmidinger

Graz University of Technology
Department of Biochemistry
Petersgasse 12/2

8010 Graz

Austria

Hubert Scholze

Graz University of Technology
Department of Biochemistry
Petersgasse 12/2

8010 Graz

Austria

Renaud Sicard

University of Berne
Department of Chemistry &
Biochemistry

Freistrasse 3

3012 Berne

Switzerland

List of Contributors

Theo Sonke

DSM Pharma Chemicals —
Advanced Synthesis
Catalysis & Development
PO Box 18

6160 MD Geleen

The Netherlands

Dan S. Tawfik

The Weizmann Institute of Science
Department of Biological Chemistry
Rehovot 76100

Israel

Nicholas J. Turner
University of Manchester
School of Chemistry
Oxford Road

Manchester M13 9PL
UK

Sjoerd van der Wal
DSM Resolve

PO Box 18

6160 MD Geleen
The Netherlands

Aad Vollebregt

DSM Anti-Infectives
DAI Innovation

PO Box 425

2600 AK Delft

The Netherlands

Ryan D. Woodyer
University of Illinois
Department of Chemistry
600 S. Mathews Avenue
Urbana, IL 61801

USA

XVl



XV

List of Contributors

Shao Q. Yao

National University of Singapore
Department of Biological Science and
Department of Chemistry

3 Science Drive 3

Singapore 117543

Republic of Singapore

Huimin Zhao

University of Illinois
Department of Chemical

and Biomolecular Engineering
600 S. Mathews Avenue
Urbana, IL 61801

USA



Introduction

Renaud Sicard and Jean-Louis Reymond

An enzyme assay is a test for enzyme function. The enzyme assay probes the
chemistry of a single catalytic step in an enzyme and makes it return an an-
swer, which may be a light signal or color change in the sample, or a biological
selection event, or both. How to achieve this is left to the experimenter, who
can, and usually must, combine various chemical insights and intuitions to
arrive at a working assay system. It is a molecular game with plenty of degrees
of freedom, but strict demands on efficacy. Ideally, the assay should be simple
and free of mistakes — that is, no false positives or false negatives. Success is
also rated in terms of which actual reaction is being assayed, some being more
difficult than others, and in terms of ease of implementation, which often
reduces to the price and availability of the reagents necessary to perform the
assay.

Fortunately, the design and utilization of enzyme assays serve a useful purpose.
Enzyme assays are indispensable tools for enzyme discovery and enzyme charac-
terization. The present book aims to reflect the tremendous developments that
have taken place in these areas over the last 10 years, particularly with regard to
high-throughput screening assays and array experiments with multiple substrates.
These developments have been discussed in several review articles [1].

The driving force for the invention of new enzyme assays comes in large part
from the field of enzyme discovery and engineering [2]. In these areas of inves-
tigation enzyme assays are used to identify active enzymes from microorganism
collections or randomly generated enzyme mutant libraries. This approach has
been found to be very practical for discovering industrially useful catalysts. En-
zyme engineering has led to an increased acceptance and utilization of enzymes
for manufacturing, in particular in the area of fine chemicals synthesis [3].

Enzyme Assays

What an enzyme assay does to visualize enzyme function is equivalent to what
structural analysis tools do for visualizing enzyme structure. However, while



2| Introduction

one understands structure intuitively through its three-dimensional representa-
tion, there is no unified representation of function. Function can be described
as a list of qualitative statements, or as a series of values for suitably defined pa-
rameters. For small molecules such as drugs, function correlates well with
structure, and predictive quantitative structure—activity relationship (QSAR)
models allow one to reduce function to structural elements. For macromole-
cules, however, the relationship between structure and function is blurred by
complexity, and structural analysis delivers at best a crude insight into molecu-
lar function. This is particularly true for enzymes, where insignificant altera-
tions in either protein or substrate structure can produce dramatic changes at
the level of function, whether it is catalytic activity, selectivity or regulation of
the enzyme. In this case the description of molecular function becomes largely
independent of structure (Figure 1). Experience has shown that the functional
information delivered by an enzyme assay on thousands of mutants is much
more useful in showing how an enzyme could be improved than a detailed
structure of a single enzyme.

While structural determination methods use physical principles, enzyme as-
says are mostly born out of chemical principles. Enzyme assay technology
builds on classical bioorganic chemistry, and starts with a detailed analysis and
understanding of an enzyme’s reaction mechanism and the chemical properties
of substrates and products. Engineering of substrate structure or the use of
chemical sensors then allows the catalytic reaction to be translated into an ob-
servable signal. The assay design largely depends on intuition to formulate for
each enzyme a working principle capable of turning enzymatic turnover into a
signal.

In enzyme discovery and engineering the assay is used to select improved en-
zyme variants from pools of enzymes or enzyme mutants. The assay is critical
in these experiments because “you get what you screen for”. This adage sum-
marizes the outcome of many experiments: the product of a selection procedure
is only as good as the selection principle used. The detailed chemistry of the as-
say involved is therefore a key parameter for ensuring success in isolating the
desired enzyme.
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Structure determination Functional analysis
(sequencing, X-ray, NMR) (enzyme assays)

Molecular structure: Molecular function:

- Atomic coordinates - Qualitative description

- Dynamic motions - Partners (substrate, regulators)

- Values for parameters (kinetics)

Fig. 1 Enzyme assays as tools for functional analysis.
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The principles and applications of enzyme assays are reviewed in this book.
In Part I the chemistry of enzyme assays is discussed, in Part II the assays used
in the context of genetic selection are covered, and in Part III multisubstrate as-
says for biochemical characterization of enzymes are discussed. Before even
starting into these applications one should remember that positive hits from
high-throughput screening assays must always be confirmed by an independent
method before concluding that a new enzyme has been discovered (Figure 2).

There are many ways to connect the conversion of a substrate into a product
with an observable signal (Figure 3). Enzyme activity can often be detected by
the action of the enzyme on its natural substrate. An enzyme activity might lead
to heat production if the reaction is exothermic, or induce a macroscopic change
in the reaction medium, such as the clearing of an insoluble polymer substrate,
or the precipitation of a reaction product. It is also possible to follow reaction
turnover using standard analytical methods such as chromatography (gas chro-
matography or high-performance liquid chromatography) and mass spectrome-
try, or by nuclear magnetic resonance (NMR) spectroscopy. Several application
examples of such methods, in particular with respect to assays for measuring
enantioselectivity, are discussed by Manfred Reetz in Chapter 2 and by Theo
Sonke and the DSM group in Chapter 4. Direct high-throughput screening as-
says for enantioselectivity are particularly important in the context of fine chem-
ical synthesis because enantioselectivity is almost always the property being pur-
sued in the course of developing a new catalyst. Electrochemical monitoring of
enzyme activity is typically used for glucose-sensing mediated by glucose oxi-
dase [4], and has recently been applied for the lipase cutinase using a hydroqui-

Blank

Active enzyme

Test sample — o
(positive control)
A 4

Enzyme Test = blank
assay

1%t round
No activity in test sample

h 4

Test > blank

2nd round

Confirm activity with an

independent method

Fig. 2 Principles of high-throughput screening enzyme assays. The signal
produced by the assay on the test sample must be checked against a blank
sample (medium only) and against an active enzyme as positive control.

A positive identification must be repeated, and then confirmed by an
independent method.
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Fig. 3 Signals for enzyme assays produced through an chemical indicator system
from enzymatic reactions. Note that obser- (e.g. Chapter 1), by processing of the
vable spectral changes may occur either reaction product by secondary enzymes or
directly due to structural differences between reagents (e.g. Chapters 3, 6 and 10), or via
substrate and product (e.g. Chapters 2, 4, 5, the induction of gene expression by the

9, 11 and 12), or indirectly, for example reaction product (Chapter 7).

none monobutyrate ester substrate covalently linked to the surface of a gold
electrode [5]. Microbial growth as a signal allows one to pick active colonies
growing on substrates as carbon source, and also occurs upon genetic selection
(Part II).

The largest group of enzyme assays are those that induce recordable changes
in light absorbency or fluorescence in the assay medium. The simplest
approach relies on colorimetric or fluorimetric chemosensors that respond to
product formation or substrate consumption, such as pH indicators (Chapter 1).
Such assays are particularly useful because they allow one to work with the sub-
strate of synthetic interest. There are a number of strategies for inducing sig-
nals indirectly upon enzymatic turnover, as illustrated by the following exam-
ples.

In the copper-calcein assay in Figure 4 [6], an amidase releases a free amino
acid as reaction product from the corresponding amide as substrate. Amino
acids are strong chelators for metal ions, in particular Cu?®* ions, while amino
acid amides are not. The assay is based on a complex of Cu®* and the commer-
cially available fluorescein derivative calcein (3), in which the calcein fluoro-
phore is quenched by the metal ion. The deacetylation of N-acetyl-L-methionine
(1) by acylase I induces a fluorescence increase because the free amino acid re-
action product r-methionine (2) chelates Cu®*, which releases free calcein,
which regains its fluorescence. The copper-calcein assay can also be used to as-
say aminopeptidases and proteases using as substrate amino acid amides and
bovine serum albumin, respectively. Following a similar principle, indirect prod-
uct detection in a chemical transformation can also be realized by means of an
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2
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Aex = 450 nm, Ay, = 530 nm

Fig. 4 An indirect fluorogenic assay for acylase I. Calcein (3) is a
commercially available inexpensive fluorescein derivative. The assay is also
suitable for other amino acid-releasing enzymes, such as aminopeptidases
and proteases, when using the appropriate substrate.

immunoassay using an antibody capable of differentiating product from sub-
strate [7]. In these immunoassays the product-selective antibody plays the same
role as the Cu®* ion in the amidase assay above.

