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Abstract 

In living organisms almost all chemical transformations, from simple hydrolyses to C-C 

bond formation, are catalyzed by enzymes. These biocatalysts exhibit exacting 

recognition and binding properties for their substrates and generally accelerate the 

chemical transformation they promote by at least 106-fold compared to the uncatalyzed 

process. Despite intense study, our understanding of how these properties are encrypted 

in the primary amino acid sequence is incomplete. As a result, attempts to design 

proteins from scratch or to redesign existing enzymes to improve or alter their 

properties is often unsuccessful, especially when the goal is altering the catalytic 

activity. 

Evolutionary strategies are increasingly recognized as a valuable tool for 

tailoring protein properties. In contrast to rational (re-)design strategies that are based 

on the three-dimensional structure of the target enzyme, such evolutionary strategies 

rely entirely on Darwinian principles of evolution, exploiting mutation, selection and 

amplification in order to achieve desired functional changes. Since the amino acid 

constituents of a protein determine its activity, the ability to simultaneously probe 

millions of different alternatives and to select and characterize variants with the desired 

function allows us to refine our understanding of the relationship between protein 

structure and function. 

 

The first part of this thesis describes work utilizing evolutionary methods to 

improve the catalytic activity of a topologically reengineered chorismate mutase from 

Escherichia coli (EcCM). In previous studies, the homodimeric six-helix bundle EcCM 

was converted into a hexamer, albeit with markedly reduced catalytic activity compared 

to the parent enzyme. The hexamer was originally identified by complementation of a 

chorismate mutase deficient strain of E. coli. However, the cells harboring this enzyme 

grow poorly under selection conditions in the absence of tyrosine and phenylalanine, 

making optimization through additional rounds of mutagenesis and selection possible.  



 
 

 

VIII 

With the assumption that catalytically improved variants would better 

complement the auxotroph, the gene encoding the hexamer was mutated by DNA 

shuffling and subjected to selection. After two rounds of mutagenesis and selection, 

several clones were identified that grew at wild-type levels. Relevant variants were 

isolated after each round and characterized biochemically. One variant, R2-6, contained 

three non-silent mutations (Ser15Asp/Leu79Phe/Thr87Ile) and exhibited a 6-fold 

improvement in kcat and a 31-fold improvement in kcat/Km. Analytical ultracentrifugation 

experiments revealed that this variant, in contrast to the parent hexamer, is 

predominantly monomeric. In addition, this variant is more stable to thermal 

denaturation than the parental hexamer. 

Attempts to further evolve R2-6 through an additional round of mutagenesis and 

selection yielded numerous fast-growing clones. Thirty of these variants were assayed 

for their catalytic activity and several showed further improved kcat/Km values. 

Interestingly, many of these variants are truncated at their C-terminus. However, these 

mutants are only marginally stable in vitro and readily form higher order aggregates. 

 

The second part of this thesis describes the application of genetic selection to 

explore the probability of finding novel chorismate mutases (CMs) in protein sequence 

space. To that end, all helical elements of the dimeric, helical bundle chorismate mutase 

from Methanococcus jannaschii (MjCM') were replaced with simple binary-patterned 

modules constituted from a set of four polar and four nonpolar amino acids. The binary 

pattern of the designed sequence reflected the alternating order of hydrophobic and 

hydrophilic residues found in the secondary structure units of MjCM', thus specifying 

the type of residue at each position but not their specific identity. Two-stage in vivo 

selection yielded catalytically active variants possessing biophysical and kinetic 

properties typical of the natural enzyme even though ~80% of the protein originates 

from the simplified modules and more than 90% of the protein consists of only eight 

different amino acids. This study allows a quantitative assessment of the number of 

sequences compatible with a given fold and function. Moreover, new insights regarding 

the active site were gained, and structurally important residues for the formation of the 

helix bundle were identified. 



 
 

 

IX 

It is assumed that in early evolution an alphabet of fewer than 20 amino acids 

was used to generate proteins. Building on the results with binary patterned CMs, the 

feasibility to construct an active enzyme from a highly reduced set of amino acids was 

tested. For this study, combinatorial site-directed mutagenesis in combination with 

genetic selection was applied to further simplify one of the binary patterned variants. 

Stepwise mutagenesis/selection at seven positions in the protein yielded catalytically 

active variants derived from only nine different amino acids. Detailed biochemical 

characterization of one variant revealed biophysical and kinetic properties similar to the 

natural enzyme. Despite its clear catalytic activity, nuclear magnetic resonance 

spectroscopy experiments suggest that this simplified variant exists predominantly as a 

molten globule. The results of this investigation suggest the possibility that simple 

molten globules constituted from a narrow set of amino acids might have served as 

catalysts in early evolution. In addition, the feasibility of constructing a catalyst 

employing a nine-letter amino acid alphabet suggests that the de novo design of proteins 

with tailored enzymatic activities may be attainable, because the conformational space 

of such a dramatically reduced alphabet might be computationally accessible. 

The studies presented in this thesis demonstrate the utility of evolutionary 

strategies to improve the properties of proteins and highlight the benefit of genetic 

selection for the investigation of fundamental features of protein structure, function and 

evolution. 



 

 

Zusammenfassung 

In lebenden Organismen werden nahezu alle chemischen Umwandlungen, von der 

einfachen Hydrolyse bis zur Bildung einer C-C Bindung, von Enzymen katalysiert. 

Diese Biokatalysatoren erkennen und binden ihre Substrate mit hoher Spezifität und 

beschleunigen in der Regel die von ihnen katalysierte chemische Transformation 

mindestens millionenfach, verglichen mit dem unkatalysierten Prozess. Trotz intensiver 

Forschung ist unser Verständnis dafür, wie diese Eigenschaften in der primären 

Aminosäuresequenz verschlüsselt sind, unvollständig. Als Folge davon sind Versuche, 

Proteine von Grund auf zu konstruieren oder vorhandene Enzyme so umzugestalten, 

dass sie in ihren Eigenschaften verbessert oder verändert sind, häufig nicht erfolgreich. 

Insbesondere eine Veränderung der katalytischen Aktivität gelingt oft nicht. 

Evolutionäre Strategien werden zunehmend als wertvolle Methode erkannt, um 

Eigenschaften von Proteinen gezielt zu verändern. Im Gegensatz zu rationalen Design-

Strategien, die auf der Kenntnis der dreidimensionalen Struktur des Zielenzyms 

basieren, stützen sich evolutionäre Strategien ausschließlich auf die Darwinschen 

Prinzipien der Evolution, indem Mutation, Selektion und Amplifikation ausgenutzt 

werden, um die gewünschten Funktionsänderungen zu erzielen. Da die 

Aminosäurebausteine eines Proteins über seine Aktivität bestimmen, erlaubt uns die 

Fähigkeit, Millionen von verschiedenen Alternativen gleichzeitig zu testen sowie 

Varianten mit der begehrten Funktionalität zu selektionieren und zu charakterisieren, 

unser Verständnis für die Beziehung zwischen der Struktur und der Funktion eines 

Proteins zu verfeinern. 

 
Im ersten Teil dieser Dissertation wird der Einsatz von evolutionären Methoden zur 

Verbesserung der katalytischen Aktivität einer Chorismat Mutase von Escherichia coli 

(EcCM) mit umgestalteter Topologie beschrieben. In vorangegangen Studien wurde das 

homodimere 6-Helixbündel-Protein EcCM in ein Hexamer umgewandelt, dessen 

katalytische Aktivität allerdings deutlich geringer ist als die des Ausgangsenzyms. 

Ursprünglich wurde das Hexamer durch Komplementierung eines Chorismat Mutase 

defizienten E. coli Stammes identifiziert. Jedoch wachsen Zellen, die dieses Enzym 
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beinhalten, schlecht unter Selektionsbedingungen in der Abwesenheit von Tyrosin und 

Phenylalanin, wodurch eine Optimierung mittels weiterer Runden von Mutagenese und 

Selektion möglich ist.  

Unter der Annahme, dass katalytisch verbesserte Varianten den auxotrophen Stamm 

besser komplementieren würden, wurde das, für das Hexamer kodierende Gen durch 

"DNA Shuffling" mutiert und einer Selektion unterzogen. Nach zwei Runden von 

Mutagenese und Selektion wurden mehrere Klone identifiziert, die wie das Wildtyp 

Enzym wachsen. Nach jeder Runde wurden relevante Varianten isoliert und 

biochemisch charakterisiert. Eine der Varianten, R2-6, enthielt drei nicht-stumme 

Mutationen (Ser15Asp/Leu79Phe/Thr87Ile) und zeigte einen 6-fach gesteigerten kcat 

und einen 31-fach verbesserten kcat/Km Wert gegenüber dem Wildtyp. Analytische 

Ultrazentrifugationsexperimente ergaben, dass R2-6 im Gegensatz zum ursprünglichen 

Hexamer vorwiegend als Monomer existiert. Darüber hinaus ist diese Variante stabiler 

als das Hexamer gegenüber thermischer Denaturierung. 

In Versuchen, R2-6 durch eine zusätzliche Runde von Mutagenese und Selektion weiter 

zu evolvieren, konnten zahlreiche schnell wachsende Klone erhalten werden. Von 

diesen Varianten wurden dreißig auf ihre katalytische Aktivität getestet und einige 

zeigten eine weitere Verbesserung ihres kcat/Km Werts. Interessanterweise sind viele 

dieser Varianten C-terminal verkürzt. Jedoch sind diese Mutanten in vitro nicht sehr 

stabil und formen bereitwillig Aggregate. 

 
Im zweiten Teil dieser Dissertation wird die Anwendung genetischer Selektion zur 

Untersuchung der Wahrscheinlichkeit beschrieben, neuartige Chorismat Mutasen (CMs) 

im Protein-Sequenzraum zu finden. Hierfür wurden alle helikalen Elemente der dimeren 

Chorismat Mutase von Methanococcus jannaschii (MjCM') mit Helixbündel-Struktur 

durch einfache binär gemusterte Module ersetzt, die aus einem Satz von vier polaren 

und vier unpolaren Aminosäuren hergestellt wurden. Das entworfene binäre Muster 

entspricht der alternierenden Abfolge von hydrophoben und hydrophilen Resten, wie sie 

in den Sekundärstruktur-Einheiten von MjCM' gefunden wird; dadurch wird die Art des 

Restes an jeder Position spezifiziert, aber nicht dessen spezifische Identität. Eine 

zweistufige in vivo Selektion brachte katalytisch aktive Varianten mit biophysikalischen 

und kinetischen Eigenschaften hervor, wie sie üblicherweise für das natürliche Enzym 

gefunden werden, obwohl ~80% des Proteins aus den vereinfachten Modulen besteht 
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und mehr als 90% des Proteins lediglich aus acht verschiedenen Aminosäuren 

zusammengesetzt ist. Diese Studie gestattet eine quantitative Abschätzung der Anzahl 

der Sequenzen, die mit einer bekannten Faltung und Funktion kompatibel sind. 

Außerdem konnten neue Einsichten bezüglich der aktiven Tasche gewonnen und Reste 

erkannt werden, die entscheidend zur Bildung der Helixbündel-Struktur beitragen.  

 
Es wird angenommen, dass in einem frühen Stadium der Evolution ein Alphabet mit 

weniger als 20 Aminosäuren zur Verfügung stand, um Proteine zu erzeugen. Aufbauend 

auf den Resultaten mit den binär gemusterten CMs wurde die Möglichkeit getestet, ein 

aktives Enzym mit einem stark reduzierten Satz von Aminosäuren zu konstruieren. Für 

diese Untersuchung wurde kombinatorische zielgerichtete Mutagenese in Verbindung 

mit genetischer Selektion eingesetzt, um eine der binär gemusterten Varianten weiter zu 

vereinfachen. Schrittweise Mutagenese/Selektion an sieben Positionen des Proteins 

führte zu katalytisch aktiven Varianten, die sich lediglich aus neun unterschiedlichen 

Aminosäuren zusammensetzen. Die detaillierte biochemische Charakterisierung einer 

Variante zeigte, dass diese dem natürlichen Enzym ähnliche biophysikalische und 

kinetische Eigenschaften besitzt. Kernresonanz-spektroskopische Experimente deuten 

darauf hin, dass diese vereinfachte Variante trotz ihrer eindeutigen katalytischen 

Aktivität überwiegend als "molten globule" existiert. Die Resultate dieser Untersuchung 

lassen vermuten, dass einfache "molten globules", die aus einem begrenzten Satz von 

Aminosäuren zusammengesetzt sind, in einem frühen Stadium der Evolution als 

Katalysatoren gedient haben könnten. Die Fähigkeit, einen Katalysator unter 

Verwendung eines neun-Buchstaben Aminosäure-Alphabets zu konstruieren, lässt 

außerdem vermuten, dass das de novo Design von Proteinen mit maßgeschneiderten 

enzymatischen Eigenschaften möglich sein sollte, da der Konformationsraum eines 

derart dramatisch reduzierten Alphabets mit einem Computer zu berechnen sein sollte. 

 

Die Studien, die in dieser Doktorarbeit vorgestellt werden, demonstrieren die 

Nützlichkeit evolutionärer Strategien für die Verbesserung der Eigenschaften von 

Proteinen und unterstreichen den Nutzen von genetischer Selektion zur Untersuchung 

von fundamentalen Merkmalen der Struktur, Funktion und Evolution von Proteinen. 
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A adenine 
AA amino acid 
Å angstrom 
Ala alanine 
Amp ampicillin 
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Asn asparagine 
Asp aspartate 
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K Kelvin 
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mRNA messenger RNA 
MS mass spectrometry 
MW molecular weight 
NMR Nuklear Magnetic Resonance(-Spectroscopy) 
NRPS non-ribosomal peptide synthetase 
OD optical density 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
Phe phenylalanine 
PKS polyketide synthase 
PMSF phenylmethylsulfonyl fluoride 
Pro proline 
ref. reference 
RNA ribonucleic acid 
rpm runs per minute 
RT room temperature 
s seconds 
scFv single chain variable fragment of immunoglobulin 
SDS sodium dodecyl sulfate 
Ser serine 
T thymine 
TB Tris-borate 
TBE Tris-borate-EDTA 
TBS tris-buffered saline 
Θ mean residue elipticity 
Thr threonine 
TIM triosephosphate isomerase 
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Tm midpoint of temperature-induced transition 
tRNA transfer RNA 
Trp tryptophane 
Tyr tyrosine 
U unit(s); uracil 
UV ultraviolet 
u.p.H2O ultra pure water (Millipore ultrafiltered) 
Val valine 
WT wild-type 
(w/v) weight per volume 
 



 

 

 
 



 

 

1 Introduction 

The complexity and diversity of the living world that surrounds us – from simple 

archaebacteria and viruses, to plants, and to vertebrates – is the remarkable result of 

billions of years of evolution. Despite this incredible variety, all living beings are 

similar at the molecular level. In particular, they all use the same nucleotides in their 

DNA and RNA and the same 20 amino acids to build their proteins. Furthermore, the 

basic properties of these building blocks are uniform in prokaryotes and eukaryotes and 

the biochemical similarities among species extend to even higher levels of biochemical 

organization, such as biochemical pathways and metabolism. The blueprint for how 

these basic building blocks are generated and act together is encoded in the genome. 

In the last decade several genomes have been fully sequenced, including those of 

Escherichia coli,[1] Methanococcus jannaschii,[2] Saccharomyces cerevisiae,[3] 

Drosophila melanogaster[4] and, most recently, in draft form, that of Homo sapiens.[5,6] 

The enormous benefits to emerge from these projects will lie in understanding the 

differences between species and the causes of diseases and behaviors, but these will 

only be fully realized when individual gene sequences can be assigned to an in vivo 

function. This is a tremendous challenge, since single genes can give rise to several 

different gene products as a result of alternative splicing or posttranslational 

modifications.[7] Furthermore, the same protein may be involved in the function or 

control of different biological processes. But most limiting, our understanding of how 

the primary amino acid sequence of a protein is related to its three-dimensional structure 

and function is still in its infancy. 

Currently, the only way to predict the properties of a protein from its primary 

amino acid sequence is to compare it to sequences of proteins of known function. Most 

commonly used are computational procedures to search for sequence homologues of 

known structure and function in databases.[8-10] The functional and structural similarity 

between the proteins can then be estimated from their sequence identity, where a 

pairwise sequence identity of >35% between two naturally evolved proteins indicates 

similar structure and function.[11,12] To improve and complement this approach, the 

three-dimensional structure of proteins can be compared to each other. The advantage of 

this method is that homologous proteins can be identified despite insignificant sequence 
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similarity. However, determining the three-dimensional structure of a protein is often 

difficult, as illustrated by the fact that in mid-2001 detailed structures were available for 

less than 3% of the proteins whose amino acid sequences have been determined. 

Knowledge of the relationship between protein structure and function is crucial 

if we want to efficiently harness the flood of sequence information for the development 

of new diagnostic agents, therapeutics, or biocatalysts for the chemical industry. The 

investigation and understanding of the underlying principles of this relationship is a 

common goal of numerous research efforts in academia as well as in industry. Among 

the various approaches used, protein engineering has proven to be particularly useful, 

not only for gaining insights into structure-function relationships, but also for practical 

applications. 

 

 

 

1.1 Protein Engineering 

Proteins play a key role in essentially all biological processes, including catalysis, signal 

transmission within and between cells, and transport and storage of a variety of particles 

ranging from electrons, to metal ions and macromolecules. They control and regulate 

gene expression, and as polymerases, they replicate genes. Other proteins serve as 

central structural elements in cells and tissues. In muscles and other systems, proteins 

convert chemical energy into mechanical energy. They also are necessary for sight, 

hearing, and the other senses. As antibodies, they protect us against disease. This 

functional diversity has made proteins especially interesting targets for biochemical, 

medical and biotechnological research. 

Particular attention has been paid to enzymes, catalytically active proteins, 

which accelerate a myriad of chemical transformations (e.g. oxidations, reductions, 

bond formation and cleavage, isomerizations, etc.). These biocatalysts usually transform 

their substrates in a chemo-, regio- and stereospecific manner. Further, enzymes 

generally accelerate the reactions they promote by factors of 106 to 1010 compared to the 

analogous uncatalyzed reaction. To elucidate the molecular basis for these catalytic 
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properties has been of huge academic interest. But, the value of these biocatalysts for 

commercial applications is increasingly recognized, especially in the food, biotech and 

pharmaceutical industries where preparation of enantiopure compounds is crucial.[13-17] 

Another application for which enzymes are increasingly applied is in the field of 

bioremediation, the cleanup of contaminated environments utilizing microorganisms 

containing catalysts capable of degrading organic and inorganic pollutants.[18,19] Another 

important feature of enzymes is that they are energy-efficient and environmentally 

benign agents, as they usually generate few toxic waste products and function in water 

under mild conditions, such as room temperature and atmospheric pressure. Considering 

the increasing economical and ecological pressure to use renewable sources for 

industrial production, enzymes are certainly very attractive tools. 

Naturally occurring biocatalysts have evolved over millions of years. They have 

been optimized through multiple rounds of mutagenesis and selection to perform very 

specific biological functions, which confer an advantage to their host organism under 

precise environmental conditions. However, when we try to recruit them for ex vivo 

applications, such as industrial processes, they are often not so well suited. For example, 

enzymes often lack desirable properties for practical applications, such as high thermo 

or long-term stability, the ability to function under non-natural conditions (organic 

solvents, high or low pHs and temperatures), or they demonstrate low enantioselectivity 

for the substrate of interest. Furthermore, nature does not provide catalysts for every 

transformation of interest, and the narrow substrate specificity of natural enzymes is 

often a disadvantage for general applications. 

As an alternative to sifting through natural diversity for potentially useful 

catalysts, the mammalian immune system has been exploited to generate antibodies 

with tailored catalytic properties. Based on Jencks' suggestion[20] that antibodies capable 

of binding transition state analogs would catalyze the corresponding chemical reaction, 

antibody catalysts for more than 100 different reactions have been prepared, including 

simple hydrolysis and carbon-carbon bond forming reactions.[21,22] Since catalytic 

antibodies can, at least in principle, be raised against any molecular target, they provide 

a versatile source of novel biocatalysts. However, while their selectivities can rival 

those of natural enzymes, the efficiency of catalytic antibodies has been found to be 
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consistently inferior.[21,22] Methods for augmenting the activity of these tailored 

catalysts will be needed before they find significant practical application. 

In recent decades, progress in biotechnology and molecular biology has made it 

possible to produce proteins in large quantities by expressing their genes in appropriate 

host organisms and to manipulate them at will by utilizing recombinant DNA 

technologies. These techniques of genetic engineering have also enabled the tailoring 

and redesign of existing enzymes by allowing the facile generation of an almost 

limitless number of variants of a protein by mutation of its gene (e.g. by site-directed 

mutagenesis). This so-called protein engineering, the modification of an existing 

sequence to affect structural or functional changes in a protein, provides a means to 

redesign biocatalysts according to specified needs, and also to address issues relating to 

protein folding, structure, and catalytic mechanism. Today, two radically different 

approaches are being pursued in parallel to alter the properties of existing enzymes and 

to broaden our understanding of the relationship between protein structure and function: 

hypothesis (structure)-based rational design and combinatorial strategies that mimic the 

process of Darwinian evolution in the laboratory. 

To rationally (re-)design a protein one must know the three-dimensional 

structure in atomic detail and, in the case of enzymes, have information about the 

mechanism (i.e. the active site residues). For example, linoleate 13-lipoxygenase was 

rationally converted to a 9-lipoxygenating species by the simple replacement of a 

histidine with a valine using site-directed mutagenesis.[23] Introduction of the smaller 

valine side chain enables the reaction to take place at a different position in the lipid 

substrate that is normally outside the active site. The conversion of a 4-chlorobenzoyl-

CoA dehalogenase into a crotonyl dehydratase shows how the incorporation of new 

catalytic groups alters the function, allowing a different chemical reaction to be 

catalyzed than is normally supported by the wild-type enzyme.[24] Despite these and 

other successes, which can be found in recent reviews,[25-30] we are far from being able 

to rationally and reliably (re-)design biocatalysts due to the complex interactions of 

hundreds to thousands of atoms in the structure of a protein. This complexity generally 

makes the effect of mutations nearly unpredictable. A further problem is that many 

properties of an enzyme, such as stability, are not localized to a small number of active 

site residues, but reflect contributions from many residues distributed over the entire 
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sequence. Such interactions are extremely difficult to identify a priori, and thus the 

effect of single or even multiple mutations is limited. Of course by far the biggest 

limitation of structure-based design is that detailed biochemical and structural 

information is unavailable for the vast majority of proteins. 

In contrast to rational (re-)engineering approaches which require a detailed 

understanding of structure and mechanism to predict favorable alterations, such 

knowledge is not essential for combinatorial or evolutionary protein engineering. A 

study of protein evolution demonstrates that proteins are highly adaptable molecules, 

i.e. proteins can acquire different properties by divergent evolution from a common 

ancestor through the processes of mutation (recombination), selection, and 

amplification.[31,32] For instance, the individual members of the oxygen-binding globin 

family differ from each other in their primary amino acid sequence and their quarternary 

structures (e.g., single-chain myoglobin and tetrameric hemoglobins). However, they 

presumably evolved from a common ancestor because their sequences exhibit 

significant similarities, all family members have similar functions, and the three-

dimensional structure of the individual subunits is also similar.[33-35] Other properties of 

individual enzymes, e.g. stability, tolerance to salt or pH, rate and binding constants can 

also vary significantly depending on the living environment of the organism from which 

they have been isolated. Recently developed molecular biological tools, which 

implement the evolutionary algorithms of mutation, selection, and amplification, enable 

us to approximate evolution in the laboratory. Such approaches are often termed 

"directed evolution" and can be applied to evolve biomacromolecules (i.e. DNA, RNA 

or proteins) and endow them with features never required or seen in nature. These 

methods are also valuable for probing more fundamental questions, such as what is the 

molecular basis of a specific protein function or structure. For a better understanding of 

Darwinian evolution it may be useful to examine its principles in more detail. 

 

 

 



 
 

 

6 

1.2 Evolutionary Principles 

The question of how the first molecules came into existence and how life started still 

remain controversial and unanswered. A common explanation is that prebiological 

macromolecules capable of self-replication arose spontaneously from the primordial 

soup,[36-39] and subsequently formed a rudimentary life-form.[40,41] This scenario is 

supported by the fact that the most basic biochemical processes are conserved in all 

living beings and indirect but persuasive evidence from the fossil record[42] supports the 

proposal that all modern organisms descend from a common ancestor.[37,40] 

In nature, survival of an organism depends on its ability to adapt to ever-

changing environmental conditions by the process of evolution. Evolution provides a 

mechanism to alter existing function or develop new ones. Due to the nearly universal 

genetic code of all life-forms, it is generally agreed on that the process and history of 

evolution can be studied best at the molecular level by comparing related sequences 

(DNA and/or protein sequences). If a sufficient number of related sequences are 

available, the origin of any gene and protein can be determined, and its evolutionary 

history of divergence can be traced by reconstructing a phylogenetic tree.[43] The 

necessary information to reconstruct an evolutionary pathway is solely contained in the 

gene or protein sequences, which are built by polymerization of the two most important 

classes of functional biomolecules – nucleic acids and amino acids. The primary 

function of nucleic acids is to store genetic information (e.g., to encode proteins), and 

the total genetic constitution of an organism is referred to as its genotype. The 

observable traits, i.e. the functional and structural characteristics of an organism that 

result from its genotype in cooperation with the environment in which it exists, is 

referred to as its phenotype. In essence, evolution at the molecular level is the alteration 

of genotype to alter phenotype in response to changes in the environment. The first 

attempts to apply the principles of Darwinian evolution in the laboratory involved in 

vitro studies with nucleic acids in the late 1960s.[44] 
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1.2.1 In vitro Evolution, Theoretical Considerations 

The first studies on evolution in vitro made use of the Qβ replicase system from the 

bacteriophage Qβ.[44] This virus largely consists of RNA, and encodes a virus specific 

RNA polymerase (Qβ replicase). Upon infection of E. coli cells with Qβ phage the viral 

RNA is translated to the replicase, which then autocatalytically replicates via copying 

its own nucleic acid template (genotype). For the in vitro replication assays of RNA 

molecules, the replicase was isolated from infected E. coli bacteria, and a row of test 

tubes was laid out with each tube containing a solution of RNA-replicase and nucleic 

acids. Replication was initiated by the addition of RNA to the first test tube, and after a 

defined period of time, a drop of the solution from this test tube was transferred to the 

second. The intervals between transfers were systematically reduced in order to increase 

the selection pressure and thereby increase the rate of reproduction. Using this 

approach, the rate of RNA replication could be increased by more than an order of 

magnitude.[44] When the experiment was repeated in the presence of ethidium bromide, 

which inhibits RNA synthesis, a replicase variant that was resistant to ethidium bromide 

was obtained after nine serial transfers.[45] These experiments showed that the 

Darwinian principle of mutation (creation of diversity through error-prone replication), 

selection (forcing the system to carry out RNA synthesis in the presence of the 

inhibiting agent ethidium bromide), and amplification (self-replication of Qβ RNA) can 

be mimicked in the test tube. 

Detailed analysis of the results of such experiments, in combination with 

theoretical calculations on model systems, has revealed some peculiar features of 

evolution.[46] First of all, the target of selection appears not to be a single mutant, but 

rather a distribution of related sequences occupying a distinct region in sequence space 

(Figure 1.1).[47,48] A sequence space is defined by all possible sequences; every 

sequence representing a point in that space.[49] Note that for a small protein domain with 

100-residues and 20 letters in the protein alphabet, there exist an almost infinite number 

of sequence points – 20100  (1.3 × 10130), to be exact. In comparison, even a library with 

the mass of the earth itself – 5.98 × 1027
 g – would comprise at most 3.3 × 1047

 different 

protein sequences, or a miniscule fraction of the total diversity of the 1.3 × 10130 

possibilities. An even tinier fraction is accessible in in vitro experiments to evolve the 
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properties of oligonucleotides or proteins; typical accessible library sizes range from 105 

to 1015 molecules.[50,51] Despite the small fraction of sequences that can be covered in a 

single experiment, sequence space can be searched effectively due to its high 

connectivity. Each sequence has (A-1)N neighbors, where N is the length of the 

sequence and A is the number of types of amino acids. Furthermore, sequence space is 

multidimensional, where every dimension corresponds to a single position in the 

sequence and can adopt at least 20 different discrete values (one for each type of amino 

acid). The relationship between two sequences is given by their distance in space, which 

is measured by the number of mutational steps required to convert the two sequences 

into each other. Any two sequences are separated by at most N mutational steps (e.g., 

100 mutations for a 100-residue protein), implying that the total number of steps 

required to travel from a random point to any other point is experimentally attainable. 

Each point of a sequence space can be associated with a unique fitness value, 

because the individual sequence dictates the properties of a biomacromolecule. In this 

context, the fitness is determined by the ability of the sequence to perform a particular 

function. In more general terms fitness represents the ability of an organism to survive 

and reproduce, i.e. to adapt to the environmental conditions. The assignment of a fitness 

to each sequence point generates a fitness landscape, which is huge, multidimensional 

and rugged.[49,52] Translated into the more descriptive geological language: this 

landscape consists of mountain ranges representing condensed areas of high fitness, 

small isolated peaks defining local fitness optima, valleys corresponding to areas of low 

fitness, ridges connecting ranges, and the elusive Everest, defining the globally fittest 

sequence.[46] 
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Figure 1.1 

A typical distribution of a population of genotypes in sequence space (grid), where each intersection 
represents a genotype (in reality sequence space is n-dimensional depending on the length of the 
sequence). The height of the columns represents its fitness. Populations of related genotypes consist of a 
fittest dominant genotype, the master sequence, surrounded by the most frequent mutants, all of which 
occupy a connected region in sequence space. Frequencies of individual mutants are determined by their 
fitness values as well as by their distance from the predominant species.[47] 

 

 

 

In the case of the Qβ replication assays a population of sequences has been 

generated that consists of correctly replicated and numerous mutants of Qβ replicase. 

This diverse population is a consequence of the inherent error rate of each replication 

process. After repeated cycles of replication, a quasispecies[47] has been generated that 

consists of a fittest dominant mutant (i.e., the mutant with the best adapted phenotype to 

specific local environmental conditions), the master sequence, and various other mutant 

sequences. Thus, at every point in time there exists a large spectrum of individual 

mutants with different fitness values, i.e. biomacromolecules with different abilities to 

perform their function (e.g., replication of RNA). Frequencies of individual mutants are 

determined by their fitness values (e.g., rate of replication). The evolutionary advantage 
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of this is, when environmental conditions change (e.g., addition of ethidium bromide), it 

is likely that better adapted variants are already present in the population, and hence 

need not be created from scratch. According to the quasispecies concept, evolution is 

not a random process, but more like a guided walk on the "fitness landscape" towards 

regions of higher fitness. The rapidity of adaptation depends mainly on the mutation 

rate. However, beyond a certain mutation rate – which is depending on the sequence 

length – the information content of the genotype will eventually be lost,[47] since the 

likelihood of introducing deleterious mutations increases exponentially with the number 

of mutations. Consequently, the probability of reaching a higher fitness point decreases 

rapidly the farther away from the starting point one travels at once. 

The relationship between sequence space and function has been further 

investigated by computational simulations using RNA secondary structures as a 

model.[53] The secondary structure of RNA is defined by strong energetic preferences 

for GC and AU base pairs and can be predicted reliable from the primary sequence. 

RNA molecules can act as both genotype and phenotype, carrying information and 

functioning as receptors and even as catalysts.[50] 

For the investigation of global relations between genotypes and phenotypes, 

RNA secondary structure libraries with up to 1.15 × 1018 different sequences were 

computationally analyzed. It was found that there are more RNA sequences than 

secondary structures, indicating that many different RNA sequences form the same 

secondary structure. Moreover, sequences that form the same structure are distributed 

randomly in sequence space. In addition to this, RNA sequences for every common 

secondary structure appeared within relatively small populations compared to the 

astronomical number of possible permutations for a nucleic acid sequence of particular 

length. For example, 4 × 1024 sequences were sufficient to cover all possible secondary 

structures of a RNA sequence 100 nucleotides long.[53] Although 1024 is a very large 

number and far exceeds the largest experimentally accessible library sizes (1015 

molecules),[51,54] it is negligibly small compared to the number of 1.6 × 1060 possible 

sequences. 

From the results of these studies it has been inferred that (a) a particular function 

is coded by several sequences evenly distributed over the sequence space and (b) the 

number of sequences that have to be searched in order to find all common functions is 



 
 

 

11 

small compared to the entire size of sequence space (Figure 1.2).[48,53] Support that these 

findings may be a common feature of biomacromolecules comes from in vitro selection 

experiments where functional biomacromolecules have been isolated from random-

sequence libraries.[54,55] In one case, catalytic RNAs (ribozymes) that catalyze the 

ligation of two RNA molecules were obtained,[54] while in the other case four ATP-

binding proteins, which are unrelated to each other and to any other known protein were 

found.[55] Another important point derived from these studies is that only sufficiently 

large populations of molecules are able to efficiently migrate through sequence space, 

because they are able to bridge intermediate valleys of lower fitness and hence get not 

stuck on a local fitness peak.[46,53] 

 

 

 

 
 

 

Figure 1.2 

Representation of function in sequence space. The plane illustrates the potential diversity of genotypes 
(in reality sequence space would be n-dimensional). Cones in this simple three-dimensional model 
represent molecular species of varying function (phenotype). Parts of sequence space are void of 
function, whereas genotypes with similar phenotypes (similar colored cones) but different fitness (height 
of cones) are randomly distributed in sequence space.[56] 
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1.2.2 Implications for Evolutionary Design 

What mechanisms does nature use to explore molecular diversity and create new 

biomolecules with versatile functions? Given that most of the astronomically large 

sequence space is likely to be sparse in function, and that we observe a wide and diverse 

range of functional biomacromolecules in modern organisms, evolutionary methods for 

creating sophisticated molecules are apparently an extremely efficient means of 

identifying those regions of sequence space that are relatively high in function. 

Nevertheless, it is unknown how the first biopolymers evolved or which 

properties they possessed. Whatever their exact nature, it is likely that early 

biopolymers had to fold into compact three-dimensional structures to be stable under 

the environmental conditions (i.e., to avoid hydrolysis).[37-39] In addition, for any of 

these primitive structures to show catalytic activity they must have formed an active site 

with some catalytic functionality and binding ability for the substrate of the catalyzed 

reaction. It is assumed that primitive enzymes were promiscuous, i.e. they lacked the 

absolute substrate specificity of most modern enzymes and thus promoted the 

transformation of various substrates.[57] 

Comparison of DNA and protein sequences from the available databases has 

shown that a large fraction of each organism's biopolymers are related to each other as 

well as to biopolymers in distantly related species.[11,37,58,59] Based on this information 

the number of primitive enzymes has been estimated at 20-100.[37] Presumably these 

polypeptides formed spontaneously under the conditions on primeval earth. 

Experiments have shown that organic compounds constituting present 

biomacromolecules (e.g., sugars, amino acids, purines and pyrimidines) can form from 

primitive precursors present in an assumed primordial soup.[37,38,40,41] These molecules 

may have polymerized to form the first macromolecules including short polypeptide-

like molecules,[37-40] of which some may have adopted stable structures, as experiments 

with random sequences suggest.[54,55,60,61] A small part of these peptide sequences might 

have been capable of catalyzing simple chemical transformations or aggregating to 

larger oligomers forming primitive scaffolds endowed with catalytical functionality or 

in combination with metal ions or organic cofactors. Over time, these short peptides 
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may have become covalently connected to other peptides in the aggregate structure, 

resulting in longer polypeptides of defined tertiary structure and primitive function. 

