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Abstract

Directed evolution, inspired by Darwinian evolution in Nature, is an effective
approach for protein design. An industrially-important enzyme, subtilisin E, has been
chosen as the research target. Important methodologies for directed evolution have been
developed, including optimizing the error-prone polymerase chain reaction (PCR) to allow
easy and precise control of the mutation rate, optimizing DNA shuffling for high fidelity
recombination, and developing three new in vitro recombination methods: random priming
recombination (RPR), defined primer recombination (DPR) and staggered extension
process (StEP) recombination.

Using these techniques, subtilisin E isolated from the mesophilic organism Bacillus
subtilis has been rapidly converted into its thermophilic counterpart (without compromising
its activity). After five generations of directed evolution, the resulting variant 5-3HS5 is as
stable as its naturally-occurring thermostable homolog, thermitase, isolated from the
thermophilic organism Thermoactinomyces vulgaris. The half-lives of thermal inactivation
at 83 °C of both 5-3HS5 and thermitase are 3.5 min. Their temperature optima are 76 °C, 18
°C higher than that of wild type subtilisin E. In addition, 5-3HS is more active than wild
type subtilisin E over the whole range of temperatures. The mutations responsible for the
enhanced thermostability were identified and mapped into the structure of subtilisin E. Our
findings strongly supports the notion that thermal stability is achieved by the cumulative
effect of small improvements at many locations within the protein molecule. Thus, not
surprisingly, the pursuit of a 'holy grail' of rules for protein thermostabilization was
deemed unsuccessful. However, as demonstrated here, directed evolution is a generally
applicable, highly effective approach to increase protein thermostability.

The concepts and techniques developed for directed evolution may also be applied

to solving problems associated with molecular evolution in Nature. For example, due to
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significant sequence divergence, identification of the adaptive mutations, neutral mutations
and deleterious mutations in evolutionarily-related proteins is a difficult task. We
developed a convenient method to identify functional mutations by gene recombination and
sequence analysis of a small sampling of the recombined library exhibiting the evolved
behavior. As a demonstration, this approach was used to identify the two thermostable

mutations out of ten mutations in a laboratory-evolved thermostable subtilisin E variant.
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Chapter 1

Introduction



Biocatalysis and Biocatalysts

Enzymes exhibit exquisite catalytic power unmatched by conventional catalysts.
Their many applications range from serving as catalysts for chemical synthesis to use in
diagnostic testing, foods and pharmaceuticals. Compared to conventional catalysts,
enzymes as biocatalysts are advantageous for several reasons: (1) Enzymes are highly
efficient. Under identical conditions, the rate of an enzymatic reaction may be as much as
10-14 orders of magnitude faster than the rate of the reaction without a catalyst. (2)
Enzymes often promote highly chemoselective, regioselective, and stereoselective reactions
which are difficult or impossible to emulate using other techniques of synthetic organic
chemistry. (3) Enzymes catalyze reactions under relatively mild conditions with regard to
temperature (ca. 37 °C), pressure (1 atm), and pH (ca. 7.0). This makes biocatalysis
remarkably energy-efficient compared to the corresponding chemical processes.
Furthermore, this also minimizes the problems of side-reactions, such as decomposition,
1somerization and rearrangements. (4) Enzymes are natural catalysts which are generally
environmentally-benign and produce less hazardous waste, such as toxic organic solvents
or metals.

There are also some disadvantages associated with enzymes. The most important
ones are: (1) Many potentially useful enzymes are relatively unstable. (2) Due to their
natural origin, enzymes usually function best in natural environments, i.e., aqueous media,
room temperature, neutral pH, etc. This may cause difficulties when the substrate or
product is poorly soluble in or sensitive to water, or when the biocatalytic process needs to
be operated at high temperature, or pressure. (3) A given enzyme is often capable of
transforming only a very narrow selection of substrates. The ideal biocatalysts for
synthetic applications are those enzymes having broad specificity towards both natural and
nonnatural substrates while at the same time maintaining high degree of selectivity where

stereoselectivity is needed.
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These problems of using enzymes as biocatalysts may be regarded as consequences
of nature's five-billion-year-evolutionary project. Proteins in nature have evolved, through
selective pressure, to perform specific biological tasks. From another angle of view, these
problems are in fact rooted in the lack of knowledge of two more fundamental issues.
They are, 1) how does a protein fold from primary sequence into a well-defined three-

dimensional structure? and 2) how does the sequence and structure of a protein determine

its function(s) ?