Another elegant indirect assay by Matile and coworkers is based on vesicles
containing a concentrated, autoquenched solution of fluorescein (Figure 5) [8].
The vesicles are equipped with synthetic pores for fluorescein. The pores are
plugged by the enzyme substrate, but not by the reaction product. Reaction pro-
gress results in unplugging of the pore, which leads to diffusion of fluorescein
outside the vesicles and an increase in fluorescence. The assay has been demon-
strated for fructose bis-phosphate aldolase, alkaline phosphatase, galactosyltrans-
ferase, DNA exonuclease III, DNA polymerase I, RNase A, apyrase, heparinase
I, hyaluronidase, papain, ficin, elastase, subtilisin, and pronase.

The most frequently used enzyme assays involve fluorogenic and chromo-
genic substrates. A synthetic substrate is designed such that the enzyme turns a
nonfluorescent or colorless appendage of the substrate into a fluorescent or co-
lored product. Thus, a color or fluorescent signal is created out of a dark or col-
orless solution by the direct action of the enzyme. This principle is realized by
substrates with cleavable ethers or esters of electron-poor conjugated aromatic
phenols. The conjugate bases of these phenols show very strong color and fluo-
rescence properties not present in the protonated, alkylated or acylated deriva-
tives. These include the well-known yellow nitrophenolate (4), the blue fluores-
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(inside, autoquenched) (outside, fluorescent)

Fig. 5 A general fluorescence enzyme assay using synthetic pores.
Product turnover unplugs the pores, which allow fluorescein to diffuse
to the outside of the vesicles and become fluorescent.

cent umbelliferone anion (5), the red fluorescent resorufin anion (6) and the
green fluorescent fluorescein anion (7) (Figure 6). Many fluorogenic and chro-
mogenic enzyme substrates are commercially available and serve as reference
substrates for hydrolytic enzymes (see Chapter 1).

o JO B
HOJ@/ HO O” =0

Nitrophenol anion (4) Umbelliferone anion (5)
=405 nm, yellow Aoy =360 nm, 4, =460 nm
blue fluorescent

A

max

Resorufin anion (6) Fluorescein anion (7)
A=570nm, 4, =585nm A, =490nm, 4, =514 nm
red fluorescent green fluorescent

Fig. 6 Acidic conjugated electron-poor phenols used in fluorogenic and
chromogenic enzyme substrates. The corresponding neutral phenols are
generally colorless and nonfluorescent.



Part Il: Genetic Selection

Part I: High-throughput Screening

The significance of an enzyme assay and its successful application depends on
its chemical and analytical design. Part I discusses enzyme assays tailored to
the problem of enzyme discovery, which requires high-throughput screening po-
tential for relevant chemical transformations. In the context of fine chemical
synthesis this means the ability to screen for enantio- and stereoselectivity of
the targeted reactions.

In Chapter 1, Romas J. Kazlauskas describes the use of a colorimetric pH in-
dicator together with reference fluorogenic substrates to carry out efficient high-
throughput screening of esterolytic enzymes with chiral substrates. The method
allows stereoselectivity information to be obtained directly from high-through-
put screening with any substrate of synthetic interest.

In Chapter 2, Manfred T. Reetz reviews enzyme assays for screening enantio-
selective reactions. Analysis of isotopically labeled pseudo-enantiomeric mixtures
by MS and NMR provides a practical approach for screening kinetic resolutions
of racemic mixtures or the deracemization of prochiral substrates. For the case
of asymmetric induction where a chiral product is formed from an achiral and
nonprochiral substrate, the situation is more complex and requires indirect
sensing of product chirality by enantioselective sensors.

In Chapter 3, Tyler W. Johannes, Ryan D. Woodyer, and Huimin Zhao review
fluorogenic and chromogenic systems for redox enzymes. These assays are criti-
cal because redox enzymes have a particularly important and yet largely un-
tapped potential for industrial applications. For example alkane monoxygenases
can perform selective hydroxylation reactions on hydrocarbons that are simply
not accessible at all to chemical catalysts [9]. In addition many chemical redox
reagents are expensive, toxic, and difficult to handle, implying that economical
enzyme replacements should be possible in almost all cases.

The best test bed for enzyme assays occurs in an industrial context, where
practical catalysts need to be developed rapidly and applied in large-scale pro-
duction. In Chapter 4, Theo Sonke, Lucien Duchateau, Dick Schipper, Gert-Jan
Euverink, Sjoerd van der Wal, Huub Henderickx, Roland Bezemer, and Aad
Vollebregt report their own experiences at the Dutch company DSM, where in-
direct colorimetric assays and high-throughput direct analyses such as HPLC
and NMR have been used. This industrial contribution highlights the impor-
tance of screening for enantioselectivity, as also discussed in Chapters 1 and 2.

Part Il: Genetic Selection

Enzyme assays play a central role in the context of microbial screening and di-
rected evolution experiments. In this field the catalysis signal is used as the se-
lection criterion to accept or reject single genes or microbial colonies in the
hope of isolating enzyme mutants with desirable catalytic properties. The genet-
ic diversity undergoing selection through the enzyme assay consists either in

7
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enzyme mutants generated artificially, or in biodiversity collections, such as
gene libraries from the metagenome or microorganism collections (Figure 7).

Screening preferentially describes experiments in which the assay signal is
used to direct an external device to pick individual active enzymes or enzyme-
producing genes, such as manual picking from agar plates or microtiter plates
or the use of fluorescence-activated cell sorting. The term “genetic selection”
best describes systems where the expression of an active enzyme is linked to
cell survival without external signal processing.

In Chapter 5, Nicholas J. Turner reviews the design and application of enzyme
assays in the context of selecting active enzymes by colony picking on agar, which
is the most common screen used for microbial cultures. The chapter discusses
how much can be achieved quickly by implementing straightforward chemical re-
action principles in a microbiological context. A critical overview of genetic selec-
tion methods used to isolate active enzymes is also presented.

Random mutagenesis protocols such as gene shuffling [10], error-prone poly-
merase chain reaction (PCR) [11], and the later improvements or variations of
these methods [12] readily allow on the order of 10'* mutants of a given en-
zyme to be generated in a single experiment. However, high-throughput screen-
ing experiments in microtiter plates or even on agar plate can only test a few
tens of thousands of mutants for catalytic activity. In recent years several groups
have invented methods to allow efficient screening of such large numbers of
mutants.

In Chapter 6, Amir Aharoni, Cintia Roodveldt, Andrew D. Griffiths, and Dan
S. Tawfik provide a general overview of screening methods applicable in the
context of both functional genomics and directed evolution. The authors discuss
the critical problem of choosing the right expression system for a given enzyme,
and the implementation of selection pressure that is able to distinguish between

Biodiversity:
Microbial collections
Metagenome

Diversity from
mutagenesis

Selection with an
enzyme assay

Improved/active
enzyme

Genetic
diversification

Fig. 7 Selection of active enzymes from genetic libraries and biodiversity.
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protein expression levels and protein function. A variety of high-throughput
screening approaches for enzymes, such as phage-display and fluorescence-acti-
vated cell sorting, are reviewed, including the author’s own elegant emulsion-
based compartimentalization system for screening large genetic libraries.

In Chapter 7, Scott Lefurgy and Virginia Cornish review high-throughput se-
lection methods by chemical complementation. The chapter includes an excel-
lent review of genetic selection experiments that can be used to perform direct-
ed evolution, and emphasizes chemical complementation by the yeast three-
hybrid system. In this system a synthetic chemical inducer of dimerization
(CID) acts as a tether between a DNA-binding domain and a transcription acti-
vation domain. The CID either serves as a substrate cleavable by the enzyme, or
is the product of an enzyme coupling. The experiment is set up such that acti-
vation or deactivation of gene expression in the presence of an enzyme cleaving
or forming the CID is conditional for cell survival, allowing genetic selection to
take place. Chemical complementation is demonstrated by various examples, in-
cluding f-lactamases and glycosynthase enzymes.

In recent years microbiologists studying biodiversity have come to realize that
the natural environment, in particular biotopes under extreme conditions, har-
bor a very large number of diverse microbes. In Chapter 8, Valéria Maia de Oli-
veira and Gilson Paulo Manfio present an overview of screening methods in the
context of exploiting the genetic biodiversity available in microbial collections
and in environmental DNA. Environmental DNA is recovered by direct PCR
amplification and includes genetic material from noncultivable microbes, which
is considered to be the vast majority (>99%), and is collectively called the meta-
genome [13]. In addition to screening for expressed enzyme activity in such li-
braries, it is also possible to analyze gene sequences for conserved sequence pat-
terns indicative of certain enzyme activities.

Part Ill: Enzyme Fingerprinting

An enzyme assay is a tool designed to visualize enzyme function. In its sim-
plest expression, the resulting picture of enzyme activity is a single pixel in two
colors (e.g. white=no activity, black=activity, with respect to the assay being per-
formed). The picture can adopt higher levels of definition if the number of pix-
els is augmented, or if a color shading is allowed for each pixel. This can be re-
alized by combining several different assays for the same enzyme into an array,
and by obtaining quantitative rather than qualitative data from each assay. The
resulting pictures of enzyme function are called activity profiles, or fingerprints
(Figure 8).