Two different evolutionary pathways – divergent and convergent evolution – 

reasonably explain how the myriad set of modern proteins could have been evolved 

from these primitive precursors. Starting from a common ancestor divergent evolution 

tends to produce an increasing difference in some characteristics of a common ancestor 

(e.g., a gene product). In contrast, convergent evolution produces an increasing 

similarity between initially different ancestors. Divergent evolution of proteins at the 

molecular level is believed to have proceeded by duplications, recombinations, and 

modifications (mutation, insertion, deletion) of ancestral gene sequences.[62-64] 

Convergent evolution utilizes the same molecular mechanisms. Thus, instead of 

reinventing, nature often reengineers existing frameworks to evolve novel 

functionality.[65] 

An illustrative example for both evolutionary strategies is provided by the serine 

proteases.[41,66] Trypsin, chymotrypsin and elastase cleave peptide substrates by a 

common mechanism involving transient acylation of an active site serine. Although the 

substrate specificities of these three enzymes is completely different their primary 

amino acid sequences show about 50% homologies. Crystallography studies confirm 

that their three-dimensional structures are closely related. Clearly these proteins derive 

from a common ancestor, which over time mutagenized to give rise to the distinct 

substrate specificities. The bacterial protease subtilisin exploits the same mechanism to 

cleave peptide substrates. Structural studies show that its active site is nearly 

superimposible on that of the trypsin-like proteases, exploiting the same set of 

functional groups in the same spatial orientation. However, subtilisin has less than 20% 

of its residues in common with either of the aforementioned proteases and its protein 

scaffold on which this active site is mounted is completely different. Thus it appears to 

be a case of convergent evolution, where proteins starting from different tertiary 

structures have evolved a common mechanism.[66] 

Although the primary amino acid sequence dictates the three-dimensional 

structure, essentially identical folded conformations can be obtained from widely 

different amino acid sequences – as is evident by the trypsin family of serine proteases 

mentioned above. The connection between sequence and structure is not entirely 
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understood. Moreover, why a protein sequence rapidly folds into a certain well-defined 

structure despite the vast number of conformational possibilities remains unclear. The 

answer to this problem is of vital interest since the function of a protein is also 

embodied in its three-dimensional structure. Folding experiments have shown that the 

unique three-dimensional structure of a polypeptide defines a global free energy 

minimum,[67] which is accessible via multiple folding routes.[68,69] The only prerequisite 

for folding to progress being that the internal free energy of the polypeptide chain is 

steadily lowered – by increasing compactness, favoring a development of a hydrophobic 

core, forming hydrogen bonds and salt-bridges, etc. – until the conformational freedom 

of the chain is reduced to the one native structure.[68,69] Partially, protein folds are 

determined by conformational restrictions that govern secondary structure packing and 

chain topologies.[70,71] However, proteins are generally fairly resilient toward mutations, 

indicating that there is inherent redundancy in the primary sequence and substantial 

flexibility in protein structure. Indeed, it has been shown experimentally that many 

natural proteins can accommodate mutations without disrupting structure or function.[72-

77] Undoubtedly, this tolerance to mutation is a significant factor for the success of 

evolution. A protein that is tolerant allows many mutations, making it more likely to 

acquire new functions or to reach regions of higher fitness in sequence space. 

Considering the vast number of possible sequences it is clear that not all possible 

proteins exist today and that currently existing proteins probably represent only a small 

fraction of the many related sequences that could serve a given function equally well. 

Because natural evolution selects proteins that confer an advantage on their host 

organism under specific environmental conditions, evolution will cease when no further 

selective advantage can be gained from further change. In this view, natural proteins 

need not be at an optimum for tasks unrelated to the specific needs of the host organism. 

In fact, directed evolution experiments have shown that many protein properties (e.g., 

activity in organic solvents, tolerance to high or low pH and temperature) can be 

improved in the laboratory.[51,78-84] 

How should an evolutionary experiment in the laboratory be approached? 

Referring to the theoretical concepts discussed above, evolution can be viewed as an 

uphill climb in a "fitness landscape" of sequence space.[46,49,52]. This climb is most likely 

to be successful if it can be accomplished in a small number of steps (i.e. few 
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mutations) and in an iterative fashion (accumulation of benign mutations over several 

cycles). The rationale for this is that sequence space is mainly void of function and that 

beneficial mutations are scarce and combinations of beneficial mutations are very 

scarce.[78] Most mutations will be neutral or result in decreased fitness.[85] In practical 

terms, the greatest effort has to be invested in the screening or selection step, because 

this step ultimately controls the phenotype ("you get what you screen/select for"). 

Screening/selection quantitatively evaluates the fitness of the phenotype and provides a 

means of enriching variants with fitness values above the average (depending on the 

stringency of the screening/selection). 

An ideal evolution experiment in the laboratory thus accomplishes optimization 

through iterative cycles of (1) diversification of the genotype (through mutation, 

recombination, etc.), (2) screening or selection of the resulting population of variants, 

where even minor advantages in function (fitness of phenotype) should be detectable, 

and (3) amplification of the genes of successful variants, guaranteeing that favorable 

traits can be inherited by the next generation. It is important to remember that proteins 

are phenotypic molecules encoded by a completely different polymer (DNA or RNA) 

whereas in catalytic nucleic acids genotype and phenotype are realized in the same 

molecule. Therefore, every genotype (DNA) must remain linked to its particular 

phenotype (protein function) by technical means if a laboratory evolution experiment is 

to succeed. 

 

 

 

1.3 Evolutionary Engineering Methods 

Various methods have been developed to evolve proteins in the laboratory. By 

regulating the rate of mutagenesis and the nature of the selection pressure, the speed and 

direction of evolution can be controlled by the experimenter. Available systems for 

directed evolution experiments can be divided into three subclasses depending on how 

the genotype-phenotype linkage is achieved and screening/selection is performed. In in 

vivo evolution experiments, genotype is linked to phenotype by compartmentalization in 
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living cells, which are subjected to screening/selection. In mixed form experiments 

genotype and phenotype is coupled by an in vivo step in cells, while the 

screening/selection is performed in vitro. The third possibility is in vitro evolution, 

which is performed completely cell-free. 

In the following section, general strategies for generating genetic diversity, 

linking genotype and phenotype, and identifying evolved variants by 

screening/selection are presented. 

 

 

 

1.3.1 Generation of Diversity 

Diversity can be introduced into genes by various methods. If only a single residue or a 

short segment of the gene is targeted for randomization degenerate oligonucleotides can 

be employed in a site-specific fashion.[86,87] The use of degenerate oligonucleotides is 

also the method of choice if an entire sequence is subject to randomization. In contrast, 

if several randomly distributed mutations are to be introduced into a gene, random point 

mutagenesis by error-prone PCR (epPCR) is commonly applied.[88-90] However, the 

inherent bias of nucleotide transitions over transversions and the restrictions imposed by 

the genetic code do not allow the introduction of all 20 amino acids at each position of 

the protein (i.e., mutations are biased) by epPCR. In fact, for any given amino acid 

residue, an average of 5.7 amino acid substitutions are accessible by epPCR.[91] Other 

methods that can be exploited to introduce randomly distributed mutations are the usage 

of chemical mutagens,[92] mutator strains[93] or exposure to UV-light.[94] The main 

disadvantage of these later approaches is that usually the entire plasmid or genome is 

targeted, increasing the risk of introducing mutations outside the target sequence that 

may have undesired effects (e.g., alter expression rates, deleterious modification of 

cellular enzymes). 

The invention of DNA shuffling (also called molecular breeding) by 

Stemmer,[95,96] has stimulated much research in the area of directed evolution. DNA 

shuffling entails molecular mixing of similar genes in vitro, and allowing mutations to 

be exchanged among sequences by recombination (Figure 1.3). 
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Figure 1.3 

The DNA shuffling method. A parent gene can be either directly treated with DNaseI or mutagenized, 
e.g. by epPCR, before fragmentation, to create a pool of homologous variants that contains beneficial, 
deleterious or neutral point mutations. Novel recombinations accompany reassembly of the random 
fragments into full-length genes. Improved variants are selected and provide the starting point for another 
round of shuffling. 

 

 

 

Initially, DNA from a single mutant or a pool of mutants is cleaved with 

DNaseI, resulting in a pool of overlapping DNA fragments of different sizes. These 

random fragments are purified and reassembled into full-length genes in a self-priming 

PCR-like reaction. During this self-priming chain extension process, single-stranded 

fragments anneal to each other based on their complementarity; recombination occurs 

when two fragments from different parent genes prime each other. The results are 

combinations of mutations from different copies. Finally, the newly combined full-

length gene products are amplified by PCR. The enormous combinatorial potential that 
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is realized by enabling poolwise recombination from multiple parental sequences allows 

DNA shuffling to rapidly access vast areas of sequence space. 

The "family shuffling" protocol is an extension of this method that exploits the 

natural variability of homologous genes with highly similar sequences to create new 

chimeras with improved properties.[97] Based on the principal of recombination, a 

number of alternative methods, such as staggered extension process (STeP),[98] random 

priming recombination (RPR),[99] and random chimeragenesis on transient templates 

(RACHITT),[100] have been developed. The former two methods (StEP and RPR) are 

entirely PCR-based and do not require to fragment the genes by DNaseI, which 

sometimes presents technical difficulties. RACHITT on the other hand is an alteration 

of the family shuffling protocol that reduces the background from parental sequences 

and enables higher levels of recombination. 

Another way nature exploits diversity to create new function is to recombine 

whole functional modules of unrelated gene sequences by a process termed "domain 

swapping" or "exon shuffling".[101] The laboratory equivalent of this strategy fuses 

established functions and properties of existing proteins to yield hybrid-enzymes with 

desirable properties.[102,103] These techniques have been successfully applied to improve 

thermostability,[104] engineer allosteric regulation (by inserting a short peptide loop of 

defined function in the vicinity of the active site),[105] and alter a variety of other 

features such as substrate specificity or catalytic activity.[102,106] Alternatively, hybrid 

enzymes have been created by the assembly of truncated genes using a method called 

incremental truncation for the creation of hybrid enzymes (ITCHY).[107,108] This 

approach combines gene fusion and random mutagenesis, increasing the diversity of the 

gene library and thus the chances of identifying new or improved functional hybrids. 

A prominent example for the fusion of independent catalytic domains is the 

combinatorial manipulation of polyketide synthases (PKSs) and non-ribosomal peptide 

synthetases (NRPSs), two classes of large, multifunctional proteins that contain 

repeated, coordinated catalytic domains (modules), which generate important medicinal 

products such as the antibiotic rifamycin and the immunosuppressant FK506.[109] The 

order, number, and type of the biosynthetic modules, control the structure of the 

resulting natural products. By combining these catalytic modules in novel ways through 

reengineering, it is possible to alter the size and complexity of the biosynthetic products. 
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For example, the length of the polyketide or polypeptide chain is determined by the 

number of modules that comprise the multi enzyme complex (PKS or NRPS). While not 

all modules are arbitrarily exchangeable/extendable (because only those products that 

are accepted by the individual downstream modules in a PKS or NRPS are further 

processed), this technique of "combinatorial biosynthesis" promises to become an 

invaluable source of entirely new natural products with novel biological activities. 

An alternative evolutionary domain swapping strategy, circular permutation,[110] 

has also been exploited in the laboratory. Circularly permutated genes are believed to 

arise via tandem duplication, followed by introduction of new start and stop 

codons.[7,101] To that end, the original N- and C-termini of circularly permuted proteins 

are fused and new N- and C-termini are created by a break elsewhere in the sequence. 

Although a thiol-disulfide oxidoreductase (DsbA) with augmented catalytic activity has 

been generated exploiting this approach,[111] the method is usually employed to identify 

segments in a protein that are essential for folding and stability.[112-118] 

 

 

 

1.3.2 Coupling Genotype and Phenotype 

An array of methods is currently available to link genotype (information) and phenotype 

(function), whether for in vivo, in vitro or mixed form evolutionary experiments. In 

nature (in vivo), genotype-phenotype linkage is achieved automatically, since genes and 

the proteins they encode are compartmentalized together in cells (i.e., if one excludes 

secreted proteins). This type of linkage allows the selection of both nucleic acids and 

proteins. The in vivo approach is widely used but its scope is limited in two ways. First, 

each and every mutant needs to be transformed into cells (typically from E. coli), 

restricting library sizes to 106 to 1010 different members, depending on the 

transformation efficiency.[119] Second, selection is usually limited to those cases where 

the desired function confers a significant biological advantage to the host cells (e.g., the 

function is essential for the survival of the cell or provides a growth advantage). 
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In in vitro evolutionary experiments, genotype and phenotype are almost always 

physically linked to each other. In the simple case of nucleic acid catalysts, both 

genotype and phenotype are embodied in the same molecule, enabling the direct 

selection for binding properties to a given ligand or for catalytic activities from 

combinatorial nucleic acid libraries.[50,120] For example, streptavidin-coated beads were 

used to capture RNA molecules that promote a Diels-Alder reaction from a 

combinatorial library (2 × 1014 members); the RNA was covalently coupled to 

anthracene (diene of the reaction) by a polyethylene glycol linker, and allowed to react 

with a biotinylated maleimide (dienophile).[121] Biotinylated reaction products were 

isolated by affinity column chromatography using immobilized streptavidin, allowing 

the attached functional RNA molecules to be isolated. 

The physical linkage of genotype and phenotype can also be achieved by 

coupling an mRNA to its encoded protein. Two different systems, ribosome 

display[122,123] and mRNA-peptide fusions,[124,125] have been developed. In the latter 

method the nascent polypeptide is covalently coupled to its own mRNA. First, the 

mRNA library is covalently attached to a short DNA linker carrying puromycin. Upon 

translation in vitro, the ribosome stalls when it reaches the RNA-DNA junction, and the 

puromycin enters the peptidyltransferase site of the ribosome and becomes covalently 

linked to the nascent protein. Subsequently, the mRNA-protein complex can be isolated 

from the ribosome, purified, and subjected to selection.[125] In ribosome display, the 

linkage of genotype and phenotype is achieved by the formation of a non-covalent 

ternary complex between mRNA, ribosome and nascent polypeptide. A fusion protein is 

constructed in which a C-terminal tether is attached to the polypeptide of interest, so 

that the polypeptide can fold while the tether is still in the ribosomal tunnel. If the gene 

lacks a stop codon the mRNA and the nascent protein are not released from the 

ribosome. The resulting ternary complex can be further stabilized by high 

concentrations of magnesium salts and low temperature. These mRNA-protein-

ribosome complexes can be used directly to select proteins with interesting 

properties.[123] Since neither system – RNA-peptide fusion or ribosome display – 

requires any in vivo manipulations, library sizes of up to 1015 individual members are 

theoretically attainable. However, these technologies require considerable biochemical 

sophistication and have not yet been broadly applied. 
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An alternative in vitro system that uses artificial cell-like compartments to link 

genotype and phenotype was recently described.[126] In this system, cell-free 

transcription/translation systems containing all the components necessary for RNA and 

protein synthesis are compartmentalized in aqueous droplets within a water-in-oil 

emulsion. Tawfik and Griffiths demonstrated the utility of the system by selecting 

biotinylated gene constructs encoding the DNA-methyltransferase HaeIII from an 

excess of similarly labeled folA genes (encoding dihydrofolate reductase).[126] A 

modified compartmentalization method, based on in vitro selection and in vivo 

expression of a mutant library, has allowed Holliger and coworkers to create 

polymerase variants with higher stability or heparin resistance.[127] A library of Taq 

polymerase mutants was cloned and expressed in E. coli before the bacterial cells were 

segregated into aqueous compartments of a water-in-oil emulsion. Heating of the 

emulsion to 94 °C for 5 minutes induced lysis of the bacterial cells and at the same time 

constituted the first denaturation step of a PCR amplification. As compartments ensure 

genotype-phenotype linkage, only genes that encode active polymerases are amplified 

by their corresponding enzymes. The resulting products of the PCR reaction can be 

isolated and recloned for another cycle.  

Other mixed form evolutionary experiments usually rely on systems in which 

genes are physically linked to the encoded proteins, such as cell-surface display[128,129] 

and phage-display.[130] In contrast to the "pure" in vitro systems described above, only 

the selection step is performed in vitro in these procedures. The peptides or proteins to 

be sampled are fused to a membrane protein or to one of the capsid proteins of 

filamentous phage (most commonly phage proteins pIII, pVII, pVIII, and pIX). The 

displayed proteins are accessible to the external milieu and thus available to interact 

with immobilized substrates on solid supports or other target molecules. Genes 

encoding functional polypeptides are selected simultaneously since they are contained 

in the cell or bacteriophage displaying the function.  
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1.3.3 Identification of Evolved Variants 

At present, the evaluation of genetically diverse libraries in the laboratory is generally 

accomplished through the use of a phenotypic screening or selection method that allows 

the desired phenotype to be detected. In contrast to selection, which favors the exclusive 

enrichment of variants with desired properties, screening strategies require individual 

analysis of each variant in order to identify those having the properties of interest. 

For libraries expressed in microorganisms, screening can be performed either on 

solid phase (e.g., colonies growing on agar plates) or in microtiter plates. Screening 

commonly relies on visual monitoring of the reaction of interest. In most methods, 

reaction progress is monitored directly (spectrophotometrically or visually) using either 

a chromogenic or fluorogenic substrate.[131-134] Such substrates are available for various 

enzymatic reactions. Typical examples are nitrophenyl esters for testing lipases, 7-

aminocoumarinamides for testing peptidases, and umbelliferyl glycosides for testing 

glycosidases. Alternatively, chiral amines that were obtained from enzymatic reactions 

run in a 96-well microtiter plate format have been labeled with a fluorescence marker 

and the enantiomeric excess of each reaction determined by separation of the labeled 

products by capillary array electrophoresis.[135]  

To achieve higher throughput and quantitative signal evaluation digital imaging 

systems are utilized, enabling the screening of up to 105 colonies per day.[136,137] High-

throughput screening (HTS) generally requires high sensitivity and easy detection, 

which is often realized by employing sophisticated techniques based on costly 

automated or robotic systems.[132-134] 

An interesting new development is the use of fluorescence-activated cell sorters 

(FACS) for the screening of surface displayed proteins. Assays for numerous enzymes, 

including esterases, proteases, peroxidases, lipases and oxidoreductases are 

available.[133] For example, OmpT protease displayed on the surface of Gram-negative 

bacterial cells reacts with a fluorescence resonance energy transfer (FRET) substrate to 

give rise to a fluorescent product.[129] Using FACS sorting, active OmpT serine 

proteases were enriched by 5,000 fold from cells expressing an inactive OmpT variant 

that could not cleave the FRET substrate. When a library of 6 × 105 random OmpT 

variants was screened with a FRET peptide substrate containing a nonpreferred Arg-Val 
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cleavage sequence, protease variants with catalytic activities enhanced by as much as 

60-fold were identified.[129] Recently, Georgiou and coworkers reported a modified 

protocol that permits screening of proteins that are secreted into the periplasm of E. coli 

cells.[138] They expressed a library of 26-10 scFv antibodies that bind digoxin and 

digoxigenin (cardiac glycosides) with high affinity in soluble form in the periplasmic 

space of E. coli cells. When the cells were incubated with fluorescently labeled ligand 

(digoxigenin-BODIPY), these ligands equilibrated into the periplasm where they bound 

to the cognate antibodies. Because the outer membrane of the bacterial cells is only 

permeable for molecules smaller than 10kDa it serves as a sort of dialysis bag which 

selectively retains antibody-ligand complexes but not free ligand. Specific binding of 

the fluorescent substrate results in increased fluorescence, allowing the cells containing 

antibody-ligand complexes to be isolated by FACS. The advantage of this method is 

that in principle any periplasmic expressable protein library can be screened directly 

(without subcloning). Another interesting result of this study was that libraries 

constructed for display on bacteriophage (pIII fusions) could be directly screened by 

this method, because their proteins gave some periplasmic expression.[138] 

Not all reactions can be monitored spectroscopically. One method to overcome 

this limitation exploits product specific antibodies that enable detection of reaction 

products on both solid phase and in solution by ELISA (enzyme-linked immunosorbent 

assay).[133,134] Alternatively, a highly sensitive infrared camera has been used for 

thermographic detection of the heat that is released during a exothermic reaction to spot 

enantioselective enzymes promoting this transformation.[139] Mass spectrometry (MS) is 

proving to be another valuable tool for analysis of products. For example, MS assays 

have been used for the high-throughput screening of proteases[140] and to determine the 

enantioselectivity of enzymes by screening isotopically labeled products.[141] 

Activation of a reporter gene is another commonly used strategy to couple 

function to a visual signal. A recently reported genetic strategy based on the activation 

of a reporter gene is an example of such an approach.[142] A functional transcriptional 

activator is generated by the dimerization of two separate protein DNA-binding 

domains. In this case, dimerization is induced by binding to a chemical inducer of 

dimerization (CID). The dimerized transcriptional activator induces transcription of a 

reporter gene that gives rise to a distinct phenotype. The DNA-binding domain was 
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fused to an enzyme, whose substrate inhibits the dimerization of the transcriptional 

activator and thus the transcription of the reporter gene. As a result, no distinct 

phenotype is observed. Cells harboring active enzymes convert the substrate into non-

inhibitory product, and CID-mediated dimerization of the transcriptional activator gives 

rise to the distinct phenotype. Various reporter gene systems that give rise to distinct 

signals (color, bioluminescence, antibiotic resistance) are available.[143] 

Clearly, screening is widely applicable for an array of natural and non-natural 

substrates, including toxic substrates, and a wide range of conditions (e.g. temperature, 

pH) since most assays are performed in vitro. However, there are often limitations in the 

dynamic range of the assays (sensitivity, selectivity). Technical constraints on the 

library sizes (typically 102 - 106 members)[133,134,144] screened are a further limitation. 

Selection strategies – in vivo and in vitro – allow the simultaneous evaluation of 

up to 1010 (in vivo) and 1015 (in vitro) variants.[51,82] Biological selections (in vivo) are 

generally based on conferring growth advantages to cells that possess a desired 

functionality. For in vivo selection, microorganisms are cultured under particular growth 

conditions that permit only cells with certain characteristics to survive, thereby enabling 

their isolation. For example, a mutant strain of E. coli lacks triose-phosphate isomerase 

activity, an enzyme that is important in the glycolytic pathway. This genetic defect 

prevents cell growth if glucose is the only carbon source for the cells. When this strain 

is transformed with a vector encoding triose-phosphate isomerase, only those cells 

harboring the vector will grow under selection conditions (glucose as the only carbon 

source). The chorismate mutase selection system (see 1.4.2) that was employed for the 

work presented in this thesis relies on the same principle. As an alternative to the 

complementation of a metabolic defect, cell growth can be linked to a selectable 

phenotype, such as resistance to cytotoxic agents (e.g. antibiotics), or by providing a 

new enzymatic function (i.e., a function from a different organism that is not present in 

the current organism) in trans.[145] Although in vivo selection provides a very sensitive 

and powerful means of evaluating large libraries, there are some limitations. First of all, 

the transformation efficiency of the host microorganism determines the library size, 

where 1010 molecules represent an upper limit for E. coli on a typical transformation 

scale.[119] In addition, since microbial genomes have evolved to rapidly adapt to changed 

environmental conditions, living cells may develop unanticipated or undesired solutions 
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to the posed survival problem (i.e., survival under selective conditions). For instance, 

cells might induce a bypass pathway for the production of a required metabolite or 

simply increase the expression level of an inefficient enzyme, which may allow survival 

under stringent selective conditions without having affected enzyme activity. Moreover, 

in vivo selection is limited to reactions of direct biological relevance (e.g., metabolic 

reactions) or those where the particular activity can be linked to a selectable phenotype. 

Certainly the biggest limitation of in vivo systems is their restriction to the biological 

requirements of the host organism (e.g., temperature, pressure, pH, etc.). 

The general principal of in vitro selection is to select interesting variants from 

libraries on the basis of specific binding to immobilized ligands.[145] However, 

appropriate transition state analogues or suitable suicide inhibitors are not readily 

available for all classes of enzymatic reactions. To overcome this limitation, new 

methods have been developed that aim at direct selection of reaction products.[146-149] In 

one example, an enzyme and its substrate are both connected to a phage coat protein 

enabling the substrate conversion on the phage particle itself.[146,148] Active enzymes are 

then isolated with product specific binders. A variation of this method has been reported 

for the selection of metalloenzymes.[150] In this case, the phage enzymes bind to the 

immobilized substrate under conditions where the enzyme activity is turned off (i.e. in 

the absence of metallic cofactor). Upon addition of the cofactor, active enzymes elute 

from the solid support and can be captured. In contrast to the possibility of 

unpredictable responses to selection pressure in in vivo selection, the chance of 

capturing unanticipated or undesired binders is negligible. Furthermore, phage 

display,[130] cell surface display,[128,129] and the aforementioned cell-free in vitro 

systems[122-126] allow a variety of different selection conditions (e.g., temperature, pH, 

organic solvents, etc.) to be exploited, since the system is not restricted to the biological 

requirements of the host organism. In vitro selection is fast, as no cellular growth and no 

cloning is involved. Additionally, in vitro selection systems allow access to libraries 

that are several orders of magnitude larger compared to in vivo systems because no 

transformation step is required and thus the library size is only limited by the amount of 

DNA/RNA that can be handled. 
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Which method should be applied to identify interesting variants from 

combinatorial libraries?  Certainly, there is no single best strategy. Screening systems 

are typically more versatile, easier, and faster to set up and to establish then selection 

systems. However, when selection is applicable, it provides clear advantages. Because 

much larger libraries are accessible, sequence space can be sampled more efficiently, 

increasing the chances of isolating an interesting mutant. Moreover, time and resources 

are not wasted on non-desired library members, since uninteresting variants will not 

surface. In addition, the libraries can usually be evaluated much faster and with higher 

throughput, because library members are analyzed simultaneously. Additionally, in vivo 

selection systems are not limited by the activity of a single protein, or nucleic acid 

acting in isolation, but can be extended to several genes and proteins, acting in concert, 

thus enabling the evolution of metabolic pathways or signal transduction 

cascades.[151,152] 

 

 

 

1.3.4 Evolved Biocatalysts 

Directed evolution approaches have been successfully applied to improve or alter a 

variety of protein properties. In addition, evolutionary techniques are also widely 

employed to investigate the molecular basis of protein function and/or structure. This 

field has been widely reviewed,[51,78-84] but some selected examples are given below to 

illustrate the major accomplishments and important principles. 

 

 

1.3.4.1 Improving Biocatalyst Properties 

The simultaneous optimization of multiple properties of the commercially important 

subtilisin Savinase®, including its activity at various pH’s, thermostability, and 

tolerance to organic solvents, is an impressive demonstration of what can be achieved 

by test-tube evolution.[153] Subtilisins, with annual sales of more than 500 million 

dollars,[84] are serine endoproteases and are amongst the most studied industrial 
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enzymes. They exhibit broad specificity for the cleavage of peptide bonds, which makes 

them attractive for a range of applications, perhaps most notably as additives to laundry 

detergents for protein stain removal. By shuffling the gene encoding Savinase® with 25 

related protease genes having pairwise DNA sequence identity as low as 56%, a library 

of chimeric proteases was created and screened for protease activity. Clones harboring 

active enzymes were identified by the formation of clearing zones when plated onto 2% 

skim milk containing media. The most active 654 clones were further assayed for 

thermostability, pH tolerance (at pH 5.5, pH 7, and pH 10), and solvent stability (35% 

dimethylformamide). The frequency of improved mutants from the library ranged from 

4% to 12% with respect to any single parameter, but several enzymes had multiple 

properties that were enhanced. Sequence analysis of clones optimized in at least one of 

the properties revealed the contribution of 25 of the 26 parent sequences to the evolved 

characteristics. Moreover, variants with similar properties, such as thermostability, 

could be encoded by very different sequences and the most thermostable chimera is not 

close in mutational distance to the most thermostable parent. 

Many mutations that are found in evolved enzymes are difficult to rationalize. 

Two recently resolved crystal structures of evolutionarily optimized biocatalysts that 

were compared to their wild-type structures illustrate this point.[154,155] In one case, the 

substrate specificity of homodimeric aspartate aminotransferase (AspAT) was altered to 

recognize the β-branched amino acid valine as a substrate.[154,156] In order to generate an 

efficient valine aminotransferase, the gene encoding AspAT was mutagenized by DNA 

shuffling, and variants were selected for their ability to complement a valine 

auxotrophic E. coli strain. After several breeding cycles during which the selection 

stringency was steadily increased, an AspAT variant with 17 amino acid substitutions 

and a 2.6 × 106-fold higher activity towards non-native β-branched 2-oxo acid substrates 

was obtained.[154] The crystal structure showed that only one of the 17 mutated residues 

directly contacts the substrate, whereas many are more than 10 Å away from the active 

site. The cumulative effects of these distant mutations are responsible for the change in 

substrate specificity, remodeling of the active site and subunit interface, and shifting of 

the enzyme domain that encloses the substrate. 
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Analogously, multiple mutations distant from the active site were observed 

when the structures of evolved organophilic and thermophilic para-nitrobenzyl esterases 

were compared to the wild-type enzyme.[155] In these cases, early-generation mutations 

stabilized flexible loops not visible in the wild-type structure, enabling additional 

beneficial mutations to arise in later generations. Interestingly, the segments with the 

largest structural changes did not contain mutations. The networks of mutations that 

collectively reorganized the structure, remodeled the active site, and led to the improved 

properties appear to be the result of main-chain movements. Certainly, these networks 

of widely dispersed mutations would have been extremely difficult, if not impossible, to 

predict by a priori examination of the structure alone.  

Another enzyme property of great academic and industrial interest is their ability 

to catalyze reactions enantioselective. Despite the great number of enantioselective 

reactions natural enzymes catalyze, it remains demanding to isolate enzymes that 

possess the desired enantioselectivity for applications in organic synthesis.[81] Typical 

problems associated with applications are that the enzymes may be insufficiently 

selective, catalyze the conversion of the undesired isomer, or transform the substrate of 

interest with low enantioselectivity.[157] Furthermore, enzyme enantioselectivity has 

proven to be particularly difficult to manipulate using structure-based design.[157] 

However, if an appropriate screening/selection system is at hand, enantioselectivity can 

be tuned by laboratory evolution. One of the first systems investigated by directed 

evolution was a lipase from Pseudomonas aeruginosa that catalyzes the hydrolysis of 

aryl esters.[158] The reaction was assayed spectroscopically in 96-well microtiter plate 

format, allowing the detection of the hydrolysis products resulting from 

enantiomerically pure substrates. Four successive cycles of mutagenesis and screening 

produced a variant that catalyzes the desired reaction with an enantioselectivity of 81%, 

which compares favorably with the 2% enantioselectivity observed with the wild-type 

enzyme. Sequencing genes from the most enantioselective mutants after each round 

revealed again that the responsible substitutions occurred at surface locations distant 

from the active site. Other examples demonstrating the generation of enzymes with 

altered enantioselectivity by directed evolution are an esterase with improved 

enantioselectivity[93] and a hydantoinase for the industrial production of L-methionine, 

whose enantioselectivity was inverted.[159] 
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Further successful modifications of protein properties employing directed 

evolution include enhancement of activity,[96,136,160-163] change in substrate 

specificity,[97,164] increased thermostability,[165,166] and a variety of other 

improvements.[136,153,167] These examples emphasize our ability to exploit evolutionary 

methods to tailor enzymatic properties for our needs in the laboratory. 

 

 

1.3.4.2 Breeding Biosynthetic Pathways 

The versatility of microbial biosynthesis is gigantic and many of the metabolites are of 

great value (e.g., amino acids, solvents, vitamins, drugs). However, most of these 

compounds are produced and metabolized only in trace quantities. In some instances, 

genetic manipulation has yielded organisms for the large scale production of a number 

of compounds ranging from bulk chemicals, such as ethanol and citric acid, to 

ribosomally-produced protein drugs, such as insulin or erythropoetin, to clinically 

important secondary metabolites that are biosynthesized by polyketide synthases (PKSs) 

and non-ribosomal peptide synthetases (NRPSs), such as the antibiotics erythromycin 

(PK) and vancomycin (NRP), the anti-cholesterol agent lovastatine (PK), and the 

immunosuppressant cyclosporin (NRP), to name only a few.[168,169] 

Microorganisms are also extremely useful in carrying out biotransformation 

processes. There are now examples where the microbial enzymes have been isolated 

and then modified into effective catalysts that are used for the industrial production of 

fine chemicals.[170] To exploit natural biodiversity for biocatalysis, genes encoding 

enzymes that catalyze a particular series of chemical transformations often must be 

optimized and/or transferred to more amenable host organisms. Several studies have 

shown that the molecular breeding concept can be extended to complex problems 

involving interacting genes or gene products.[19,151,152,171] For example, Stemmer and 

coworkers[151] utilized DNA shuffling to improve the efficiency of an arsenate 

detoxification pathway from the bacterium Staphylococcus aureus. 

The arsenate resistance operon consists of three genes arsR, arsB and arsC, 

encoding a regulatory protein, a membrane-associated pump that actively exports 

arsenite from the cell, and an arsenate reductase, respectively. All three genes were 

mutagenized by DNA shuffling, introduced into a standard E. coli strain, and improved 
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operon variants selected by growth on arsenate-containing media. After three 

evolutionary cycles, a variant of the operon imparting resistance up to 500 mM arsenate 

was identified (40-fold improvement). Analysis of the new operon revealed a total of 13 

mutations, most of which where silent (9 of 13) and clustered in arsB (10 mutations, of 

which 7 were silent). The gene encoding the repressor protein ArsR contained two silent 

mutations, and one mutation occurred immediately downstream of the operon. Since no 

mutations were observed in the arsenate reductase gene arsC, the increased rate of 

arsenate reduction is presumably the result of higher expression levels. Interestingly, the 

plasmid carrying the operon also become integrated into the chromosome and this 

shuffling-dependent integration was shown to contribute significantly to the observed 

improvement.[84] 

In another study, a new metabolic pathway for the synthesis of carotenoids in E. 

coli was generated.[152] Three genes from different bacterial species, including a gene 

library created by shuffling of two desaturases from Erwinia herbicola and Erwinia 

uredovora, respectively, were assembled, introduced into E. coli, and the progeny 

screened for novel carotenoids. Among the thousands of orange-colored E. coli 

colonies, indicating a wild-type phenotype, 20 yellow and one pink colony were 

identified that biosynthesized different carotenoids. Combination of the genes from the 

pink colony with another library of cyclase genes resulted in an even greater variety of 

colored bacteria: orange, pink, yellow, and bright red. The bright red cells were found to 

produce torulene, a carotenoid not previously known in any bacteria. 

These experiments demonstrate again that complex and non-intuitive solutions 

can arise from molecular evolution approaches. Additionally they validate the power of 

DNA shuffling to optimize an existing pathway or even create new ones.[18,19,171] The 

rational combination of catabolic segments has also been successfully exploited for the 

engineering of metabolic routes for xenobiotics, such as highly toxic 

trihalopropanes,[172] polychlorinated biphenyls (PCBs),[173,174] and 

organomercurials.[175,176] The increased production of the antibiotic doxorubicin by 

Streptomyces peuceticus[177] or the steroids pregnenolone and progesterone by 

Saccharomyces cerevisiae[178] are further demonstrations of the utility of microbial 

metabolic engineering. 
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1.3.4.3 Altering Function 

It has already been mentioned that nature tends to exploit existing frameworks to evolve 

novel functions by a process termed divergent evolution.[58,59,65] Perhaps the most 

notable example is our immune system, which can recognize a myriad of foreign 

antigens even though the structures of the responsible proteins – immunoglobulins – 

differ only minor in ways.[179] Mimicking this process of divergent evolution may be an 

excellent starting point for the development of new activities in existing protein 

scaffolds. 

Fersht and coworkers[180] combined rational design and directed evolution to 

convert indole-3-glycerol-phosphate synthase (IGPS) into phosphoribosylanthranilate 

isomerase (PRAI). PRAI and IGPS catalyze sequential steps in the tryptophan 

biosynthesis pathway, are covalently linked in E. coli, and share a common ligand, 

carboxyphenylamino-1'-deoxyribulose 5'-phosphate (CdRP). CdRP is the product of 

PRAI and the substrate of IGPS.  Both enzymes are α/β proteins, adopting a TIM barrel 

structure.[181] Such structures are composed of eight catenated strand-loop-helix-turn 

units, where 8 β-sheets form a barrel that is buried in the interior of the protein with the 

α-helices forming the outer surface. In order to convert IGPS into PRAI, the regions in 

the IGPS scaffold that are significantly different from those in PRAI were identified by 

comparison of their three-dimensional structures. 

Although the binding sites of PRAI and IGPS are similar, PRAI has a different 

active-site loop system that was targeted for rational redesign. First, 48 amino acid 

residues from the N-terminus of IGPS, absent in PRAI, were deleted. In the next step, 

the β1α1 active-site loop was replaced with randomized sequences of 4-7 residues (PRAI 

has a 4 residue loop). Finally, a segment of the β6α6 loop was replaced with the PRAI 

consensus sequence GXGGXGQ, and an aspartic acid residue was introduced at 

position 184 to act as an active site general base. Members of this library showed little 

or no ability to complement an E. coli strain deficient in PRAI activity. One round of 

DNA shuffling, followed by a second round of DNA shuffling and StEP recombination 

of selected clones, however, yielded a variant (ivePRAI) with a specificity constant 

(kcat/Km) six-fold higher than for wild-type PRAI, despite having only 28% sequence 

identity to PRAI and 90% sequence identity to IGPS. IvePRAI was soluble, properly 

folded, and exhibited no IGPS activity. Here, molecular breeding rapidly evolved a new 
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catalytic activity in an existing protein by acting on a "poorly" designed binding site, 

showing that the marriage of rational and evolutionary design for protein engineering 

may have merit. 