Protein Structures and Functions

The principal component of all known enzymes is protein. Proteins are linear
polymers of 20 naturally occurring amino acids. In theory, the three-dimensional structure
arises from the sequence of the amino acids (the primary structure). The major driving
force is energy minimization of the interactions of the side-chains of amino acids. In
reality, in spite of considerable efforts over the decades, this folding problem still remains a
major unsolved intellectual challenge. The fundamental reason lies in the fact that, with 20
different amino acids, there are a vast number of ways in which similar structures can be
generated by different amino acid sequences. Enormous computing power is required to
search through the protein configuration space.

Each enzyme contains an active site responsible for acting on substrate. This active
site is composed of a set of amino acids (residues) finely positioned in the protein. The
interactions among the substrate, the side chains of these active site residues and solvents
determine the enzyme function, including rate of catalysis, specificity and selectivity. The
basic principle underlining enzyme catalysis proposed by Pauling half a century ago is that
enzymes increase the rate of a chemical reaction by preferentially binding the transition state
of the substrate [1]. However, these interactions are very subtle and complex and depend
on their precise locations. This kind of precision requirement is not only below the limit of

resolution of X-ray crystallography but also poses a supreme technical difficulty for
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crystallographers to capture the interactions in the transition state. Furthermore, enzyme
catalysis is a dynamic process, far from a lock-and-key model, in which both enzyme and
substrate structures adjust to accommodate each other. Consequently, the static enzyme
structures determined by X-ray crystallography are of limited utility in exposing these
dynamic processes. Take triosephosphate isomerase (TIM) as an example. This enzyme
catalyzes the interconversion of dihydroxyacetone phosphate and D-glyceraldehyde 3-
phosphate through the formation of a cis-enediol(ate) [2]. The catalytic center is composed
of a protein loop (residue 166 to 176) that binds and stabilizeé the reaction intermediate,
and a catalytic base (Glul65) and a catalytic acid (His94) to mediate the enolizations.
Extensive studies showed that this protein loop has two catalytic functions: it ensures an
efficient throughput of substrate to product, and it stabilizes the reaction intermediate.
However, the exact catalytic mechanism is still unknown due to the lack of high-resolution
structures of the enzyme complexed with substrate and with the intermediate. Furthermore,
the full catalytic power relies on the very precise positioning of Glu 165. When this group
is moved by as little as ~1 A (as in the mutant E165D), the catalytic efficiency of the
enzyme decreases nearly a thousand fold, though its crystal structure shows no other
significant alterations. A single message coming from all of the mechanistic and structural
studies of TIM is one of precision, which means not only the exact fit between substrate
and active site, but also other elements of precision which have not been fully appreciated
[3].

A widely used approach to probe this structure-function relationship is "rational”
design in which the presumed importance of a particular amino acid or a set of amino acids
is probed by changing or deleting them and then examining the functional consequences
[4.5]. Extensive structural and mechanistic information is required to guide such efforts.
Identifying the amino acids responsible for existing protein functions and those which
might give rise to new functions remains an often-overwhelming challenge. It is clear that

our present understanding of protein structure and function does not yet guarantee that
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rationally designed changes will yield the predicted outcomes. In fact, protein engineers
frequently have been surprised by the range of effects caused by single mutations designed
to change only one specific and simple property in an enzyme. This situation becomes
even worse now that mutations far away from active sites have been found to affect
catalysis [6,7, 8, 9]. For example, in a subtilisin E variant functioning in 60%
dimethylformamide (DMF), several functional mutations are located more than 20 A away
from the active site and bound substrate [6]. Another example is isocitrate dehydrogenase
of E. coli. Six mutations in the adenosine binding pocket have been engineered to shift

coenzyme preference toward NAD. Additional mutations in the binding pocket impaired

performance with NAD. Two mutations outside the pocket, however, promote the binding
and catalysis by a net eight-fold increase in performance [8]. The implication from these
studies is that the combined effects of many substitutions outside binding sites and catalytic
sites may be considerable in aggregate. The often surprising results reveal how little we

know of what is required to effect specific small changes.