The notion of fingerprint is associated with the possibility of using the activity
profile as an identification mark for an enzyme or enzyme-containing sample,
which is the prerequisite for all diagnostic applications of enzyme assays. Any
device capable of recording an enzyme fingerprint is the equivalent of a camera
for taking pictures of enzyme function. As for screening, enzyme assays for fin-
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Fig. 8 Enzyme activity fingerprinting.

gerprinting must be applicable in high-throughput. The goal here is to collect
the enzyme activity data simultaneously on many different substrates or in
many different reaction conditions.

In Chapter 9, Ruth Birner-Griinberger, Hannes Schmidinger, Alice Loidl,
Hubert Scholze, and Albin Hermetter discuss assays used for the identification
and biochemical study of lipases and esterases. These include fluorogenic sub-
strates specifically designed for targeted hydrolases. The authors also review ac-
tive-site labeling probes, which are used to covalently tag active enzyme for later
identification by gel electrophoresis and mass spectrometry. Such active-site la-
beling probes have established themselves as useful reagents for the discovery
of new disease-related enzymes.

In Chapter 10, Johann Grognux and Jean-Louis Reymond report a series of
practical methods for recording activity fingerprints of enzymes, mostly in the
case of hydrolytic enzymes such as lipases, esterases, and proteases. Enzyme
fingerprinting involves recording a reproducible image of the reactivity profile
of an enzyme, such that the images obtained from different enzymes can be
used for functional classification. The principle derives from multi-enzyme pro-
filing as used for phenotyping in microbiology and medical diagnostics. Meth-
ods of fingerprinting include arrays of indirect fluorogenic substrates acting by
a common mechanism of fluorescence release, and substrate cocktail reagents,
which allow recording of an activity fingerprint in a single experiment. Data
acquisition and statistical analysis techniques leading to functional classification
of enzymes are presented.

In Chapter 11, Jennifer L. Harris reviews the application of fluorogenic pep-
tide substrate libraries for large-scale profiling of proteases, a method which is
used to define the substrate specificities and the actual natural substrates of pro-
teases. The chapter reviews a number of protease profiling methods and experi-
ments. Protease profiling has proven to be a indispensable tool for the biochem-
ical study of these enzymes. The concept of positional scanning peptide libraries
is central to surveying the entire sequence space of peptide substrates within a
reasonable experimental effort.

The promise of fingerprinting lies not only in multiparametric analysis for
studying enzymes, but also in possible applications in the area of diagnostics
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and quality control. To realize this promise it will be necessary to develop mini-
aturized technologies rivaling DNA-chip technology. Several groups have shown
that enzyme fingerprinting experiments can be incorporated into microarrays
for highly parallel assays. An overview of miniaturized parallel enzyme assay
technologies is presented by Souvik Chattopadhaya and Shao Q. Yao in Chapter
12. Many of the future prospects for further development in enzyme finger-
printing reside in the exploration of microarray approaches, which will reveal
how to produce reliable fingerprints with diagnostic value.

Enzyme Assays in Other Areas

Enzyme assays are used in many other areas of investigation outside the scope
of this book. For example, they are used routinely in the practice of medical
diagnosis; clinical testing includes tests for enzymes that act as disease markers
[14]. Enzyme assays are key components of bioanalytical systems, including sig-
nal amplification in the enzyme-linked immunosorbent assay (ELISA) [15], ge-
netic analysis using PCR [16], and gene sequencing using DNA polymerases
[17]. Enzyme assays play a critical role in drug discovery, where they are used to
test enzymes as drug targets against potential inhibitors [18]. Enzyme assays
furthermore form a core technology used for imaging, where they serve to local-
ize active enzymes inside living cells or whole organisms [19]. In these imaging
applications enzyme assays are used to complement immunofluorescence stain-
ing using fluorescence-labeled antibodies against cellular proteins [20]. Imaging
in live organisms also includes the methods of magnetic resonance imaging
(MRI) [21] and positron emission tomography (PET) [22].

Recent chemical developments in imaging include the introduction of re-
agents incorporating red or near-infrared (NIR) chromophores/quencher pairs.
For example in Figure 9 peptide substrate 8 could serve for imaging proteases
[23]. Further development of enzyme-specific fluorescent probes are also of im-
portance in the context of imaging. A recent example is the aminocoumarin
substrate 9, which can be used to visualize monoamine oxidases (MAO) A and
B by forming the fluorescent product 10 [24]. In another example, the fluores-
cent resonance energy transfer (FRET) substrates 11 and 12 have been used to
image phospholipases in zebrafish larvae [25]. This area of imaging has been re-
viewed recently [26].

How to Use this Book

The chapters that make up this book have been written by different authors
and hence have different styles. Taken together, the book covers a large part of
all enzyme assay advances in recent years, while also citing classical work. The
index contains the names of enzymes for which an assay is described or at least
cited, which will facilitate searches for a specific problem. The index also con-
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tains names of reagents and substrates. A number of experimental procedures
are included. The book should serve as a useful reference to the original litera-
ture and as the basis for course material on the subject of enzyme assays.
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Quantitative Assay of Hydrolases for Activity
and Selectivity Using Color Changes

Romas J. Kazlauskas

1.1
Overview

Color changes are the most convenient way to follow enzymatic reactions, but
most enzymatic reactions do not directly cause a color change. (Reactions that
consume or generate NAD(P)H are a notable exception, making them among
the most widely used enzyme assays.) Chromogenic substrates conveniently in-
troduce a color change into many reactions, but at the cost of using an artificial
rather than a true substrate. One of the best solutions is to use the true sub-
strate and then to couple the reaction of the substrate to a color change reac-
tion. Many such coupled reaction assays have been developed. The focus in this
chapter will be on reactions linked to pH changes, which are conveniently de-
tected using pH indicators.

For many applications, substrate selectivity is the characteristic that distin-
guishes a useful enzyme from a non-useful one. To measure substrate selectiv-
ity, one must compare the reactions of two substrates. There are two ways to do
this using color change reactions — separately or in the same reaction mixture.
Measuring the rates of reactions of two substrates separately and then compar-
ing these rates is the simplest way to measure selectivity However, this
approach only yields an estimate of selectivity. Enzyme selectivity stems from
differences in the binding of the two substrates to the active site and from dif-
ferences in the reaction rates of the two substrates. Measuring the reaction rate
of each substrate separately may overlook differences in the binding of the two
substrates to the active site.

Measuring selectivity by simultaneously measuring the reaction rates of both
in the same reaction mixture seems at first to be a very special case, which
would rarely apply to real world examples. However, by using a reference com-
pound and two measurements, this approach can be applied to a wide range of
compounds and, unlike separate measurements, can yield accurate selectivity
values. The idea is to first measure the selectivity of the one true substrate and
the reference compound. This reference compound is chosen to be convenient
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to detect and may be a chromogenic substrate. Reaction of the true substrate
may be detected by one color (e.g. a pH indicator), while reaction of the refer-
ence compound is detected by another color (the chromophore released upon
reaction). This competitive experiment gives the true selectivity for this pair of
substrates. The second step is to measure the selectivity of the second substrate
toward the same reference compound. This yields a second true selectivity. Fi-
nally, since the reference compound was the same in both experiments, dividing
the two gives the correct selectivity for the two true substrates. We refer to such
colorimetric methods where the substrate selectivity is determined not by direct
competition of the substrates with each other but in a two-step procedure by
comparing reaction of each substrate with a reference compound, as “Quick se-
lectivity methods.” This chapter will provide examples of using this Quick selec-
tivity approach to measure enantioselectivity, diastereoselectivity as well as sub-
strate selectivity.

1.2
Direct Assays Using Chromogenic Substrates

The simplest and most convenient assays are those involving a chromogenic
substrate, that is, one where the reaction yields a product of a different color
from the starting material. The most common chromogenic substrates to assay
hydrolase activity are the p-nitrophenyl derivatives (Figure 1.1). In each case the
p-nitrophenyl derivatives mimic the natural substrate of the hydrolase while
adding a p-nitrophenyl moiety at the cleavage site. For lipases, phospholipases
and esterases, these are esters of p-nitrophenol (e.g. 1, 2) [1]; for proteases, these
are amides of p-nitroaniline (e.g. 3, 4) [2], and for glycosidases, these are glyco-
sides of p-nitrophenol (e.g. 5) [3].

Other common chromogenic substrates are resorufin or 1-naphthol deriva-
tives (Figure 1.2). Resorufin analogs have been used previously to spectrophoto-
metrically monitor the activity of enzymes including galactosidases [4], cellu-
lases [5], lipases [6], proteases, esterases, and phospholipases [7] and are particu-
larly useful for detecting activity at low enzyme concentrations due to the in-
tense absorption of resorufin, with an extinction coefficient approximately
70000 M~" cm™. The 1-naphthol derivatives are used for activity staining of gels
(e.g. 6). Hydrolysis yields 1-naphthol (7), which reacts with a diazo compound
(Fast Red 8) to yield red-brown insoluble precipitate (9). Other chromogenic
substrates are discussed in Chapters 9 to 11.

The disadvantage of chromogenic substrates is that they only mimic the true
substrate of interest. One is never sure whether the true substrate will behave
the same way as the chromogenic mimic.
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Fig. 1.1 Typical p-nitrophenyl derivatives for chromogenic assay of hydro-
lase activity. Each substrate includes a p-nitrophenyl moiety in the normal
substrate in such a way that hydrolysis releases p-nitrophenol or p-nitro-

aniline, which can be detected by their yellow color. The wavy line marks

the bond cleaved during hydrolysis.