Another example is the generation of a TIM-barrel enzyme that catalyzes related 

reactions in two different metabolic pathways.[182] The enzymes N'-[(5'-

phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide ribonucleotide (ProFAR) 

isomerase (HisA) and phosphoribosylanthranilate (PRA) isomerase (TrpF) accelerate 

similar reactions in the biosynthesis of the amino acids histidine (HisA) and tryptophan 

(TrpF). Both enzymes adopt a (β/α)8-barrel structure and are believed to have diverged 

from a common ancestor with low substrate specificity. DNA-shuffling of the thisA 

gene from the hyperthermophile Thermotoga maritima in combination with genetic 

selection yielded two HisA variants, tHisA_1 and tHisA_2, that catalyze the TrpF 

reaction both in vivo and in vitro, in contrast to the wild-type tHisA enzyme. Variant 

tHisA_1 also retained significant HisA activity. Notably, while the exchange of one 

residue in tHisA_2 (Asp127Val) was sufficient to establish TrpF activity on the HisA 

scaffold, all four single mutation variants of tHisA_1 are inactive. This implies that a 

concerted action of at least two of the four exchanged amino acids of tHisA_1 

(Asn24Asp, Arg97Gly, His175Tyr and Met236Ile) is necessary to establish TrpF 

activity. 

The utility of directed evolution strategies to transform the function of enzymes 

that may have diverged from a common ancestral enzyme has also been shown by the 

transformation of the E. coli β-glucuronidase into a β-galactosidase.[183] Previously, the 

same β-galactosidase has been evolved into a fucosidase by DNA-shuffling and 

screening.[184] Recently, a Staphylococcus aureus lipase was converted to a 

phospholipase using epPCR and gene shuffling.[185] The successful interconversion of 

all these enzymes suggests that this strategy may be generally useful for the evolution of 

new activities. 
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1.4 Research Goals 

The general aim of the work described in this thesis was to investigate the relationship 

between protein structure and function using evolutionary approaches. The enzyme 

chorismate mutase, for which a convenient selection system is available, was used as a 

model. 

 

1.4.1 Chorismate Mutase 

Chorismate is a key branchpoint in the shikimate pathway, which is the main 

biosynthetic route for the formation of aromatic compounds in bacteria, fungi, and 

higher plants (Figure 1.4).[186] It is the key precursor to such important metabolites as 

the aromatic amino acids, folic acid and ubiquinone. 
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Figure 1.4 

Shikimate pathway for the biosynthesis of aromatic compounds in plants and lower organisms. The 
initiation of the biosynthetic pathway by condensation of D-erythrose-4-phosphate and 
phosphoenoylpyruvate, the main intermediate (-)-shikimate, and the chorismate branchpoint with its 
downstream metabolites are shown in detail. 
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The enzyme chorismate mutase (CM) converts chorismate into prephenate, 

which is the first committed step in the biosynthesis of the aromatic amino acids 

phenylalanine and tyrosine (Figure 1.5).[187] This reaction has been examined in detail 

by many research groups because it is a rare example of an enzyme-catalyzed pericyclic 

transformation.[188] Formally, it is a [3,3]-sigmatropic rearrangement, also known as a 

Claisen rearrangement. The rate acceleration achieved by the enzyme over the 

uncatalyzed thermal process is more than a million-fold.[189] 
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Figure 1.5 

The Claisen rearrangement of chorismate into prephenate. Chorismate prefers a pseudodiequatorial 
conformation 1a in solution. To reach the presumed pericyclic transition state it has to adopt a disfavored 
pseudodiaxial conformation 1b. The conformationally constrained oxabicyclic dicarboxylic acid 2, which 
acts as transition state analog (TSA), is an effective inhibitor of chorismate mutases [190,191]. 

 

 

 

Computational studies,[192-198] and investigations of both the uncatalyzed[199-202] 

and catalyzed reaction[203-215] have provided insights into the reaction mechanism. The 

rearrangement of chorismate to prephenate is a one substrate, one product process, 

which proceeds via a chair-like transition state[200,216] that is only accessible from the 

pseudodiaxial conformation of chorismate 1b (Figure 1.5). Thermodynamic studies 
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indicate the reaction is essentially irreversible.[207] Heavy atom isotope effects show 

further that the nonenzymic as well as the enzymic process are concerted but 

asynchronous, with C-O bond cleavage preceding C-C bond formation.[199,208] However, 

Becke3LYP/6-31G* calculations suggest that the transition state might be more highly 

polarized in the enzyme catalyzed reaction.[208] The enzymatic reaction appears to be 

partially diffusion controlled,[209] although the rearrangement itself contributes 

significantly to the rate determining step.[208] Mimics of the chair transition state, like 

the conformationally constrained oxabicyclic dicarboxylic acid 2 (Figure 1.5), inhibit 

the reaction effectively.[190,191] 

At least two different classes of natural chorismate mutases, the AroH and the 

AroQ enzymes, are known.[217] Proteins from different classes have no structural 

similarity outside of the active sites and are believed to have evolved by convergent 

evolution.[217] The CM from Bacillus subtilis (BsCM),[218,219] a member of the AroH 

class, is a symmetric homotrimer, adopting a pseudo α/β-barrel structure. Its three 

identical active sites are located at the subunit interfaces (Figure 1.6A). In contrast, 

members of the AroQ class, including the distantly related CMs from E. coli (EcCM, 

Figure 1.6B)[203] and the yeast Saccharomyces cerevisiae (ScCM),[214,220] are 

homodimeric, all-α-helical proteins. Natural AroQ class CMs are found as mono- or 

bifunctional proteins. For example, the CMs from M. jannaschii[221] and ScCM are 

monofunctional, whereas the AroQ domains of EcCM are fused to other domains. 

Typically, the second catalytic domain of the bifunctional CM variants is either 

prephenate dehydratase, prephenate dehydrogenase, or 3-deoxy-D-arabino-

heptulosonate 7-P synthase.[217] Although CMs from different organisms share little 

primary sequence identity except for the well conserved active site residues, homology 

searches in databases have identified other proteins that belong to each of these 

structural classes.[211,217,221] Catalytic antibodies with modest chorismate mutase activity 

have also been created.[222-224] The structure of the Fab fragment from one of these (1F7) 

has been solved,[222] and shows the typical immunoglobulin fold.[225] The active site of 

the antibody is similar to the wild-type enzymes but lacks many of the residues 

necessary to stabilize the transition state of the reaction. 
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Figure 1.6 

Ribbon representation of BsCM and EcCM. Helices are shown in blue and orange, β-sheets in red. A 
transition state inhibitor (2, see figure 6) bound to each active site is shown in ball-and-stick 
representation, with carbon atoms black and oxygen atoms red. (A) Monofunctional chorismate mutase 
from B. subtilis (BsCM) [218,219]. (B) Chorismate mutase domain of the bifunctional chorismate mutase-
prephenate dehydratase from E. coli (EcCM) [203]. 

 

 

 

1.4.2 The Chorismate Mutase Selection System 

The general strategy of in vivo selection systems, i.e. conferring a growth advantage to 

cells harboring a genetic defect by providing them with a catalyst that possesses the 

missing function, has already been mentioned (section 1.3.3). This approach has been 

successfully exploited for studying chorismate mutases. Specifically, several 

yeast[226,227] and E. coli strains[204,228] have been engineered that chromosomally lack the 

genes encoding chorismate mutase. The E. coli complementation system for CM 

activity used for the studies described in this thesis is depicted schematically in Figure 

1.7. 
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Figure 1.7 

E. coli selection system lacking endogenous chorismate mutase activity.[204] The genes encoding the 
bifunctional enzymes chorismate mutase-prephenate dehydrogenase and chorismate mutase-prephenate 
dehydratase were deleted, and monofunctional versions of the dehydrogenase[229] and dehydratase[230] 
were supplied on plasmid pKIMP-UAUC. Plasmid encoded CM mutant libraries are evaluated on the 
basis of their ability to complement the genetic defect, allowing the cells to grow in the absence of 
exogenously added tyrosine (Tyr) and phenylalanine (Phe). The mutant plasmid and pKIMP-UAUC 
carry genes for ampicillin (Amp) and chloramphenicol (Cam) resistance, respectively. 

 

 

 

It is based on the recA- E. coli strain KA12, which lacks both chromosomal 

bifunctional CM genes, tyrA (chorismate mutase-prephenate dehydrogenase) and pheA 

(chorismate mutase-prephenate dehydratase). To restore the prephenate dehydrogenase 

and prephenate dehydratase activity that is encoded by the bifunctional CM genes, the 

auxiliary plasmid pKIMP-UAUC is supplied, which carries the genes specifying 

monofunctional proteins with these activities from other organisms.[229,230] As a 

consequence, the engineered cell line is deficient only in chorismate mutase activity. 

Because of the CM deficiency, these KA12/pKIMP-UAUC cells are unable to grow in 

the absence of tyrosine and phenylalanine. The metabolic defect can be "repaired" by 

supplying the cells with an additional plasmid encoding a functional CM enzyme. Since 

only proteins that are able to catalyze the conversion of chorismate to prephenate allow 

the cells to grow under selective conditions (i.e., without tyrosine and phenylalanine 
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supplementation), the system is ideally suited to test large mutant libraries for members 

with both structural integrity and catalytic activity. Good catalysts are expected to 

enable the CM-deficient host cells to grow at wild-type levels, poorer catalysts will give 

rise to slower growth rates, and misfolded or inactive variants will not allow any growth 

at all. The phenotype (growth under selective conditions) is thus directly linked with the 

responsible genotype (the plasmid containing a gene encoding the catalyst) in this 

system, enabling easy isolation, diversification and further evolution of interesting 

library variants. 

Enzyme function is an extremely stringent selection criterium, and even subtle 

changes in structure and function can be investigated. For example, misplacement of 

catalytic residues by only a few tenths of an angstrom can mean the difference between 

full activity and none at all. As a result, the use of this powerful selection system has 

yielded many important insights into problems ranging from mechanistic enzymology 

and protein structure investigations (see below), to the directed evolution of enzyme 

activity (Chapter 2) and protein design (Chapters 3 and 4). 

 

 

 

1.4.3 Previous Applications of the Selection System 

1.4.3.1 Mechanistic Investigations 

The conversion of chorismate to prephenate proceeds via a charged, conformationally 

constrained transition state (see Fig. 1.5). What are the key active site residues that 

stabilize such a polarized species? Examination of the active site of BsCM[218,219] 

reveals a positively charged arginine residue at position 90, which is in close proximity 

to the substrate's ether oxygen (O7), where a negative charge builds up in the course of 

the reaction. To test the contribution of Arg90 to stabilizing this developing negative 

charge, position 90 was randomized alone and in combination with Cys88, which is 

about 7 Å distant from bound ligand but makes van der Waals contacts to the side chain 

of Arg90.[204] 
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The CM selection system allowed all 20 natural amino acids at each individual 

position and all of their possible combinations to be tested simultaneously. Arginine 

turned out to be indispensable when position 90 was randomized alone, but the 

combinatorial mutagenesis of Cys88 and Arg90 yielded many alternative active site 

variants. For instance, Arg90 could be replaced by a lysine if the residue at position 88 

was small (glycine, alanine, or serine). Perhaps the most interesting result from this 

study was that the cation at position 90 is not essential, provided that Cys88 is replaced 

with a lysine. While the Cys88Lys/Arg90Ser double mutant is about two to three orders 

of magnitude less active than the wild type enzyme, crystallographic studies show that 

the ammonium group of Lys88 is oriented like the guanidinium group of Arg90 in the 

wild type enzyme and within hydrogen-bonding distance to the ether oxygen of bound 

ligand.[211] These results underscore the importance of a positive charge in the vicinity 

of the ether oxygen of the substrate for enzymatic activity. This cation can be provided 

either from position 88 (Lys) or 90 (Arg or Lys). However, steric constraints appear to 

be of some importance, since a positive charge at position 88 or 90 alone is not 

sufficient for activity. 

In a similar experiment, residues Glu78 and Cys75 were probed for their 

contribution to stabilizing the partial positive charge on the cyclohexadienyl ring of the 

transition state (Figure 6).[206] Although, Glu78 could be replaced by other residues in 

both cases, only those mutants that had either a glutamine residue at position 78 or an 

aspartate at position 75 were found to grow at wild-type levels, indicating a preference 

for a negatively charged carboxylate group. However, there is no absolute requirement 

for an anion at this position, as shown by a weakly active Cys75/Ser78 double mutant. 

Another matter of debate concerns the mechanistic contribution of the C-

terminus of BsCM to enzymatic catalysis. It has been proposed that the 17 residues 

involved serve as a cap to the active site upon binding of ligands and/or contribute 

stabilizing interactions to the bound substrate. The role of these C-terminal residues has 

been probed by random truncation of the protein and genetic selection.[210] The 

characterization of the selected variants showed that none of the randomized residues is 

essential for function and that the final 11 residues are entirely dispensable. Although 

there appears to be no direct chemical contribution to the transformation, the parallel 

effects on kcat and Km upon truncation suggests that the C-terminal tail of the protein 
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contributes to enzyme efficiency by stabilizing both ground and transition state 

comparably. 

 

 

1.4.3.2 Structural Investigations 

The three-dimensional structure of proteins is determined by a multitude of subtle 

interactions among their amino acid constituents. While many residues in a protein can 

be substituted with little or no effect on its properties, others dramatically affect 

structure or function.[231-233] Because selection methods allow the efficient, simultaneous 

evaluation of millions of different sequences, they are ideally suited for protein structure 

analysis. 

 

 

1.4.3.3 Constraints on Interhelical Turns 

Turns serve to connect different elements of secondary structure. Some turn motifs are 

fairly conserved, suggesting that they may help to determine and/or stabilize the native 

protein fold and its preferred oligomerization state.[41,66] The importance of interhelical 

turns in the four-helix-bundle proteins Rop, cytochrome b-562, and EcCM was 

investigated by extensive mutagenesis coupled with screening and selection.[234-237] 

A three-residue interhelical turn in the heme-binding protein cytochrome b-562 

could be mutated with little consequence for function, as judged by the characteristic 

red color associated with heme complexes of cytochrome b-562.[234] The RNA-binding 

protein Rop showed a similar tolerance to substitutions in its interhelical turn, although 

detailed analysis of individual mutants indicated some variation in 

thermostability.[235,236] From these studies it was inferred that four-helix-bundle proteins 

seem to have relatively few constraints on sequence in their interhelical connections. 

When the tolerance to sequence substitutions of a short, interhelical loop in the more 

complex protein EcCM was probed, a more nuanced picture emerged.[237] For the 

evaluation of the mutant libraries the CM selection system was utilized, providing a 

particularly sensitive probe for structural integrity, namely catalytic activity. Only few 

restrictions were found when three solvent-exposed turn residues (Ala65-His66-His67) 
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were randomized; more than 63% of the variants complemented the chorismate mutase 

deficient host strain. Even tripeptides with significantly altered backbone conformations 

could functionally replace the native sequence. However, sequence analysis showed that 

hydrophilic residues were preferred at these solvent-exposed positions. The extent to 

which proximal secondary structure may influence substitution patterns was 

investigated by randomizing the helical residue Lys64 in concert with the Ala65-His66-

His67 tripeptide. A similar high frequency of active clones (>50%) indicated that the 

secondary structure at position 64 is not limiting. In contrast to these results, 

randomization of the buried turn residue Leu68 in combination with the same tripeptide 

revealed severe constraints on acceptable sequence substitutions. In this case, only 6-7% 

of the 160,000 possible sequences yielded active CM variants, all of which had a 

hydrophobic aliphatic amino acid at position 68. The strong constraints on this position 

are presumably dictated by long-range tertiary interactions between the side chain of 

Leu68 and other residues in the protein.  

 

 

 

1.4.3.4 Redesigning Protein Topology 

Several recent studies have shown that the oligomerization state of various proteins can 

be altered by serendipity or design; monomers have been converted into dimers[238] and 

dimers to monomers.[239-246] The latter is particularly challenging when the individual 

subunits are intricately entwined, as in cro,[239] interleukin-5,[243] or the AroQ class CMs 

(Figure 1.6B).[246] To design a monomeric CM, a homology model based on the three-

dimensional structure of the E. coli enzyme was used.[246] This analysis suggested that 

the insertion of a flexible "hinge loop"[247,248] into the middle of the long H1 helix, 

which spans the EcCM dimer and contributes residues to both active sites, would alter 

the topology of CM. More specifically, the insertion of a flexible loop at this position 

should induce a 180° turn that would allow the N-terminal half of H1 to fold back on 

itself, thereby replacing the second polypeptide and yielding a monomer (Figure 1.8). 

Initial attempts to obtain a monomeric protein derived from EcCM by inserting 

random loop segments of four to seven residues in the middle of the H1 helix 

failed.[246,249] It was postulated that the starting protein was insufficiently stable. Like 
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most dimeric proteins, EcCM derives most of its stability from dimerization due to 

extensive hydrophobic interactions at the subunit interface.[246,250] This interface also 

comprises much of the hydrophobic core of EcCM and hence becomes disrupted upon 

transformation into a monomer. For this reason a more stable AroQ CM domain from a 

thermophile was sought as an alternative starting point. 

The encoded protein of an open reading frame from the thermophilic archaeon 

M. jannaschii (MJ0246) revealed strong similarities to known AroQ class CMs.[221] 

Indeed, biochemical characterization of this protein – termed MjCM – showed that it is 

highly similar to EcCM.[221] MjCM exists as a homodimer, it accelerates the conversion 

of chorismate 106-fold compared to the uncatalyzed reaction, and its circular dichroism 

(CD) spectrum matches that of EcCM. As expected for a protein from a thermophile, 

the intrinsic stability of MjCM is significantly higher than that of EcCM, as judged by 

thermal (25 °C higher Tm) and chemical ( 5 kcal/mol more stable) denaturation. Because 

the hydrophobic cores of MjCM and EcCM are very similar, interactions distant from 

the subunit interface must be responsible for the additional stability of MjCM. It was 

assumed that these interactions would also stabilize the desired monomer. 

A library based on MjCM containing six randomized positions (206 or ~6.4 × 

107 different possibilities) at the desired turn location (middle of H1 helix) was 

created.[246] In addition, negative design elements (two point mutations, Leu22aGlu and 

Ile79Arg) were introduced to destabilize the wild type MjCM' dimer. To identify active 

variants, the combinatorial plasmid encoded library was evaluated by genetic selection 

using the CM deficient E. coli strain KA12/pKIMP-UAUC. Because the CM selection 

is only a measure of function, not of topology, a number of in vivo active clones were 

subsequently screened by size-exclusion chromatography. Only one out of 26 analyzed 

MjCM loop-inserted variants behaved as a monomer, while the others appeared to be 

mixtures of monomers and dimers. This variant, mMjCM, had the six-residue insert 

Ala-Arg-Trp-Pro-Trp-Ala. Analytical ultracentrifugation confirmed its monomeric 

nature and its CD spectrum is that of a highly helical protein. Importantly, the 

redesigned monomer exhibited near wild type activity.[246] 
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Figure 1.8 

Redesign of protein topology. The homodimeric wild type CM is shown on the left, with inhibitor 2[190] 
bound to the active sites. Insertion of a flexible loop into the dimer-spanning H1 helix (red), introduction 
of two point mutations (Leu22aGlu and Ile77Arg), and duplication of two residues (pink), would allow 
the formation of a functional four-helix bundle monomer. Figure taken from ref. [246] 

 

 

The success with MjCM prompted a reexamination of the E. coli CM in terms of 

the effect of the “hinge loop” in determining the quarternary structure. In contrast to 

MjCM, random segments of different length (4 to 7 amino acids) were inserted into the 

middle of H1 in EcCM. Characterization of functional variants isolated by genetic 

selection showed that CMs with different oligomerization states had been obtained.[249] 

Insertion of four or seven amino acid segments yielded highly active but unstable 

monomeric enzymes that tended to readily aggregate. No functional clones were 

isolated from the library with six-residue loop insertions. The library with five amino 

acid segments inserted, however, yielded well-behaved CMs that appear to be 

hexameric (as judged by analytical ultracentrifugation), albeit with approximately 200-

fold lower activity than the wild-type protein. 
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1.4.4 Current Research 

The goal of the work described in this thesis was to build on these experiments by 

investigating more general enzyme properties, such as catalytic activity and the 

robustness of a protein scaffold. 

In chapter 2, the subject of investigation was the moderately active hexameric 

variant of EcCM (EcCM-L5). Evolutionary methods were explored as a means of 

improving its catalytic efficiency. Specifically, multiple rounds of DNA-shuffling 

coupled with genetic selection were expected to yield a CM with improved activity. To 

reveal the role protein context and quarternary structure play in determining enzyme 

activity, the evolution was monitored at the sequence level and derived variants of 

EcCM-L5 were biophysically characterized. 

In chapters 3 and 4, the question how much sequence information is required in 

order to obtain an active CM was investigated. Initially, this question was addressed by 

replacing all secondary structure units of MjCM' with randomized modules comprised 

of a limited subset of eight different amino acids. The E. coli CM selection system was 

used to identify active variants from different mutant libraries. Characterization of these 

active catalysts provided information about the number of sequences compatible with a 

given fold and unraveled previously unnoticed connections between structure, function 

and primary amino acid sequence. Encouraged by the success of these experiments 

construction of a CM from only nine different amino acids was undertaken. An active 

catalyst from the previous mutant library served as a template for these efforts. 
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2 Evolution of a Hexameric Chorismate Mutase 

By monitoring the evolution of an enzyme in a laboratory set up, the effect of acquired 

mutations on the function of a protein can be directly investigated over many 

generations. For instance, probing the extent to which two properties (e.g. activity and 

oligomerization state) are coupled is possible by evolving one property and observing 

the other. Subsequent analysis of the obtained products may shed light on the molecular 

basis of specific functional features. This strategy of directed evolution was undertaken 

to improve the catalytic activity of an inefficient CM with unusual topology.  

As described in Chapter 1, a hexameric CM variant was obtained in experiments 

that investigated the role of loop sequences in determining the quarternary structure of 

the domain-swapped EcCM enzyme.[249] In that work, the topology of the homodimeric 

six-helix bundle EcCM (2 subunits of 3 helices, see Figure 2.1B) was altered by 

inserting random loop sequences of different length (4 to 7 residues) into the middle of 

helix H1 (Figure 2.1A). It was anticipated that such insertions would induce a 180o turn, 

allowing the N-terminal portion of the H1 helix to fold back onto the C-terminal 

segment to give rise to a closed monomer (Figure 2.1B, model). When the different loop 

libraries (termed L4, L5, L6, and L7) were evaluated by genetic selection, no functional 

clones were obtained from the 6-residue library, while a low percentage of clones from 

the four-, five-, and seven-residue loop libraries were capable of complementing the CM 

deficiency of the KA12/pKIM-UAUC cells. This result indicated that it was very 

difficult to disrupt or alter native enzyme topology without deleterious effects on 

enzyme function. 

Biochemical characterization of the functional variants from the individual 

libraries showed that insertions of four and seven residue segments led to the formation 

of the desired monomeric proteins (determined by analytical ultracentrifugation), but 

these rapidly aggregated in vitro (Figure 2.1B). Surprisingly, insertion of a five amino 

acid segment (Cys-Phe-Pro-Trp-Asp) yielded a fairly stable hexamer, EcCM-L5, as 

judged by analytical ultracentrifugation. These results suggest that loop length may 

determine topology and that protein stability may be an important driving force in the 

evolution of oligomeric proteins.[249] However, the subunit organization of this hexamer 

is unknown. 
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Figure 2.1 

Experimental strategy and characterized variants with turn insertions of varying length  (A) Secondary 
structural elements of EcCM. The insertion of random loop segments into the middle of the long N-
terminal H1 helix divides it into two separate helices, termed helix 1-N and helix 1-C, respectively. (B) 
Hypothetical models of characterized EcCM variants with different loop inserts. The number of residues 
of the inserted loop segment, the resulting oligomerization state, and experimentally determined kcat/Km 
values are shown.[249] 
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 The two subunits in the native helix bundle structure of EcCM (Figure 2.1) are 

stabilized by the coiled-coil formed from the long N-terminal H1 and H1' helices, which 

span the dimer. Additional stabilization comes from hydrophobic interactions between 

residues on helices H3 and H3' that are located at the subunit interface as well as from 

interactions of helix H2 (H2') with helices H3 (H3') and H1' (H1), respectively. A likely 

consequence of the insertion of the random loop segments may be the loss of 

hydrophobic interactions in the interface region between the two active sites in the 

homodimer. This would be consistent with the observed instability of the monomeric 

variants and also explain the greater stability of EcCM-L5 in vitro, since 

oligomerization offers a way to form new stabilizing hydrophobic interactions.  

Various models for the formation of the hexamer are conceivable. The hexamer 

may be formed as a trimer of dimers, as a dimer of trimers, as a square bipyramidal 

structure formed from a tetramer (plane) capped in either site with a monomer and a 

dimer. Alternatively, miscellaneous domain-swapped structures are imaginable. 

Interestingly, the dramatic change in the quarternary structure of EcCM-L5 

results in a more than 200-fold reduced activity compared to the wild type enzyme. As a 

consequence of the decreased efficiency of EcCM-L5, CM-deficient cells harboring this 

enzyme exhibit dramatically lowered growth rates under selection conditions (i.e. in the 

absence of Tyr and Phe). 

The unusual oligomerization state of EcCM-L5 and its relatively poor activity 

raise many questions. First of all, what is the relationship between quarternary structure 

and function?  Second, how are the subunits organized?  Third, what role does the 

length of the linker or specific residues within the loop sequence play in determining 

this unique topology? Enhancement of the catalytic activity of EcCM-L5 using directed 

evolution should provide some answers to these questions. The CM selection system 

KA12/pKIMP-UAUC[204] is ideal for monitoring this evolutionary process, because 

EcCM-L5 variants with augmented catalytic activity should give rise to increased 

growth rates for their host cells under selection conditions. Subsequent biophysical 

studies on the evolved variants will reveal how much activity has been improved, how 

the improvement is achieved (kcat and/or Km effects), which residues provide the 

advantage, and whether the unusual hexameric oligomerization state proves stable over 

iterative rounds of selection. 
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2.1 Isolation of Mutants with Augmented CM Activity 

The optimization of EcCM-L5 involved DNA shuffling of the parent gene encoding the 

hexameric CM variant and selection of improved variants in the CM selection system 

KA12/pKIMP-UAUC described in Chapter 1 (Section 1.4.2). This approach has the 

advantage that all residues in the protein are considered for optimization and, in 

subsequent rounds, recombination of favorable mutations from different genes in the 

library occurs. Initially, the gene encoding EcCM-L5 was PCR amplified from plasmid 

pET-L5-1-pATCH,[249] and subjected to DNA shuffling to introduce mutations. The 

obtained gene pool was subcloned into an appropriate acceptor vector (pKECMB-S2 or 

pKMjCMB-λ), and introduced directly into CM deficient KA12/pKIMP-UAUC cells 

for genetic selection. The resulting library (1.6 × 107 members) was plated on either 

M9c plates (selective conditions) or with tyrosine- and phenylalanine-supplemented 

M9c plates (nonselective conditions). The plates were incubated at 30 °C and colonies 

counted after 3 days of growth (nonselective conditions), or after 7 and 10 days 

(selective conditions), respectively. Only a low percentage of the entire library (<0.1 %) 

was able to complement the auxotrophic KA12/pKIMP-UAUC cells and the size of the 

colonies varied extensively. The majority of the complementing clones grew at levels 

comparable to cells that harbored the parent EcCM-L5. 

Given the exacting conformational control required for catalysis, the low 

percentage of complementing clones does not come as a surprise and is in line with 

observations previously made by MacBeath et al.[249], where only 1 in 105 library 

members were able to complement the CM auxotroph. The low frequency might be the 

result of insertions, deletions, or other deleterious mutations that may occur during the 

reassembly of the gene fragments. As a consequence of these mutational events, the 

encoded proteins are no longer able to catalyze the conversion of chorismate to 

prephenate, most likely due to misplacement or loss of active site residues (deleterious 

mutations) or destruction of the protein (frameshifts through insertions/deletions). The 

different colony sizes can be the result of various effects including different catalytic 

properties, expression levels, or stability of the library variants, illustrating the value of 

genetic selection for obtaining a large variety of functional variants.  
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From the approximately 16,000 library clones that complemented the CM 

deficiency, a subset of 77 displaying different growth phenotypes was isolated for 

sequencing and activity screens. The remaining population was combined in a pool, and 

subjected to a second round of shuffling. Complementing clones from the second round 

library (2 × 107 members) were found with a similar frequency (1 in 1000 

complementing clones) and size distribution as before. But most of the colonies grew 

significantly faster than cells containing the parental EcCM-L5 gene, indicating that 

evolution had taken place. Several clones from the second round grew at wild type 

levels. Their plasmids were isolated and sequenced, and their gene products were 

expressed and subsequently biochemically characterized.  

 

 

 

2.2 Sequence Analysis 

In order to get an idea about the mutation rate, the diversity and the distribution of the 

mutations that had been introduced during the first round of shuffling, the sequences of 

77 complementing clones showing a range of different growth rates were analyzed. In 

general, the corresponding genes (303 bp) had zero to two nucleotide changes, resulting 

in a mutation rate of 0.22% over the entire sequence. All observed mutations were 

transitions. This relatively low mutagenesis rate was initially desirable to facilitate 

interpretation of phenotypic changes in terms of single amino acid substitutions. Each of 

the observed amino acid replacements was due to a single nucleotide change. The 

substitutions were distributed over the entire gene and, with two exceptions, resulted in 

conservative amino acid substitutions (Table 2.1).  

Approximately 50% of all sequences contained mutations outside of the coding 

region, both upstream and downstream. It is noteworthy that some of the clones with 

mutations in the promotor region showed elevated growth rates. In this case, an 

undesired ribosome binding site (rbs) had been introduced upstream of the starting 

methionine. The rbs is most likely an artifact of the DNA shuffling and cloning of the 

shuffled gene fragments (mis-digestion, allowing the rbs to stay upstream) because the 
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same rbs is present in the overexpression vector pET-L5-1-pATCH[249] that has been 

used for the initial amplification of the gene encoding the hexameric enzyme. This 

finding is similar to earlier results from Stemmer, who showed that promotor mutations 

contribute to the increased antibiotic resistance of TEM 1 β-lactamase by increasing the 

expression of the mutant over the parental gene twofold.[96] 

 

 

 

 

 

Table 2.1: Shuffling Round 1 Sequence Analysis 

Observed Base 
Mutation 

Amino Acid 
Substitution 

Secondary Structure 
Motif in EcCM 

Frequency†% 

G103A Glu30Lys Helix 1-C 4.5 

A123G silent (Gly) Helix 1-C 4.5 

C140T Ser42Leu Loop 1 4.5 

C145T Arg44Cys Loop 1 9.0 

G150A silent (Pro) Loop1 4.5 

C197T Thr61Met Helix 2 23.0 

A212G His66Arg Loop 2 9.0 

C275T Thr87Ile Helix 3 41.0 

† Frequency of mutations in the coding region 
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Interestingly, more than 40% of the sequences with mutations in the coding 

region contained the non-conservative mutation Thr87Ile in the C-terminal H3 helix. 

Although, this residue is located adjacent to active site residue Gln88, in the crystal 

structure of wild type EcCM[251] its side chain points away from the active site and it is 

largely solvent exposed. However, due to the altered topology of the hexameric enzyme, 

residue 87 may be involved in hydrophobic packing interactions. Similarly, the side 

chains of the other three most frequently observed mutations –Thr61Met, Arg44Cys, 

His66Arg – occupy solvent exposed positions on the protein surface of EcCM, with 

residues 44 and 66 located in the interhelical L1 and L2 loops, respectively. It is 

possible that the mutations in the loops optimize loop conformation, thus facilitating 

folding, stabilizing the individual subunits, or improving subunit packing. Since the 

polarity of the side chain in the Thr61Met mutant decreases, this residue may be located 

in a hydrophobic environment in the hexamer, as with position 87. 

In the second round of mutagenesis and selection, only clones that grew at 

elevated levels compared to the parental EcCM-L5 hexamer were considered for 

analysis. In total 36 clones were analyzed, 24 of which complemented the CM 

auxotroph as well as the dimeric wild-type EcCM. 

The frequency of mutation in this round of shuffling was similar to the first 

round and, again, all mutational changes were transitions and distributed over the entire 

sequence (Table 2.2). Despite the small probability of a double mutation in a single 

codon, such an event was observed in several clones in which the serine residue at 

position 15 was replaced with an aspartate (Table 2.2). Several of the first round 

mutations are also observed in the second round, but all of them occur in combination 

with additional mutations. This result suggests that these mutations are indeed 

beneficial and most likely have accumulated from the first round. Prominent examples 

include Thr87Ile and Ser42Leu, which are seen in >70% and >50% of the unique 

second round sequences, respectively. 
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Table 2.2: Shuffling Round 2 Unique Sequences 

Observed 
Mutation 

Amino Acid 
Substitution(s) 

Secondary Structure 
Motif in EcCM 

Frequency†

% 

C8T Ser3Leu not observed* 9 

G10A Glu4Lys not observed* 9 

G34A Glu13Lys Helix 1-N 9 

A43G, G44A Ser15Asp Helix 1-N 36 

G44A Ser15Asn Helix 1-N 9 

A93G silent (Ala) Helix 1-C 36 

G103A Glu30Lys Helix 1-C 9 

G135A silent (Leu) Helix 1-C 9 

C140T Ser42Leu Loop1 55 

G146T Arg44Leu Loop 1 18 

G150A silent (Pro) Loop 1 27 

T164C silent (Asp) Helix 2 9 

T195C silent (Ile) Helix 2 9 

A212G His66Arg Loop 2 18 

C225T silent (Ala) Helix 3 9 

C250T Leu79Phe Helix 3 9 

C255T silent (Ile) Helix 3 9 

C275T Thr87Ile Helix 3 73 

†  Frequency of mutation as a percentage of unique variants carrying the mutation 

*  Residues 1-4 were not resolved in the X-ray crystal structure of EcCM [251]. 
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In contrast to the first round of shuffling where no neutral mutations were found, 

several silent mutations are observed in second round clones (Table 2.2). These changes 

may affect the total cellular CM activity by improving their production, and in some 

cases the substitutions lead to a more frequently observed codon in highly expressed E. 

coli genes (GCG package Version8, Madison, WI). For example, the mutation T195C 

changes the isoleucine-encoding AUU codon to AUC, which occurs roughly four times 

more frequently in highly expressed E. coli genes. Notably, one third of the analyzed 

variants have mutations only in their promotor region. Thus, it is apparently easier for 

the cells to respond to the selection pressure by increasing the expression level of the 

enzyme rather than its catalytic activity.  

 

 

 

2.3 Production and Specific Activity 

In order to identify how the acquired mutations influence catalytic activity, all unique 

clones from both shuffling rounds were analyzed. In total, 15 individual variants were 

obtained, five from round 1 and ten from round 2. In addition, wild-type EcCM and the 

parental hexameric EcCM-L5 were produced for comparison with the mutants. 

For efficient production, the genes of the EcCM-L5 variants were subcloned into 

pET-22b-pATCH, a derivative of pET-22b (Novagen) that prevents translational read-

through of the TGA stop codon and attaches a C-terminal (His)6-tag to the protein.[228] 

The resulting pET constructs, pET-EcCM-pATCH,[249] and pET-L5-1-pATCH[249] were 

transformed into overexpression strain KA13[228], which is devoid of endogenous CM 

activity. Upon induction of the T7 expression system with IPTG, high yields of soluble 

protein were obtained for the shuffling variants, EcCM, and EcCM-L5 (Figure 2.2A & 

B). 
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Purification of the (His)6-tagged proteins was achieved by affinity 

chromatography on a matrix containing chelated Ni2+-ions (Ni-NTA Agarose, Qiagen). 

Protein yields varied significantly (Figure 2.2C), indicating differences in protein 

properties such as stability. It is also conceivable that the variable yields reflect 

differences in the expression levels. The purity of the obtained protein samples was 

>95% as judged by SDS-polyacrylamide gel electrophoresis and Coomassie blue 

staining (Figure 2.2C). The integrity of representative variants was confirmed by 

electrospray ionization mass spectrometry (ESI-MS). 