Directed Evolution

An alternative and highly efficient approach to address this dilemma is random
mutagenesis or directed evolution. This approach involves the generation and selection or
screening of molecular repertoires with sufficient diversity for the altered function to be
represented. This approach avoids preconceived ideas about what is important, and since
(at least in principle) all possible single amino acid changes and some fraction of double
and higher order changes can be made, it is possible to identify those structural changes
that produce a particular functional effect with no bias. This may give rise to new insights
and result in a deeper understanding of the relationship between protein sequence, structure
and function.

Random mutagenesis differs from directed evolution in key features. Random

mutagenesis involves mutating a single gene randomly followed by selection or screening
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in an attempt to alter its function. Typically only a single round of point mutagenesis and
selection or screening is performed. In contrast, directed evolution has a more ambitious
goal of evolving novel protein functions in the test tube. Directed evolution may start from
several homologous genes and involves multiple rounds of mutation, recombination and
screening or selection. Interest in protein design by directed evolution has grown
significantly in the past several years [6,10]. Directed evolution has been successfully used
to engineer enzymes with increased thermostability [11,12,13], altered substrate specificity
[14, 15, 16, 17], and enhanced catalytic activity in organic solvents [14,18,19].

Protein evolution is protein design as it occurs in nature. Directed evolution is
protein evolution as it occurs in the laboratory. The term 'evolution' implies a gradual
alteration in contrast to a sudden change. Evolution in nature occurs spontaneously and
constantly during reproduction and survival such that organisms enable to adapt to ever
changing environments. Generally associated with the name of Charles Darwin, natural
evolution usually consists of two processes: generation of diversity and natural selection.
Several theories, including the neo-Darwinian theory of evolution and the neutral theory of
evolution, were postulated to explain the origin and nature of diversity [20]. Strictly
speaking these theories aim to deal with evolution of species, while our concern in directed
evolution is to deal with evolution at the molecular level (molecular evolution).
Nevertheless, the patterns of relationship between species include their chemical
components at the level of macromolecules, that is, the genetic material (e.g., DNA
sequences) and its products (e.g., proteins). By mimicking the evolutionary processes in
the test tube, directed evolution may give new insights to the driving force behind the
evolutionary processes in nature as well as to the relationship between protein structure and
function. After all, proteins are not the products of rational design, but rather arose from a
combination of random mutation and natural selection. Thus not all protein behaviors are

rational and understandable [21].
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Evolutionary changes at the molecular level in nature are dynamic processes, which
are the origin of molecular diversity. Such processes include gene duplication, shuffling of
DNA (exon shuffling), random mutation, transposition, gene recombination, and gene
conversion [22]. These processes have created and are creating the stunning variety of
living things, cell types, and biological molecules existing in the world, each with its own
highly specialized talents. However, these in vivo mechanisms operate at very low
efficiency, eliciting insignificant changes of gene structures or functions even after millions
of years. For example, random changes (neutral substitutions) of one residue only occur at
a rate of roughly one per 108 years, and highly conserved residues less than one per 1011
years [23]. In order to harness the power of natural evolution for practical applications,
this variation-selection scenario must occur very quickly, preferably in the order of weeks
or days. The solution relies on two capabilities: rapid generation of diversity at the
molecular level and rapid identification of the fittest-among-survivors. Thus one of the
major challenges of directed evolution is to develop the technological tools necessary to
accelerate these two processes.