13
Indirect Assays Using Coupled Reactions — pH Indicators

To detect reaction of a substrate lacking a chromogenic moiety, it is necessary to
convert a product of the reaction into a colored compound. For example, hydro-
lysis of an acetate ester by a lipase or esterase can be detected using a coupled
enzyme assay (see Chapter 2) [8]. Several sequential enzymatic reactions convert
acetate to citrate accompanied by the formation of NADH, which absorbs at
340 nm. Another example, suitable for monitoring enzyme-catalyzed transesteri-
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OAO OH
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6 7
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NO,
@
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N"g OCHg
Fastred B NO,
(o} Fig. 1.2 Action of an esterase
_N-N + Isomers releases 1-naphthol (7) which reacts
O‘ o H OCH3; with the diazo compound Fast Red
B (8) to give a water-insoluble azo
Water-insoluble red complex dye (9).

fications in organic solvent, detects the acetaldehyde released upon transesterifi-
cation of an alcohol (11) with a vinyl ester (10) to form ester (12) and acetalde-
hyde [9]. The acetaldehyde reacts with 4-hydrazino-7-nitro-2,1,3-benzoxadiazole
(13) to yield a strongly fluorescent compound (14) (Figure 1.3). Both of the ex-
amples above are limited to certain substrates: acetate esters in the first case,
transesterifications with vinyl esters in the second case.

A more general assay relies on pH indicators. Hydrolysis of an ester at neutral
pH, for example, solketal butyrate (15) (butanoate ester of 2,2-dimethyl-1,3-dioxo-
lane-4-methanol) to form solketal (16) below, releases a proton (Scheme 1.1). De-
tecting this proton release with a pH indicator allows one to monitor a wide range
of ester hydrolyses. Researchers have used pH indicators to monitor the progress
of enzyme-catalyzed reactions that release or consume protons since the 1940s [10,
11]. For example, researchers have monitored reactions catalyzed by amino acid
decarboxylase [12], carbonic anhydrase [13], cholinesterase [14], hexokinase [15,
16], and ester hydrolysis by proteases [17]. In some cases, researchers used a
pH indicator assay qualitatively, but in other cases, the color change was propor-
tional to the number of protons released. This quantitative use requires a calibra-
tion with additional experiment or a careful choice of reaction conditions.

X o w, A
—R1—= 1
RS + HORI—= LRt I
10 11 12
HN-NH, 0 NH'N=(
N A"
<0 <0 Fig. 1.3 Assaying the acylation of an
N  _ho N . ; . .
2 alcohol with a vinyl ester in organic
NO, 13 NO; 14 solvent relies on the detection of

weak fluorescence strong fluorescence acetaldehyde.
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Scheme 1.1

1.3.1
Overview of Quantitative Use of pH Indicator Assay

The most important variables in the pH indicator assay are the choices of buffer
and pH indicator [18]. Both the buffer and the indicator must have the same af-
finity for protons (pK, values 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. A difference in pK, of 0.3 units causes an 8% error
when the pH changes by 0.1 unit [12]. In a typical assay, the pH changes by
0.05 units (10% hydrolysis of the substrate), thus, differences in pK, values can
lead to nonlinear and inaccurate rates. If different pK, values cannot be avoided,
accurate results can still be obtained by using calibration experiments [10] or a
more complex equation [12].

If the pH indicator is the only species in the reaction solution that reacts with
the released protons, then the rate of hydrolysis is equal to the rate of formation
of the protonated form of the indicator. The color change in the solution reveals
the protonation of the indicator as shown in Eq. (1), where AA/dt is the change
in absorbance of the solution, Ac¢ is the difference in the extinction coefficient
of the protonated and nonprotonated forms of the indicator and I is the path-
length of the solution.

AA
rate = Alindicator - H']/time = Ag/ C;t (1)

In practice, solutions containing only indicator are difficult to use because the
color changes too readily due to small variation in conditions. For this reason,
researchers usually add some buffer to the reaction mixture. Under these condi-
tions, the rate of hydrolysis equals the rate of formation of the sum of the pro-
tonated indicator and the protonated buffer (Eq. 2).

rate = Alindicator - H"]/time + A[buffer - H']/time (2)

When the pK, values of the indicator and buffer are the same, then released
protons partition between the indicator and buffer according to the ratio of their
concentrations (Eq. 3) [6, 7, 19]. The highest sensitivity (largest dA/dt) occurs
with less buffer. The protons released add to either the buffer, giving no color
change, or to the indicator, giving a color change. Thus, lowering the buffer
concentration or increasing the indicator concentration increases the sensitivity
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Fig. 1.4 4-Nitrophenol (17) as a pH indica- lases. The inset shows the linear loss of yel-

tor to detect hydrolysis of esters. Hydrolysis
of an ester releases a proton, which proto-
nates the yellow 4-nitrophenoxide ion. The
graph shows experimental data for hydrolysis
of solketal butyrate (15) by several hydro-

low color as a function of time, which yields
the rate of reaction using Eq. (3). The graph
shows that the measured rate of hydrolysis
increases with increasing enzyme amount as
expected. (Data from [18]).

of the assay. When the buffer to indicator concentration is high, the (1+[buf-
fer]/[indicator]) term can be replaced with ([buffer]/[indicator]):

(1 i)
Since most hydrolases have maximal activity near neutral pH, we developed the
assay for pH 7.2. As a pH indicator, we chose 4-nitrophenol 17 (Figure 1.4).
The similarity of its pK, (7.15) to the pH of the reaction mixture ensures that

changes in pH give a large and linear color change [6]. The large difference in
the extinction coefficients of the protonated and deprotonated forms (200 versus

[buffer] AA/dt AA/dt
[indicator] Ae-1  Ae-l

[buffer]

[indicator]

~AA/dt

t
rate Ae.]

3)
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Fig. 1.5 Buffer/indicator pairs with similar pK, values that may be suitable
for screening at pH 6, 8, or 9.2.

18000 M~' cm™ at 404 nm) gives good sensitivity. Finally, nitrophenols bind less
to proteins than some polyaromatic indicators [20]. The concentration of the pH
indicator should be as high as possible to maximize sensitivity (see Scheme
1.1). In our assay, the high initial absorbance of 4-nitrophenoxide/4-nitrophenol
limited the concentration to 0.45 mM. (The pathlength in a 96-well plate de-
pends on the volume of the solution in the well since the light passes from the
top of the plate through the solution. Thus, the maximum indicator concentra-
tion varies with the solution volumes. With other acid-base indicators, poor
water solubility can also limit the maximal concentration.) This concentration
gave a starting absorbance of ~1.2 where the accuracy is still not compromised
by low light levels. As a buffer, we chose BES (N,N-bis[2-hydroxyethyl]-2-amino-
ethanesulfonic acid) (18) because its pK, (7.15) [21] is identical to that of 4-nitro-
phenol (17). We chose a buffer concentration of approximately 5 mM as a com-
promise between low buffer concentrations to maximize sensitivity (see Scheme
1.1), and high buffer concentrations to ensure accurate measurements and
small pH changes throughout the assay (<0.05 pH units for 10% hydrolysis at
our conditions). The small pH changes are important because kinetic constants
can change with changing pH.

Other buffer/indicator pairs may be suitable for screening at other pHs. For
example, at pH 6 chlorophenol red (19) (pK, 6.0) and MES (2-[N-morpholino]-
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ethanesulfonic acid, pK, 6.1) (20) may be suitable; at pH 8 phenol red (21) (pK,
8.0) and EPPS (N-[2-hydroxylethyl]piperazine-N'-[3-propanesulfonic acid], pK,
8.0) (22) may be suitable; at pH 9 thymol blue (pK, 9.2) (23) and CHES (2-[N-
cyclohexylaminolethanesulfonic acid, pK, 9.3) (24) may be suitable (Figure 1.5).

Suitable substrate concentrations ranged from 0.5 to 2 mM, typically 1 mM. At
substrate concentration below 0.5 mM, the absorbance changes are too small to be
detected accurately. For example, hydrolysis of 5% of a 0.25 mM substrate concen-
tration at our standard conditions (pH 7.2, 0.45 mM 4-nitrophenol (17), 5 mM BES
(18)), changes the absorbance by only 0.005 absorbance units. Solubility in water
sets the upper limit of substrate concentration because spectrophotometric mea-
surements require clear solutions. Typical organic substrates dissolve poorly in
water, so we added organic cosolvent — 7 vol% acetonitrile. For very insoluble sub-
strates, we prepared clear emulsions using detergents. The assay tolerates small
changes in reaction conditions, such as the addition of 7% acetonitrile. Indeed,
the pK, of 4-nitrophenol (17) changes only slightly from 7.15 to 7.17 upon addition
of 10% ethanol. This result suggests that cosolvent concentrations below 10% do
not compromise the accuracy of the assay. Also, small amounts of salts present in
the hydrolase solutions (buffer salts in commercial hydrolase preparations, 2 mM
CaCl, in the protease solutions) did not affect the accuracy.

13.2
Applications

The pH indicator-based assay is a quick way to measure whether an enzyme ac-
cepts a particular substrate. This measurement quickly eliminates unsuitable
enzymes or unsuitable substrates from more complicated subsequent experi-
ments. It is most useful with unusual substrate/enzyme combinations where
only a few are likely to work.

1.3.2.1 Searching for an Active Hydrolase
(Testing Many Hydrolases Toward One Substrate)
One application of this assay is for a rapid survey of commercial enzymes to find
those that accept an unnatural or unusual substrate. In one project, we screened a
library of 100 commercial hydrolases to find the two that catalyzed hydrolysis of
hindered spiro compound 25 that was useful as a chiral auxiliary [22]. This screen-
ing identified several candidate hydrolases. Subsequent confirmation of this activ-
ity and optimization of the reaction led to a subtilisin-catalyzed preparative scale
resolution of this auxiliary (Scheme 1.2).