 

 

 

 

 

 
 

 

 

Figure 2.2 

Production of shuffled variants. Representative 20% homogeneous, Coomassie blue-stained sodium 
dodecyl sulfate (SDS) polyacrylamide gels are shown. (A) Crude cell extracts of first round shuffling 
variants. The soluble (s) and insoluble (i) fractions are shown compared to the soluble fraction of EcCM. 
(B) Soluble fraction of second round cell extracts. The different intensities of the bands reflect different 
amounts of protein. The low molecular weight (LMW) marker from Pharmacia was used as a standard, 
with the molecular weights of the standard proteins shown. (C) Affinity chromatography purified second 
round shuffling variants. The variable intensity of the bands indicates different yields of protein. 
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To assess specific enzyme activity, the purified variants were normalized in their 

concentration and their catalytic activity determined by monitoring the depletion of 

chorismate spectroscopically. For comparison, EcCM-L5 was run in parallel as a 

standard. In general, mutants from the first evolutionary cycle were less active than the 

parental hexamer, while most second round mutants exhibited some improvement in 

activity (Table 2.3). 

The 10-fold higher activity of the second round mutant R2-6 is particularly 

notable. Like all the mutants with improved activity, R2-6 has a substitution at position 

15 (Ser15Asp) and, additionally, the most frequently observed round 1 mutation, 

Thr87Ile (Table 2.3). R2-6 also has a phenylalanine at position 79 in place of leucine. 

Although all variants with increased activity have the mutations Thr87Ile and 

Ser15Asp in common, these two changes alone are not sufficient to boost catalytic 

activity. The double mutant R2-16, which only has these two changes, is only 

moderately more active than EcCM-L5 (Table 2.3). It is possible that these two 

substitutions contribute to improved production or stability of the enzyme, but 

additional changes are needed to augment catalytic efficiency. Apparently, such 

improvements can be achieved by mutation of multiple sites (e.g., Leu79Phe, Ser42Leu, 

Glu4Lys etc.) as the increased relative activities of the triple mutants R2-6, R2-7, and 

R2-12 show. Synergistic interactions are likely, since these mutations are not always 

beneficial in isolation (e.g., the single mutant Ser42Leu). 
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Table 2.3: Activity of Some Purified L5 Variants * 

Round 1 
Mutants 

Mutation Relative 
Activity† 

Round 2 
Mutants 

Mutation Relative 
Activity† 

R1-2 R44C, H66R 0.5 R2-6 S15D, L79F, T87I 10 

R1-17 T61M 0.5 R2-7 S15N, S42L, T87I 3 

R1-35 T87I 1.3 R2-9 S42L, T87I 0.3 

R1-39 E29K 0.6 R2-12 E4K, S15D, T87I 3 

R1-78 S42L 0.8 R2-14 S42L, R44L, H66R 1.2 

   R2-26 S47L, R44L, T87I 1.4 

   R2-16 S15D, T87I 1.5 

   R2-30 E35K, S42L, T87I 0.5 

   R2-32 S3L, T87I 0.7 

* Kinetic parameters were determined at 20 °C in PBS (pH 7.5) at initially 100 µM chorismate 
and 400 nM enzyme concentration. 

† The activity of the hexameric EcCM-L5 was set to 1.  
 

 

 

2.4 Biochemical Characterization of R2-6 

To gain greater insight into the effects of the individual mutations that led to the 

dramatically improved activity of R2-6, variants R1-35 (Thr87Ile), R2-16 (Ser15Asp, 

Thr87Ile) and R2-6 (Ser15Asp, Leu79Phe, Thr87Ile) were characterized in greater 

depth. 

The oligomerization state of the variants was initially assessed by analytical 

size-exclusion column chromatography as described in the Materials and Methods 

section (Chapter 6). Figure 2.4 shows the results obtained on a calibrated Superose™ 

column (Pharmacia H10/30). Like the parental EcCM-L5 hexamer,[249] R1-35, R2-6 and 
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R2-16 were mixtures of a single predominant species and various misfolded, higher-

order aggregates (Figure 2.3A). The elution profile of R2-6 was shifted slightly toward 

longer retention times. 

 

 

 

 

 

 
 

 

 

Figure 2.3 

Analytical size exclusion data. (A) Elution profiles of EcCM-L5 and variants, obtained at 4 °C in PBS 
buffer (pH 7.5). (B) Estimation of the quarternary structure of EcCM-L5 and R2-6. The elution parameter 
KAV  was determined for each protein and is plotted against the decadic logarithm of the molecular weight 
(MW) of the standard proteins (o) and the estimated MW for EcCM-L5 (●) and R2-6 (■). 
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A plot of the elution parameter KAV versus the decadic logarithm of the 

molecular weight (log[MW]) for the standard proteins gave a straight line (Figure 

2.3B), yielding apparent molecular masses of 39.4 kDa for R2-6 and 56.6 kDa for 

EcCM-L5, R1-35, and R2-16 (predominant peak). The molecular masses determined in 

this way correspond to 3.1-times (R2-6) and 4.5-times (EcCM-L5) the mass of the 

corresponding polypeptides. These results suggest that R2-6 is primarily trimeric. 

Apparently, optimization of activity has entailed a change in oligomerization state. 

However, the apparent molecular mass of EcCM-L5 determined by gel filtration (56.6 

kDa) differs significantly from that obtained by analytical ultracentrifugation (75.8 

kDa)[249]. Conceivably, the geometry of the intact hexamer causes it to run anomalously 

on the gel filtration column. Therefore, the predominant species were isolated and the 

oligomerization state of EcCM-L5 and R2-6 determined by analytical 

ultracentrifugation as described in the experimental part of this thesis. EcCM-L5 was 

included as a control and to reconfirm the previously published results[249]. 

Figure 2.4 shows sedimentation equilibrium data for both proteins. As expected, 

EcCM-L5 behaves as a hexamer. The data fit best to a single ideal species model 

according to equation 2.1: 

 ( )( )[ ] RT/rrM
r

app,wexpAA 21
0

2
0

2
2 −ρν−=  (2.1) 

where Ar is the absorbance at radial position r, A0 is the absorbance at a reference radius 

(the meniscus), Mw,app is the apparent molecular mass of the single species, v 2 is the 

partial specific volume of the protein, ρ is the density of the solvent, R is the gas 

constant, and T is the absolute temperature. 

The obtained average molecular mass of 76,000 g/mol (Figure 2.4A) compares very 

well with the previously obtained value of 75,800 g/mol [249] and the calculated value of 

75,564 g/mol for the EcCM-L5 hexamer based on amino acid composition. Notably, at 

higher protein concentrations (>50 µM) the curve slightly deviates from the fit, 

indicating the formation of higher order aggregates (data not shown). 
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Figure 2.4 

Sedimentation equilibrium analysis of EcCM-L5 (A) and R2-6 (B). Data were obtained at 15,000 rpm 
and 20 ˚C with 10 µM protein in PBS (pH 7.5). (A) EcCM-L5. The line indicates the least-squares fitting 
to a single ideal species model (equation 2.1) with the residuals shown above. (B) R2-6. The fit of the 
collected data to a self-associating system according to equation 2.2 is shown as solid line with the 
corresponding residuals given above. 

 

 

 

Sedimentation of R2-6, on the other hand, gave unexpected results. Contrary to 

expectations based on size exclusion data that the R2-6 variant is trimeric, the protein 

appears to be a marginally stable monomer that readily forms higher-order oligomers. 

This view is based on an analysis of the analytical ultracentrifugation data, which fit 

best to a self-associating system of monomer to n-mer equilibria using equation 2.2: 
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where n is the association stoichiometry, and Kn is the association constant for the 

formation of n-mer from monomers. The best fit for this model suggests that the 

monomer is in equilibrium with a hexadecamer (Figure 2.4B). The calculated 

dissociation constant (Kd) for the fitted equilibrium (2.3) is 2.3 × 1066 [M]. 

  16 x [R2-6] [R2-6]16  (2.3) 
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Closer evaluation of the distribution of molecular masses in the analytical cell 

reveals that a range of oligomerization states are actually populated (Figure 2.5), 

indicating that the fitted equilibrium (3) is not a proper description for the system. 

According to the observed distribution, approximately 50% of the sample corresponds 

to monomeric species, and the remainder constitutes a range of species from dimers to 

trimers to various higher-order aggregates.  

 

 

 

 

 
 
 
 

Figure 2.5 

Apparent molecular weight distribution of various R2-6 species in the cell. A high percentage of R2-6 is 
monomeric as can be judged from the density of the data points with molecular weights < 20 kDa. But 
R2-6 populates also a range of higher order oligomeric states as can be seen from the almost linear 
distribution of species with various molecular weights. 
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Unlike the L4 and L7 monomers of the earlier study,[249] R2-6 does not 

precipitate during the course of the analytical ultracentrifugation experiment. These 

previously described monomers presumably favor the unfolded state, with the unfolded 

polypeptides irreversibly aggregating resulting in progressive precipitation. This 

suggests that aggregation of R2-6 is reversible; presumably the various R2-6 species are 

in equilibrium with each other. In addition, the equilibrium between native and 

denatured protein is most likely shifted toward the folded protein for the various R2-6 

conformations. In this context it should be mentioned that all proteins – EcCM-L5, 

R1-35, R2-6, and R2-16 – are relatively unstable upon prolonged storage, and tend to 

aggregate, particularly at high concentrations and low temperature. 

The secondary structure of the shuffling variants was further investigated by UV 

circular dichroism (CD) spectroscopy. Figure 2.6 shows the relevant spectra compared 

to those of EcCM and EcCM-L5. EcCM exhibits a typical spectrum for an all-α-helical 

protein with two pronounced negative bands at 222 and 208 nm.[252,253] Its mean residue 

ellipticity [Θ] at 222 nm (–33,699 deg cm2 mol-1) is in line with the values observed for 

other natural all-α-helical proteins (–26.000 to –35.000 deg cm2 mol-1).[254] Moreover, 

the α-helical content of EcCM (90%) estimated from the mean residue ellipticity of 

various reference spectra[252,255] and the value of 83% from the crystal structure[251] 

compare well. Because each CD spectrum is the sum of the spectra of the individual 

secondary structures, plus contributions from aromatic chromophores and noise, the 

differences in secondary structure content between the proteins that have been used for 

the reference spectra and EcCM have to be considered for the estimated value. These 

differences may be responsible for the deviation of the values for the estimated 

secondary structure content for EcCM and its α-helical content by means of the X-ray 

structure. Alternatively, the secondary structures in solution and in the crystal may not 

be identical giving rise to different values. 
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Figure 2.5 

CD Spectra of EcCM, EcCM-L5 and shuffling variants R1-35, R2-6 and R2-16. Spectra were obtained 
at 20 ˚C with a polypeptide concentration of 4 µM in degassed PBS (pH 7.5). 

 

 

 

 

The CD spectrum of EcCM-L5 differs substantially from that of EcCM in both 

intensity and shape. This likely arises from a combination of effects including the 

insertion of the five-residue loop in the middle of the H1 helix, the ensuing structural 

perturbations, contributions from Trp residue 23D, which is absent in EcCM, and the 

presence of higher-order aggregates. The spectra of R1-35 and R2-16 are similar in 

shape to that of EcCM-L5, but their intensity is significantly lower. This indicates a 

smaller helical content in both proteins and may be due to additional structural 

perturbations or larger portions of higher order oligomers. Potential inaccuracies in the 

determination of protein concentration can also contribute to the observed intensity 

differences. 
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In contrast to the spectra of R1-35, R2-16, and EcCM-L5, R2-6 appears more 

similar to wild-type EcCM in terms of spectral shape. In addition, the helical content of 

R2-6 is similar to that of the wild-type dimer, suggesting a fairly ordered structure in 

this variant. Its estimated helical content of 85%[252,255] compared to 80% for an 

assumed monomer with the topology outlined above (Figure 2.1). These findings are 

further evidence that R2-6 preferentially exists as a monomer. 

The stability of R2-6 and EcCM-L5 was assessed by thermal unfolding. 

Denaturation is readily monitored by CD spectroscopy at 222 nm (indicative of 

helicity). The denaturation curves obtained (Figure 2.6) with both proteins are very 

similar and neither is entirely cooperative, suggesting that the unfolding does not follow 

a simple two state mechanism. On the other hand, there are no indications of stable 

intermediates as would be expected if the proteins were assembled in a multidomain 

like fashion.[256] For example, if EcCM-L5 was a dimer of trimers, one would anticipate 

a model of denaturation involving dissociation and unfolding of the dimer of trimers, 

the two trimers, the six monomers, and completely unfolded protein. It seems therefore 

likely that the higher-order oligomers are formed by aggregation of monomeric 

subunits. Interestingly, R2-6 is about 10 K more stable than EcCM-L5 (Figure 2.6). The 

apparently higher stability of R2-6 may be the result of stabilizing interactions due to 

the introduced mutations – Ser15Asp, Leu79Phe, and Thr87Ile. 

 

 

 
Figure 2.6 

Thermal denaturation of EcCM-L5 and R2-6. Thermal denaturation was followed by CD at 222 nm, as 
the samples (protein concentrations of 1 µM in degassed PBS (pH 7.5) were heated from 20 °C to 95 °C. 
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When the predominant species of the three EcCM-L5 variants (R1-35, R2-6, R2-

16) isolated by size exclusion chromatography were assayed for catalytic activity, all 

exhibited saturation kinetics. In contrast, the corresponding higher-order aggregates of 

all proteins collected from the size exclusion column were nearly inactive. The steady-

state parameters, kcat and Km, determined for each active variant are summarized in 

Table 2.4. In accord with the specific activity measurements described above, the triple 

mutant R2-6 has the highest activity. This variant shows a 6-fold increase in kcat and a 

31-fold increase in kcat/Km compared to EcCM-L5. Neither the single mutant R1-35 nor 

the double mutant R2-16 show substantial changes in steady state parameters versus 

EcCM-L5. These results confirm the previous observations that the Leu79Phe mutation 

in combination with Ser15Asp and Thr87Ile yields significant increases in catalytic 

activity. 

 

 

 

 

Table 2.4: Kinetic Parameters for EcCM-L5 and Evolved Variants† 

Protein 
kcat  

(s-1) 

Km  

(µM) 

kcat / Km  

(M-1 s-1) 

EcCM-L5‡ 0.25 825 300 

R1-35 0.20 620 320 

R2-16 0.37 930 400 

R2-6 1.50 156 9,400 

EcCM‡ 14.9 250 59,600 

† Kinetic parameters were determined at 20 ˚C in PBS (pH 7.5) at 400 nM enzyme and chorismate 
concentrations ranging from 50 to 2500 µM 

‡ For comparison, the originally reported values for EcCM-L5 are kcat = 0.16 s-1 and Km = 600 µM 
and for EcCM are kcat = 16 s-1 and Km = 290 µM.[249] 
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2.5 Attempts to Further Evolve R2-6 

Variant R2-6 is 6-fold less active (kcat/Km) than wild type EcCM. Since several 

independent clones with increased activity were obtained in the first two shuffling 

rounds and these contain changes at many different sites, it seems likely that further 

improvement could be attained. Even though variant R2-6 already confers wild-type 

growth levels to the CM deficient selection strain under the most stringent selection 

conditions, it was subjected to a third round of mutagenesis and selection.  

Initially, the gene encoding R2-6 was amplified by error-prone PCR to introduce 

mutations. Subsequently, the mutated R2-6 gene pool was subjected to DNA-shuffling 

to enable the recombination of mutations and thus increase the complexity of the 

library. The resulting library (1.4x106 members) was evaluated by genetic selection as 

before and yielded 1200 complementing clones of various size. Thirty clones that grew 

at wild-type levels were randomly chosen and their corresponding proteins produced 

and purified as above. 

When screened for activity using R2-6 as standard, ten variants exhibited 

somewhat improved kcat/Km values compared to R2-6. Surprisingly, sequencing of these 

ten variants revealed that a stop codon had been introduced near the C-terminal end of 

each of the genes by single C→T transitions. Other mutations are scarce (i.e. only 4 of 

the ten mutants have any additional mutations) and conservative (e.g., Val→Ile or Ala). 

One of the variants contained the amber stop codon TAG at position 89, while the other 

nine had the ochre stop codon TAA at position 93. The latter lack the entire C-terminal 

six-histidine tag plus an additional five amino acids, as confirmed by ESI-MS. In 

contrast, the variant with the amber stop codon is produced in two forms in the cell, one 

of which is full length and the other is missing eight amino acids plus the (His)6-tag 

(confirmed by SDS page and ESI-MS). Partial suppression of the amber translation 

termination signal,[257] which is misread as CAG resulting in the introduction of the 

amino acid glutamine in the KA12/KA13 E. coli strains, would explain this dual 

expression. Coincidentally, R2-6 also has a glutamine at position 89. One might 

speculate that the elimination of the C-terminal extension of helix H3 could enable 

better packing interactions between the subunits in the higher order oligomer or the 
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secondary structures in the monomer. Alternatively, the absence of the histidine-tag 

may improve accessibility of the active site without influencing the quarternary 

structure. 

The oligomerization state of the truncated variants R2-6v8 (ochre stop codon) 

and R2-6v26 (amber stop codon) was evaluated by gel filtration. In contrast to the 

EcCM-L5 variants from the preceding rounds of mutagenesis and selection, neither 

protein eluted as a well-defined peak, suggesting a dynamic mixture of oligomerization 

states or precipitation on the column (data not shown). This fact makes detailed analysis 

impossible. Consequently, the only further characterization of these variants was 

determination of the steady state parameters (kcat and Km) of the affinity 

chromatography purified proteins. 

The obtained kcat and Km values for the truncated variants R2-6v8 and R2-6v26 

are shown in Table 2.5. Their specific activity (kcat/Km) is more than 25% higher than 

that of R2-6. In both cases, the kcat value is increased compared to that of R2-6, 

indicating that the transformation of chorismate is promoted more efficiently. In 

addition, R2-6v8 has a slightly lower Km value than R2-6. It may well be that these 

results are the consequence of better packing interactions in the truncated variants, 

which allow the formation of an active site that is better suited to catalyze the reaction 

than in the other mutants of EcCM-L5, but the determined values might as well be 

within the experimental error. Augmented activity through improved accessibility of the 

active site was tested using the dual expression variant R2-6v26. Full-length and 

truncated form (lacks (His)6-tag) of variant R2-6v26 were separated by purification on a 

Ni2+ column under denaturing conditions. When the renatured proteins were assayed for 

specific activity, the obtained values were almost identical (kcat/Km (truncated) = 13,000 

and kcat/Km (full-length) = 14,000). Thus, altered accessibility seems not to be the reason 

for the increased activity of variant R2-6v26. However, since the studied variants (R2-

6v8 and R2-6v26) lack a defined oligomerization state nothing can be ruled out entirely 

and other reasons may be responsible for the somewhat increased activity. 
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Table 2.5: Kinetic Parameters for Evolved R2-6 Variants† 

Protein 
kcat  

(s-1) 

Km  

(µM) 

kcat / Km  

(M-1 s-1) 

EcCM 14.9 250 59,600 

R2-6v8 1.7 133 12,800 

R2-6v26 2.2 160 13,700 

R2-6 1.5 156 9,400 

†  Kinetic parameters were determined at 20 ˚C in PBS (pH 7.5) at 400 nM enzyme 
and chorismate concentrations ranging from 50 to 1200 µM 

 

 

 

 

2.6 Discussion 

In this study we have used evolutionary methods to investigate the role enzyme 

topology plays for activity. Two rounds of mutagenesis and genetic selection yielded 

variant R2-6, which differs from EcCM-L5 by three mutations: Ser15Asp, Leu79Phe, 

and Thr87Ile. R2-6 is 31-times more active (kcat/Km) than the parent EcCM-L5 hexamer 

and sedimentation equilibrium experiments suggest that it exists predominantly as a 

monomer. Without detailed structural data we can only speculate how these three 

mutations might contribute to the dramatic change in properties. 

The marginal stability of the previously described monomeric EcCM 

variants[249] containing four- (L4) and seven-residue (L7) inserts in the H1 helix is very 

possibly a consequence of disruption of the hydrophobic core. In fact, most of the 

hydrophobic core of the dimeric wild-type protein (EcCM), which is situated between 

the active sites in the dimer formed from helices H1, H1', H3 and H3', is lost in the 

monomer. Furthermore, there is a strong probability that hydrophobic residues 

responsible for the extensive interactions at the subunit interfaces become solvent 
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exposed due to the transformation, especially at helix 3. Another factor is that the large 

and highly polar active site must be positioned in the interior of the monomeric 

structures. These factors could have far reaching implications for the intrinsic stability 

of the monomer, which is presumably low. For comparison, the free energy of 

unfolding, ∆GU(H2O), of the engineered monomeric CM from the thermophile M. 

jannaschii is only 2.7 kcal/mol.[246] This value is about 10-fold lower than that for the 

wild-type dimer (25 kcal/mol)[221] and also fairly low in comparison to typical values of 

other proteins (6-14 kcal/mol)[250], indicating that dimerization contributes 

fundamentally to the stability of AroQ proteins. 

It is assumed that in the case of the L4 and L7 monomers the equilibrium 

between native (N) and unfolded protein (D) is shifted extensively toward the denatured 

state (Equation 2.4). Irreversible aggregation of the denatured polypeptides pulls the 

equilibrium further toward the unfolded state culminating in the progressive 

precipitation that is observed for both polypeptides in vitro.[249] Aggregation (Nn) of 

folded species into higher order oligomers appears to be a possibility to form new 

stabilizing hydrophobic interactions as observed with EcCM-L5 (Equation 4). In 

contrast to the monomers, EcCM-L5 exists predominantly in a hexameric 

oligomerization state. Because a unique structure requires a large free energy gap 

between the native state and the unfolded state, specific stabilizing interactions must be 

formed in the hexamer that are absent in other structures; this is most likely the 

formation of a new hydrophobic core that stabilizes this unusual topology. As a result, 

the hexamer is less prone to nonspecific aggregation and precipitation. 

 

 

 

  

nN

nD Precipitate

Nn  (2.4) 
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In contrast, the EcCM-L5 variant R2-6 seems to favor a monomeric 

oligomerization state, although it readily adopts various alternative oligomerization 

states (as judged by analytical ultracentrifugation). Moreover, R2-6 appears to be 

stabilized compared to the L4 and L7 monomers since it does not readily precipitate. 

These results suggest that the equilibrium between folded and unfolded state is shifted 

toward the folded state in R2-6 (Equation 2.4). Added to that, there are indications that 

R2-6 can also be stabilized forming oligomers (Nn), although the specific interactions 

responsible for the formation of the hexamer appear to be lost. The multitude of 

different oligomerization states R2-6 can adopt is indicative of a small free energy gap 

between these various folded states. Possibly, the three mutations of R2-6 (Ser15Asp, 

Leu79Phe, Thr87Ile) contribute interactions that stabilize the monomer unit and at the 

same time destabilize the hexameric form of the parent EcCM-L5. Two of the 

mutations, Leu79Phe and Thr87Ile, are located in the C-terminal H3 helix, while the 

Ser15Asp mutation is positioned in helix H1. Residues at position 15 (Ser) and 87 (Thr) 

are fairly solvent exposed in the dimeric wild-type protein from E. coli (EcCM).[251] In 

contrast, Leu79 is buried and contributes stabilizing hydrophobic interactions at the 

subunit interface between helices H3 and H3'. 

Based on the assumed model for a monomer,[249] Leu79 becomes solvent 

exposed, while Ser15 and Thr87 become more buried. A possible role that mutations 

Leu79Phe and Thr87Ile play in stabilizing the monomer is to contribute hydrophobic 

interactions. For example, Phe79 may be involved in long-range tertiary interactions 

with hydrophobic residues of the inserted five-residue segment (e.g. Phe23B or 

Trp23D), thus stabilizing the inserted turn that connects the two portions of the H1 helix 

(Figure 2.7). In addition, Ile87 may contribute stabilizing hydrophobic interactions at 

the interface between helix H3 and the C-terminal portion of helix H1 (Figure 2.7). 

Alternatively, the bulkiness of the side chain of Phe79 may sterically disfavor 

interaction with other monomer units by placing conformational constraints on the 

flexible linker. This repulsive interaction of Phe79 in alternatively folded conformations 

might also be responsible for the apparently minor differences of the free energies of the 

various oligomerization states. Furthermore, inspection of the three-dimensional 

structure of EcCM[251] suggests that the aspartate residue at position 15 helps to position 

the active site residue Arg51 by salt-bridge formation (Figure 3.13, Chapter 3). 
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Interestingly, an aspartate residue was also highly selected at this position when the 

entire helix H1 of MjCM' was randomized (see Chapter 3). However, whether this 

interaction contributes to stabilization of the overall structure is unclear. 

Notably, no substitutions were observed in the inserted loop sequence, although 

many other evolution experiments indicate that loop sequences are particularly prone to 

mutation as the properties of an enzyme are altered.[78,154,155] In contrast, the rate of 

substitutions in secondary structure elements was unusually high in this experiment. 

This presumably reflects an evolutionary attempt to ease severe conformational 

constraints induced by the insertion of the five-residue loop. 

 

 

 

 

 
 

 

Figure 2.7 

Hypothetical model of a monomeric R2-6 unit with bound transition state analog (green), showing the 
positions of the amino acid substitutions (yellow) and the inserted five-residue loop (red). 
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What, then, is the origin of the differences in catalytic activity?  In R2-6, the 31-

fold increase in specific activity (kcat/Km) seems to be the result of a reformation of a 

more functional active site compared to EcCM-L5. In order to bind their substrate 

enzymes must often undergo conformational changes.[41,66] Because of that the 

flexibility of the active site plays an important role in enzyme catalysis.[258] Perhaps, the 

reduced catalytic activity of EcCM-L5 is largely the result of restrictions in the enzyme 

conformation due to the higher oligomerization state. For example, not all active sites 

may be functional because of structural perturbations in the hexamer. It is also 

conceivable that the active sites may not be readily accessible for the substrate due to 

steric hindrance or low solvent content in the environment of the hydrophobic oligomer. 

In contrast, R2-6 appears to exist predominantly as a monomer, which seems to 

resemble the features of the wild-type enzyme more closely than the hexameric variants 

(implied by CD spectroscopy and catalytic activity). Therefore, all active sites are likely 

to be functional and all should be easily accessible. 

Nevertheless, R2-6 is still an order of magnitude less active than wild-type 

CMs.[221] However, CM deficient host cells harboring R2-6 grow like the wild-type 

strains, making identification of additional productive mutations difficult. In addition, 

the in vivo selection experiments show that various mechanisms can provide growth 

advantages to the cells. It is true cells harboring a more active catalyst in general grew 

at elevated levels, but the easiest response for the cells to selection pressure seems to be 

augmented production of the poor enzyme. This view emerges from the finding that 

several EcCM-L5 clones with neutral mutations or an undesired ribosome binding site 

in their promotor region complemented the auxotroph identically to the wild-type 

enzyme. Furthermore, proteins isolated from clones that exhibited elevated growth 

levels compared to cells containing EcCM-L5 were determined to be less active in vitro 

(e.g., R2-9, R2-30 see Table 2.3). 

Because activity in vivo depends on both concentration and specific activity, a 

way to increase the stringency of selection would be to reduce the intracellular 

concentration of the protein. This can be accomplished by using low copy plasmids,[259] 

weak promoters[260] or inefficient ribosome binding sites[261]. A modified selection 

system that has been altered in such a way as to significantly reduce the amounts of 

good catalysts like R2-6 would be ideal for experiments aiming to further improve the 
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properties of such efficient catalysts. An alternative strategy might be to combine 

beneficial mutations of individual mutants identified in this study by site-directed 

mutagenesis. If these mutations have additive effects then variants with enhanced 

activity may be likely. Another way to further improve the catalysis may be to optimize 

the amino acids of the positions (hot spots) that have been identified as being 

responsible for the initial developments in activity. This assumes that these positions are 

important for the altered property, but that the particular amino acid identified in the 

selection experiments is not the best for this position. A saturation mutagenesis 

experiment that introduces the remaining 19 amino acids at a specific position in the 

enzyme can be employed to test all possibilities at the hot spots. The advantage of this 

method is that small library sizes will cover all possibilities. In the case of R2-6, for 

instance, a library of less than 7000 clones (193 clones) would in principle be sufficient 

to exhaustively test the three hot spots (position 15, 79 and 87). Utilizing this approach, 

Reetz and coworkers were able to improve the substrate selectivity of a lipase by a 

factor of 25, and in parallel, the enantiomeric excess of one transformation product 

increased more than 18-fold.[16] 

In summary, using a directed evolution strategy, we have transformed a 

marginally active hexamer into a 31-fold more active monomer. Interestingly, the 

topology of the protein does not seem to be determined by loop length alone. Instead, it 

appears that the topology depends on specific stabilizing interactions between residues 

at the interface between the secondary structure elements. Most significantly, the same 

stabilizing interactions, at least in this case, appear to contribute to the acquisition of 

catalytic activity presumably through enabling the formation of more functional 

catalytic entities. More generally, this study demonstrates the power of evolutionary 

techniques to address fundamental questions of protein structure and function by 

elucidating that relatively minor changes can have large effects on the properties of a 

protein. 
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3 Searching Sequence Space for Protein Catalysts 

One approach to elucidate the underlying principles governing protein folding, structure 

and function is de novo protein design, i.e. the rational design of a sequence that is 

intended to fold into a precisely defined three-dimensional structure without the 

sequence being directly related to that of any natural protein. In the past several years 

rational design has yielded a wide variety of relatively simple protein scaffolds, 

including β−sheet-forming polypeptides,[262,263] mixed α/β zinc-finger motifs[264,265] and 

α-helical bundles[266,267]. Despite this progress, however, creation of proteins with 

tailored function – particularly enzymatic activity – remains an unrealized challenge. 

Not only is our understanding of basic protein chemistry incomplete, but the 

requirement for catalysis imposes severe constraints on design. Misplacement of 

catalytic residues by even a few tenths of an angstrom can mean the difference between 

full activity and none at all. 

Direct selection of catalysts from pools of fully randomized polypeptides is a 

conceivable alternative to de novo design, requiring no foreknowledge of structure or 

mechanism. An analogous approach has yielded RNA catalysts for a variety of chemical 

reactions,[50] and recently ATP-binding proteins could be isolated from large libraries of 

random sequences.[55] However, given the astronomical size of sequence space and the 

intrinsic difficulty posed by catalysis (Chapter 1), such a strategy will hardly be 

generally applicable for design unless protein catalysts are unexpectedly abundant and 

evenly distributed in sequence space. 

Combination of these two approaches – design and selection – represents a 

potentially attainable middle ground. For example, one feature all water-soluble proteins 

have in common is a tendency to bury their hydrophobic side-chains in order to form a 

nonpolar core structure, while exposing polar side-chains to solvent.[41] This tendency 

and the analysis of helical and sheet substructure sequences in proteins has suggested 

that simple binary patterns of polar and nonpolar residues can give rise to predictable 

structures (Figure 3.1).[72,268,269] Selection of catalysts from libraries designed according 

to such principles should be much easier than from libraries that lack comparable 

chemical information. 
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3.1 Binary Patterning 

Hecht and colleagues have investigated the inherent pattern of polar and nonpolar 

residues that is observed in amphiphilic secondary structures to test the influence of 

such binary patterns (Figure 3.1)[270] on the global fold of four-helix bundle[271] and β-

sheet[272] proteins. In the case of the four-helix bundle,[271] they generated a 

combinatorial library of 74-residue proteins in which the polarity but not the chemical 

identity of 56 residues in the sequence was specified. All four random α-helices had the 

same length of fourteen residues. Additionally, the specified sequences of the three five-

residue β-turns connecting the α-helices, two N-terminal residues, methionine and 

glycine, and a C-terminal arginine were kept constant in all library members. 

 

 

 

 

 
 

Figure 3.1 

Binary pattern of secondary structures. Hydrophilic residues are shown in white, hydrophobic in grey. 
(A) The binary code for an amphiphilic α-helix, with the corresponding helix wheel representation 
shown below. (B) Schematic representation of an amphiphilic β-strand. 
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The binary patterned library Hecht and coworkers employed was constructed at 

the genetic level, allowing valine, methionine, phenylalanine, isoleucine, and leucine at 

nonpolar positions, and glutamic acid, aspartic acid, lysine, asparagine, glutamine, and 

histidine at polar positions. Roughly 60% of the sequences that were consistent with the 

designed pattern could be expressed as soluble, compact proteins.[271] Detailed 

characterization showed that several of these proteins exhibit native-like properties, 

including having a well-defined oligomerization state, chemical shift dispersion in the 

NMR spectrum, and cooperative heat-induced unfolding.[273-276] Although the library 

was not selected for any function, half of the proteins from a collection of 30 of these 

binary code proteins bind heme with micromolar affinities exhibiting the typical red 

color and absorbance spectra of natural heme proteins.[277] The heme binding site is 

presumably formed from histidine and methionine residues, which ligate iron in natural 

heme proteins and are included in the combinatorial set of amino acids. Moreover, 

several of the heme binding proteins from their ensemble function as peroxidases.[278] In 

addition, some of the de novo peroxidases bind carbon monoxide, as do proteins from a 

second generation library that differ from the first generation in helix length (elongated 

by 6 residues) and in the interhelical turn segments.[278,279] Nevertheless, these proteins 

also show some typical molten-globule like properties, such as reduced cooperativities 

of thermally- and chemically-induced denaturations than those observed for natural 

proteins of comparable size.[273-276,279] 

The binary pattern hypothesis has also been probed by reverse engineering the 

yeast triosephosphate isomerase (TIM).[280] Based on a phylogenetic alignment of 43 

TIM sequences from different species, a binary pattern of polar (P) and hydrophobic (H) 

positions was assigned. This H/P pattern was used to construct a library, with positions 

that had been identified in the alignment as phylogenetically conserved (more than 75% 

sequence identity) as well as the 8 β→α loop sequences important for the enzymatic 

activity kept constant. In total, 182 residues of the 253-residue protein were targeted for 

randomization. At designated polar positions, lysine, glutamic acid, or glutamine were 

allowed, whereas at hydrophilic positions phenylalanine, isoleucine, leucine, and valine 

were encoded. However, members of the resulting library showed no ability to 

complement a TIM-deficient E. coli strain. When the 3' half of the degenerate DNA 

library encoding the patterned TIM protein was fused to a wild-type 5' end, however, 
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functional variants were found at a frequency of 1 in 105 library members. Based on this 

result they estimated that fewer than 1 in 1010 sequences in the full-length randomized 

gene library encode functional enzymes. 

Although simple binary patterns of polar and nonpolar residues have been 

sufficient to generate four-helix bundles with native-like properties, they failed to 

generate active TIM barrels. Thus, the simple patterning of polar and nonpolar residues 

is obviously not sufficient to define all folds, but it certainly helps to lock some 

sequences in a stable conformation. Moreover, investigations from other groups 

demonstrate that secondary structure formation can be substantially influenced from the 

sequence context.[281,282]. For example, the same 11-amino acid segment can fold as an 

α-helix or as a β-sheet depending on its position in the primary sequence of the IgG-

binding domain of protein G.[281] Such non-local interactions can also place severe 

constraints on enzyme function. 

In their attempt to reverse engineer yeast TIM, Silverman et al.[280] also 

investigated the importance of the phylogenetically conserved positions by dividing 

them into seven structural classes (e.g., barrel surface residues, buried polar interactions, 

capping motifs, etc.) and conservatively replacing each class completely in seven 

individual libraries. None of the seven coordinately mutant libraries was able to 

complement a TIM knockout in E. coli. The detrimental effect of substituting each 

residue in each structural class was assessed by recombining the mutant genes with a 

wild-type gene in vitro and by constructing single mutant genes for selected residues. In 

order to obtain a functional enzyme many local volume constraints had to be satisfied, 

suggesting that at least some residues in that protein structure must fit together with 

perfect shape and chemical complementarity as in a jigsaw puzzle. Moreover, the β-

sheet core of the TIM barrel proved to be highly intolerant to mutation. Four positions 

in that core were found to be irreplaceable; conservative single substitutions at these 

positions prevent the mutant variants from complementing the auxotroph. Two of these 

residues are charged and apparently form a buried salt bridge, whereas the other two 

residues are glycines, one of which a β-stop signal the other one located in the second 

sphere of the active site. On the other hand, both turn sequences and residues involved 

in packing the interface between α-helices and β-strands are readily substituted. A 

similar dispensability seems to apply to helix capping and stop signals. How crucial 
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sequence context can be for function is exemplified by a recent study on the enzymes 

barnase and TEM-1 β-lactamase, where even the replacement of residues at 

evolutionary variable positions outside the active-site on the surface of the protein 

caused complete loss of function in vivo.[283] 

To investigate which sequence elements are essential for a known catalytic 

activity, we explored protein sequence space by utilizing a combinatorial approach that 

couples modular design and selection. Specifically, we constructed large degenerate 

libraries by replacing all secondary structure units in the dimeric, helical bundle 

AroQ-class CM from M. jannaschii (MjCM')[217,221] with simple binary-patterned 

modules based on a limited set of four polar and four nonpolar residues. The catalytic 

capabilities of these unnatural sequences were evaluated by genetic selection in vivo. 