Two natural evolutionary processes have been mimicked so far by directed
evolution in the test tube: random point mutagenesis and in vitro recombination. These two
techniques are fundamentally different. As shown in Fig. 1.1, random point mutagenesis
usually starts from a single parent gene and introduce new mutations randomly in the
progeny genes, while recombination can start from a pool of closely-related parent genes
and generate combinations of existing mutations. Due to the use of polymerases,
recombination methods can also introduce new point mutations.

The first step in directed evolution is to create molecular diversity starting from a
target gene or a family of related genes (Fig. 1.2). The diversity can be created by
introducing mutations and/or by recombination. The gene products are sorted by screening
or selection, and those genes encoding improved products can be returned for further

generations of evolution. This evolutionary process can be repeated until the goal is
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achieved (or until there is no further improvement). The two major requirements for
successful directed evolution are (1) functional expression of the target protein in a suitable

microbial host; (2) developing an efficient screen (or selection) sensitive to the target

property.

Project Overview

My research has focused on two aspects of directed evolution: (1) developing
methods and strategies for design by evolution (Chapter 2 and Chapter 3) and (2)
demonstrating them by engineering a novel, industrially useful enzyme (Chapter 4) and
addressing a long-standing puzzle existing in both laboratory-evolved and naturally-
evolved proteins, identification of the functional mutations (Chapter 5). All these efforts
have been illustrated with the serine protease subtilisin E and its evolved variants.

Serine proteases are extremely widespread and exhibit diverse functions. They
have been grouped into six clans, of which the two largest are the (chymo)trypsin-like and
subtilisin-like clans. More than 140 members of subtilisin-like serine proteases have been
discovered in Archaea, Bacteria, fungi, yeast, and high eukaryotes [24]. The mature
enzymes range from 266 to 1775 residues. From several known crystal structures and a
multiple alignment of known amino acids sequences, a core structure was predicted for the
catalytic domain of all subtilisin-like proteases (Fig. 1.3) [24]. Only 19 of these core
residues are highly conserved.

Subtilisin E is an alkaline serine protease produced in Bacillus subtilis [25]. Its
gene has been cloned and sequenced [26]. Recently, its X-ray crystal structure has also
been solved [27]. Subtilisins are produced from pre-pro-subtilisins consisting of the pre-
sequence of 29 residues, the prosequence of 77 residues, and the mature protease of 275
residues [26]. The pre-sequence functions as the signal peptide for protein secretion across
the membrane [28], while the pro-sequence acts as a "foldase" to guide the appropriate

folding of the subtilisin molecule [29,30].
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Over the past several years, fueled by the development and use of new
technologies, directed evolution has emerged as a powerful tool for engineering new
enzymes as well as addressing fundamental questions about structure, function and
evolution of proteins. Chapters 2 and 3 describe the theoretical models and major
techniques developed for directed evolution, including optimization of existing techniques
as well as new techniques. To facilitate the DNA manipulation and protein expression,
especially increasing the size of variant library, the subtilisin E working system has been
optimized. This includes the construction of a shuttle vector between E. coli and B. subtilis
and the establishment of a sensitive and efficient screen for thermostability. Based on this
system, important methodologies for directed evolution have been developed. These
include optimizing the error-prone polymerase chain reaction (PCR) to allow easy and
precise control of the mutation rate, optimizing a recently-developed in vitro recombination
method -- DNA shuffling -- for high fidelity recombination, and developing three new in
vitro recombination methods: random priming recombination (RPR), defined primer
recombination (DPR) and the staggered extension process (StEP).