In a second project, we screened a library of 72 commercial hydrolases (li-
pases, esterases, and proteases) towards solketal butyrate (15) (see Scheme 1.1),
a chiral building block [18]. Most hydrolases reacted with this less hindered sub-
strate so this initial screen eliminated only 20 of the 72 candidate enzymes from
the next stage of screening. In a third project, we again assayed a library of 100
hydrolases to find the few that catalyzed hydrolysis of the amide link in N-acyl
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sulfinamides (27) to form sulfinamides (28) [23]. Although hydrolysis of amides
usually does not work in this assay because it does not release a proton, the
N-acyl sulfinamide (27) was a special case. The sulfinamide (28) released is not
a strong base like an amine and does not take up the proton released from
the ionization of the acid, so the pH indicator assay was suitable for this special
amide hydrolysis (Scheme 1.3).

Other researchers recently used similar pH indicator assays to measure the ac-
tivity of glycosyl transferase [24], haloalkane dehalogenase [25], and nitrilase [26].

o o o o}
3 hydrolase V @®
— 8., +© +
Ar,s\N)LR A S NH, OJLR H

N-acyl sulfinamide, 27 28
Scheme 1.3

1.3.2.2 Substrate Mapping of New Hydrolases
(Testing Many Substrates Toward Hydrolase)

Another application of this assay is mapping the substrate range of newly dis-
covered hydrolases, such as those from thermophiles. Advances in microbiology
and molecular biology have made hundreds of new enzymes available from un-
usual microorganisms such as thermophiles. These enzymes may be useful for
organic synthesis because they allow the use of higher temperatures, where re-
actions are faster and substrates are more soluble [27]. In addition, these en-
zymes may also tolerate other unusual conditions such as high concentrations
of organic solvents. To apply these new enzymes in organic synthesis, one
needs some idea of their substrate range and selectivity. The pH indicator-based
assay is quick way to map the substrate range of new enzymes. Recently, we,
and others, used this pH indicator assay to map over 20 different esterases
using the substrate library of more than 50 esters (Figure 1.6) [28-30].

This substrate mapping first grouped each substrate/esterase combination as
slow (<1 mmol ester hydrolyzed mg™ protein min™"), good (1-10) or very good
(>10). The 19 esterases and 31 substrates gave a total of 589 substrate/esterase
combinations. Examination of these data yielded several conclusions. The best
substrates were activated esters, which were also chemically the most reactive in
the library: vinyl esters (30) and phenyl esters (32). Among the vinyl and ethyl

25
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Fig. 1.6 Examples of esters used to survey the substrate selectivity of esterases.

esters with different chain lengths, most of the esterases appear to favor the
hexanoate (36) or octanoate (37), while one esterase (E018b) appeared to
strongly favor acetate esters (34). Esters with a sterically hindered acyl group (vi-
nyl pivaloate 30, R=t-butyl or vinyl benzoate 30, R=Ph) and polar esters, e.g.
methyl 2-hydroxyacetate 31, R=CH,OH, were usually poor substrates. Three
pairs of esterases (E010/E011, E013/E014, E019/E020) showed similar reaction
rates with all substrates and therefore might be very similar or even identical
enzymes. Thus, this initial substrate mapping provided a good overview of sub-
strate range and ideas for the further refinement of these general conclusions.
This further refinement usually involves a quantitative measure of substrate se-
lectivity, where one includes reference compounds in the screening (see below).

133
Comparison with Other Methods

There are several advantages with this screening method using pH indicators.
First, it is hundreds of times faster than conventional screening. The 96-well
format allows the analysis of large numbers of samples simultaneously. The
method is quantitative, unlike screening for hydrolytic activity by thin-layer
chromatography (TLC). Second, since the entire reactions and analyses take
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place in the microplate wells, workup and analysis by gas chromatography
(GC), high-performance liquid chromatography (HPLC) or nuclear magnetic
resonance (NMR) is avoided. Third, it requires hundreds to thousands of times
less substrate (typically 20 mg per well) and hydrolase (we used between 0.6
and 35 mg protein per well). Fourth, this assay measures 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 compound, is an important advantage.

There are also few disadvantages with our screening method. This assay is ap-
proximately seven times less sensitive than one using hydrolysis of 4-nitrophenyl
esters (e.g. 1) (Figure 1.1). For example, if the rate of hydrolysis towards a nonchro-
mogenic ester and a 4-nitrophenyl ester were identical, then our assay would re-
quire seven times more hydrolase to observe the same change in absorbance.
The assay with 4-nitrophenyl esters releases one molecule of 4-nitrophenol (17)
(53% of these will be deprotonated at pH 7.2), while our assay protonates one
4-nitrophenoxide for every 12 protons released. Second, this assay requires clear
solutions. To obtain clear solutions with water-insoluble substrates, experimenta-
tion is sometimes required to find the best cosolvent or emulsion conditions.
Third, the pH indicator method requires a reaction that generates or consumes
protons, so it cannot be used for most amide hydrolysis or glycoside hydrolysis.

1.4
Estimating and Measuring Selectivity

One of the most useful characteristics of enzymes is their selectivity. The true
selectivity of an enzyme toward a pair of substrates is the ratio of the specificity
constants (ke,:/Kyn) for each substrate [31]. For example, the enantioselectivity
(or enantiomeric ratio, E) of an enzyme is the ratio of the specificity constants
for the enantiomers (Eq. 4).

keat/ K, :
Enantiomeric ratio = F = (kcat/ Kom) st enantiomer (4)

(kcat/ Km ) slow enantiomer

Other examples of selectivity are substrate selectivity (e.g. selectivity for differ-
ent acyl chain length among esters), regioselectivity (e.g. selectivity for one ester
of several esters in a nucleoside derivative), and diastereoselectivity (e.g. selectiv-
ity for a cis isomer over a trans isomer). It is rarely convenient to measure se-
lectivity by measuring the kinetic parameters for each substrate. Such measure-
ment requires multiple kinetic studies, which are slow and tedious. In addition,
combining four such measured values, each with an uncertainty of measure-
ment, yields selectivities with large uncertainties.

The best methods to measure selectivities are competitive experiments. A mix-
ture of both substrates competes for the enzyme active site and is converted to
product. Measuring the amounts of each product formed reveals the selectivity.
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One such method is the enantioselectivity determination method developed by
C.J. Sil's group [32]. This method is the “gold standard” to which other methods
are compared. To measure E, researchers run a test resolution, work up the reac-
tion and measure two of the following: enantiomeric purity of the starting materi-
al (ees), enantiomeric purity of the product (eep), or conversion (c). The difficulty
with this method is mainly the measurement of enantiomeric purity, which can be
time-consuming. Screening hundreds of commercial enzymes or cultures of mi-
croorganisms by this method is difficult without laboratory automation.

1.4.1
Estimating Selectivity without a Reference Compound

In some cases, a qualitative estimate of selectivity is sufficient. In these cases,
the measured rates of reaction in two experiments are simply compared (Eq. 5).
For example, we estimated the enantioselectivity of several lipases toward 4-ni-
trophenyl-2-phenylpropanoate (57) by measuring the initial rates of hydrolysis
of each enantiomer (Table 1.1). The true E-values came from a competitive ex-
periment where the enantiomeric purity of the products and starting materials

Table 1.1 True enantioselectivity and estimated enantioselectivity of several
hydrolases toward 4-nitrophenyl 2-phenylpropanoate (57).
(All data from [34]).

o) n-C13H27\n/O O (0]
NO, N

4-nitrophenyl 2-phenylpropanoate, 57 resorufin tetradecanoate, 58
Hydrolase True E? Estimated E® Quick E9
Pseudomonas cepacia lipase 29 20 29
Candida rugosa lipase 3.5 1 3.5
Purified Candida rugosa lipase >100 40 210
Porcine pancreatic lipase 1.1 1.4 1.4
Candida antarctica lipase A 1.4 4 2.3

a) True E was measured by hydrolysis to approximately 40% conversion of
a racemic sample of 4-nitrophenyl 2-methylpropanoate (57) with the indi-
cated hydrolase followed by measurement of the enantiomeric purity of
the product and remaining starting material by high-performance liquid
chromatography using a chiral stationary phase.

b) Quick E-values were measured resorufin tetradecanoate (58) as a reference
compound.

c) Estimated E was measured by comparing the initial rate of hydrolysis
of pure enantiomers of 4-nitrophenyl 2-methylpropanoate (57) separately.
Initial rates were measured by monitoring the release of 4-nitrophenol
(17) spectrophotometrically.

In all cases, hydrolysis of (S)-57 was favored.
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were measured. The estimated E came from a simple comparison of the initial
rate of reaction for the two enantiomers separately. In this case, a pH indicator
was not needed to detect hydrolysis because hydrolysis yields the yellow p-nitro-
phenoxide directly. The agreement is qualitatively good since the estimated E
identified enantioselective and nonenantioselective enzymes. However, there is
clearly no quantitative agreement. (The Quick E-values, which do agree quanti-
tatively with the true E-values will be discussed below:.)

rate of fast enantiomer measured separately

estimated E = -
rate of slow enantiomer measured separately

(5)

In another example, we estimated the enantioselectivity of the 52 hydrolases
toward solketal butyrate (15) by separately measuring the initial rates of hydroly-
sis of the pure enantiomers. We used pH indicators to measure the rates of hy-
drolysis and then presented the ratio of these rates as an estimated enantio-
selectivity [33]. A few typical results are shown in Table 1.2. The true enantio-
selectivity and the estimated enantioselectivity agreed to within a factor of 2.3.
This qualitative screening identified horse liver esterase as a new hydrolase for
the resolution of solketal butyrate (15) with modest enantioselectivity.