Our results provide a quantitative assessment of the number of different sequences 

compatible with a catalytically active helical bundle fold and illustrate the importance of 

subtle interactions in the formation of a functional active site.  

 

 

3.2 Design Strategy 

We chose the monofunctional MjCM’ AroQ protein as a design template because of its 

small size and thermostability.[221] MjCM' is closely related to the structurally 

characterized AroQ CM prototype from E. coli (EcCM, Figure 3.2A).[251] Biochemical 

studies indicate that it is a homodimeric helical bundle protein, whose intricately 

intertwined polypeptide chains fold as three helices (labeled H1, H2 and H3) separated 

by two loops (L1 and L2).[221] The two identical active sites are constructed from 

residues from both chains. Six highly conserved polar residues (Arg 11, Arg28, Lys39, 

Arg51, Glu52 and Gln88; Figure 3.2B) contribute hydrogen bonding and electrostatic 

interactions that are important for substrate binding and catalysis.[213,284] The side chains 

of several other, less conserved and largely aliphatic amino acids provide additional 

hydrophobic interactions (residues 14, 35, 55, 81 and 85) or hydrogen bonds (residue 

84) to the binding pocket. 
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Figure 3.2 

AroQ structure and active site. (A) The homodimeric enzyme is shown with a transition state analog 
inhibitor bound at the active sites [203]; the two identical polypeptide chains are colored blue and orange 
for clarity. (B) An array of polar active site residues (black) provides extensive hydrogen bonding and 
electrostatic interactions with bound inhibitor (red). Residues 11, 28, 39, 51, 52 and 88 were held 
constant in the randomization experiments.  

 

 

 

As summarized in Figures 3.3 and 3.4, our experimental strategy for 

constructing binary patterned CMs involved systematic replacement of all the secondary 

structural elements in the protein with modules of random sequence. By extensively 

varying everything but the short L1 and L2 loops and the six highly conserved active 

site residues in this protein (Figures 3.2B & 3.3), we expected to gain quantitative 

insight into the robustness of the helical bundle fold in forming active enzymes. To bias 

the libraries toward helical structures, subsets of either polar or nonpolar amino acids 

were assigned to each position in the individual modules according to the polarity of the 

corresponding MjCM’ residue (Figure 3.3). 
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Figure 3.3 

Library design. The MjCM’ sequence comprises the N-terminal 93 amino acids of AroQf from M. 
jannaschii plus an appended Leu-Glu-(His)6 tag (not shown);  residue numbers and secondary structural 
elements were assigned by comparison with the three-dimensional structure of EcCM.[203] Binary 
patterned helical modules were designed according to the observed distribution of hydrophilic and 
hydrophobic residues in the MjCM’ H1, H2 and H3 helices. Large degenerate libraries were obtained by 
providing mixtures of Asn, Asp, Glu and Lys at polar (red) positions and mixtures of Ile, Leu, Met and 
Phe at apolar (blue) positions. The starting methionine, highly conserved active site amino acids, and 
loop residues (black) were held constant. Lys23 and Leu24 in the H1 helix were also retained for 
construction purposes (see Fig. 3.4); dashes indicate residues identical to MjCM'. 
 

 

 

 

Only 8 of the 20 standard amino acids were permitted by design, thus ensuring 

that libraries contained only novel alternatives to naturally occurring CMs. Four polar 

amino acids — asparagine (Asn), aspartic acid (Asp), glutamic acid (Glu) and lysine 

(Lys) — and four apolar amino acids — isoleucine (Ile), leucine (Leu), methionine 

(Met) and Phe — constituted the two sets of allowable building blocks. At the genetic 

level, these residues can be specified by two degenerate codons. The RAV codon (R = 

A or G; V = A, G, or C) encodes Asn, Asp, Glu and Lys, whereas the HTS codon (H = 

A, C, or T; S = C or G) encodes Ile, Leu, Met and Phe. Using equimolar concentrations 

of the indicated bases at all degenerate positions during DNA synthesis results in a 

three-fold bias for Leu in the non-polar subset and a two-fold bias for Glu and Lys in 

the polar subset. Overrepresentation of Leu, Glu and Lys, which occur frequently in 

α-helices [41], should favor formation of native-like structures. 
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Figure 3.4 

Construction of binary patterned CMs. (A) The general experimental strategy involved initially selecting 
functional enzymes from protein libraries in which only the H1 (red) or H2/H3 (blue) helices were 
replaced with randomized modules created according to the binary patterning scheme of Figure 2. In a 
second stage, selected H1 and H2/H3 modules were combined combinatorially, and functional H1/H2/H3 
enzymes were identified by genetic selection. (B) The H1 and H2/H3 binary patterned libraries were 
constructed at the genetic level from synthetic oligonucleotides in which polar and nonpolar residues 
were designated by specific degenerate codons (see Section 6.2). Briefly, appropriately randomized 
oligonucleotide pairs were annealed at complementary overlap sites, extended with Klenow polymerase 
fragment, and cloned into acceptor vectors containing the complementary wild-type gene segment. 
Functional H1 and H2/H3 modules from the libraries were identified by genetic selection. PCR 
amplification of the encoding gene segments and subsequent 3-fragment ligation with the acceptor vector 
pKT-λ3 yielded the H1/H2/H3 library plasmid pool, encoding CMs in which all secondary structural 
elements (~80% of the protein) are derived from the binary patterned helical modules. Active clones 
were again identified by genetic selection. 
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3.3 Partial Randomization 

Initially, randomized modules corresponding to the H1 and H2/H3 helices were 

combined individually with complementary wild-type (WT) MjCM' segments (Figure 

3.4A). Both libraries were constructed from two approximately 100-base 

oligonucleotides with appropriately randomized regions and ligated into vectors 

containing the complementary WT MjCM’ gene fragment (Figure 3.4B). The segment 

encoding the L2 loop provided a convenient DNA overlap for construction of the 

H2/H3 library, but construction of the H1 library required that two additional residues 

(Lys23 and Leu24) in the middle of the dimer-spanning helix be held constant (Figure 

3.4B). The E. coli strain KA12/pKIMP-UAUC[204] was transformed with the resulting 

plasmid pools to give >107 transformants (Table 3.1). Sequencing of unselected clones 

from both libraries showed that approximately two thirds of the genes had insertions or 

deletions that probably arose during oligonucleotide synthesis or library 

construction,[285] but one third had reading frames of the correct length. The randomized 

regions of the final H1 and H2/H3 libraries constituted 37% and 42% of the entire 

protein, respectively. 

 

 

 

Table 3.1: H1 and H2/H3 Library Statistics 

Library Total No. of 
Library 
Clones 

Fraction of 
Correct Length 

Clones 

Total No. of 
Complementing 

Clones 

Complementation 
Rate 

H1 3.0 × 107 ~30% 1,980 1 in 4,500 

H2/H3 3.8 × 107 ~30% 654 1 in 17,500 
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The propensity of the partially randomized proteins to fold into catalytically 

active structures was assessed by complementation of the endogenous CM deficiency of 

the KA12/pKIMP-UAUC cells (see Chapter 1)[204]. Without CM activity, this strain is 

unable to synthesize Tyr and Phe and hence cannot grow on minimal medium. When a 

plasmid encoding a functional CM is introduced into the auxotroph, it regains 

prototrophy. Roughly 1 in 104 of the correct length members of each library was found 

to be active in this system (Table 3.1). In other words, ~0.01% of the theoretically 

possible binary-patterned sequences yield folded, functional enzymes. None of the 

selected plasmids had aroQ deletions or frameshifts, but a few clones deviated at single 

nucleotide positions from our design. In exceptional cases the resulting codon change 

led to the incorporation of amino acids not specified in our design, e.g. glutamine (H1-

23) or tyrosine (H2/H3-2) (see Table 3.2 for sequences). We assume that these artifacts 

have been introduced during commercial chemical synthesis of the oligonucleotides.[54] 

From each library we have subcloned 30 genes of active variants into an 

overexpression vector and purified the expressed protein. About two thirds of the 

partially randomized genes (Table 3.2) were found to overexpress protein that was both 

soluble and resistant to intracellular degradation (as judged by SDS-page, data not 

shown). The soluble enzymes from each library were then assayed for CM activity. 

Table 3.2 summarizes the obtained specific activity values (kcat/Km) for each of the 

soluble proteins. In general, the catalytic activity of the partially randomized enzymes is 

decreased by one to three orders of magnitude compared to the wild type enzyme. 

Moreover, there are significant differences not only between the two different libraries 

but also within the individual libraries (Table 3.2). Unnatural H2/H3 variants were 

usually less active than unnatural H1 variants, suggesting that the H2/H3 helices are less 

tolerant to variation.  
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Table 3.2 
Amino acid composition of the randomized portion of soluble partially randomized CMs. The specific 
activity of each variant is shown in column 3 (kcat/Km). Identity of the randomized portion of the 
sequence to WT CM is given as % identity over all residues including the ones that were kept constant in 
the design (shown in white on black background). (A) Soluble overexpressed H1 library variants. (B) 
Soluble overexpressed H2/H3 library variants (ND = not determined). 
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The two most active variants from both sets – H1-12 and H2/H3-5 (see Table 

3.2 & Figure 3.5) – were characterized in more detail. Purified proteins were analyzed 

by electrospray ionization mass spectrometry (Mobs(H1-12) = 12,109.5 Da, Mcalc(H1-12) 

= 12,106 Da; Mobs(H2/H3-5) = 12,108.7 Da, Mcalc = 12,106.6 Da) and their integrity 

verified.  

 

 

 
 

Figure 3.5 

Sequences of clones H1-12 and H2/H3-5 compared to wild-type MjCM' counterparts. The polarity of the 
residues according to the binary pattern is indicated by the colouring of the residues (blue = apolar; red = 
polar). Residues shown in black were kept constant in the design (see Figure 3.3); dashes indicate 
residues that are identical to their MjCM’ counterpart.  

 

 

 

 

Size exclusion chromatography was used to evaluate the oligomeric state of the 

variants. A set of commercially available marker proteins, known to form compact 

globular structures, were used as calibration standards (see Chapter 6). Both variants 

elute as a single peak from a Superose 12 (HR 10/30, Pharmacia) gel filtration column. 

The location of the peaks is similar to that of WT MjCM' (Figure 3.6), indicating the 

formation of a native-like dimer. If the partially randomized proteins had formed 

different oligomers, then they would have shown a different elution profile. Thus, 

despite the fact that roughly 40% of the protein is constructed from a simplified set of 
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building blocks, H1-12 and H2/H3-5 fold into structures that are both compact and 

dimeric. 

 

 
 

Figure 3.6 

Size exclusion chromatography traces of MjCM' (dashed line), H1-12 (light line) and H2/H3-5 (dark 
line), showing similar retention times (PBS buffer pH 7.5, 4 °C). MjCM' was previously determined to be 
homodimeric by analytical ultracentrifugation.[221] 

 

 

 

The secondary structures of the partially randomized variants were probed by far 

UV circular dichroism (CD) spectroscopy. The spectra are typical for α-helical proteins 

with two pronounced negative bands at 222 and 208 nm[252,253] and are similar in shape 

to that of MjCM' (Figure 3.7). However, the mean residue ellipticity [Θ] at 222 nm, an 

indicator of helical content, is somewhat lower than that of MjCM'. Although potential 

inaccuracies in the determination of protein concentration cannot be ruled out the 

altered spectra likely arise from structural perturbations due to the patterned modules. It 

is conceivable that the secondary structure elements are frayed as a result of alteration 

of the amino acid constituents. Additionally, the backbone conformations of the amino 

acids in the patterned secondary structure elements may be slightly different than in the 

wild type enzyme in order to allow packing of the coiled coil and the helix-bundle 
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structure. In turn, altered constituent conformations may affect the entire secondary 

structure geometry resulting in an altered CD signal. 

 

 

 

 
 
Figure 3.7 

Circular dichroism spectra of H1-12 (solid light), H2/H3-5 (dashed light), and MjCM' (solid black) from 
top to bottom. Spectra were obtained at 25 °C with 4 µM protein in PBS (pH 7.5). The mean residue 
ellipticity [Θ] at 222 nm (–27,000 deg cm2 mol-1) of MjCM' indicates a helical content of 91% , which 
compares well to the 83% helicity observed in the three-dimensional structure of EcCM.[251] 

 

 

 

Both enzymes exhibit saturation kinetics. The catalytic parameters, kcat and Km, 

of H1-12 and H2/H3-5 obtained at 30 °C are given in Table 3.3. Clearly, the 

randomization of the helices H2 and H3 results in more severe structural perturbations 

in the active site of the enzyme as indicated by a more than 10-fold increase in Km value 

and a nearly 30-fold drop in kcat of H2/H3-5 compared to WT MjCM'. In contrast, the 

kcat and Km values for H1-12 are lowered only 2- to 3-fold. The difference in activities 

are presumably caused by different packing constraints because both mutants appear to 

have very similar overall structures as judged by size-exclusion chromatography (Figure 

3.6) and CD spectroscopy (Figure 3.7), but more detailed structural information will be 
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necessary to clarify the molecular origins of the altered catalytic properties. Binary 

patterning is obviously useful for catalyst design, but the rarity of active enzymes 

underscores the need for efficient selection. 

 

 

Table 3.3: Characterization of CM Variants 

CM Variant 
kcat 

(s-1) 

Km 

(µM) 

% Identity to MjCM’ 

in Randomized Region 

MjCM’* 5.7 41 — 

H1-12 2.3 120 35 

H2/H3-5 0.20 550 26 

*The values for MjCM' were taken from ref. [221] 
 

 

 

3.4 Combinatorial Randomization 

Analogous to the way the immune system combines immunoglobulin heavy and light 

chains to generate diverse antibody structures, the selected H1 and H2/H3 segments 

were crossed to create CMs in which all secondary structural elements (~80% of the 

protein) are derived from the simplified, binary-patterned modules (Figure 3.4). The 

randomized portions of all active clones in the H1 and H2/H3 libraries (Table 3.1) were 

amplified by PCR, and an H1/H2/H3 library was created by 3-fragment ligation with an 

appropriate acceptor vector (Figure 3.4B). Transformation of KA12/pKIMP-UAUC 

with the resulting plasmid pool yielded 7.4 × 107 transformants, ensuring adequate 

coverage of all possible combinations of active H1 and H2/H3 segments from the initial 

libraries (1980 × 654 = 1.29 × 106). Sequencing of unselected clones from the 

combinatorial library showed that all of the genes were of the correct length, i.e. no 

insertions or deletions. Surprisingly, only about 1 out of every 104 transformants 
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complements the CM deficiency (in total 7430 complementing clones). Most H1/H2/H3 

combinations do not yield active enzymes, even though all of the preselected segments 

are functional in a native context. The WT MjCM’ H1 and H2/H3 helices are obviously 

more effective than their binary-patterned counterparts in templating correctly folded 

enzymes, presumably because they have already been optimized for stability [221] and 

are better able to accommodate imperfections in the rest of the protein. 

We randomly chose 120 clones from the H1/H2/H3 library that showed in vivo 

CM activity for sequence analysis. Based on the assumption that larger colonies harbor 

better catalysts than smaller colonies and thus provide a growth advantage to the cells, 

we have grouped the colonies on the selection plates into three classes according to their 

diameter (large, medium, small). For sequence analysis, 48 large, 48 medium and 24 

small colonies were randomly picked from the selection plates and their plasmid DNA 

recovered. Several gene sequences appeared several times among the selected 

H1/H2/H3 clones (Table 3.4, column 3). Because several duplicates were found in all 

three groups, colony size is an imperfect indicator of catalyst activity. Other factors, 

including nutrient supply on the selection plates, apparently influence growth rate. 

Table 3.4 compiles the amino acid sequences of all unambiguous variants from the 

selected set of H1/H2/H3 library enzymes.  

To assess the specific catalytic activity of the individual H1/H2/H3 variants in 

vitro, the encoding genes were subcloned into an overexpression vector as before. Some 

of the variants (H1/H2/H3-17,-20,-24,-25,-26,-27,-28) contained a second XhoI 

restriction site due to the nature of the employed degenerate codons. The chance for 

introducing this particular restriction site is 1:36 for all positions where a nonpolar 

residue is followed by a polar residue in the binary patterned sequence. Because of the 

way these genes were designed, no other unique restriction sites were readily available 

making the cloning of these variants extremely difficult; only in the case of H1/H2/H3-

17 could partial digestion be successfully applied to obtain the desired full-length gene. 

In the end, 16 variants were overexpressed as soluble proteins, purified and assayed for 

specific activity. The proteins demonstrated considerable activity, similar to that of the 

partially randomized H2/H3 enzymes (Table 3.4, column 4). The most frequently 

observed clone, H1/H2/H3-10, did not show the highest specific activity, but it was 

significantly more active than most of the other library members assayed. 
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The most active, fast-growing clone that was isolated multiple times from the 

H1/H2/H3 library – H1/H2/H3-12 (Table 3.4) – was characterized in detail. Its size-

exclusion chromatographic profile (Figure 3.8A) and CD spectrum (Figure 3.8B) 

closely resemble those for MjCM’, suggesting that H1/H2/H3-12 is a compact helical 

homodimer. It undergoes cooperative thermal denaturation (Figure 3.8B, inset) with the 

midpoint of the unfolding transition (Tm) at ~44 °C (for comparison, Tm = 88 °C and 63 

°C for MjCM’ and EcCM, respectively)[221]. H1/H2/H3-12 also possesses considerable 

catalytic activity, with a kcat (0.38 s-1) only 15-fold lower than MjCM’ and a 40-fold 

higher Km value (1,700 µM). The selected enzyme thus captures the key biophysical and 

functional properties of its natural counterpart, even though >90% of the protein 

consists of only eight different amino acids. 

 

 

 

 
 

Figure 3.8 

Biophysical characterization of H1/H2/H3-12. (A) Size-exclusion chromatography traces of H1/H2/H3-
12 (solid line) and the homodimeric MjCM’ (dashed line)[221], showing similar retention times. (B) The 
circular dichroism spectrum of H1/H2/H3-12 was obtained at 25 °C with 4 µM polypeptide in PBS (pH 
7.5). The spectrum is typical for α-helical proteins with two pronounced negative bands at 222 and 208 
nm[252,253] and resembles that of MjCM' (Figure 3.7). The inset shows the cooperative thermal 
denaturation of H1/H2/H3-12. 
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3.5 Sequence Analysis. 

The wealth of sequence data that emerges from these experiments is an invaluable 

resource for gaining deeper insight into the factors that influence protein folding, 

function and evolution. Multiple clones from all three libraries were consequently 

analyzed and compared for salient patterns (see Tables 3.2 & 3.4). 

First, no duplicates were found in the H1 and H2/H3 libraries or in the 

unselected H1/H2/H3 library, whereas several appeared among selected H1/H2/H3 

clones. Some H1 and H2/H3 segments were also used repeatedly to construct functional 

H1/H2/H3 variants, albeit in different combinations. For example, H1/H2/H3-17 and 

-20 share an identical H1 module but differ in their H2/H3 portion, while H1/H2/H3-12 

and -10 have an identical H2/H3 and different H1 segments (Table 3.4). Interestingly, 

the duplicate segments are also identical at the genetic level. This finding is perhaps the 

result of different amounts of selectant-plasmid DNA template in the PCR amplification 

of the H1 and H2/H3 segments.  

Second, sequence identity to WT MjCM’ generally increases after selection, 

although a direct correlation between sequence identity and activity is not observed 

(compare Tables 3.2 & 3.4). Third, Ile is overrepresented in active H1/H2/H3 clones 

(Figure 3.9). It is also relatively abundant in MjCM’[221] and may be important for 

proper packing of the hydrophobic core. Fourth, spontaneous mutations are randomly 

distributed in all libraries at a low frequency (1 in every ~400 nucleotides). In the 

H1/H2/H3 library, however, an unprogrammed valine at position 32 was selected in 

multiple independent clones (Table 3.4), presumably because it packs better than the 

larger hydrophobic amino acids in the starting set of building blocks. Valine is 

accessible by a single point mutation of the RAV codon, whereas the WT Ala32 would 

require two base changes. Here we see evolution at work. 
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Figure 3.9 

Amino acid composition of CM sequences from degenerate libraries. Amino acid constituents of 
patterned modules in WT MjCM' is shown at the far left, the bar graphs illustrate the relative fraction of 
each amino acid at the randomized positions in the unselected (left), in the individual H1 and H2/H3 
libraries (center), and H1/H2/H3 library (right). The stack column at the top of each panel illustrates the 
experimental bias (Exp) for each of the residues in the degenerate libraries with the respective single 
letter amino acid code given. Compositional differences are indicated by the height of the individual bars 
of the stack column. (A) Composition of hydrophobic positions that were targeted for randomization in 
the experiment. (B) Composition of polar positions. 
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Specific interactions (hydrophobic, polar, and van der Waals) between residues 

distant in sequence are believed to play a major role in defining the final structure of a 

protein. Mapping of highly selected residues to the prototypic three-dimensional 

structure of AroQ dimers from EcCM[251] may thus allow us to catch a glimpse of the 

complex packing interactions that are likely to be crucial for the proper assembly of 

functional CMs. 

A central motif in the structure of EcCM is the coiled-coil formed from the 

unusually long N-terminal H1 and H1' helices (Figure 3.2).[251] Coiled-coils commonly 

occur at the interface between separate polypeptide chains and typically consist of two 

or more α-helices that wrap around each other.[286] Generally, the α-helices in most 

naturally occurring coiled-coils are parallel.[287] In contrast, the coiled-coil in AroQ 

CMs is antiparallel.[203,220] The hallmark of this motif is a heptad repeat of amino acids, 

(abcdefg)n, with a predominance of apolar residues at positions a and d (forming a 4-3 

hydrophobic repeat), and charged residues frequently at positions e and g (Figure 

3.12).[288] Residues at these four positions form the hydrophobic interface between α-

helices, with a residues packing against d' residues and d residues packing against a' 

residues in antiparallel coiled-coils (in parallel coiled-coils a (d) packs against a' (d')). 

In addition, salt bridges can form between e and e', or g and g' residues in the 

antiparallel orientation.[289]  

In EcCM, residues at positions 7, 14, 21, 28 and 35 and at positions 10, 17, 24, 

31 and 38 of each helix are hydrophobic and comprise the a and d positions in the 

coiled-coil heptad repeat, respectively.[251] A strong bias against phenylalanine at these 

positions and a preference for hydrophobic aliphatic residues, albeit not necessarily the 

MjCM’ wild-type residue, is evident in both the H1 and H1/H2/H3 libraries after 

selection (Table 3.4). For example, more than 70% of the H1/H2/H3 selectants have the 

wild-type residue isoleucine at position 10 substituted with methionine. Similar results 

are observed at positions 17 and 21, where isoleucine is replaced in more than 70% of 

the active H1/H2/H3 variants with leucine. In addition, at position 31 leucine (>60%) is 

predominantly found instead of the WT MjCM' residue isoleucine (Figures 3.9 & 3.11). 

At these positions, selection has obviously worked against the wild type residue, which 

was also contained in the offered set of the four nonpolar amino acids (Leu, Ile, Met, 

and Phe).  
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Figure 3.10 

(A) Schematic side view of the structure of a two-stranded antiparallel coiled-coil, illustrating the 
interactions between the residues at the dimeric interface with respect to helical orientation. Residues 
from one helix are labeled a-g; residues from the other are labeled a'-g'. Interface residues are indicated: 
those at the a, a', g and g' positions are darkly shaded and those at the d and d' positions are lightly 
shaded. In the antiparallel coiled-coil electrostatic interactions can occur between e and e', or g and g' 
residues. The hydrophobic core is formed from packing interactions between a and d' residues, and d and 
a', respectively. (B) Helical wheel representation of H1/H2/H3-12 (residues 7 to 40, numbering in 
accordance to EcCM): hydrophobic interactions at the interface of the two intertwined helices are 
indicated by short double headed-arrows and electrostatic interactions by a long double-headed arrow, 
respectively. The active site residues Arg11, Arg28, and Lys39 are shown in bold italic. 



 
 

 

95 

Studies with the leucine-zipper portion of the transcription factor GCN4 suggest 

that the oligomerization state of the coiled-coil is determined by stringent requirements 

for complementarity between side chains in the protein core. When Harbury et al.[290,291] 

systematically mutagenized the a and d positions of the dimeric parallel coiled-coil, 

they found that peptides containing Ile at the a positions and Leu at the d positions 

formed dimers, while those with Ile at both positions formed trimers and those with Leu 

at the a and Ile at the d positions formed tetramers. Thus, considerable geometrical 

packing constraints must be met to enable the knobs-into-hole packing at positions a 

and d in a coiled-coil dimer. 

The observed preferences against the wild-type residues at positions 10 (Met, d), 

17 (Leu, d), 21 (Leu, a), and 31 (Ile, d) in the patterned CM variants result in a seven-

residue repeat that resembles neither of the alternating GCN4 patterns. Presumably, 

different packing constraints come into play in antiparallel coiled-coils, such as AroQ 

CM, due to the reversed orientation of the helices to each other. Interestingly, the 

observed heptad repeat for a and d positions in active H1/H2/H3 variants is essentially 

the same as that for EcCM, with the exception of positions 10 and 31 (both occupied by 

leucines in EcCM)[251]. Moreover, the observed preference for leucine over isoleucine at 

a and d positions is also observed in the antiparallel, two-stranded coiled coil 

comprising the long helical arm of the seryl tRNA synthetase from E. coli (9 Leu vs. 3 

Ile).[292] The a and d positions of the de novo designed antiparallel coiled-coil Coil-Ser 

are also occupied by leucine residues, with the exception of tryptophan residues at the 

N-terminal a positions.[293] One might speculate that leucine is the preferred residue at 

positions a and d in antiparallel coiled-coils. The abundance of isoleucine at these 

positions (a, d) in MjCM' may be explained with the often observed replacement of 

leucine residues with isoleucine when comparing homologous proteins from a 

mesophile and a thermophile.[294] 

The preference for methionine at position 10 is presumably also due to packing 

constraints. In EcCM, Leu10 packs against Val35. As a result of the randomization, 

position 35 is now preferentially occupied by the bulkier β-branched amino acid 

isoleucine. Conceivably, Met can adopt a rotamer that is better accommodated in the 

interior packing of the dimer than that from any other residue contained in our 

hydrophobic set (Leu, Ile, Met, and Phe). It appears that residue 35, which also provides 
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a portion of the hydrophobic surface of the substrate binding pocket (see below), was 

subject to immense selection pressure; the same applies for residue 14 (Table 3.4 & 

Figure 3.9). 

Interestingly, in some of the variants stabilizing electrostatic interactions 

between residues at positions g and g' are apparent. For example, in variant H1/H2/H3-

12 there are glutamate and asparagine residues at these positions in an orientation such 

that these residues are able to participate in salt-bridge formation (Figure 3.10). Similar 

electrostatic networks, if not as extensive as in H1/H2/H3-12, are observed in all 

variants. Variants in which charge-charge repulsion between g and g' residues occurs 

exhibit lower catalytic activity (e.g., H1/H2/H3-8). Electrostatic networks between 

residues at positions e and e' are not observed because this side of the coiled-coil is 

packed against helices H2-H3 and H2'-H3' to form the hydrophobic core of the six-helix 

bundle structure. Active site residues Arg11 and Lys39 are also located at the e and e' 

positions, respectively (Figure 3.10). Although it is generally assumed that polar 

residues can serve interchangeably at solvent-exposed positions in a protein structure, 

some specification in coiled-coils at positions g (e) and g' (e') seems likely due to the 

proximity of the side-chains from residues at these positions in the coiled-coil formation 

(Figure 3.10A). Of course, this is only a hypothesis that needs to be refined with 

detailed structural investigations of both MjCM' and the randomized variants. 

Other stabilizing interactions for the three-dimensional structure come from 

buried residues that contribute to tight packing of the H1-H1' coiled-coil against the H2-

H3 and H2’-H3’ segments. Again, a preference for aliphatic residues is observed. For 

instance, at positions 25 (H1) and 76 (H3) isoleucine residues likely provide 

hydrophobic interactions. Similarly, the strongly selected leucine at position 92 may 

pack against residues at positions 36 (50% Leu and Phe) and 40 (>60% Leu) in helix 

H1. At position 77 phenylalanine is highly enriched:  87% of active H1/H2/H3 clones 

have phenylalanine at this position compared with 68% of the H2/H3 library and only 

21% of unselected clones (Figure 3.10). A similar, if less dramatic preference for 

phenylalanine is evident at positions 62 and 73. These phenylalanines may favor 

formation of a native-like dimer by providing a small hydrophobic core for nucleating 

folding of the H2-H3 segment and allowing it to pack against the H1-H1’ coiled-coil. 

Lys is very frequently observed at position 89, and probably participates in hydrophobic 
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interactions with Ile46 (Loop 1), thereby helping to position the loop. Rarely, inter-

helical salt bridges like the one that is presumably formed between the frequently 

selected Lys58 (H2) and carboxylic acids at position 19 (H1) are found. Another 

potential electrostatic interaction between helices H2 and H3 may be formed by Glu70 

(>70% of active H1/H2/H3 clones) and the enriched Lys60. However, the majority of 

polar interactions seem to occur between side chains of residues that are i+3 residues 

apart from each other, and these probably stabilize the secondary structure, as in helix 2 

between positions 50 (Lys) and 53 (Glu). 

While most positions in the protein appear to be relatively tolerant to 

substitution, some are quite restrictive, implicating them in critical interactions needed 

for generating catalytically active binding pockets. For example, an Asn-Lys dyad is 

extremely conserved at positions 84 and 85, and all active H1/H2/H3 clones have Ile14, 

Asp15 and Asp18 (Table 3.4). These preferences are not evident in unselected clones 

(Figure 3.9), but can be rationalized by examination of the EcCM structure[251] (Figure 

3.11). The homologues of Asn84, Lys85 and the aforementioned Ile14 interact directly 

with bound ligand, providing either hydrogen bonding (residue 84) or van der Waals 

(residues 14 and 85) interactions. They constitute a portion of the active site that was 

allowed to vary in the randomization experiments and their fixation during selection 

suggests that specific amino acids are required at these positions to form a functional 

binding pocket. Two other amino acids that contribute hydrophobic interactions to the 

active site, residues 35 and 55, show a strong bias toward Ile (>85% of the H1/H2/H3 

clones), which mirrors the presence of hydrophobic β-branched amino acids at the 

corresponding positions in the WT MjCM’ sequence. 

Interestingly, the strongly selected residues Asp15 and Asp18 do not contact the 

bound ligand directly, but participate instead in second-sphere interactions with the 

active site. The corresponding EcCM residues interact with the side chains of the 

catalytically important residues Arg51 and Arg28 and may help position them for 

effective catalysis. In this case, inclusion of Arg51 and Arg28 as invariant residues in 

the libraries appears to have influenced the course of selection.  
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Figure 3.11 

Stereoview of the EcCM active site with bound transition state analog (pink)[190], showing the positions 
of the catalytic residues (blue) and the first and second sphere residues (yellow) that had highly restricted 
sequence requirements in active clones from the MjCM’ H1/H2/H3 library. The amino acid at position 
84 forms a hydrogen bond with the tertiary carboxylate of the bound inhibitor (pink), while residues 14 
and 85 are in van der Waals contact with the ligand. Amino acids at positions 15 and 18 help position 
active site residues Arg 51 and Arg 28, respectively. Image created using MOLSCRIPT[295] and 
Raster3D[296]. 

 

 

 

3.6 Discussion 

This study demonstrates the feasibility of creating structurally complex and catalytically 

active enzymes by assembling randomized modules that are constructed from a limited 

set of building blocks and biased toward helical secondary structure by binary 

patterning. The binary distribution of hydrophilic/hydrophobic residues is inherent in 

the genetic code (NAN/NTN), and our results support suggestions[271,297,298] that modern 

enzymes could have evolved from primitive precursors constructed from a relatively 

small number of polar and nonpolar amino acids. There is, nevertheless, a low 

probability of finding catalysts, even when both position and identity of all critical 

active site residues are determined in advance. This contrasts with the ease of obtaining 

folded helical proteins through binary patterning,[271] underscoring the exacting 

demands that catalysis places on protein design. 
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Extrapolating from our data and from modest sequence constraints on 

interhelical turns,[234-237] we can estimate that if every position in the protein had been 

randomized, a library of ~1024 members would have been needed to obtain AroQ 

mutases. This estimate is based on the experimentally observed frequencies for the 

binary-patterned helical modules and the assumption that only a single amino acid is 

tolerated at each highly conserved position in the active site (i.e. Arg11, Arg28, Lys39, 

Arg51, Glu52 and Gln88). Previous studies[234-237] suggest further that 1-10% of all 

possible turn segments will yield active catalysts. Finally, based on the low incidence of 

active clones observed in the H1/H2/H3 library, a templating/assembly effect of 104 for 

organizing the H1 and H2/H3 segments is included;  this factor could turn out to be 

larger for assembly of helices and loops that have not been optimized by a preselection 

step. The required library size can thus be calculated as follows: 4,500 (binary patterned 

H1) × 17,500 (binary patterned H2/H3) × 206 (randomized active site residues) × 102 

(fully randomized L1) × 102 (fully randomized L2) × 104 (templating effects) = 5 × 

1023.   

The size of such a library is many orders of magnitude larger than that needed to 

identify non-catalytic ATP-binding proteins from random sequences.[55] Although the 

estimated frequency of catalysts in protein sequence space will be contingent on the 

choice of building blocks and structural motif, on the difficulty of the chemical reaction, 

and on the level of catalytic activity needed for selection, construction of a moderately 

active enzyme also appears to be substantially more difficult than obtaining a ribozyme. 

For instance, it has been found that approximately 1 in 1013 RNA molecules from a pool 

of random sequences promote a template-directed ligation with RNA substrates,[54] 

despite an even more limited set of building blocks[299] and without any information 

biasing the population toward a particular scaffold. The diversity of side chains may 

provide proteins with intrinsically greater maximum catalytic potential than 

oligonucleotides, but coordinating the many interactions required to form complex 

secondary and tertiary structures while preventing misfolding may be inherently more 

difficult with amino acids than with nucleic acids that can exploit relatively simple 

hydrophobic base stacking and base-pairing motifs for folding. This observation is 

intriguing in the context of the RNA-world hypothesis, which postulates that RNA 

preceded proteins as the principal agent of catalysis.[36]  
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Our estimate of the low frequency of protein catalysts in sequence space 

indicates that it will not be possible to isolate enzymes from unbiased random libraries 

in a single step. The required library sizes far exceed what is currently accessible by 

experiment, even with in vitro methods.[55,300] Instead, as in natural evolution, the design 

of new enzymes will require incremental strategies in which, for instance, a suitable 

scaffold is first generated, binding and catalytic groups are subsequently added, and the 

ensemble is optimized in an iterative fashion. Our two-stage approach to binary-

patterned mutases and work on the redesign of existing enzymes[136,156,180] demonstrate 

the power of stepwise and modular procedures for directing the course of evolution. By 

iteratively combining combinatorial mutagenesis and selection with intelligent design, it 

may also prove possible to create novel protein scaffolds, unknown in nature, and to 

endow them with tailored catalytic activities. 
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4 Active Catalyst Constructed from a Set of Nine 

Amino Acids 

In the previous chapter of this thesis it was shown that all secondary structural units of 

CM can be replaced with simplified modules of random sequence to produce active 

catalysts. This result prompts the question whether entire enzymes can be constructed 

from a minimal set of amino acids. 

This question has not been widely explored experimentally. It has been proposed 

that primordial protein synthesis may have used a reduced amino acid 

palette.[39,271,297,301,302] Recent theoretical work has suggested that the minimal amino 

acid alphabet required to obtain stable, native-like proteins has to contain between 

five[303,304] and ten to twelve[305,306] of the 20 naturally occuring amino acids. The 

simplest natural proteins known today are the type I antifreeze proteins found in fish. 