With these techniques, I have attempted to address two fundamental questions in
protein structure-function. The first question is, how can we increase protein
thermostability efficiently and what is the molecular basis of this thermostability? Stability
here includes thermodynamic stability, as measured by reversible denaturation, and kinetic
stability, as measured by the unfolding rate for enzymes that are subject to irreversible
denaturation [31]. Denaturation and stability are interconnected, since perturbing the native
structure of a protein is the only way to quantify its stability. Ab initio calculations of the
free energy of stabilization of proteins are not feasible [32]. As mentioned earlier, one of
the major problems of using biocatalysts for industrial applications is the low stability of
enzymes. In many industrial applications, stability is defined as having a sufficient lifetime
under specified conditions to complete a reaction. As such, the factors affecting kinetic

stability are as important as those affecting the folding-unfolding equilibrium [31].
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The three-dimensional structure of proteins is determined by two classes of non-
covalent interactions, electrostatic and hydrophobic. The electrostatic interactions include
ion pairs, hydrogen bonds, weakly polar interactions and van der Waals forces [32,33].
Hydrophobic interactions imply van der Waals forces and hydration effects of non-polar
groups [34,35,36]. Protein stability represents the cumulative effect of these interactions at
many locations. However, interpretation of stabilization in terms of these interactions is
extremely difficult since the free energy of stabilization of proteins represents a marginal
difference of large numbers as a consequence of the delicate balance of attractive and
repulsive forces. In fact, the overall free energy of stabilization is equivalent to the energy
required to break a maximum of five hydrogen bonds, corresponding to about 1% of the
total number of H-bonds in the folded structure [32]. The difference of free energy of
stabilization between thermophilic and mesophilic enzymes is of the same order of
magnitude (estimated ~5-7 kcal/mol), which is equivalent to a few hydrogen bonds or two
ion pairs [38, 39]. Thus, no 'holy grail' in terms of predicting protein stabilization from
specific amino acid changes is expected to exist. However, a 'holy approach' does exist.
As shown in Chapter 4, directed evolution is an extremely efficient and powerful approach
to increase thermostability. By mimicking the natural process of molecular adaptation to
thermophilic conditions, the important contributions towards thermostability coming from
delicate balance of stabilizing and destabilizing interactions can be probed. Furthermore,
since thermophiles were primordial and subsequent organisms were derived from them
[40], in other words, mesophilic enzymes evolved from their thermophilic ancestors, it is
interesting to know whether we can reverse this evolution process. Can we convert a
mesophilic enzyme (descendent) into its thermophilic counterpart (ancestor)?

The second fundamental issue in protein structure-function that I would like to
address is how to rapidly identify functional mutations in both laboratory-evolved and
naturally-evolved proteins. According to neutral theory of evolution, the great majority of

mutant substitutions are caused by random fixation through sampling drift of selectively
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neutral mutants [41]. As a consequence, the sequences of evolutionarily-related proteins
usually have diverged significantly, as we have seen for the subtilisin-like proteases.
Thus, identification of those adaptive mutations (i.e., those affecting the growth and
survival of the organism), neutral mutations and deleterious mutations or even identification
of the important determinants in a specific case becomes an overwhelming task. This
problem exists for enzymes evolved in vitro as well. While in vitro evolution can lead to
the development of useful new protein functions, the responsible mutations almost always
occur in a background of mutations which are neutral or even deleterious to the behavior(s)
of interest. To address these problems, I developed a convenient method based on what
we have learned from ir vitro evolution. As shown in Chapter 5, this approach has been
used to identify two thermostable mutations out of ten mutations in a laboratory-evolved
thermostable subtilisin E variant. This method involves the random recombination of
homologous sequences followed by screening for the altered behavior. A similar
approach, coupled with selection rather than screening, could be used to distinguish
adaptive from neutral mutations.

Finally, two previously written papers have been included in the end of this thesis.
The first one is a chapter written for a book --"ASM Manual of Industrial Microbiology and
Biotechnology," which describes the methods for optimizing industrial enzymes by
directed evolution (Appendix A). The second one is a review paper describing different
kinds of screening methods developed for random mutagenesis or directed evolution

experiments (Appendix B).
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Fig. 1.1. Two major gene diversification processes mimicked in directed evolution.

DNA sequences are shown in lines and mutations in circles. New mutations introduced

during in vitro recombination are represented by empty circles.
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Fig. 1.2. Flowchart for directed evolution process.
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