In a last example, estimated selectivities differed so much from the true selec-
tivities that they were useless. In this case we estimated the diastereoselectivity
of 91 commercial hydrolases towards the cis-(2S, 4S) and trans-(2R, 4S) dioxo-
lanes (59a/b) by measuring the initial rates of hydrolysis of the two pure diaste-
reomers separately. The ratio of the two rates is the estimated diastereoselectiv-
ity (Table 1.3). Three hydrolases — cholesterol esterase, a-chymotrypsin and sub-

Table 1.2 True enantioselectivity and estimated enantioselectivity of several
hydrolases toward solketal butyrate (15). (All data from [18]).

Hydrolase True E? Estimated E®
Horse liver esterase 15 12

Rhizopus oryzae lipase 5.0 11

Cutinase 5.0 2.3

Candida rugosa lipase 3.0 4.9

Esterase E013 1.0 1.0

a) True E was measured by hydrolysis to approximately 40% conversion
of a racemic sample of solketal butyrate (15) with the indicated hydrolase
followed by measurement of the enantiomeric purity of the product and
remaining starting material by gas chromatography using a chiral station-
ary phase.

b) Estimated E was measured by comparing the initial rate of hydrolysis
of pure enantiomers of solketal butyrate (15) separately. Initial rates were
measured using a pH indicator (4-nitrophenol 17) to detect release of acid
upon hydrolysis of solketal butyrate (15).

With the exception of horse liver esterase, all enzymes favored (R)-solketal
butyrate.



30 | 1 Quantitative Assay of Hydrolases for Activity and Selectivity Using Color Changes

Table 1.3 True diastereoselectivity, estimated diastereoselectivity and Quick
D of several hydrolases toward diastereomers of methyl (45)-2-benzyloxy-
1,3-dioxolane-4-carboxylate (59a/b). (All data from [37)).

O_ .COOMe
BnO -
n /'L"‘\(/)j

59a/b
Hydrolase True D? Estimated D Quick D
Cholesterol esterase 13 160 17
Subtilisin 6.3 >100 4.4
a-Chymotrypsin 7.7 >100 6.4

a) True D was measured by hydrolysis to approximately 40% conversion of a
mixture of diastereomers (59a/b) with the indicated hydrolase followed by
measurement of the diastereomeric purity of the product and remaining
starting material by proton NMR.

b) Estimated D was measured by comparing the initial rate of hydrolysis of
pure diastereomers of 59a and 59b separately. Initial rates were measured
by monitoring the release of 4-nitrophenol (17) spectrophotometrically.

All hydrolases favored the trans stereoisomer (59b).

tilisin from Bacillus licheniformis — showed excellent (>100) estimated diastereo-
selectivity. Unfortunately, the true diastereoselectivity was much lower (4.4-17),
so this estimated selectivity screening was not accurate enough to identify selec-
tive enzymes.

The main advantages of measuring estimated selectivity are speed and
simplicity, while the main disadvantage is the risk that the estimate is so far off
from the true value that it is misleading. Typical screening and data workup
times for a library of 100 enzymes are several hours. In practice, we often in-
clude an estimated selectivity screening before the quantitative screen involving
a reference compound (see below) to group the substrates into fast-, mediums-,
and slow-reacting. This information helps choose a good reference compound.

1.4.2
Quantitative Measure of Selectivity Using a Reference Compound
(Quick E and Related Methods)

These estimated selectivities are only estimates because they do involve competi-
tion between the substrates. By measuring initial rates of the two substrates
separately, we eliminate competitive binding between the two diastereomers.
Both kg, and K, contribute to the overall selectivity of an enzyme, thus elimi-
nating competitive binding can lead to inaccuracies, as the example in Table 1.3
above showed. To understand the contribution of binding to selectivity, imagine
a hypothetical case where both substrates have the same kg, values, but differ-
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ent K, values. In a competitive experiment, the enzyme will bind and trans-
form the better binding substrate. The reaction is selective. However, if the hy-
drolysis of the two substrates occurs in separate vessels, the result depends on
the substrate concentration. At saturating amounts of substrate, both reactions
will proceed at the same rate and estimated selectivity will incorrectly indicate
that the reaction is nonselective. At substrate concentrations well below K,,, the
estimated selectivity will be close to the true selectivity. One can imagine other
combinations of reaction conditions and kinetic parameters that can lead to
either overestimation or underestimation of the true selectivity.

Measuring the true selectivity requires a competitive experiment. Adding two
substrates to the reaction mixture creates a competitive experiment, but compli-
cates analysis. One must be able to distinguish the reaction of each substrate in-
dividually. Methods like HPLC or GC can distinguish the two substrates, but
are much slower than colorimetric methods. An alternative is to use one true
substrate, whose hydrolysis can be measured by the pH indicator and a second,
chromogenic reference compound, whose hydrolysis can be measured by forma-
tion of a color different from the pH indicator. Such an experiment would yield
the correct selectivity for true substrate 1 and the reference compound (Eq. 6).

substrate 1 .. rate of substrate 1 reaction [reference]
—————selectivity = —
rate of reference reaction [substrate 1]

(6)

reference

In a second experiment, a second substrate competes against the same refer-
ence compound to yield the correct selectivity for true substrate 2 and the refer-
ence compound (Eq. 7).

substrate 2 .. rate of substrate 2 reaction [reference]
—————selectivity =

(7)

reference rate of reference reaction [substrate 2]
Finally, dividing these two selectivities yields the desired selectivity of substrate
1 versus substrate 2 (Eq. 8).

substrate 1
substrate 1 lectivi reference
——selectivity =
substrate 2 ty substrate 2

selectivity

(8)

selectivi
reference v

We define Quick selectivity methods (Quick E for enantioselectivity, Quick D for
diastereoselectivity, Quick S for substrate selectivity) as methods that, instead of
letting the substrates compete directly against one another, do so indirectly by
competing each substrate against a reference compound.
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1.4.2.1 Chromogenic Substrate

In the first Quick E experiments, we used chromogenic substrates and a chro-
mogenic reference compound [34]. Hydrolysis of pure enantiomers of 4-nitro-
phenyl 2-phenylpropanoate (57) liberates the yellow p-nitrophenoxide ion (7).
The increase in absorbance at 404 nm revealed the initial rates of hydrolysis of
each enantiomer, but the ratio of these rates gave only an enantiomeric ratio
(see Table 1.1). The ratio of rates over- or underestimated E by as much as 70%.
To reintroduce competition, we added resorufin tetradecanoate (58) as a refer-
ence compound. We monitored the initial rates of hydrolysis of 4-nitrophenyl
(S)-2-phenylpropanoate ((S)-57) at 404 nm and the reference compound 58 at
572 nm in the same solution (Figure 1.7).

Two experiments, one with (S)-enantiomer of 57 competing against the refer-
ence compound 58 and the second with the (R)-enantiomer of 57 competing
against the reference compound 58 yielded the data to calculate the Quick E-val-
ues according to Eqs (6) to (8). These Quick E-values agreed with the values
measured by the slower methods involving direct competition of the enantio-
mers (R)- or (S)-57 and analysis of the enantiomers by HPLC (Table 1.1). We
measured low (E=1.4), average (E=27), and excellent (E=210) enantioselectiv-
ities correctly by this technique. Each hydrolysis experiment requires 30 s; thus,
the measurement time for E was only 1 min.

CHs

CHs
2 H*
o \©\ "
© No2 NO,

4-nitrophenyl 2
=11,600 M t pH7.5
(S)-2-phenylpropanoate, { Ilpase €404 ) cm’at p

n-CysH .
TR0
¢] N/

resorufin tetradecanoate, 58 €572 = 60,000 M"'cm”

§ slow § fast

‘3 ‘3 /04 nm

Q 404 nm Q

o o

_8 %m _8 M

@ c |7

time time

Fig. 1.7 The first step of the Quick E mea- respectively. The solution turns deep orange
sure of enantioselectivity of lipases toward if both substrates are hydrolyzed; pink if
4-nitrophenyl 2-phenylpropanoate (57). only the reference compound is hydrolyzed.
Lipase-catalyzed hydrolysis of 4-nitrophenyl The second step of the Quick E is the same,
(S)-2-phenylpropanoate ((S)-57) and the ref- except that it uses the (R)-enantiomer of the
erence compound, resorufin tetradecanoate chiral ester. Equations (6) to (8) yield the

(58), yields yellow and pink chromophores, enantioselectivity.
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1.4.2.2 pH Indicators
To apply the Quick E ideas to nonchromogenic substrates, we used pH indica-
tors to detect the hydrolysis of the substrate. The reference compound remained
a chromogenic resorufin ester, acetate (60). We first demonstrated this to mea-
sure diastereoselectivity of the dioxolane stereoisomers 59a/b in Table 1.2 (Fig-
ure 1.8).

The Quick D measurements agreed with the true values determined by NMR
using a direct competitive hydrolysis of the two diastereomers.

1.4.3
Application

1.4.3.1 Substrate Mapping of Hydrolases

Mapping the substrate selectivity of hydrolases using Quick S screening was
dramatically faster than traditional methods. For example, the mapping of the
acyl chain length selectivity of a group of esterases from thermophiles con-
firmed the high acetyl preference of one esterase (E018b) (Figure 1.9).