These proteins consist of a single long α−helix, and are encoded by seven different 

amino acids – alanine, aspartate, glutamate, serine, threonine, arginine, and lysine.[307] 

They have the ability to bind to ice surfaces and inhibit the growth of ice crystals.[308] In 

the prebiotic world, however, some proteins must also have had binding and catalytic 

activity. The building block complexity required for such intricate functions is not 

known. 

Several experimental studies with reduced amino acid alphabets have been 

undertaken,[60,61,73,74,267,271,302,309-311] which show that protein-like folded structures can 

be produced from fewer than the 20 proteinogenic amino acids. One of the first such 

studies investigated the formation of globular structures from random sequences 

composed only of alanine, glutamate and lysine.[60] The generated sequences collapsed 

to compact, globular conformations with helical contents of 46% or higher, as judged by 

circular dichroism spectroscopy. In a later study of random libraries produced by 

combinatorial mutagenesis and composed of random combinations of leucine, 

glutamine, and arginine, it was found that about 1% of the sequences were resistant to 

intracellular proteolysis (indicative for a stable globular fold).[61] More detailed 

biochemical analysis of the sequences revealed some of them to be helical, oligomeric, 

and to display reversible thermal denaturation. However, these polypeptides differed 
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significantly from natural proteins in that they required the presence of denaturant for 

solubility, and their amide protons exchanged extremely fast, which is a sign that these 

structures have disordered interiors. In contrast to these random approaches, secondary 

structures have also been designed de novo utilizing a reduced palette of amino 

acids.[263,267] Nevertheless, all experiments using alphabets smaller than seven amino 

acids over the entire protein length resulted in molten-globule-like 

conformations.[61,267,310] In one case, a native-like four-helix bundle structure was 

obtained with a seven-letter alphabet consisting of the amino acids alanine, glutamate, 

glutamine, glycine, leucine, lysine and serine, although it is devoid of any function.[309] 

An alternative strategy to obtain simplified proteins has targeted natural proteins 

for redesign.[73,74,302,311] For example, the 32-residue hydrophobic core of the 

homodimeric four-helix-bundle protein Rop has been reconstituted using only alanine 

and leucine residues.[74] The resulting proteins with simplified, repacked hydrophobic 

cores maintained a native structure and showed native-like physical properties. 

Moreover, the simplified variants proved to be more thermally stable than the wild-type 

protein, but slightly less stable toward chemical denaturation. In another study, the 

tolerance of the small, homodimeric Arc repressor to multiple alanine substitutions was 

tested.[73] Again it was found that replacement of 15 non-alanine residues (of 53 total 

positions) did not significantly alter the properties of the protein compared to the wild 

type Arc repressor. Nevertheless, even the simplest variants in the two studies cited 

above still contain 16 amino acid types. 

An ingenious experiment of Baker and coworkers[302] has shown that functional 

variants of the small, monomeric 57-residue β-sheet containing protein src SH3 can be 

constructed largely from a five letter amino acid alphabet consisting of alanine, glycine, 

isoleucine, glutamate, and lysine. This same alphabet has been later proposed by Wang 

and Wang, based on theoretical considerations, to be sufficient for generating functional 

proteins.[304] However, the simplest variant from the simplified src SH3 library of Baker 

and coworkers actually contained 14 different amino acids, and 29% of this protein is 

not encoded by the Ala, Gly, Ile, Glu, Lys alphabet. More importantly, none of the 

residues responsible for binding the peptide ligand were part of the simple alphabet. 

Similarly, the catalytically active MjCM' variants presented in Chapter 3 are also 

produced from simplified modules using eight amino acids (Ile, Leu, Met, Phe, Asp, 
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Glu, Asn, Lys), but are constituted from 14 different amino acids as a consequence of 

the constraints imposed by the library construction method and the desire to keep active 

site and loop residues constant. 

Taken together, these studies demonstrate that it is possible to form stable 

functional scaffolds from reduced amino acid alphabets, but it remains unclear what the 

minimal sequence complexity for obtaining functional (i.e. catalytically active) proteins 

is. As a first step toward answering this question, we set out to further simplify the 

binary patterned CMs described in chapter 3.[311] Since more than 90% of the protein 

sequence is already derived from an eight-letter alphabet comprised of isoleucine, 

leucine, methionine, phenylalanine, aspartate, glutamate, asparagine, and lysine, we 

reasoned that it might be possible to reduce the complexity of this protein even further. 

Because arginine appears to play a crucial role at the enzyme active site in substrate 

binding and catalysis,[204,213] it is unlikely that it can be removed without serious 

consequences for function. We therefore targeted the nine amino acid alphabet Ile, Leu, 

Met, Phe, Asp, Glu, Asn, Arg, and Lys. We applied combinatorial site-directed 

mutagenesis in combination with genetic selection to identify engineered mutants with 

CM activity that are based on this limited alphabet. 

 

 

4.1 Engineering Strategy 

From the previously reported set of binary patterned CMs we chose variant H1/H2/H3-9 

as the parent sequence (Figure 4.1A). This protein has five residues not defined by the 

eight amino acids, Gly43, Pro45, His66, Val68, and Gln88. With the exception of 

Gln88, which contributes to the active site,[203,213,221,251] the other residues are located 

either in loop L1 (Gly43 and Pro45) or in loop L2 (His66 and Val68). As summarized in 

Figure 4.1B, the experimental strategy to reduce the palette of utilized amino acids from 

14 to 9 was based on systematic substitution of the five amino acids that do not conform 

to the set of simplified building blocks (Gly, Pro, His, Val, Gln) with the nine-letter 

alphabet Ile, Leu, Met, Phe, Asp, Glu, Asn, Arg, and Lys. Based on the successful 

experiments with the binary patterned modules, we initially replaced these five residues 
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according to their polarity, using the subsets of four polar (Asp, Glu, Asn, Lys) and four 

nonpolar (Ile, Leu, Met, Phe) amino acids described in Chapter 3. 

At the genetic level, these subsets can be specified by degenerate codons. The 

RAM and RAS codons (R = A or G; M = A, C; S = C, G) were used to encode the polar 

residues Asp, Glu, Asn, and Lys. Two different codons were used to ensure that the 

randomized codon was distinct from the corresponding wild-type codon (i.e. the wild-

type codon was not accessible by single point mutations). The nonpolar set Ile, Leu, 

Met, and Phe was encoded by the WTS codon (W = A, T). Using equimolar 

concentrations of the indicated bases at all degenerate positions during DNA synthesis 

results in an equal distribution of the amino acids within the respective sets. 

Initially, glutamine at position 88 was replaced by the set of polar amino acids 

using site-directed mutagenesis. The resulting library was then introduced into the 

auxotrophic E. coli strain KA12/pKIMP-UAUC[204] to assess the ability of the position 

88 mutants to catalyze the chorismate to prephenate transformation. Three of the four 

possible variants yielded proteins that complemented the CM deficiency of the host 

cells under selective conditions (lysine did not complement, Table 4.1), although clear 

differences were seen in growth rates (Glu > Asn > Asp). To our surprise, a Gln88Ala 

variant with very low but detectable levels of complementation was also selected. This 

mutation is most likely an artifact of the chemical synthesis of the degenerate codons 

RAS/RAM or the PCR reaction, since alanine is accessible by a single point mutation 

from both the RAM and RAS codons. The low growth rates are in line with results from 

Liu et al.[213] who showed that the Gln88Ala mutant of EcCM is more than five orders 

of magnitude less efficient than the wild type enzyme. 
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Figure 4.1 

Strategy for construction of nine amino acid CMs. (A) Binary patterned sequence of H1/H2/H3-9, with 
its corresponding secondary structure elements is shown. Binary pattern is indicated by the different 
coloring of the residues (light nonpolar, dark polar, black bold loop residues, black bold italicized active 
site residues). (B) Schematic representation of the stepwise approach to replace the five amino acids 
GPHVQ (black) that do not belong to the simplified set of building blocks according to their polarity by 
combinatorial mutagenesis with the respective set of library amino acids (Ile, Leu, Met, Phe or Asp, Glu, 
Asn, Lys). The resulting libraries QX, Loop (L2) and Loop (L1) were analyzed by selection and viable 
variants were used as the input for the next round of mutagenic PCR and selection. Binary patterned 
modules are indicated by colored dots (light = hydrophobic amino acids Ile, Leu, Met, and Phe; dark = 
hydrophilic amino acids Asp, Glu, Asn, Arg, and Lys). 
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The next step involved replacing His66 and Val68 in loop L2 of the active 

Gln88Xaa mutants. Previous studies on helix-bundle proteins have shown that there are 

generally few constraints on interhelical loop sequences,[234-237,241] but loop residues can 

play an important role in stabilizing a protein and determining its conformational 

specificity and oligomeric state. For example, in an earlier study on EcCM, it was 

shown that leucine at position 68, the residue corresponding to Val68 in loop L2, 

imposed severe constraints on acceptable sequence substitutions (see Chapter 1).[237] 

Another striking example is the single amino acid replacement of a proline residue 

(Pro31) in the loop of the dimeric, four-helix bundle Rop protein, which results in a 

change of the entire protein topology.[312]. Because sequence changes can alter loop 

conformation, both folding and/or catalytic activity can be influenced negatively. 

Replacement of His66 and Val68 by combinatorial mutagenesis with the polar and 

apolar amino acid subsets, respectively, yielded library L2, which was analyzed by 

selection as before. Of the 16 possible combinations introduced by combinatorial 

mutagenesis, only four yielded active enzymes (Table 4.1). 

Finally, the two residues in loop L1, Gly43 and Pro45, were targeted. Initial 

attempts to substitute the two residues (Gly43 and Pro45) in the L2 library by 

combinatorial mutagensis, offering either the polar, apolar or both sets at the two 

positions at the same time, failed. After 20 days of growth at 25 °C, no complementing 

clones were observed for any of the libraries. As an alternative, four turn residues in 

loop 1– Gly43-Ile44-Pro45-Ile46 – were simultaneously randomized. The nature of the 

genetic code did not allow us to assign a single degenerate codon that would only have 

encoded the simplified nine amino acid alphabet Ile, Leu, Met, Phe, Asp, Glu, Asn, Arg, 

and Lys. For this reason, a new degenerate codon DWS (D = A, G, T) was employed to 

construct the library that encodes Ile, Leu, Met, Phe, Asp, Glu, Asn, Arg, Lys, and 

additionally Val, Tyr plus the amber stop codon (UAG). From the 20,736 possibilities, 

only five viable amino acid combinations were found to complement the CM auxotroph. 

All active clones have an aspartate at position 45 and hydrophobic, aliphatic residues at 

position 44 and 46. Polar residues are preferred at position 45, but this residue can be 

neutral, positively or negatively charged (Table 4.1). None of the viable combinations 

had the additional amino acids (Val or Tyr) incorporated into the randomized positions. 
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Table 4.1: Library Statistics of Simplified CM Variants† 

Library Complementing Combinations 

Q88X E D N 

Loop 2 [X66, X68 ] NM KI NI  EI 

Loop 1 

[X43, X44, X45, X46] 
NMDL KMDI DMDL NMDI NIDL 

    

† Amino acids are shown in the single letter code, with the respective position given. X indicates 
positions where the respective H1/H2/H3-9 residue is replaced combinatorially with amino acids from 
the nine-letter alphabet Ile, Leu, Met, Phe, Asp, Glu, Asn, Arg, and Lys according to its polarity.  

 

 

 

 

 

4.2 Characterization 

One of the highly simplified CM variants (XS-6, Figure 4.2A) was characterized in 

detail. For biochemical studies, it was produced with a C-terminal (His)6-tag to facilitate 

purification. In vivo, the proteins with and without the (His)6-tag (XS6noH) behave 

identically (Figure 4.2B), indicating that the tag does not affect the properties of the 

protein. Apparently, a fully functional enzyme can be constructed from less than half of 

the proteinogenic amino acids. The growth rate of the XS-6 CM variants, however, is 

lowered compared to the wild-type enzymes from M. jannaschii and E. coli. The less 

efficient complementation of the CM auxotroph by the highly simplified CM XS-6 

maybe due to its slightly altered active site with the position 88 active site residue Gln 

replaced with Glu. 
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Figure 4.2 

Characterization of XS-6. (A) Amino acid sequence of XS-6 with nonpolar residues shown in light grey, 
polar residues in dark grey, and introduced mutations in black italics; numbering according to EcCM. (B) 
The ability of XS-6 and XS6 without C-terminal six-histidine tag (XS6noH) to complement the CM 
deficiency of KA12/pKIMP-UAUC cells was evaluated by streaking the clones on minimal medium 
(M9c) either supplemented with Tyr and Phe (left) or deficient (right). As positive controls EcCM and 
MjCM' were included, while the vector acted as negative control. 

 

 

 

The (His)6-tagged variant was produced in the CM-deficient strain KA13[228] 

and purified by affinity chromatography on a Ni2+-column, typically yielding 1 mg of 

soluble protein from 1L liquid culture. The quarternary structure of this enzyme was 

analyzed by gel filtration chromatography (Figure 4.3) and indicates that the simplified 

protein folds as a homodimer like MjCM' and EcCM.[221] Furthermore, its CD spectrum 

is essentially identical to that of MjCM', showing that it is a highly helical protein, as 

anticipated by design (Figure 4.4). The slight decrease in helicity observed in the 

presence of 1 mM Bartlett transition state analog inhibitor[190] is within the experimental 

error. 
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Figure 4.3 

Variant XS-6 was analyzed on a calibrated Superose 12 (HR 10/30) size exclusion column (Pharmacia) 
at pH 7.5. Because the protein lacks suitable chromophores, it was not possible to monitor the eluent by 
UV-spectroscopy at 280 nm. Instead, individual fractions were screened for catalytic activity using the 
standard CM assay.[221] Active fractions were collected for additional characterization. Calibration of the 
column with known protein standards enabled assignment of the oligomerization state. 

 

 

 
Figure 4.4 

Circular dichroism spectra of XS-6 (black) and XS-6 in the presence of 1 mM transition state analog 
inhibitor (TSA [190], light colored). Spectra were obtained at 25 °C with a protein concentration of 4 µM 
at pH 5 in 20 mM sodium acetate, 0.1 M sodium chloride. The pronounced minima at 208 and 222 nm 
are indicative of α-helical proteins.[252,254] The slightly shifted baseline and the differences in helicity are 
due to different basis spectra of the buffer in presence and absence of the transition state analog inhibitor 
and are within the experimental error. 
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The free energy of unfolding, ∆GU (H2O), was determined by equilibrium 

unfolding experiments using GdmCl as the denaturant. Unfolding was followed by 

circular dichroism spectroscopy at 222 nm  (Figure 4.5A). Fluorescence spectroscopy 

could not be used as a probe for tertiary structure due to the lack of fluorophores in the 

amino acid sequence of XS-6. The same two-state model that has been used to analyze 

the unfolding of the dimeric wild-type enzymes,[221] was assumed for XS-6 (eq. 4.1). 

  N2 2U  (4.1) 

where N2 is the native dimer and U is the unfolded monomer. Pre- and post-transition 

regions were fit to straight lines and the fraction of unfolded protein, fU, was calculated 

as described.[256] Given this scheme, the equilibrium constant for the unfolding reaction, 

KU, can be calculated by 

  [ ] [ ] ( )[ ]Uf/fP/K −== 12 22

U2U tNU  (4.2) 

where Pt is the total concentration of the polypeptide.[250]. The free energy of unfolding, 

∆GU, was then calculated at each concentration of denaturant using equation 4.3 

  ∆GU = – RT ln(KU) (4.3) 

Plotting ∆GU as a function of the denaturant concentration, resulted in a straight 

line (Figure 4.5 inset), consistent with the findings with many proteins.[250,256] To 

estimate the conformational stability at zero denaturant concentration, ∆GU(H2O), it is 

assumed that the transition region data can be extrapolated linearly. To that end, ∆GU is 

expressed as a linear function of the denaturant concentration: 

  ∆GU =  ∆GU (H2O) – mx  (4.4) 

where x is the concentration of denaturant and m is the slope of the line. 

By combining equations 4.2 to 4.4, fU can be expressed as a function of m, x, 

and ∆GU(H2O) as shown in equation 4.5: 

 
( )[ ] ( )[ ] ( )[ ]

t

RT/OHGmx
t

RT/OHGmxRT/OHGmx

U P
ePee

f
UUU

4
8 222 22 ∆−∆−∆− ++−

=  (4.5) 



 
 

 

111 

The obtained ∆GU(H2O) value of 9.3 kcal mol-1 for XS-6 at 1 µM compares well 

with the ∆GU(H2O) values of 13.2 kcal mol-1 and 8.4 kcal mol-1 for MjCM’ and EcCM, 

respectively. Variant XS-6 also undergoes a reversible cooperative transition from 

folded to unfolded states upon thermal denaturation (Figure 4.5B), with the midpoint of 

the unfolding transition (Tm) at ~58 °C (for comparison, Tm = 88 °C and 63 °C for 

MjCM’ and EcCM, respectively[221]). However, the degree of cooperativity of the heat 

induced unfolding is weak, suggesting that the tertiary structure of the protein may not 

be native-like but rather resemble a molten globule. Molten globules typically have a 

significant amount of secondary structure that folds relatively compactly. These proteins 

are only marginally larger than native proteins (10 to 30%). However, the hydrophobic 

core is often loosely packed and exhibits limited tertiary interactions.[41] 

 

 

 

 
 

 

Figure 4.5 

Unfolding experiments with XS-6 at pH 7.5 and 1 µM protein concentration. (A) GdmCl induced 
denaturation of XS-6 (black) and XS-6 with 1mM transition state analog inhibitor (TSA) added. The 
inset shows the free energy, ∆G, as a function of the denaturant concentration (m = 3.5 kcal mol-1 M-1). 
(B) The weakly cooperative thermal unfolding of XS-6 and in the presence of TSA. 
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Preliminary results from one-dimensional NMR experiments with XS-6 support 

the assumption that the protein adopts a molten globule state in solution. For example, 

the proton signals in the amide region are not well dispersed, consistent with the notion 

that multiple rapidly interconverting conformational states are accessible. The flexibility 

of the protein is presumably exacerbated by the fact that the polar active sites are 

located on the interior of the protein. In an attempt to fill these cavities and thereby 

tighten up the structure, the NMR spectrum of the protein was also recorded in the 

presence of 0.5 mM transition state inhibitor analog[190] (Figure 4.6, bottom). Under 

these conditions, the active site should be completely occupied (see below). As shown 

in Figure 4.6, the dispersion of the signals in both the alpha carbon (Figure 4.6, right 

panel) and the amide region (Figure 4.6, left panel) is essentially similar without (Figure 

4.6, top) and in the presence of the ligand (Figure 4.6, bottom). Likewise spectra were 

obtained when the experiments were carried out at pH 5 (data not shown) indicating that 

the stability of the protein scaffold is independent of pH in the range of pH 5–7.5. But 

individual peaks sharpen up with the transition state analog inhibitor added (Figure 4.6, 

bottom) suggesting that ligand binding induces increased order in the proteins three-

dimensional structure. In contrast, the addition of transition state analog inhibitor 

(>1mM) has essentially no influence on the secondary structure or the free energy of 

unfolding, ∆GU(H2O), as shown in Figures 4.4 and 4.5. More detailed studies at higher 

inhibitor concentrations will be needed to confirm the observations of these initial NMR 

experiments. In addition, hydrophobic dye binding experiments (e.g., with 1-anilino-8-

naphthalenesulfonate) with XS-6 and natural MjCM' should provide useful information 

about the packing of the hydrophobic core.  
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Figure 4.6 

One dimensional 1H-NMR spectra of XS-6 (top) and XS-6 in the presence of 0.5 mM transition state 
analog inhibitor (bottom) are shown. Spectra were recorded in 90%PBS/10%D2O, pH 7, RT. The left 
part shows the amide proton region, the right the upfield portion of the aliphatic region. The 1H chemical 
shift is referenced to H2O at 4.7 ppm.  

 

 

 

 

As expected by its ability to complement the CM defect in vivo, XS-6 catalyzes 

the rearrangement of chorismate to prephenate and shows saturation kinetics (Figure 

4.7A). Its activity is pH-dependent with a maximum at pH 5 (Figure 4.7B). The pH-

dependence presumably results from the Gln88Glu replacement in the active site. 

Because the amide side-chain of glutamine 88 acts as a hydrogen-bond donor to the 

transition state during the chorismate rearrangement, the Glu88 mutant can only provide 

such an interaction in its protonated form. Similar pH dependence has been observed for 

the yeast CM,[215] which has a glutamate at the analogous position in its active site, and 

for the Gln88Glu mutant of EcCM[213]. 
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Figure 4.7 

Catalytic properties of XS-6. (A) Michaelis Menten plot of XS-6 at pH5 showing the reaction velocity v 
as a function of the substrate (chorismate) concentration. (B) Enzyme activity of XS-6 as a function of 
pH with the pH optimum ≤pH5 (protein concentration = 400 nM, chorismate at 200 µM). (C) Inhibition 
of XS-6. The data were fitted as described in Chapter 6. 

 

 

 

The steady state parameters of XS-6 obtained at pH 5 are summarized in Table 

4.2. The kcat value is 4-fold lower and the Km value is 13-fold higher than those for 

MjCM'. These results are in line with both the observed less effective genetic 

complementation of XS-6 than MjCM' and the structural perturbations suggested by the 

weak cooperativity that is evident in the thermal unfolding process. The following 

model provides a possible explanation for these observations: 

 

  EMG [ES] E + P
S

 (4.6) 
 

where MG is the molten globule form of the protein, E is the native form of the enzyme, 

S is the substrate, and P is the product. The molten globule has to adopt the native 

structure before the reaction can be catalyzed and this structural change may be induced 

by binding of the ligand. Several examples of domains that are unstructured in solution 

but which become structured upon binding to the target have been reported.[313] For 

example, the yeast ribosomal protein YP2β is known to display all of the characteristics 

of a molten globule in the absence of its RNA ligand.[314]. The addition of transition 

state analog inhibitor[190] under the same assay conditions inhibited the reaction with an 
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apparent inhibition constant (Ki) of 10 ± 1.1 µM (Figure 4.7C).[315] This suggests that 

the inhibitor binds approximately 82-fold more effectively than chorismate. For 

comparison, EcCM binds the transition state analog inhibitor 100-fold tighter than its 

substrate.[213] Despite these obvious differences, the nine amino acid CM described here 

recapitulates key biophysical and functional properties of its natural counterparts. 

 

 

 

Table 4.2: Kinetic Parameters of CM Variants  

CM Variant 
kcat 

(s-1) 

Km 

(µM) 

kcat /Km 

(M-1s-1) 

Ki 

(µM) 

% Identity to 

MjCM’ 

EcCM* 14 270 5.2 × 104 4 32 

MjCM’* 3.6 62 5.8 × 104 0.1 100 

H1/H2/H3-9* - >3500 43 - 48 

XS-6† 0.9 820 1100 10 40 

*Kinetic parameters were determined at pH 7.5, 20oC in PBS buffer 
†Kinetic parameters collected at pH 5, 20oC in acetate buffer (20 mM sodium acetate, 0.1 M NaCl) 
 

 

 

 

4.3 Perspectives 

Protein XS-6, which is comprised of only nine different amino acids, is fully functional 

in vivo, capable of replacing a natural enzyme and performing its normal metabolic role. 

This study thus demonstrates the feasibility of creating enzymes from a dramatically 

reduced subset of building blocks. It supports suggestions that modern enzymes could 

indeed have evolved prebiotically from polypeptides consisting of a small number 

unique amino acids.[39,271,297,301,302] 
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The finding that the reduced palette of amino acids used in this study – Ile, Leu, 

Met, Phe, Asp, Glu, Asn, Arg, and Lys – is sufficient to form a catalytically active, 

complex structure is striking. Small (Ala, Cys, Gly), hydroxylated (Ser, Thr), and 

sterically constrained (Pro) residues were not required to build the AroQ helical bundle 

structure, although they occur frequently in AroQ proteins[221]. Some of these residues, 

especially Ala, Gly, Pro and Ser, are prone to form particular secondary structures such 

as helices (Ala) and turns (Gly, Pro and Ser).[41,316,317] Because of these tendencies it has 

been previously argued[304,306] and experimentally supported[302,309] alanine and glycine 

to be almost indispensable building blocks for a markedly reduced alphabet. The results 

presented in this study show that these two residues (Ala, Gly) are not essential. It is 

possible that the elimination of glycine was only feasible because asparagine was 

included in the utilized alphabet, which has similar helix breaking properties as 

glycine.[41,318] However, the turn residue Gly44, although preferentially replaced with 

asparagine, could also be substituted with other residues (Table 4.1). Moreover, it is 

likely that the employed set of nine amino acids is only useful for the construction of 

helical bundle structures like the one generated here, as suggested from studies that 

investigated the relative secondary structure propensities of the proteinogenic amino 

acids in different model systems (e.g., barnase, T4-lysozyme, coiled-coil, and various 

peptides).[316-319] According to these studies, five of the nine library residues prefer 

helical conformations (Leu, Met, Glu, Arg, Lys), two are essentially neutral (Ile, Phe), 

and two (Asn, Asp) strongly prefer reverse turn conformations.[316,317] 

In general, helical bundle proteins seem to be more amenable to simplification 

than β-sheets. There are presumably fewer constraints on the sequence of helices than 

on that of β-sheets due to the differences in their hydrogen bonding patterns and specific 

side chain interactions. A recently reported attempt to reverse engineer the (β/α)8 barrel 

fold by encoding all secondary structure units with the seven residue alphabet Ile, Leu, 

Phe, Val, Glu, Gln, and Lys illustrates these differences in striking fashion (see Chapter 

3).[280] While residues in the helices could be readily substituted, the β-sheet-core turned 

out to be highly intolerant to mutation. Four sites in that core could not be mutated at 

all, even as isolated single mutants, indicating that specific sidechain interactions and 

local volume constraints play an important role for the β-sheet formation. 
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The most successful de novo design projects thus far have focused on four-helix 

bundle proteins using relatively simple hierarchical approaches. However, most of the 

helical structures constructed from severely limited sets of amino acids fold as molten 

globules.[267,310,320-322] For example, the dimeric four-helix bundle, α2B, produced by 

DeGrado and coworkers,[320] was built from the six letter alphabet Leu, Gly, Pro, Glu, 

Arg, Lys and adopted a stable molten globule-like conformation.[323] The peptide 

consisted of 35 residues, which formed a pair of identical helices that was connected by 

a five-residue interhelical turn. The helices were only comprised of Leu, Glu, and Lys. 

The molten globule character of α2B is presumably a result of the nature of the helices, 

because with identical helices all six different, interconvertible topologies that exist for 

dimeric, four-helix bundles are basically energetically degenerate and therefore equally 

formed.[267] In the next generation design, the sequence diversity of the helices was 

increased by replacing half of the Leu residues within the core of the protein with 

aromatic (Phe, Trp) and more conformationally constrained β-branched (Ile, Val) amino 

acids. The resulting peptide α2C, however, still showed characteristics of a molten 

globule conformation.[324] By exchanging three more residues, α2D was obtained that 

adopts a fully native structure.[325,326] Interestingly, α2D is based on an eleven-letter 

alphabet (Ile, Leu, Phe, Trp, Val, Gly, Pro, His, Glu, Arg, and Lys) and is 

thermodynamically less stable than α2B. The three-dimensional structure of α2D reveals 

that many specific interactions that are distributed over the entire protein and geometric 

complementarity in the packing of the hydrophobic core play an important role for 

obtaining a uniquely folded structure.[326,327] Specifically, the replacement of an apolar 

Leu with a hydrophilic Glu at the solvent-exposed position 7 in α2D disfavors all 

alternative topologies,[328] while an antiparallel leucine zipper and a hydrogen-bonded 

cluster of buried histidine residues are essential for stabilizing the native, dimeric 

bundle.[329] The additional aromatic residues placed at the helix interfaces enable better 

packing between the secondary structural elements.[267,326] These studies suggest that 

there may exist a minimum requirement for sequence diversity in order to obtain a 

native-like folded protein. 

What is the minimum number of amino acids needed to construct a functional 

enzyme? It may be possible to attain AroQ mutants with even fewer than nine amino 

acids by removing some of the redundancy from the existing palette (i.e., Asp and Glu, 
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and Ile and Leu may be synonymous). However, further reduction may be difficult, if 

the ensuing loss of conformational specificity resulted in less exact placement of the 

catalytic residues in the active site. We might similarly enquire as to what the optimal 

composition of such a minimal set of building blocks might be. We chose an arbitrary 

set based on the consideration that we wanted to encode the two sets from only two 

different degenerate oligonucleotides. The five-amino acid set Ala, Ile, Gly, Glu, Lys, 

for example, or another combination of residues[303,304,309] may have advantages that 

allow further reduction in complexity without loss of selectivity. 

The design of functional proteins has remained an unrealized dream, in large 

part because the conformational space of natural proteins composed of 20 amino acids 

is enormous and computationally inaccessible. Recent efforts to design stable scaffolds 

from reduced amino acid palettes, which have fewer rotamers to consider 

computationally, have shown significant progress.[232,265-267] The success of our study to 

create a catalytically active protein constructed from only nine different amino acids 

suggests that the de novo design of proteins with tailored enzymatic activities may 

similarly be feasible. Our results provide evidence that dramatically minimized proteins, 

in addition to forming stable structures, can also be endowed with sophisticated 

function. 
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5 Conclusions 

The essential prerequisite for a biomacromolecule to serve as a catalyst is that it can 

adopt a unique and well-defined three-dimensional structure harboring an active site 

that enables substrate binding and stabilization of the transition state of the catalyzed 

reaction. However, the design of such functional molecules is not trivial. Protein design 

in nature relies entirely on the mechanism of Darwinian evolution. This very powerful 

design strategy has generated any of the proteins in living organisms that orchestrate 

life. As the work presented in this thesis demonstrates, evolutionary processes can also 

be successfully exploited in the laboratory to improve the properties of existing 

enzymes or to create new ones. 

Laboratory evolution strategies can be applied to a wide variety of design 

problems with a significant possibility of success. Unlike natural evolution, laboratory 

evolution is directed from the experimenter and thus selective pressures not encountered 

in nature can be applied. Since the molecules are produced in recombinant cells or 

entirely in vitro, generation times are fast and adaptation to the environment and 

optimization of molecular properties can be observed within weeks or months. As 

shown in Chapter 1, CMs with significantly improved catalytic activity were obtained 

after only two rounds of mutagenesis and selection. This improvement was presumably 

the result of increased protein stability. Moreover, the most active of the evolved 

variants has presumably a different topology. Since this variant differs only by three 

mutations from the parent enzyme that are widely dispersed in the sequence and distant 

from the active site it would have been difficult to predict the changes, even if a detailed 

structure would have been available. This clearly demonstrates the advantage, perhaps 

the most important, of evolutionary design that it does not require a detailed 

understanding of structure and mechanism to identify favorable alterations. These 

identified positions can be further optimized by techniques such as saturation- or site-

directed mutagenesis to optimize the properties of the target enzyme. Moreover, 

evolutionary strategies allow multiple traits to be optimized simultaneously by changing 

the selection conditions. 

The results of this thesis exemplify that genetic selection is not only useful for 

improving the properties of a protein, but can also be applied to probe the basis of 
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protein structure, stability, and function. Selection of large mutant libraries in the 

laboratory provides the possibility to explore sequence space under defined conditions. 

All solutions that meet the defined requirements will surface in the selection step, 

including extremely rare ones. Exploring sequence space also promises to bring up 

proteins with new unanticipated functions, since the enzymes isolated and characterized 

to date certainly represent only a tiny fraction of biological function. Furthermore, in 

vitro methodologies allow sequence space to be searched directly free from any 

constraints of function within a living organism. However, there are limitations to this 

approach. Perhaps the most important is that most of sequence space is devoid of 

function and hence it is likely that a mutant sequence will lie in this area of space and 

therefore has no features to follow, making selection and evolution impossible. 

Additionally, it will be difficult, if not impossible, to evolve surprising new functions 

from a given sequence, because there are islands of function in sequence space that are 

not connected through mutagenesis alone. To search sequence space more effectively, 

we will need new methods for creating and searching libraries many orders of 

magnitude larger than the ones we work with now. Obviously, the most emphasis has to 

be put on the development of more versatile high-throughput screening and selection 

systems that permit the efficient search for every desired function. The detailed 

characterization of evolved mutants in combination with high-resolution structural 

studies of these evolved protein variants can help us to decipher the information 

encrypted within a protein sequence by highlighting how novel function is created 

through structural changes. A more thorough understanding of the complex interplay 

between the amino acid constituents of a sequence will also help to refine the empirical 

rules of rational protein design. 

The rules for producing native-like protein structures may be far simpler than is 

suggested by the complexity of the natural 20 amino acid code. Indeed, the 

investigations presented in chapters 3 and 4 show that complex enzymes can be 

generated from a very limited set of different building blocks. The exacting structural 

requirements of enzyme catalysis that were imposed on the variants by genetic selection 

could be met by a set of amino acids that included less than half of the natural building 

blocks. Since the most relevant structural demands are those imposed by function, one 

might speculate that any biological function can be realized from a substantially reduced 
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set of amino acids. However, it is likely that the required residue diversity differs 

significantly for individual functions or structures. Both possibilities could be tested 

experimentally by employing the chorismate mutase selection system. For example, the 

chorismate mutase from B. subtilis, which adopts a pseudo α/β-barrel structure (Section 

1.4), may be an ideal starting point to test the versatility of the 9 amino acid alphabet 

that was sufficient to form active helical bundle CMs (Chapter 4). Alternatively, one 

might try to graft CM activity onto a helical-bundle scaffold formed from a different 

simplified set of amino acids, such as the rationally designed proteins α4
[321] or 

'Felix'.[322] The demonstration of such proteins should also facilitate de novo protein 

design efforts by indicating the minimal sequence diversity required to encode 

functional proteins. These studies should also aid to remove the redundancy from 

naturally occurring sequences, and to clarify the major connections between sequence, 

structure and function. Once this is achieved, it may be only a small step for a truly 

general and rational way to create proteins at will from the individual amino acids, 

comparable to the way one can build mechanical structures with a set of Legos. 

Structure-based computational methods already allow the design of simple 

uniquely packed structures. However, to endow these structures with function remains 

in large part elusive. The use of combinatorial methods might offer a way to endow 

these scaffolds with functionality. Thus, a marriage between rational and evolutionary 

design promises to be most fruitful for the creation of novel proteins. In the future, the 

design of proteins with tailored properties for applications in medicine and biocatalysis 

may become reality. 
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6 Materials and Methods 

6.1 Strains and Plasmids 

6.1.1 E. coli Strains 

XL1-Blue (Stratagene) was used for general cloning and amplification purposes where 

the absence of the wt pheA gene encoding chorismate mutase was not required. The 

genotype of XL1-Blue is as follows: F'::Tn10 (Tetr), proA+B+, lacIq ∆(lacZ), recA, 

endA1, gyrA96 (nalr), thi, hsdR17(rK
-mK

+), supE44, relA1, lac. 

For all genetic complementation experiments, as well as for cloning requiring 

the absence of the wt CM gene, KA12/pKIMP-UAUC or KA12 E. coli strains [204,205] 

were used. KA12 is a derivative of strain YMC9 with the following genotype:  F–, λ–, 

∆(srlR-recA)306::Tn10 (TetR), ∆(pheA-tyrA-aroF), thi-1, endA1, hsdR17, ∆(argF-

lac)205(U169), supE44 

The production of proteins was carried out using strain KA13 [221,228], which 

possesses a chromosomally integrated T7 expression system [330,331]. KA13 was 

constructed by integrating the λDE3 prophage into the chromosome of KA12 using the 

λDE3 Lysogenization Kit from Novagen. Its genotype is:  F–, λ–, 

∆(srlR-recA)306::Tn10 (TetR), ∆(pheA-tyrA-aroF), thi-1, endA1, hsdR17, ∆(argF-

lac)205(U169), supE44, λ (DE3) [(UV5 Plac expressed) T7-RNA-pol, imm21, ∆nin5, 

Sam7 (int–)]. 

 

 

6.1.2 Plasmids 

Plasmid pKIMP-UAUC [204], which restores the deleted prephenate dehydrogenase and 

prephenate dehydratase activities encoded by the bifunctional tyrA and pheA CM genes, 

was used in the selection experiments. 