We determined the true selectivity of the thermophile esterases toward differ-
ent acyl chain length using a competitive experiment usually using resorufin
acetate (60) as the reference compound. However, accurate measurement of the
selectivities requires that the substrate and the reference compound react at
comparable rates to measure both reaction rates accurately. When the substrate
hydrolysis was much slower than resorufin acetate (60) hydrolysis, we replaced
resorufin acetate (60) with the slower reacting resorufin pivaloate (62) or resoru-
fin isobutyrate (63) as reference compounds and extended the measurement
time. The trends for the true selectivities were similar to the estimated selectiv-
ities. Among the vinyl esters, the hexanoate or octanoate was the best substrate
for all except E018b, where the acetate was the best substrate. We confirmed
this high acetyl selectivity of E018b by a direct competition between vinyl buty-
rate and acetate monitored by 'H-NMR. The resonances of both substrate vinyl
esters, and the products, butyric and acetic acid, were monitored over time and
revealed a 17-fold acetyl preference. In comparison the Quick S measurements
showed a 24-fold acetyl preference. Surprisingly, acetyl esterase from orange
peel showed only a fourfold preference for acetyl.

1.4.3.2 Screening of Mutants in Directed Evolution

An important application of Quick FE screening was search for more enantioselec-
tive mutants in a library of randomly mutated esterases. For this application, the
ability to measure enantioselectivity accurately was important to find those mu-
tants that only increased enantioselectivity moderately. To increase the enantios-
electivity of PFE toward hydrolysis of methyl 3-bromo-2-methylpropanoate
(MBMP) (64) (Ewr=12 favoring (S)-64), we used random mutagenesis by an Fs-
cherichia coli mutator strain [35]. Screening of 288 crude cell lysates with Quick
E revealed that most of the mutants had enantioselectivities near that of the wild
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Fig. 1.8 The first selectivity step of measur-
ing the Quick D diastereoselectivity of a
hydrolase toward the 2R and 2S diastereo-

mers of methyl (4S)-benzyloxy-1,3-dioxolane-

4-carboxylate (59a/b). Enzyme-catalyzed
hydrolysis of trans-(2R, 4S) diastereomers
(57b) in the presence of the reference com-
pound, resorufin acetate (60), releases
protons which produce a decrease in the
yellow absorbance of the pH indicator, and
a brilliant pink chromophore, resorufin
anion 61. Both of the absorbance changes,
at 404 nm and 574 nm respectively, can be
monitored simultaneously. The second step

of the Quick D uses the cis-(2S, 4R) diaster-

Time (s)

eomer (59a). The graph shows experimental
data for the Quick D measurement with
bovine pancreatic protease (Quick D=12.8).
The selectivity ratio of the trans-(2R, 4S) dia-
stereomer (59b) versus resorufin acetate
(60) is 1.64 (Eg. 6) while the selectivity ratio
of the cis-(2S, 4S) diastereomer (59a) versus
resorufin acetate (60) is 0.128 (Eq. 7). The
ratio of the two selectivity ratios equals the
diastereoselectivity, 12.8 (Eq. 8). Conditions
in the well during assay: 2.0 mM cis or

trans dioxolane methyl ester (59), 0.1 mM
resorufin acetate (60), 4.65 mM BES (18),
0.434 mM 4-nitrophenol (17), 0.86% Triton
X-100, 7% acetonitrile. (Data from [34]).
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Fig. 1.9 Acyl length selectivity of thermophile  selectivity clearly, the absolute enzyme
esterases toward vinyl esters. Darker squares activities were scaled as indicated. This
correspond to higher activity. Most esterases ~ grayscale array representation was created
favor either vinyl hexanoate or octanoate, as described by Reymond and coworkers
but EO18b and AcE (acetyl esterase from [38]. AChE=acetylcholine esterase.
orange peel) favor vinyl acetate. To show (Data from [30]).

type (Quick E=12), but one mutant, MS6-31, showed significantly higher enan-
tioselectivity (Quick E=21) (Figure 1.10 and Table 1.4). DNA sequencing revealed
a CegoT transition, which changes Thr230 to isoleucine. This mutant showed
E=19 in a scale-up reaction in good agreement with Quick E-value. For this
and the Thr230Pro mutant in Table 1.4, the differences between Quick E and
the true E are within experimental error even though we measured Quick E-values
on cell lysates, but measured endpoint method values on purified enzyme.

The next generation of this directed evolution project involved focusing muta-
tions closer to the substrate-binding site [36]. The much more enantioselective
mutants at positions 28 and 121 identified in this project also highlighted a
weakness of the Quick E screening method. The Quick E-values proved more
difficult to measure because the rate reaction of the slow enantiomer was so
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Fig. 1.10 Mutants of Pseudomonas fluorescens esterase generated by random
mutagenesis of the entire protein and ordered from highest to lowest enan-
tioselectivity. The flat central part of the curve represents colonies where
there was little or no change in enantioselectivity because they either con-
tained no mutations or mutations that did not affect enantioselectivity.
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Table 1.4 Enantioselectivities of wild-type and selected PFE mutants toward
methyl 3-bromo-2-methylpropanoate (MBMP) (64).

o]

BrYko/

methyl 3-bromo-2-methylpropanoate, 64

Mutants Quick E? True E
Wild type 12 12+1
Thr2301le 21 19+2
Thr230Pro 19 17
Trp28Leu 100+20 58+7
Trp28Phe 39 321
Trp28Tyr 23 29+1
Val121Ser 104+13 61+1
Val121Met 76 36x1

a) Colorimetric measurement in microplates using p-nitrophenol (17) as the
pH indicator and resorufin acetate (60) or resorufin isobutyrate (63) as the
reference compound. Wild type and all mutants favored (S)-64.

b) Small-scale reactions (50 mmol) where the enantiomeric purity of the
products and starting materials were measured by gas chromatography on
a chiral stationary phase. Standard errors are shown for those measure-
ments that were repeated several times.

slow that it was difficult to measure accurately. First, we increased the concen-
tration of substrate, but solubility limited how much we could add. We could
not simply add more enzyme because then the reference compound reacted too
quickly. Our solution was a slower reacting reference compound — resofurin iso-
butyrate (63) — in place of resorufin acetate (60) (Figure 1.11). This reference
compound 63 reacted about seven times more slowly with Pseudomonas fluores-
cens esterase than the acetate 60. With new reference compound 63, we could
measure the higher enantioselectivities (Table 1.4). The errors for measuring
the higher enantioselectivity remained higher than that for low enantioselectiv-
ity. For this application, this accuracy was sufficient to identify the highly enan-
tioselective mutants. For applications that require measuring high enantioselec-
tivities accurately with Quick E, we are developing even slower-reacting refer-
ence compounds.

1.4.4
Advantages and Disadvantages

The main advantage of Quick E is speed, which comes from four differences
between Quick E, which involves competition with a reference compound, and
true E methods, which involve direct competition of the two enantiomers. First,
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Fig. 1.11 Resorufin isobutyrate (63) reacts approximately seven times
slower than resorufin acetate (60), which makes it a better reference
compound for slow-reacting substrates.

and most important, the Quick E screening eliminates the need to measure en-
antiomeric purity. Measuring enantiomeric purity for substrate mapping would
require several different analytical methods and probably several different chiral
HPLC and GC columns. Each measurement would require at least an hour. Sec-
ond, Quick E screening measures only initial rates (>5% conversion) so there is
no need to wait for the reaction to reach 30 or 40% conversion. Third, the col-
orimetric methods allow us to follow 96 reactions simultaneously using a micro-
plate reader. Fourth, the small scale of the reaction (typically 0.1 mmol) allows
us to use more enzyme per mole of substrate and thus the reaction is faster.
These advantages all contribute to making Quick E a much faster method than
true E methods. Quick E is ideal for rapidly measuring the enantioselectivity of
large numbers of samples and it is based on the same equations and assump-
tions as the true E methods.

One disadvantage of Quick E is that it requires pure enantiomers, albeit in
small amounts. In many cases, small amounts are available from preparative
HPLC with chiral stationary phases or other methods. Another disadvantage is
the need for clear aqueous solutions of substrate. Dissolving hydrophobic sub-
strates in aqueous solution, even with the help of surfactants, is sometimes dif-
ficult.

Measuring high enantioselectivity is challenging for both the true E methods
and the Quick E methods. For the true E methods, measuring high enantio-
selectivity requires the slow-reacting enantiomer to be detected accurately. For
the Quick E methods, measuring high enantioselectivity requires the rates of re-
action of the slow-reacting enantiomer and a reference compound to be mea-
sured simultaneously. This measurement will normally require a slower react-
ing reference compound. Another limit to measuring high enantioselectivity
with Quick E is the enantiomeric purity of the starting slow enantiomer. If the
slow-reacting enantiomer is contaminated with the fast-reacting one, then the
measured Quick E-value will be lower than the true E.
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2
High-throughput Screening Systems for Assaying
the Enantioselectivity of Enzymes

Manfred T. Reetz

2.1
Introduction

Academic and industrial interest in the catalytic asymmetric preparation of en-
antiomerically pure or enriched organic compounds continues to grow rapidly,
biocatalytic routes drawing increasing attention [1]. Indeed, already now a signif-
icant number of industrial enantioselective processes are based on the use of
enzymes. In addition to progress in biotechnological engineering (e.g. reactor
design) [le], two important developments in the 1990s resulted in even greater
interest in the use of enzymes in asymmetric catalysis, namely directed evolu-
tion of enantioselective enzymes [2] and metagenome DNA panning [3] (Figure
2.1). The evolutionary approach is based on the proper combination of molecu-
lar biological methods for random gene mutagenesis and gene expression [4]
coupled with appropriate high-throughput screening systems to assess the enan-
tiopurity of the chiral products [5]. Typically, thousands of samples arising from
the catalytic action of the evolved enzyme variants on a given substrate of inter-
est need to be assayed within a day or two. A similar analytical problem arises
in the case of metagenome DNA panning in which large numbers of genes are
collected in the environment followed by expression of the encoded potentially
enantioselective enzymes in recombinant microorganisms.