For production of mutant proteins, the NdeI-XhoI fragments of the relevant 

genes were subcloned into the NdeI-XhoI fragment of the T7-promoter vector pET-22b-
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pATCH [228]. The pET-pATCH variant of MjCM' [221], a 3'-truncated version of MjCM, 

was used to insert appropriate restriction sites for the cloning of binary patterned MjCM' 

gene fragments (see 6.2.4). For the amplification of the gene encoding the hexameric 

EcCM-L5, plasmid pET-EcCM-L5-1 [249] was utilized. 

In order to compare the complementation of shuffled variants of EcCM L5 with 

the wild-type enzyme, plasmids pKECMT-W [237] or pKECMB-W [237] were used; these 

possess a 3'-truncated version of pheA encoding the monofunctional CM domain, which 

is constitutively expressed by the relatively strong trc promoter or the 20-fold less 

efficient bla promoter [332], respectively. To assess the growth rates of randomized 

MjCM' variants, the corresponding plasmids pKMCMT-W [221] and pKMCMB-W [221], 

encoding the monofunctional CM from M. jannaschii, were used. 

To eliminate wild-type background contamination in the selection assays due to 

religated cloning vectors, shuffled gene products were introduced into plasmid 

pKECMB-S2 [249] or pKMjCMB-λ (see below). Both vectors carry a "stuffer DNA" 

fragment that destroys the function of the CM gene. The growth of cells harboring 

either one of the two religated vectors is thus prevented under selection conditions. 

Vectors pKMCMT-λ and pKMCMT-λ2, which are described in detail below, are 

derivatives of the trc-promoter expression plasmid pKMCMT-W [221] with the H1 helix 

and the H2/L2/H3 portion of MjCM' replaced with fragments from phage λ, 

respectively. Both plasmids were used to assess the catalytic activity of partially 

randomized CM variants. Plasmid pKT-λ3, in which the entire MjCM' gene is replaced 

with fragments of phage λ, was employed for the cloning and subsequent selection of 

binary patterned CM variants and is also described in detail below. 

 

 

6.2 Oligonucleotides 

Oligonucleotides employed in gene synthesis or library construction were synthesized 

and purified by Microsynth, Balgach, Switzerland. Primers up to 40 bp were obtained 

desalted, while larger single stranded DNA sequences were additionally purified by 

polyacrylamide gel electrophoresis. 
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The lyophilized DNA was resuspended with sterile water to a final concentration 

of 1 nmol/µl, heated at 65 °C for 5 min, thoroughly shaken and again heated at 65 °C for 

3 min, then stored at -80 °C. The usual working concentration of the oligonucleotides 

was 10 pmol/µl. Oligonucleotides are shown below in the 5' to 3' direction with either 

restriction sites or mutagenic codons underlined. 

For the generation of degenerate codons the following equimolar mixtures of 

bases were employed:  B = C, G, or T; D = A, G, T; H = A, C, T; K = G, T; M = A, C; 

R = A, G; S = C, G; V = A, G, or C; W = A, T; Y = C, T. 

The following degenerate codons were used in order to randomize specific 

positions in a target gene sequence with defined subsets of amino acids. The sense 

codon RAS encodes the amino acids Asn, Asp, Glu and Lys in a equimolar ratio 

(1:1:1:1). The corresponding codon YTS was employed when the respective 

oligonucleotide encoded the nonsense strand. Codon RAV is an equivalent to RAS, but 

encodes Asn, Asp, Glu and Lys in a 1:1:2:2 ratio. The corresponding nonsense codon to 

RAV is BTY. Hydrophobic amino acids Phe, Ile, Leu and Met are constituted from the 

sense codon HTS in a ratio of 1:1:3:1, with its corresponding nonsense codon SAD. An 

equimolar ratio of Phe, Ile, Leu and Met can be obtained with the sense codon WTS, 

and its nonsense counterpart WAS. The codon DWS encodes Phe, Ile, Leu, Met, Val, 

Tyr, Asn, Asp, Glu, Lys and the amber stop codon in an equimolar ratio (except for Val, 

which is doubly encoded) in the sense direction, while HWS is the corresponding 

nonsense codon. 

 

 

6.2.1 Oligonucleotides for L5 Shuffling and pET Variants 

01pETL5S: 25 base oligonucleotide priming pET constructs on the nonsense strand 

past the XhoI site; utilized for PCR amplifications and sequencing 

5'- GTTTAACTTTAAGAAGGAGATATAC 
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02pETL5S: 25 base oligonucleotide priming pET constructs upstream of the NdeI 

site on the sense strand, containing a Ribosome binding site (RBS), for 

the PCR amplification and sequencing of pET constructs 

5'- GTTTAACTTTAAGAAGGAGATATAC 

 
03pETRBS: 25 base oligonucleotide (analogous to 02pETL5S) for L5 shuffling 

project with mutated RBS, to reduce the background level of false 

positives in the selection 

5'- GTTTAACTTTAAGATGCAGATATAC 

 

 

6.2.2 Oligonucleotides Specific for MjCM' 

05pETMjH3: 23 base nonsense oligonucleotide for site-directed mutagenesis of pET-

MjCM' to introduce a HindIII restriction site into Helix 1 by silent 

mutation of Lys21 and Leu22 

5'- ATTTCTTTCAGCAATAAGCTTAA 

 

06pETMjH3: 23 base reverse complement sene oligonucleotide reverse complement to 

05pET-MjH3 

5'- AGATACTTAAGCTTATTGCTGAA 

 

01pETMjBH1: 26 base sense oligonucleotide for site-directed mutagenesis of pET-

MjCM' to introduce a BamHI restriction site into loop L1 by silent 

mutation of Gly41 and Leu42 

5'- AAAAATCAGCTTGGGATCCCTATTAA 

 

02pETMjBH1: 24 base reverse complement nonsense oligonucleotide of 01pETMjBH1 

5'- GGTCGTTAATAGGGATCCCAAGCT 
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01pETMjER1: 26 base sense oligonucleotide for site-directed mutagenesis of pET-

MjCM' to introduce an EcoRI restriction site into loop L1 by silent 

mutation of Gly41 and Leu42 

5'- AAAAATCAGCTTGGAATTCCTATTAA 

 

02pETMjER1: 23 base reverse complement nonsense oligonucleotide of 01pETMjER1 

5'- GGTCGTTAATAGGAATTCCAAGC 

 

 

6.2.3 Oligonucleotides for Randomized Binary Pattern Modules 

RPH1CS-01: 99 base sense oligonucleotide for the construction of the H1 library, with 

the HindIII restriction sites underlined 

5'- TATGGGAGATGGATACATATGHTSRAVRAVHTSHTSRAVHTSCGT-

RAVRAVHTSRAVRAVHTSRAVRAVRAVHTSHTSAAGCTTCGCCTG-

CCCAAGCTT 

 

RPH1NS-02: 97 base nonsense oligonucleotide for the construction of the H1 library, 

with the HindIII and EcoRI restriction sites underlined 

5'- AAATCGTTGGAATAGGAATTCCSADBTYBTYCTTSADBTYSADSA-

DBTYBTYSADSADBTYBTYACGBTYSADSADAAGCTTGGGCAGGC-

GAAGCTT 

 

RPH2CS-03: 81 base sense oligonucleotide for the construction of the H2/H3 library, 

with the EcoRI restriction site underlined 

5'- GGAATTCCGATCAACGACHTSRAVCGTGAARAVHTSHTSHTS-

RAVRAVHTSRAVRAVHTSHTSRAVGAGCACAACGTCGAC 
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RPH3NS-04: 108 base nonsense oligonucleotide for the construction of the H2/H3 

library with XhoI site underlined 

5'- GGTGCCGCTCGAGBTYBTYBTYSADSADBTYBTYCTGSADSADBTYB-

TYBTYBTYSADSADSADBTYSADSADBTYSADSADSADBTYBTYGTC-

GACGTTGTGCTC 

 

RPH1A1: 20 base nonsense oligonucleotide for the PCR amplification of the H1 

random module 

5'- CAACGTTATGTTCTTTACAA 

 

RPH2H3A1: 23 base sense oligonucleotide for the PCR amplification of the 

H2/L2/H3 random module 

5'- TTGATGAGATTGACAATAAGATA 

 

RPH2H3A2: 23 base nonsense oligonucleotide corresponding to RPH2H3A1 

5'- CAACTGTTGGGAAGGGCGAT 

 

 

6.2.4 Oligonucleotides Specific for H1/H2/H3-9 

Oligonucleotides starting with 01 prime in sense direction, whereas 02 denotes the 

corresponding reverse complement of each primer pair. 

 

01KW9RQX: 21 base sense oligonucleotide for the site directed mutagenesis of Gln88 

in H1/H2/H3-9 and variants derived from it 

5'- ACAAAATGATCRAMAAAGAAA 

 

02KW9RQX: 20 base nonsense oligonucleotide corresponding to 01KW9RQX 

5'- AGCATTTCTTTKTYGATCAT 
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01KW9L2X: 36 base oligonucleotide for the combinatorial mutagenesis of His66 and 

Val68 in loop L2 of H1/H2/H3-9, and variants derived from it 

5'- CTTCAAGGAGRASAACWTSGACGAAGACCTCTTCAT 

 

02KW9L2X: 36 base nonsense oligonucleotide corresponding to 01KW9L2X 

5'- GAGGTCTTCGTCSAWGTTSTYCTCCTTGAAGAACTT 

 

01KW9L1X4: 58 base oligonucleotide for the combinatorial mutagenesis of four 

residues (Gly43/Ile44/Pro45/Ile46) in loop L1 in H1/H2/H3-9 and 

variants derived from it 

5'- CTTCAAACTCAAGAAAGAACTGDWSDWSDWSDWSAACGACTTC-

GACCGTG-AAGAGTT 

 

02KW9L1X4: 57 base nonsense oligonucleotide corresponding to 01KW9L1X4 

5'- AACTCTTCACGGTCGAAGTCGTTSWHSWHSWHSWHCAGTTCTTT-

CTTGAG-TTTGAA 

 

XS6noH: 42 base oligonucleotide used for the removal of the (His)6-tag in 

H1/H2/H3-9 and variants derived from it 

5'- GACTAGTCTCGAGTCATTATTATTCTTTTTTGAGCATTTCTT 
 
 

6.2.5 Oligonucleotides Specific for trc or bla Promoter Vectors 

KCMBU1: 18 base sense oligonucleotide for the PCR amplification of gene 

sequences in trc-promoter vectors 

5'- CTGGCCTTTTGCTCACAT 

 



 
 

 

129 

sspREX03: 21 base sense oligonucleotide (primes 60 bases upstream of the NdeI site 

in trc promoter constructs) for sequencing and PCR amplification of 

genes in trc-promoter vectors 

5'- CATCCGGCTCGTATAATGTGT 

 

TMUTN: 19 base nonsense oligonucleotide (primes at the SpeI site) for 

sequencing from the His6-tag and as outside primer for cloning purposes 

5'- ATCAAGCGGCCGCACTAGT 

 

 

6.3 Buffers, Media and Solutions 

All buffers, media and solutions were prepared with ultrapure water (u.p. H2O, 

Millipore filtered) and sterilized either by autoclaving or sterile filtration. Where 

indicated, the pH was adjusted as described. 

 
Mg/SDS Lysis Buffer[333] 10 ml 

2-Mercaptoethanol 0.5 ml 
Bromphenol Blue 1.0 mg 
Glycerol (87%) 1.2 ml 
MgCl2 (1M) 1.0 ml 
SDS (sodium dodecyl sulfate) 0.4 g 
Tris-HCl, pH 6.8 (100mM) 8.3 ml 
 

PBS (pH 7.5, 10x) 1  L 

NaCl 80.0 g 
KCl 2.0 g 
Na2HPO4 2H2O 18.0 g 
KH2PO4 2.4 g 
adjust pH with HCl 
 

TBE (10x) 1  L 

Tris-Base 109.0 g 
Boric Acid 55.0 g 
Na2EDTA 9.3 g 
 



 
 

 

130 

Agarose Gel Loading Buffer (10x) 10 ml 

Bromphenol Blue 3.0  mg 
Glycerol (87%) 4.6  ml 
EDTA (0.5 M, pH 8) 2.0 ml 
 

Tris-HCl (1 M, pH 8) 250  ml 

Tris-HCl 22.2 g 
Tris-Base 12.7 g 
 

EDTA (0.5 M, pH 8.0) 250 ml 

Na2EDTA (ethylene diaminetetraacetate) 46.5 g 
adjust pH with NaOH 
 

TE Buffer  50 ml 

EDTA (0.5 M, pH 8) 0.1 ml 
Tris-HCl (1 M, pH 8.0) 0.5 ml 
 

K-phosphate (1 M, pH 7.5) 1 L 

KH2PO4 24.9 g 
K2HPO4 142.3 g 
 

CaCl  2 (100 mM) 100 ml 

CaCl2 × 2 H2O 1.5 g 
 

DNaseI Buffer (10x) 10 ml 

Tris-HCl (1 M, pH 7.4) 500 µl 
MgCl2 (1M) 10.0 µl 
 

KOH (1 M)  100 ml 

KOH 5.6 g 
 

NaOH (1 M) 100 ml 

NaOH 20.0 g 
 

20% (w/v) Glucose 100 ml 

D-(+)-Glucose 20.0 g 
 

MgSO  4 (1 M) 100 ml 

MgSO4 x 7 H2O 24.7 g 
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MgCl  2 (1M) 100 ml 

MgCl2 × 2 H2O 20.3 g 
 

Antibiotics (1000x) 10 ml 

Ampicillin sodium salt (Amp, 150 mg/ml) 1.5 g 
 
Chloramphenicol (Cam, 30 mg/ml) 0.3 g 
Ethanol 7.0 ml 
 
all antibiotics stored at –20 °C 
 

IPTG (Isopropyl ββββ-thiogalactoside, 1 M) 10 ml 

IPTG (dioxane free) 2.4 g 
stored at –20 °C 
 

Amino acids 10 ml 

L-Phenylalanine (10 mg/ml) 0.1 g 
 
L-Tyrosine (10 mg/ml) 0.1 g 
 
L-Tryptophan 0.1 g 
stored at 4 °C in the dark 
 

LB (Luria-Bertani) Medium 1 L 

Bacto Tryptone 10.0 g 
Bacto Yeast extract 5.0 g 
NaCl 10.0 g 
 
plate preparation required addition of 15 g agar; for the preparation of antibiotic-containing plates, 
antibiotics were added after autoclaving and cooling to 55 °C. 
 
 

M9 Salts (pH 7, 10x) 1 L 

Na2HPO4 60.0 g 
KH2PO4 30.0 g 
NH4Cl 10.0 g 
NaCl 5.0 g 
 

Thiamin HCl (5 mg/ml) 20 ml 

Thiamin HCl 0.1 g 
aliquotted in 1 ml portions, stored at –20 °C 
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Aro-Mix (pH 6.5, 1000x) 20 ml 

4-Hydroxy benzoic acid 100 mg 
4-Amino benzoic acid 100 mg 
2,3-Dihydroxy benzoic acid 31 mg 

 

M9c Minimal medium 1 L 

M9 Salts (10x) 100.0 ml 
20 % (w/v) Glucose 10.0 ml 
MgSO4 (1 M) 1.0 ml 
CaCl2 (100 mM) 1.0 ml 
Thiamine HCl (5 mg/ml) 1.0 ml 
Aro-Mix (1000x) 1.0 ml 
L-Tryptophan (10 mg/ml) 2.0 ml 
Amp (150 mg/ml) 0.7 ml 
Cam (30 mg/ml) 0.7 ml 
All ingredients were added to the appropriate amount of water. For M9c + Tyr/Phe medium 2.0 ml of L-
phenylalanine (10 mg/ml) and L-tyrosine (10 mg/ml) were added, respectively. Plate preparation 
required addition of 15 g agar. 
 

SOB Medium 250 ml 

Bacto-Tryptone 5.0 g 
Bacto-Yeast extract 1.25 g 
NaCl 0.15 g 
KCl 0.05 g 
autoclave, then add 
MgSO4 (1 M) 2.5 ml 
MgCl2 (1 M) 2.5 ml 
 

SOC Medium 250 ml 

Bacto-Tryptone 5.0 g 
Bacto-Yeast extract 1.25 g 
NaCl 0.15 g 
KCl 0.05 g 
autoclave, then add 
MgSO4 (1 M) 2.5 ml 
MgCl2 (1 M) 2.5 ml 
20% (w/v) Glucose 4.5 ml 
 

Acetate Buffer (pH 5, 5x) 100 ml 

Solution A (0.2 M acetic acid, 1 M NaCl)  14.8 ml 
Solution B (0.2 M Na acetate, 1 M NaCl) 35.2 ml 
H2O 50 ml 
adjust pH with NaOH or HCl 
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6.4 Chemicals and Other Materials 

Chemicals and solvents were purchased from Fisher, Fluka, Aldrich, Sigma, Bachem, 

Siegfried, J.T. Baker, Merck, Promega, Pharmacia, BioRad, Perkin Elmer (PE), and 

Difco at a quality suitable for microbiological purposes. 

Commercial kits were purchased from Genomed and Qiagen for DNA purification. 

Restriction endonucleases, T4 polynucleotide kinase, T4 DNA polymerase, Klenow 

fragment of DNA polymerase I, Mung Bean polymerase, DNaseI, and T4 DNA ligase 

were purchased from New England Biolabs (NEB), Fermentas or Roche Molecular 

Biochemicals (former Boehringer Mannheim). 

 

 

6.5 Computer Programs 

ABI Prism 310 collection version 2, Edit View version 1.0, SeqEd version 1.0.3, 
Sequencing Analyzer version 3.3 and UV WinLab version 2.80.03, ABI Applied 
Biosystems & Perkin Elmer, Rotkreuz LU, Switzerland 
Adobe Illustrator version 9.0, Photoshop version 6.0, Acrobat version 4.05a, Adobe 
Systems Inc., San Jose CA, USA 
Aviv CDS version 2.88, Aviv Instruments Inc., Lakewood NJ, USA 
CS ChemDraw Pro(R) version 6.0, CambridgeSoft Corp., Cambridge MA, USA 
DNA Strider version 1.1 by Christian Marck, Institut de Recherche Fondamentale-CEA, 
France  
Endnote Version 4.0, ISI ResearchSoft, Berkeley CA, USA  
Insight II version 98.0, accelrys (formerly MSI Inc.), Princeton NJ, USA 
KaleidaGraph version 3.5, Synergy Software, Reading PA, USA 
Microsoft Windows ME and Microsoft Office 2000, Microsoft Cooperation, Seattle 
WA, USA 
Paws-freeware edition for Windows by Ron Beavis, ProteoMetrics LLC, New York 
NY, USA 
Scion IMAGE version 1.59 by Wayne Rasband, National Institute of Health NIH, 
Bethesda ML, USA 
Swiss PDB Viewer version 3.6b3 by GlaxoSmithKline R&D S.A., Swiss Institute for 
Bioinformatics, Geneva, Switzerland 
tacg version 3.5.0 by Harry Mangalam, tacg Informatics, Irvine CA, USA 
Wisconsin Sequence Analysis Package version 8.0, Genetics Computer Group (GCG) 
Inc., Madison WI, USA 
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6.6 DNA Manipulations 

General nucleic acid manipulations (cloning, ligation, precipitation etc.) were carried 

out according to standard procedures.[334]  

 

6.6.1 Transformation of E. coli 

Routine transformations were performed using either the Hanahan method [119,335] or the 

"simple and efficient" method (SEM) of Inoue [336].  

For library constructions, cells were transformed by electroporation using a 

Gene Pulser II from BioRad (instrument settings according to manual) and protocols 
[119] optimized for achieving maximum transformation efficiencies. Prior to 

electroporation the plasmid DNA was purified using QIAquick Gel extraction kit 

columns, eluting with low salt buffer (1 to 10 dilution of buffer EB, Qiagen), and 

subsequently concentrated by removing solvent in vacuo using a speed vac. The 

electrocompetent cells and the library plasmid DNA were cooled on ice separately, then 

mixed by pipetting immediately before electroporation. Immediately after 

transformation, the electroporation cuvette was rinsed with 4 × 1 ml SOC medium, and 

combined transformation and washings mixture was incubated in a 15 ml Falcon tube 

for 60 min at 250 rpm, 30 °C. The size of the transformed library was quantified by 

plating appropriate dilutions of an aliquot of the recovery culture on LB plates 

supplemented with ampicillin (150 µg/ml) and chloramphenicol (30 µg/ml). The 

remainder of the library was either directly subjected to genetic selection (see section 

6.2.5 below) or amplified by growing the cells in liquid culture. Amplification of the 

transformed library was carried out in shake flasks using liquid LB broth cultures 

supplemented with 150 µg/ml ampicillin and 30 µg/ml chloramphenicol, which were 

inoculated with 1/100 or 1/1000 of their volume from the transformation mixture and 

grown to an OD600 >1 at 250 rpm, 25 to 30 °C. Then the cells were pelleted by 

centrifugation at 3000 × g for 10 min at 4 °C and the supernatant carefully removed. 

The pellet was resuspended in LB/10% glycerol (1/20 of the culture volume), aliquotted 

into 1 ml samples, rapidly frozen in liquid nitrogen, and stored at –80 °C. 
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In a typical transformation, 1 µg library DNA was transformed in 100 or 200 µl 

electrocompetent KA12/pKIMP-UAUC E. coli cells, yielding library sizes of 106-108 

members. In the case of the randomized variants the library sizes were at the low end of 

this range. In order to achieve the desired diversity, several parallel transformations 

were performed.  

 

 

6.6.2 Amplification, Characterization, Purification and Isolation of DNA 

For the isolation of plasmid DNA, LB cultures supplemented with the appropriate 

antibiotics were grown to an OD600 > 1 at 30 °C, 250 rpm. Then the cells were harvested 

by centrifugation and plasmid DNA was obtained using commercially available kits for 

plasmid extraction and purification from Qiagen or Genomed following the guidelines 

of the instruction manuals. The culture sizes varied depending on the required amount 

of plasmid DNA for the intended experimental purpose. For instance, plasmid 

preparations for sequencing reactions were performed on a five milliliter scale, while 

vector preparations for library constructions usually were done on a liter scale. The 

typical yield from a small scale (5 ml) preparation ranged between 5 and 20 µg of 

plasmid DNA, whereas from a liter culture milligrams of plasmid DNA were obtained. 

 

6.6.2.1 Restriction Digestion 

Purified DNA was digested with commercially available restriction endonucleases to 

obtain fragments for cloning experiments or to analyze the integrity of a construct. 

Typically, reactions were run with 5 U of the enzyme(s) per 1 µg DNA, for 1 to 2 h at 

the appropriate temperature in manufacturer-supplied appropriate buffer(s). If possible 

the enzymes were heat inactivated at 65 °C for 20 min before the mixture was subjected 

to agarose gel electrophoresis (see section 6.6.2.3). 
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6.6.2.2 PCR 

Polymerase chain reactions to amplify specific DNA regions from a plasmid DNA 

template were performed using AmpliTaq Gold DNA polymerase (PE Applied 

Biosystems), HotStarTaq DNA polymerase (Qiagen) or the proofreading DNA 

polymerase pfu (Stratagene). A typical reaction consisted of the following components: 

template DNA (100 ng), a pair of exogenous primers (10 pmol/ µl) corresponding to the 

template DNA, dNTPs (2 mM), DNA polymerase, DNA polymerase buffer. If 

necessary the reaction mixture was brought to a desired final volume with sterile water. 

Since the maximum volume of a single PCR tube is 50 µl, large-scale reactions were 

prepared as a master mix, which was subsequently aliquotted into single reaction tubes. 

The products of the reactions were usually purified by gel electrophoresis. 

The programs used on either of the following PCR machines: Gene Amp PCR 

System 9700 (Perkin Elmer), Techne ProGene PCR or Peltier Thermal Cycler PTC-200 

(MJ Research) are as follows: 

 

Cycle sequencing PCR 

25 PCR cycles (30 s at 94°C, 15 s at 50 °C, and 4 min at 60 °C), before cooling to 4 °C. 

PCR reactions utilizing pfu DNA Polymerase (Stratagene): 

1 min at 95 °C, 25 PCR cycles (1 min at 95°C, 1 min at 48 °C, and 1 min at 72 °C) and 

a final extension step (10 min at 72 °C), before cooling to 4 °C. 

 

PCR reactions utilizing HotStarTaq DNA Polymerase (Qiagen): 

Basic PCR for standard gene fragment amplifications:  

15 min at 95 °C, 25 PCR cycles (1 min at 94°C, 2 min at 45 °C, and 2 min at 72 °C) and 

a final extension step (10 min at 72 °C), before cooling to 4 °C. 

Sexual PCR for the reassembly of DNaseI digested fragments for DNA shuffling: 

15 min at 95 °C, 25 PCR cycles (30 s at 94°C, 30 s at 35 °C, and 30 s at 72 °C) and a 

final extension step (10 min at 72 °C), before cooling to 4 °C. 
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Primered PCR for the amplification of reassembled shuffling fragments: 

15 min at 95 °C, 25 PCR cycles (1 min at 94°C, 1 min at 40 °C, and 2 min at 72 °C) and 

a final extension step (7 min at 72 °C), before cooling to 4 °C. 

PCRTOO for the amplification of randomized H1 and H2/H3 modules 

15 min at 95 °C, 20 PCR cycles (1min at 94°C, 1.5 min at 50 °C, and 1 min at 72 °C) 

and a final extension step (5 min at 72 °C), before cooling to 4 °C. 

Error prone PCR: 

15 min at 95 °C, 25 PCR cycles (1 min at 94°C, 1 min at 40 °C, and 1 min at 72 °C) and 

a final extension step (5 min at 72 °C), before cooling to 4 °C. 

In contrast to the regular PCR reactions, mutagenic PCRs utilized an altered 10x dNTP 

mix (2 mM A and G, 10 mM C and T), and also contained 25 mM MgCl2 and 1.5 mM 

MnCl2 [90]. 

 

 

6.6.2.3 Gel Electrophoresis 

DNA fragments obtained from restriction digests or PCR reactions were separated by 

electrophoresis using cross-linked agarose gels supplemented with 10 mg/ml ethidium 

bromide to a final concentration of 0.1% (v/v), so that the DNA could be visualized 

under UV-light at 366 nm. Prior to gelloading, DNA was diluted with 1/10 volume of 

agarose gelloading buffer (10x). Depending on the size of the fragments and the desired 

resolution, agarose concentration varied from 0.8% to 3 % (w/v). Fragments smaller 

than 500 bp were run on ≥1.4 % agarose gels with sea plaque GTP agarose constituting 

50 to 66% of the total amount of agarose to improve the resolution of the smaller 

fragments. Larger fragments were run on 0.8% or 1% gels. The running buffer was TBE 

and the applied current 5 to 10 V/cm (gel length). To identify products of correct length, 

DNA markers of defined size were run in parallel. For large fragments (> 700 bp) λ 

phage DNA cleaved with BstEII was used (fragments: 117, 224, 702, 1264, 1371, 1929, 

2323, 3675, 4324, 4822, 5686, 6369, 7242, 8454 bp), while smaller fragments were 

compared to ΦΧ174 DNA cut with HaeIII or its isochizomer, BsuRI (fragments: 72, 

118, 194, 234, 271, 281, 310, 603, 872, 1078, 1353 bp). 
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For preparative gel electrophoresis of non-library DNA, the desired fragment 

band was excised from the gel using a scalpel and subsequently purified with the 

Qiaquick gel extraction Kit according to the manual. 

Isolation of the fragments used for the preparation of the randomized libraries 

required a different purification method to prevent formation of heteroduplex DNA 

strands caused by double-helix melting in the presence of chaotropic salts present in the 

commercial purification kit. Randomized DNA was electroeluted onto a NA-45 DEAE 

membrane (Schleicher & Schuell) that had been pretreated with 10 mM EDTA (pH 8) 

for 5 min, rinsed with water, treated with 0.05 M NaOH for 5 min, and finally rinsed 

with water thoroughly.  

A typical transfer of DNA (3 to 5 cm bandwidth, 50 to 250 µg DNA) to the 

membrane was accomplished in the following manner. First, the desired DNA band was 

identified under UV light. Second, the slab gel was cut below the desired band into two 

pieces. Third, the prepared membrane was inserted into the gel between the two gel 

pieces exactly below the desired band. Finally, the two gel pieces and the inserted 

membrane were fastened together in a gel tray by placing a sterile rubber band around 

the bottom of the tray, and the gel electrophoresis run for 15 min at 50V. The successful 

transfer of DNA was confirmed by illuminating the membrane under UV-light after 

removing it from the gel. The membrane with the adsorbed DNA was cut into strips that 

were transferred into a 2 ml Eppendorf tube to which 750 µl of a 1M phosphate buffered 

NaCl (pH 8) solution was added. The mixture was centrifuged for 10 s at top speed in a 

bench top centrifuge before incubating at 65 °C for 30 min to allow the DNA to desorb 

from the membrane. The solution was then moved to a fresh tube, and the membrane 

was observed under UV-light to confirm thorough desorption. When desorption was 

complete, the solution was cooled on ice for 10 min and the DNA was precipitated by 

addition of 525 µl (0.7 total volume) isopropanol and 40 µg glycogen (enabling easier 

pellet identification through coprecipitation), and centrifuged at 4 °C, 14,000 rpm for 30 

min. The supernatant was carefully removed, the DNA washed by adding 200 µl of 

75% ethanol cooled to -20 °C, and the suspension spun at 14,000 rpm at 4 °C for 15 

min. After thorough removal of the ethanol, the pellet was allowed to dry at room 

temperature for 3.5 min in air before resuspending it in 100 µl buffer EB. 
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DNA concentrations were determined either by running a slab gel and 

comparison with a standard of known concentration, or by calculation from the 

absorption at 260 nm using the following equation:  

  1 OD260 = 50 µg/ml DNA (6.1) 

The purity of all DNA samples was controlled determining the ratio between the 

absorption of the DNA sample at 260 and 280 nm. A ratio of OD260 to OD280 of about 2 

is indicative for pure DNA.[334] All samples were stored at –20 °C. 

 

6.6.2.4 Sequencing 

Plasmid constructs were verified by DNA sequencing of the newly cloned regions on an 

ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems) using the Terminator 

Ready Reaction Mix (BigDyeTM, PE Applied Biosystems) for chain termination 

chemistry.[337] The dye-tagged DNA utilized for automated sequencing was prepared by 

cycle-sequencing PCR (see section 6.6.2.2). The total volume of a typical reaction 

mixture was 8 µl and contained 0.5 µg template DNA, 2 µl Terminator Ready Reaction 

Mix (BigDyeTM, PE Applied Biosystems) and 2 µl sequencing buffer (PE Applied 

Biosystems). To each PCR product 25 µl of 95% ethanol (cooled to -20 °C) and 1 µl of 

3M sodium acetate solution were added, the mixture cooled on ice for 10 minutes, and 

the suspension centrifuged at 14,000 rpm at 4 °C for 20 min. The supernatant was 

carefully removed and the DNA washed with ethanol as described in 6.6.2.3 using 125 

µl ethanol. The washed DNA pellet was either resuspended in template suppression 

reagent (PE Applied Biosystems) when POP6 sequencing polymer (PE Applied 

Biosystems) was used for sequencing or in sterile-filtered water when POP4 sequencing 

polymer (PE Applied Biosystems) was used. The appropriate amount of resuspended 

sequencing sample was transferred into a sequencing vial (PE Applied Biosystems), 

which was loaded onto an ABI prism 310 Genetic Analyzer (PE Applied Biosystems). 

For sequencing instrument parameters were set according to the manual. 
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6.7 Glycerol Cultures 

A 5 ml LB starter culture (with the appropriate antibiotics added) was grown from a 

freshly streaked single colony to an OD600 ~ 0.8. Then 825 µl of the liquid culture was 

transferred in a srew cap freeze vial, vigorously mixed with 175 µl of sterile glycerol 

(87%), rapidly frozen in liquid nitrogen, and stored at –80 °C. 

 

 

6.8 Library Constructions 

6.8.1 DNA Shuffling 

For the first shuffling round, the gene encoding the marginally active hexameric CM 

variant EcCM L5 was PCR-amplified from plasmid pET-L5-1-pATCH,[249] using the 

basic PCR program (see section 6.6.2.2) and the exogenous primer pair 01-petL5S and 

03-petRBS (see section 6.2.1). The reaction was run in 6 × 50 µl HotStarTaq buffer 

(Qiagen), where each 50 µl aliquot contained 80 ng of template DNA, 50 pmol of each 

primer, 0.2 mM dNTPs, and 5 units of HotStarTaq DNA polymerase (Qiagen). The 

overall yield was about 10 µg of the 350 bp DNA fragment. 

The 350 bp PCR fragment was then subjected to DNaseI digestion. Typically, 

DNaseI digest reactions were run at room temperature in DNaseI buffer, with 1.5 U/µl 

of enzyme, and a DNA concentration of roughly 30 ng/µl. After 10 min the reactions 

were quenched through addition of 0.5 M EDTA (pH 8, 50 mM final concentration). 

The DNaseI digest fragments were then purified on a 2-3 % agarose slab gel in TBE 

buffer. The region of the resulting "smear" that contained fragments < 100 bp in size 

was excised and purified with the commercially available Qiagen gel extraction kit 

according to the manufacturers' instructions, or by transfer onto a NA-45 membrane 

(see section 6.6.2.3). 

After concentration of the obtained DNA solution by speed vacuum 

centrifugation, the fragments were recombined in a PCR-like reaction, without the 
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addition of exogenous primers, using program "reassembly PCR" (see section 6.6.2.2). 

The 50 µl reaction mixture consisted of HotStarTaq PCR buffer (Qiagen), 0.2 mM 

dNTPs, 5 units of HotStarTaq DNA polymerase (Qiagen), and DNA from the purified 

fragments. Without further purification, 10 µl of the reaction mixture were directly 

subjected to PCR reaction, in order to amplify the reassembled gene products. In this 

case, program "primered PCR" (see section 6.6.2.2) was employed, and included the 

primer pair 01-petL5S and 03-petRBS (see section 6.2.1). The primered PCR reaction 

was run in 8 × 50 µl, where each 50 µl aliquot contained 1.25 µl of the reassembly PCR 

mixture, HotStarTaq buffer (Qiagen), 50 pmol of each primer, 0.2 mM dNTPs, and 5 

units of HotStarTaq DNA polymerase (Qiagen). The purified 350 bp products were 

digested with XhoI and NdeI. The overnight ligation (at 16 °C) of purified insert (303 

bp) and XhoI/ NdeI cut vector pKECMB-S2 (2624 bp), yielded the plasmid-encoded 

"round 1" shuffling library. 

The procedure describe above was also applied in subsequent shuffling rounds 

in order to generate "round 2" and "R2-6" libraries, with the exception of the starting 

amplification. In these cases, the initial amplification before DNaseI digestion was 

performed on the pools of selectant plasmids that had been obtained in the preceding 

shuffling and selection round. 

 

6.8.2 Random Libraries 

For the preparation of random libraries, the plastic and glassware was UV irradiated for 

at least 1 to 3 h before use,[338-340] and for DNA manipulations a sterile PCR box was 

used. 

Library H1 was constructed with the complementing oligonucleotide pair 

RPH1CS-01 and RPH1NS-02 (see section 6.2.3), which were annealed and extended 

with Klenow fragment to make a 154 bp double-stranded DNA fragment. The 200 µl 

reaction mixture in EcoPol buffer (NEB) contained 5 µg of each oligonucleotide, 25 µl 

dNTPs (2mM), and one unit of large Klenow fragment (NEB) per µg oligonucleotide 

(10 U). The reaction was run at 30 °C for 40 min (water bath), then 50 µl of 5 M NaCl 

were added (to a final concentration of 1 M), before stopping the reaction by heat 

inactivation of the polymerase at 75 °C for 10 min. The 154 bp primer extension 
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product was purified and isolated by agarose gel electrophoresis and electroelution onto 

a NA-45 DEAE membrane as described in section 6.6.2.3. The purified DNA was 

treated with restriction enzymes NdeI and EcoRI, purified as before and ligated 

overnight at 16 °C (5 pmol of each insert and vector) with an appropriate acceptor 

vector fragment containing the MjCM' gene fragment encoding the H2/H3 portion of 

the protein (2958 bp NdeI/EcoRI of pKMCMT-λ). The DNA overlap region of the 

complementing oligonucleotides RPH1CS-01 and RPH1NS-02 that was used for 

construction of the H1 library was subsequently excised by HindIII digestion, and 

religation restored a single HindIII site encoding Lys23-Leu24. 