The enantioselectivity of an enzyme catalyzing a given transformation is tradi-
tionally determined by the enantiomeric excess of the product (% ee) or, in the
case of kinetic resolution of a racemate, by the selectivity factor E, which reflects
the relative reaction rates of the two enantiomers [6]. Normally gas chromatog-
raphy (GC) or high-performance liquid chromatography (HPLC) based on chiral
columns is employed, but the conventional forms of these analytical tools can
handle only a few dozen samples per day. For this reason medium- or prefer-
ably high-throughput ee-assays had to be developed, as in the new field of com-
binatorial asymmetric transition metal catalysis [5d, 7].

This chapter focuses on the most efficient and practical high-throughput
ee-screening systems developed specifically to evaluate enantioselective enzymes.
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Fig. 2.1 Two sources of large libraries of potentially enantioselective enzymes.

A few other rapid ee-assays originally developed for combinatorial asymmetric
transition metal catalysis, but adaptable to biocatalysis, are included as well.
Due to space limitation only a few of the currently available ee-assays are illus-
trated by detailed protocols. Many of the ee-screening systems are complemen-
tary, and no single assay is truly universal. For general information concerning
high-throughput ee-screening systems, the reader is referred to recent reviews
[5]. Chapter 1 of this volume, focusing on chromogenic ee-assays of hydrolases,
should also be consulted. Selection, as opposed to screening, has not been de-
veloped to date in the directed evolution of enantioselective enzymes [8]. How-
ever, a screening system based on differential cell growth has been described
[9], which is a rare case of a colony-based ee-assay. All of the assays described in
this chapter are carried out in the spatially addressable wells of microtiter plates
following bacterial colony picking. If possible, it is advisable to apply an efficient
prescreen for activity, which eliminates inactive mutants and thus makes it
easier to perform the ee-assay.

2.2
UV/Vis Spectroscopy-based Assays

UV/Vis-based assays have a number of advantages, including the possibility of
visual prescreening for activity on microtiter plates. More importantly, if a reli-
able UV/Vis signal arises as a consequence of an enzymatic reaction, commer-
cially available UV/Vis plate readers can be used in screening thousands of mu-
tant enzymes catalyzing reactions in the wells of microtiter plates [5].



2.2 UV/Vis Spectroscopy-based Assays

2.2.1
Assay for Screening Lipases or Esterases in the Kinetic Resolution
of Chiral p-Nitrophenyl Esters

The first, though somewhat crude, high-throughput ee-assay used in the
directed evolution of enantioselective enzymes was based on UV/Vis spectrosco-
py [2a]. This was restricted to the hydrolytic kinetic resolution of racemic p-ni-
trophenyl esters catalyzed by lipases or esterases. The specific goal was to evolve
highly enantioselective mutants of the lipase from Pseudomonas aeruginosa as
potential biocatalysts in the hydrolytic kinetic resolution of the chiral ester (S)/
(R)-1. The wild type leads to an E-value of only 1.1 in slight favor of the (S)-acid
(2). Lipase-catalyzed hydrolysis in buffered medium generates p-nitrophenolate
(3), which shows a strong UV/Vis absorption at 405 nm (Scheme 2.1). Thus, re-
actions can be carried out on microtiter plates, a simple UV/Vis plate reader
measuring absorption as a function of time (typically during the first 8 min).
However, since the racemate delivers only information concerning the overall
rate, the (S)- and (R)-substrates 1 were prepared and studied separately pairwise
on 96-well microtiter plates. If the slopes of the absorption/time curves differ
considerably, a hit is indicated (i.e. an enantioselective lipase variant has been
identified which is then studied in detail in a lab-scale reaction using traditional
chiral GC).

Figure 2.2 shows two experimental plots, illustrating the presence of a nonselec-
tive lipase (Figure 2.2a) and a hit (Figure 2.2b) [2a, 5h]. About 500-800 plots of
this kind are possible per day. Using error-prone polymerase chain reaction
(epPCR) [2a], saturation mutagenesis [2b], and DNA shuffling [2¢], a total of
40000 lipase-variants were generated and screened in the model reaction [2]. Sev-
eral enantioselective lipases variants were obtained, the best one showing an E-val-
ue of >51 [2c]. Moreover, reversal of enantioselectivity was achieved (E=30 in favor
of (R)-2), a process which again required only about 40000 mutants [2d].

The disadvantage of this assay has to do with the fact that a built-in chromo-
phore is required (p-nitrophenol), yet p-nitrophenyl esters will never be used in
real (industrial) applications. If directed evolution is being applied, the final out-
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Fig. 2.2 Time course of the lipase-catalyzed hydrolysis of the (R)- and (S)-
ester 1 measured with a UV/Vis plate reader [5a, 5h]. (a) Wild-type lipase
from P. aeruginosa, (b) improved mutant in the first generation.

come may be influenced by the fact that the p-nitrophenyl ester and not the
usual methyl or ethyl ester was chosen. Moreover, since the (S)- and (R)-sub-
strates are tested separately pairwise, the enzyme does not compete for the two
substrates, introducing some uncertainty. Nevertheless, the assay is useful in
proof-of-principle studies.

Procedure 2.1: UV/Vis-based Screening of Lipases or Esterases
in Kinetic Resolutions [2a, 5h]

Each colony of P. aeruginosa PABST7.1/pUCPL6A was picked with a colony
picker (Genetix, UK) and resuspended in a well of a 96-deep-well microtiter
plate filled with 1mL of 2xLB (20gL™" trypton, 10 g L™ yeast extract,
10 g L™ NaCl) containing 200 ug mL™" carbenicillin and 50 ug mL™ tetracy-
cline [2a, 5h]. Cells were grown by shaking the plates overnight at 30°C. Li-
pase expression was induced by addition of 0.4 mM IPTG and further shak-
ing at 30°C for 4-24 h. Cells were separated from the culture supernatant
by centrifugation of the plates at 5000xg for 15 min. An aliquot of 50 pL
was taken from each well and pipetted into two wells of a second microtiter
plate each containing 10 pL of a 100 mM Tris—HCIl pH 8.0 buffer, 30 uL A.
dest. and 10 pL of the (R)- or (S)-enantiomer, respectively, of 2-methyldeca-
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noic acid p-nitrophenyl ester (1) in 10% DMEF. Plates were shaken for 10 s
and the reactions monitored at 410 nm for 6-10 min at 30°C using a Spec-
tramax-8 channel photometer (Molecular Devices, Sunnyvale, CA, USA).
Apparent E-values were determined from the ratio of the slopes of the lin-
ear part of the curves obtained for the (R)- and (S)-enantiomers.

Those clones showing an improved enantioselectivity as compared to the
“parent” of the corresponding generation were further analyzed by reacting
a racemic substrate mixture with culture supernatant and subsequent analy-
sis of the reaction products by conventional chiral GC. The genes encoding
lipases with improved enantioselectivity were sequenced (Eurogentec, Bel-
gium). For this, the BamHI/Apal-fragments from pUCPL6A were cloned
into pBluescriptll KS giving pMut5 which also served as the template for
the next round of epPCR.

222
Enzyme-coupled UV/Vis-based Assay for Lipases and Esterases

In those cases in which the product of an enzymatic reaction under study can
be transformed by another enzyme into a secondary product which gives rise to
a spectroscopic signal, an enzyme-coupled assay is possible. This was first dem-
onstrated using fluorescence as the spectroscopic detection method (see Section
2.3) [10a]. In a UV/Vis approach using this idea the hydrolase-catalyzed kinetic
resolution of chiral acetates was studied using a high-throughput ee-assay based
on an enzyme-coupled test, the presence of a fluorogenic moiety or a UV/Vis

OH
O/lk + mo VAOlRSe_  ceticacid 4+ 2

A R'

RZ
CoA
citrate ATP
cs ACS
"0 cetyl-CoA AMP + pyrophosphate

R’ R

NADH + H* + oxaloacetate = ——— L-malate + NAD*
L-MDH

Fig. 2.3 Enzyme-coupled assay in which the NAD™ in the presence of 1-malate dehydro-
hydrolase-catalyzed reaction releases acetic genase (L-MDH). Initial rates of acetic acid
acid [11]. The latter is converted by acetyl- formation can thus be determined by the
CoA synthetase (ACS) to acetyl-CoA in the increase in adsorption at 340 nm due to the
presence of ATP and coenzyme A (CoA). increase in NADH concentration. Use of
Citrate synthase (CS) catalyzes the reaction optically pure (R)- or (S)-acetates allows the
between acetyl-CoA and oxaloacetate to give determination of the apparent enantio-
citrate. The oxaloacetate required for this selectivity E,pp.

reaction is formed from r-malate and



46 | 2 High-throughput Screening Systems for Assaying the Enantioselectivity of Enzymes

chromophore not being necessary [11]. The assay is based on the idea that the
acetic acid formed in the hydrolysis of a chiral ace