Library H2/H3 was generated in an analogous fashion using the complementing 

primer pair RPH2CS-03 and RPH3NS-04 to prepare a 159 bp fragment. After 

purification by agarose gel electrophoresis and treatment with restriction enzymes 

EcoRI and XhoI, the purified 145 bp H2/H3 library fragment was ligated with the 2925 

bp fragment of acceptor vector pKMCMT-λ2, which contains the MjCM’ gene 

fragment encoding the H1 helix of the protein. 

For construction of the H1/H2/H3 library, plasmid DNA from the catalytically 

active variants from the partially randomized H1 and H2/H3 libraries (which were 

identified by genetic selection), was isolated by scraping the colonies from the selection 

plates, followed by purification on Jetquick Miniprep columns (Genomed). The 

randomized segments from the H1 and H2/H3 plasmid pools were subsequently 

amplified by 20 cycles of PCR (program PCRTOO, see section 6.6.2.2) using primer 

pairs RPH1A1/KCMBU1 and RPH2H3A1/RPH2H3A2, respectively (see section 6.2.3 

for details of the oligonucleotides). A 600 µl reaction mixture in HotStarTaq buffer 

(Qiagen) included 4.5 µg of each plasmid pool template, 60 µl dNTPs (2mM), 600 pmol 

of each oligonucleotide and 37.5 units of HotStarTaq DNA polymerase (Qiagen). The 

resulting PCR products (480 bp (H1) and 496 bp (H2/H3)) were sequentially restriction 

digested (NdeI/EcoRI and EcoRI/XhoI for the H1 and H2/H3 fragments, respectively), 

yielding the random preselected 124 bp H1 module and the random preselcted 158 bp 

H2/L2/H3 module. After purifiction as above, both random modules were ligated with 

the 2800 bp NdeI/XhoI fragment of vector pKT-λ3 (see below) in a 3-fragment ligation 
[341] (5 pmol of each). 
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6.8.2.1 Sequence Analysis of Randomized Variants 

The sequences of ≥15 correct length clones from the H1 and H2/H3 libraries before and 

after selection were obtained. Roughly 20 unselected and 100 selected H1/H2/H3 

variants were sequenced. Because the H1/H2/H3 library contained many duplicates of 

individual clones or their component H1 or H2/H3 parts after selection, only the 

sequences of unique H1 and H2/H3 regions were used for detailed comparisons with the 

corresponding segments from the H1 and H2/H3 libraries. Slight deviations from 

expected amino acid compositions at degenerate codon positions due to biases in the 

synthetic oligonucleotides were neglected as they were present equally in unselected 

and selected clones. 

 

6.8.3 Nine Amino Acid Variant Libraries 

In order to further simplify variant H1/H2/H3-9, seven amino acids were substituted by 

(combinatorial) site-directed mutagenesis [87], using the program pfu PCR (see section 

6.6.2.2). All PCR reactions were performed in 50 µl Pfu DNA polymerase reaction 

buffer (Stratagene), including 70 ng of template DNA, 5 µl dNTPs (2mM), 50 pmol of 

each oligonucleotide and 2.5 units of proofreading PfuTurbo® DNA polymerase 

(Stratagene). 

To produce the Gln88Glu mutation, the overlapping primer pair 01KW9RQX 

and 02KW9RQX (see section 6.2.4 for details of the oligonucleotides) was employed. 

First, two separate N- and C-terminal fragments were amplified from the trc-promoter 

plasmid containing the gene for variant H1/H2/H3-9. The N-terminal 330 bp fragment 

was obtained using the primer pair 02KW9RQX and sspREX03, while for the 80 bp C-

terminal fragment TMUTN and 01KW9RQX were utilized. The full-length gene 

product was generated in a second PCR reaction, using the primer pair 

sspREX03/TMUTN, and the overlapping N- and C-terminal fragments as template. 

After purification by agarose gel electrophoresis, the 387 bp fragment was digested with 

NdeI and XhoI, purified as before, and ligated overnight with the 2800 bp acceptor 

vector fragment of pKT-λ3 (0.1 pmol of each), yielding plasmid pKH1H2H3-9QX. 



 
 

 

144 

The randomization of residues His66 and Val68 was achieved in an analogous 

manner, this time using plasmid pKH1H2H3-9QX as template and the overlapping 

mutagenic oligonucleotides 01KW9L2X and 02KW9L2X (see section 6.2.4), in 

combination with TMUTN and sspREX03, respectively. The two intermediate 

fragments (270 bp N-terminal, 215 bp C-terminal) were assembled and purified as 

above. After treating the resulting 387 bp fragments with restriction enzymes NdeI and 

XhoI, the resulting 284 bp fragments were purified by agarose gel electrophoresis, and 

again ligated with pKT-λ3 vector fragment (2800 bp), to yield plasmids (pKT-L2) 

encoding library L2. 

For construction of the L1-4X library, residues Gly43, Ile44, Pro45 and Ile46 

were randomized in active variants of library L2. To generate the two separate N- and 

C-terminal fragments, the pool of selected pKT-L2 plasmids was amplified in a PCR 

reaction using the overlapping primers 01KW9L1X4 and 02KW9L1X4 (see 6.2.4), in 

combination with the outside primers TMUTN and sspREX03, respectively. PCR 

products (217 bp N-terminal fragment and 209 bp C-terminal fragment) were 

assembled, purified, and digested as above. Purified fragments were ligated with the 

2800 bp NdeI/XhoI fragment of vector pKT-λ3, yielding library L1-4X. 

 

 

 

6.8.3.1 Removal of the Histidine Tag of Variant XS6 

The His6-tag of variant XS-6 was removed by insertion of three consecutive stop codons 

immediately upstream of the C-terminal tag coding sequence. To do this, plasmid pET-

XS6 was PCR amplified with primers sspREX03 and XS6noH, the latter of which 

containing two ochre codons (TAA) in tandem, followed by an opal codon (TGA), and 

a XhoI restriction site (see 6.2.4). The PCR reaction was run in 40 µl Pfu DNA 

polymerase reaction buffer (Stratagene), containing 80 ng of pET-XS6 plasmid DNA, 4 

µl dNTPs (2mM), 40 pmol of each oligonucleotide and 2.5 units of proofreading 

PfuTurbo® DNA polymerase (Stratagene), using program pfu PCR (see 6.6.2.2). The 

363 bp product was purified by agarose gel electrophoresis, and treated with restriction 

enzymes NdeI and XhoI, yielding a 294 bp fragment. This fragment was purified as 

before, and ligated with the 2800 bp NdeI/XhoI fragment of vector pKT-λ3 (see below) 
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overnight at 16 °C (0.1 pmol of each). In contrast to pKT-XS6, which encodes a 96 

amino acid variant of XS6 with an six-histidine tag attached to its C-terminus, the 

resulting plasmid pKT-XS6noH codes for a 94 amino acid variant of XS6, lacking 

Leu94 and Glu95 in addition to the (His)6-tag. 

 

 

6.9 Construction of Plasmids 

To eliminate wild-type background from religated vectors during construction of the 

randomized H1 and H2/H3 libraries, plasmids pKMCMT-λ and pKMCMT-λ2 

containing a truncated CM gene were constructed as follows. First, a HindIII site was 

engineered into the middle of helix H1 (Lys21/Leu22) using plasmid pET-MjCM' [221] 

as the template DNA. PCR with primers 01pETL5S and 06pETMjH3 yielded fragment 

MjH3th (302 bp), while the complementary fragment (108 bp) was obtained with 

primers 02pETL5S and 05pETMjH3. Following gel purification, the two overlapping 

PCR products were combined in equimolar ratio and assembled into one 391 bp product 

in a single PCR using the two outside primers 01petL5S and 02pETL5S. Treatment 

with restriction endonucleases NdeI and XhoI yielded a 282 bp fragment that was 

ligated into the 5380 bp NdeI-XhoI fragment of pET-22b-pATCH to obtain pRP1MjCM 

(5662 bp). To introduce an EcoRI site in MjCM' (Gly41/Ile42), the gene was assembled 

from two PCRs with pRP1MjCM as template. The 256 bp and 166 bp fragments were 

obtained with primers 01pETL5S and 01pETMjERI or 02pETL5S and 02pETMjERI, 

respectively. The two overlapping PCR fragments were then amplified to the 391 bp 

product using primers 01pETL5S and 02pETL5S. After NdeI-XhoI digestion, the 282 

bp fragment was ligated with the NdeI-XhoI fragment from pET-22b-pATCH (5380 bp) 

to yield pRP3MjCM (5662 bp). Plasmids pRP3MjCM-λ (6504 bp) and pRP3MjCM-λ2 

(7255 bp) were constructed by inserting a 964 bp NdeI-EcoRI and 1751 bp EcoRI-

XhoI fragment of λ phage into the correspondingly cut fragments of pRP3MjCM ( 5538 

bp NdeI-EcoRI and 5504 bp EcoRI-XhoI) replacing the 124 bp segment encoding the 

H1 helix and the 158 bp segment encoding H2/L2/H3, respectively. For selection 

experiments the NdeI-XhoI fragments MjCM-λ (1122 bp) and MjCM-λ2 (1875 bp) 
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were ligated with the 2801 bp NdeI-XhoI fragment of plasmid pKECMT-W to yield 

plasmids pKMCMT-λ (3923 bp) and pKMCMT-λ2 (4676 bp). To allow expression of 

the gene products under the control of the weaker bla-promoter [332], the NdeI-XhoI 

fragments MjCM-λ (1122 bp) and MjCM-λ2 (1875 bp) were additionally ligated with 

the 2624 bp NdeI-XhoI fragment of pKECMB-S2 to yield pKMjCMB- λ (3746 bp) and 

pKMjCMB-λ2 (4499 bp). KA12/pKIMP-UAUC cells transformed with these plasmids 

showed no detectable complementation of the auxotroph, as intended. 

To entirely eliminate the occurrence of false-positives in the H1/H2/H3-library 

plasmid, pKT-λ3 was constructed by 3-fragment ligation [341] of the 964 bp NdeI-EcoRI 

and the 1751 bp EcoRI-XhoI fragments of phage λ, together with the 2800 bp NdeI-

XhoI fragment of pKMjCMT-λ. pKT-λ3 (5515 bp) lacks the entire MjCM' gene, and 

thus could not restore the pKIMP-UAUC/KA12 auxotroph. 

For overexpression of proteins, the relevant genes were expressed from the T7 

promoter. To that end, the bla- or trc-promoter plasmids of complementing clones were 

isolated, purified and treated with restriction endonucleases NdeI and XhoI to obtain the 

desired gene fragment. The resulting 282 bp NdeI-XhoI fragments were ligated with the 

5380 bp NdeI-XhoI fragment from pET-22b-pATCH to yield the respective pET 

constructs. 

 

 

6.10 Genetic Selection 

In order to evaluate the large libraries generated by various methods (see section 6.8), 

the library plasmid pools were desalted by Qiaquick purification, eluted in 0.1x buffer 

EB (Qiagen), concentrated and electroporated into KA12/pKIMP-UAUC cells (see 

section 6.2.1.1 for details of transformation procedure). Transformed cells were washed 

four times by repeated centrifugation (2500 × g, 4 °C, 2 min) and resuspension of the 

resulting cell pellet in fresh minimal medium M9c (each time) before appropriate 

dilutions (typically ranging from 10o to 10-6) were plated in parallel onto M9c minimal 

media plates, either supplemented with 20 µg/ml of Phe and Tyr or lacking both amino 

acids. Plates were incubated at 25 °C or 30 °C for 3 to 14 days. Growth was monitored 
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and the colonies were counted and evaluated after 3 (30 °C) or 6 (25 °C) days and then 

again after 7 up to 14 days. 

For complementation tests of individual clones, single plasmids were 

transformed into SEM competent KA12/pKIMP-UAUC cells (see 6.2.1.1), and the 

transformed cells treated as above. Alternatively, individual transformants were picked 

from LB plates (supplemented with 150 µg/mL amp and 30 µg/mL cam) or M9c plates 

and streaked onto M9c minimal plates (lacking Phe and Tyr) in order to obtain single 

colonies. The plates were incubated at 30 °C or 25 °C and cell growth was monitored. 

 

 

6.11 Expression, Isolation and Purification of Recombinant 

Proteins 

For protein production, E. coli strain KA13 harboring a pET plasmid construct encoding 

the protein of interest was used. All proteins were fused to a (His)6–tag at their C-

terminus, allowing affinity chromatography purification on a matrix containing chelated 

Ni2+-ions.[342] Expression cultures were generally inoculated from single colonies, 

initially grown in 5 ml starter cultures (LB medium supplemented with 150 µg/ml 

ampicillin) at 250 rpm, 25 °C to 37 °C for 8 to 14 h. For small-scale production, culture 

volumes of 100 ml or 200 ml were used, while large-scale production was performed in 

500 ml or 1L volumes.  

The production in shake flasks (culture volume to flask volume ratio of 1:4) was 

started by inoculation of the LB broth cultures (including 150 µg/ml ampicillin) with 

1/1000 of their volume from the starter cultures. Cultures were incubated at 250 rpm, 25 

°C to 37 °C until the OD600 had reached 0.8 to 1. After cooling to room temperature, 

IPTG was added to a final concentration of 0.3 mM to induce expression of T7 RNA 

polymerase. In some cases rifampicin was added to a final concentration of 150 µg/ml 

to achieve maximal expression. After approximately 20 h induction at 250 rpm and 

room temperature, cells were harvested by centrifugation at 3000 g for 10 min at 4 °C. 

The supernatant was carefully decanted and the pellet was resuspended in 5 volumes 
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PBS supplemented with 10 mM imidazole, 100 µM phenylmethanesulfonyl fluoride 

(PMSF), 2 µg/ml pepstatin A and 2 µg/ml aprotinin. 

For the lysis of cells from small cultures, the sample was treated with lysozyme 

at a concentration of 1 mg/ml, incubated on ice for 20 min and then sonicated. Large-

scale preparations were passed through a French press 3 times. Insoluble material was 

removed by centrifugation at 28,000 × g for 20 min at 4 °C. The supernatant containing 

the soluble proteins was either transferred to QIAGEN Ni2+-NTA spin columns (small 

scale purification) or loaded onto columns packed with an appropriate amount of Ni2+-

NTA agarose resin (QIAGEN, 3 to 5 ml resin) that had been pre-equilibrated with PBS 

supplemented with 10 mM imidazole (large-scale production).  

The purification of the soluble (His)6-tagged proteins from small-scale 

preparations on QIAGEN Ni2+-NTA spin columns followed the guidelines given in the 

manufacturers’ manual. Large-scale preparations that had been loaded onto columns 

packed with Ni2+-NTA agarose resin were purified by thoroughly washing the columns 

with 10 bed volumes PBS containing 50 mM imidazole, before eluting the proteins with 

5 bed volumes PBS containing 250 mM imidazole. In cases where proteins were 

expressed as insoluble inclusion bodies, the Qiagen protocol for the purification under 

denaturing conditions was used for the purification (see Qiaexpressionist manual). 

Purified protein samples were analyzed by 20% (w/v) SDS-PAGE, stained with 

Coomassie Blue R-350 to confirm their integrity and to assess the purity of the 

preparation. After further purification by FPLC, the samples were stored at 4 °C or 

room temperature. 

Variants EcCM-L5, R1-35, R2-6, and R2-16 turned out to be fairly unstable 

with a tendency to precipitate when stored over several days, especially at high 

concentrations (>5 µM) and low temperature. For this reason, samples of these proteins 

were kept at room temperature and all biophysical characterizations were performed 

from freshly purified samples, immediately after purification. 
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6.12 Protein Analysis  

6.12.1 Polyacrylamide Gel Electrophoresis 

6.12.1.1 SDS-PAGE 

The purity and concentration of protein preparations were analyzed by SDS-PAGE, 

using the PhastSystem from Amersham Pharmacia Biotech. Typically, 10 µl of the 

protein sample were transferred to a fresh eppendorf tube, mixed with 10 µl of 2x 

Mg/SDS lysis buffer [333] and centrifuged for 1 min at 14,000 rpm in a table top 

centrifuge (Sigma). The sample (1—4 µl) was subsequently loaded onto a 20% 

homogeneous Phastgel and run according to the instructions provided. For calibration, 

the low molecular weight (LMW)-Marker from Pharmacia containing monomeric 

proteins of known molecular weight (phosphorylase, MW 94,000; bovine serum 

albumin, MW 67,000; ovalbumin, MW 43,000; carbonic anhydrase, MW 29,000; 

trypsin inhibitor, MW 20,100; α-lactalbumin, MW 14,400) was run along side the 

samples. Gels were stained with Coomassie Blue R-350.  

 
 
6.12.1.2 Native PAGE 

The quaternary structure of protein samples was assessed by non-denaturing PAGE on 

the PhastSystem™. Stable, previously characterized protein variants were utilized as 

marker standards. Native PAGE was also utilized to determine the isoelectric point of 

protein samples, utilizing IEF focusing gels from Amersham Pharmacia Biotech. Aside 

from centrifugation to remove higher order aggregates, no further treatment of purified 

proteins was necessary prior to loading on the gel. Gels were stained with Coomassie 

Blue R-350. 
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6.12.2 Determination of Protein Concentration 

6.12.2.1 Absorbance Assay 

Protein concentration was determined by measuring the absorbance of a solution at 280 

nm and applying the Beer-Lambert law : 

 
  lcA ×ε×=  (6.2) 
 

where c is the protein concentration (M), ε is the molar absorption coefficient 

(M-1cm-1), and l is the pathlength. When the molar absorption coefficient was not 

known, it was estimated using the following equation [343-345]: 

 
  ε280nm [M-1cm-1] = 5500 × (#Trp) + 1490 × (#Tyr) + 125 × (#Cys) (6.3) 

 
where # is the number of the tryptophan (Trp), tyrosine (Tyr), or cysteine (Cys) residues 

present in the protein sequence. 

 

 

6.12.2.2 Colorimetric Assays 

As an alternative to direct spectrophotometric determination of protein 

concentration, commercially available kits from BioRad (Micro Protein assay) and 

Pierce (Coomassie Plus ReagentTM), which are based on observations made by 

Bradford,[346] were employed to determine protein concentration. In some cases the 

more reliable Micro BCATM Protein Assay Reagent (Pierce), which utilizes staining 

with a copper complex of bicinchoninic acid to assess the concentration, was used. All 

assays were performed according to the instructions outlined in the manuals using 

bovine serum albumin (BSA) as the calibration standard. 
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6.12.3 Concentration of Protein Solutions 

Ultrafiltration was used to concentrate proteins and to exchange buffers. For protein 

solutions with volumes greater than 20 ml, Amicon Ultrafiltration stir cells were used 

with membranes that had a molecular weight cut-off (MWCO) of 3 or 10kDa. Solutions 

with volumes between 5 and 15 ml were concentrated with Macrosep centrifuge 

cartridges (Pall Filtron) that had a MWCO of 10 kDa. Smaller volumes were 

concentrated with Millipore UFV4 Centrifugal Filters with MWCOs of 3 or 10 kDa. 

Buffer exchanges were accomplished by repeated concentration and redilution in the 

new buffer. All procedures followed the instructions outlined in the suppliers' manuals.  

 

 

6.12.4 Mass Spectrometry 

Proteins were prepared for mass spectrometry by desalting the protein sample on a 

NAP-5 column (Pharmacia) that had been pre-equilibrated with 1% aqueous acetic acid. 

All spectra were obtained from the MS Service at ETH Zurich. Matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry was performed on a Bruker 

REFLEX-Spectrometer. Electrospray ionization (ESI) mass spectrometry was performed 

on a Finnigan TSQ 7000 instrument (sample concentration 50 nM in methanol). 

 

 

6.12.5 Nuclear Magnetic Resonance Spectroscopy 

Spectra of chorismate were obtained on a Varian Gemini 200 or 300 at room 

temperature. Protein spectra were measured at room temperature on a Bruker AMX-500. 

The solvent peak was utilized as reference for all measurements. 
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6.12.6 Analytical Size Exclusion Chromatography 

The aggregation state of CM variants was determined by analytical size exclusion 

chromatography using a Superose 12 (HR 10/30) or Superdex 75 (HR 10/30) FPLC 

column from Pharmacia. Chromatography was performed at 4 °C using PBS (pH 7.5) as 

the running buffer (flow rate 0.3 ml/min, detection at 280 nm). Prior to analytical runs, 

columns were calibrated according to the method outlined in the instruction manual for 

the LMW Gel Filtration Calibration Kit from Pharmacia using the supplied protein 

standards (ribonuclease A, MW 13,700; trypsinogen, MW 24,000; ovalbumin, MW 

43,000; bovine serum albumin, MW 67,000) and additionally proteins from Sigma 

(aprotinin, MW 6,500; cytochrome C, MW 12,400; carbonic anhydrase, MW 29,000). 

The void volume, Vo, and the total bed volume, Vt, were determined using blue dextran 

2000 and Tyr or DTT, respectively. The elution parameter, Kav, was calculated for each 

protein using equation (6.4):  

 
  ( ) ( )otoeAV VVVVK −−=  (6.4) 
 

where Ve is the elution volume of the protein, Vo is the void volume of the column, and 

Vt is the total bed volume of the column. A plot of KAV vs. log(MW) for the standard 

proteins gave the calibration curve. The oligomerization state of the mutant variants was 

assigned by dividing the determined molecular weights by the mass of the monomeric 

species as calculated from the sequence and confirmed by mass spectroscopy. 

 
 

6.12.7 Circular Dichroism Spectroscopy 

All circular dichroism (CD) experiments were performed on an Aviv Circular 

Dichroism Spectropolarimeter, Model 202, equipped with a single position 

thermoelectric cuvette holder, an automatic titration unit, and a fluorescence detection 

unit. Prior to measurement, protein samples were filtered through a 0.2 µm filter. CD 

spectra were recorded at a protein concentration of ~ 4 µM, at 20 or 25 °C in degassed 

PBS, by averaging at least 3 wavelength scans from 260 nm to 200 nm in 0.5 or 1 nm 
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steps. The samples were measured in quartz cuvettes (Hellma) with a pathlength of 

either 0.1 or 0.2 cm. The signal was averaged for 3 s and the bandwidth set to 1 nm. 

 

 

6.12.7.1 Equilibrium Denaturation Experiments 

Since denaturation is concentration-dependent for multimeric (in this case, mainly 

dimeric) proteins, all CD spectroscopy denaturation experiments were performed at the 

same protein concentration. 

Thermal denaturation curves were obtained by measuring ellipticity at 222 nm 

(indicative of α-helical structure) from 15 or 20 °C to 95 °C in 1 °C steps. Protein 

samples [1 µM] were measured in 0.1 cm quartz cuvettes (Hellma) in deoxygenated 

PBS. For each data point, the sample was first equilibrated for 2 min and then the signal 

averaged for 1 min. To test the reversibility of the temperature-dependent unfolding, 

refolding curves were measured by cooling the sample from 95 °C back to 15 °C in 1 

°C steps. The midpoint of the unfolding transition, Tm, was obtained for each curve 

from the maximum of the first derivative with respect to temperature. 

Guanidinium chloride (GdmCl)-induced denaturation was followed by 

measuring the ellipticity of the sample at 222 nm (1.5 nm bandwidth). Measurements 

were made at 20 °C in a 1.0 cm × 1.0 cm quartz cuvette mounted in the automatic 

titration unit. Each data point was obtained by automatically mixing the 1 µM protein 

solution in deoxygenated PBS with a 1 µM solution of the same protein in ~8 M GdmCl 

in PBS. The sample was allowed to equilibrate for 5 min at each point and then the 

ellipticity at 222 nm was recorded every 1 s for 60 s and averaged. The averaged value 

was corrected for background signal from the buffer (linear interpolation between 0 M 

GdmCl and the final GdmCl concentration used for the measurement). Accurate 

concentration of the ~8 M stock solution of GdmCl in PBS was calculated from ∆N (the 

difference between its refractive index and that of PBS) using equation (6.5)[256]: 

 
  [GdmCl] = 57.147(∆N) + 38.68(∆N)2 - 91.60(∆N)3 (6.5) 

 

Urea-induced denaturation was performed in a manner analogous to GdmCl-

induced denaturation, except the added denaturant was a ~10 M urea stock solution in 
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PBS containing 1 µM of the respective protein. The values obtained were corrected for 

background signal from the buffer (linear interpolation between 0 M urea and the final 

urea concentration used for the measurement). The accurate concentration of the ~10 M 

stock solution of urea in PBS was determined from ∆N (the difference between its 

refractive index and that of PBS) using equation (6.6) [256]: 

 
  [urea] = 117.66(∆N) + 29.753(∆N)2 + 185.56(∆N)3 (6.6) 

 

The data of the equilibrium denaturation experiments were analyzed as 

described in Chapter 4 (equations 4.1—4.5), with the assumption that the variants 

follow the same 2-state model (equation 4.1), which has been shown to approximate the 

unfolding of the wild-type enzymes closely.[221] 

 

 

6.12.8 Analytical Ultracentrifugation 

Sedimentation equilibrium experiments were carried out on a temperature-controlled 

Beckman XL-A analytical ultracentrifuge equipped with an An60Ti rotor and UV 

absorbance optics. Data were collected at 20 °C on protein samples at concentrations 

ranging from 10 to 75 µM (depending on the chromophores present) in PBS. Proteins 

were sedimented to equilibrium at 11000-17000 rpm using double-sector centerpieces, 

and fluorocarbon FC43 to provide a false bottom. Scans were measured at 280 nm in 

the radial step mode at 0.001 cm intervals and 30-50 averages. Each data set was an 

average of at least 5 scans. The partial specific volume of each protein was calculated 

based on its amino acid compositions using the program Sednterp.[347] 

The data were analyzed by a nonlinear least-squares method using the program 

ORIGIN 2.8 (Microcal™ Origin™, Northhampton, MA, USA) software provided by 

Beckman. Data were either fitted to a single ideal species model (equation 2.1) or a self-

associating system of monomer to n-mer equilibria (equation 2.2) as described in 

Chapter 2. 
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6.12.9 Kinetics 

All kinetic measurements were performed in PBS, either at 20 °C (EcCM-L5 variants) 

or 30 °C (MjCM' variants). In the case of H1/H2/H3-12, 0.1 mg/mL BSA was included 

in the buffer to stabilize the protein. Addition of BSA did not affect the aggregation 

state of the protein as judged by analytical size exclusion chromatography or the 

enzymatic reaction as judged by comparing the initial rates for the uncatalyzed reaction 

in the presence and absence of BSA. 

Initial rates were determined by monitoring the disappearance of chorismate 

spectrophotometrically at 274 nm (ε274 nm = 2630 M-1 cm-1) or 310 nm (ε310 nm = 370 

M-1 cm-1) using a Lambda series UV-Visible spectrophotometer (Lambda 16, Lambda 

20, Lambda 40; Perkin Elmer) equipped with a thermoelectric cell changer. 

Measurements of the individual variants were always performed in duplicate on the 

same instrument, using 1 cm pathlength quartz cuvettes from Hellma. All initial rates 

were corrected for the corresponding temperature-specific background reaction. Kinetic 

parameters kcat and Km were calculated from the initial rates as previously 

described,[189] using ideally a minimum of five substrate concentrations ranging from at 

least 4-fold below Km to at least 4-fold above Km. 

The specific activity (kcat/Km) of library variants was initially assessed 

monitoring the conversion of chorismate (at 50 to 100 µM initial concentration) to 

prephenate spectrophotometrically at 274 nm at 20 or 30 °C in PBS (pH 7.5) at an 

enzyme concentration of 400 nM. Based on the assumption that the substrate 

concentration in the assay is much lower than the respective Km value, the kcat/Km value 

can be estimated using the following equation: 
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where vo is the initial rate, ∆OD is the difference in absorbance, l is the pathlength of 

the cuvette, t is the time, and ε is the molar extinction coefficient (2630 cm-1 M-1 for 

chorismate at 274 nm).  

The pH dependence of the enzyme activity for the 9 amino acid variant XS-6 

was determined by following the disappearance of chorismate at 274 nm in a UV/VIS 

spectrophotometer with 200 µM chorismate at 30 °C, in either acetate buffer (20 mM 

sodium acetate, 0.1 M NaCl, pH 4.5 to 5.5) or PBS (pH 7.5), and the enzyme at a 

concentration of 400 nM. 

 
 

6.12.10 Inhibition Assay 

The assay was performed in a manner analogous to the determination of the specific 

activity of the library variants (see section 6.12.9). The CM–catalyzed conversion of 

chorismate was performed in the presence of 0 to 100 µM of the Bartlett inhibitor 2 

(Figure 1.5)[190] at 20 °C in PBS (pH 7.5) for EcCM and MjCM', while acetate buffer 

(20 mM sodium acetate, 0.1 M NaCl, pH 5) was used for XS-6. The enzyme 

concentrations were 150 nM (EcCM), 200 nM (MjCM'), and 400 nM (XS-6). Apparent 

Ki values were determined by analyzing the double-reciprocal Lineweaver-Burk plots 

for competitive inhibition. In the case of competitive inhibition the Michaelis-Menten 

equation reads as follows:[315] 
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where v is the initial rate in the presence of inhibitor I, [E]o is the total enzyme 

concentration, [S] is the substrate concentration, kcat is a first-order rate constant (the 

turnover number), Km is the Michaelis constant, [I] is the concentration of inhibitor, and 

Ki represents the apparent dissociation constant of the complex between enzyme and 

inhibitor.  
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At low substrate concentrations ([S] << Km) the reaction rate is then given by 

 

  [ ] [ ]
m

cat0 SE
K

kv
α

=  (6.9) 

 
where α is (1+[I]/Ki). Plotting Km/kcat against [I] (Fig. 4.7C) gives an intercept of the 
apparent Km/kcat on the y axis and the slope of the line is Km/(kcat Ki). The apparent Ki 
values can be calculated by dividing the intercept by the slope. 
 
 
 

6.12.11 Production of Chorismic Acid 

Chorismate was produced microbiologically using a procedure developed in our 

laboratory.[348] E. coli strain KA12 was exploited for the production, followed by 

chromatographic purification of the compound from the supernatant of the bacterial 

culture. The purity of the chorismic acid obtained in this way was generally 90-98%, as 

assessed by NMR and enzymatic assay. In the enzymatic assay the conversion of 

chorismate to prephenate by BsCM was followed spectroscopically at 274 or 310 nm 

until the enzymatic reaction had reached its end. The purity of the preparation could 

then be calculated from the difference in absorption before (∆Ai) and after the reaction 

had finished (∆Af), correcting for the contribution of the enzyme to the absorption (∆AE) 

using the following equation: 
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B Gene and Protein Sequences 
 
 
B1. Modified MjCM’ (as in pRP1MjCM) 
 
 

  NdeI                          BcgI                                    
        \                             \                                       
   1   CATATGATCGAGAAACTTGCTGAAATTAGGAAGAAGATTGATGAGATTGACAATAAGATA   60 
       GTATACTAGCTCTTTGAACGACTTTAATCCTTCTTCTAACTACTCTAACTGTTATTCTAT           
 
           M  I  E  K  L  A  E  I  R  K  K  I  D  E  I  D  N  K  I        

1                          10                           
 

          HindIII                                                             
       AflII                             Bpu10I                               
       \  \                              \                                    
  61   CTTAAGCTTATTGCTGAAAGAAATAGTTTAGCTAAGGATGTAGCTGAGATAAAAAATCAG  120 
       GAATTCGAATAACGACTTTCTTTATCAAATCGATTCCTACATCGACTCTATTTTTTAGTC           
 
        L  K  L  I  A  E  R  N  S  L  A  K  D  V  A  E  I  K  N  Q  
        20                            30 
 
 121   CTTGGTATTCCTATTAACGACCCAGAAAGAGAAAAATATATATACGATAGAATAAGAAAA  180  
       GAACCTTAAGGATAATTGCTGGGTCTTTCTCTTTTTATATATATGCTATCTTATTCTTTT           
 
        L  G  I  P  I  N  D  P  E  R  E  K  Y  I  Y  D  R  I  R  K       
        40                            50              
 
                       AclI         SspI          SspI                        
                       \            \             \                           
 181   CTTTGTAAAGAACATAACGTTGATGAAAATATTGGCATTAAAATATTTCAAATACTTATA  240    
       GAAACATTTCTTGTATTGCAACTACTTTTATAACCGTAATTTTATAAAGTTTATGAATAT           
 
        L  C  K  E  H  N  V  D  E  N  I  G  I  K  I  F  Q  I  L  I     
        60                            70       
 
                                                 XhoI                         
                                                 \                            
 241   GAGCATAATAAGGCCCTCCAAAAGCAATATCTTGAGGAAACACTCGAG    288                
       CTCGTATTATTCCGGGAGGTTTTCGTTATAGAACTCCTTTGTGAGCTC                       
 
        E  H  N  K  A  L  Q  K  Q  Y  L  E  E  T  L  E   
        80                            90              
 



 
 

 

174 

B2. Modified MjCM’ (as in pRP3MjCM) 
 
 

  NdeI                          BcgI                                    
        \                             \                                       
   1   CATATGATCGAGAAACTTGCTGAAATTAGGAAGAAGATTGATGAGATTGACAATAAGATA   60  
          TACTAGCTCTTTGAACGACTTTAATCCTTCTTCTAACTACTCTAACTGTTATTCTAT           
 
           M  I  E  K  L  A  E  I  R  K  K  I  D  E  I  D  N  K  I        

1 10                           
 

          HindIII                                                             
       AflII                             Bpu10I                               
       \  \                              \                                    
  61   CTTAAGCTTATTGCTGAAAGAAATAGTTTAGCTAAGGATGTAGCTGAGATAAAAAATCAG  120    
       GAATTCGAATAACGACTTTCTTTATCAAATCGATTCCTACATCGACTCTATTTTTTAGTC           
 
        L  K  L  I  A  E  R  N  S  L  A  K  D  V  A  E  I  K  N  Q  
        20                            30 
 
           EcoRI                                                              
           \                                                                  
 121   CTTGGAATTCCTATTAACGACCCAGAAAGAGAAAAATATATATACGATAGAATAAGAAAA  180  
       GAACCTTAAGGATAATTGCTGGGTCTTTCTCTTTTTATATATATGCTATCTTATTCTTTT           
 
        L  G  I  P  I  N  D  P  E  R  E  K  Y  I  Y  D  R  I  R  K       
        40                            50              
 
                       AclI         SspI          SspI                        
                       \            \             \                           
 181   CTTTGTAAAGAACATAACGTTGATGAAAATATTGGCATTAAAATATTTCAAATACTTATA  240    
       GAAACATTTCTTGTATTGCAACTACTTTTATAACCGTAATTTTATAAAGTTTATGAATAT           
 
        L  C  K  E  H  N  V  D  E  N  I  G  I  K  I  F  Q  I  L  I     
        60                            70       
 
                                                 XhoI                         
                                                 \                            
 241   GAGCATAATAAGGCCCTCCAAAAGCAATATCTTGAGGAAACACTCGAG    288                
       CTCGTATTATTCCGGGAGGTTTTCGTTATAGAACTCCTTTGTGAGCTC                       
 
        E  H  N  K  A  L  Q  K  Q  Y  L  E  E  T  L  E   
        80                            90              
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B3. Stuffer fragment* in pKECMB-S2 
 
 
        NdeI                                         BssHII                   
        \                                            \                        
   1   CATATGACATCGGAAAACCCGTTACTGGCGCTGCGAGAGAAAATCAGCGCGCTGGATGAA   60    
          TACTGTAGCCTTTTGGGCAATGACCGCGACGCTCTCTTTTAGTCGCGCGACCTACTT           
 
           M  T  S  E  N  P  L  L  A  L  R  E  K  I  S  A  L  D  E    
           1                          10                                            
 
                         SfoI                                                 
                        NarI                                                  
                       KasI                          Tth111I XmaI             
       HindIII             BbeI   BtrI                  DrdI   SmaI           
       \               \\\ \      \                  \  \    \ \              
  61   AAGCTTGCCCACCGATGGCGCCCCTCACGTCATGCGCCCAGCCGACGATGTCGTCCCGGG  120    
       TTCGAACGGGTGGCTACCGCGGGGAGTGCAGTACGCGGGTCGGCTGCTACAGCAGGGCCC           
 
        K  L  A  H  R  W  R  P  S  R  H  A  P  S  R  R  C  R  P  G            
        20                            30                    
 
                        ClaI          BbsI     XmnI                           
                        \             \        \                              
 121   CGGCGCGGGGGTCGCCATCGATGCGAAGACCGTCCTGAACGATTTCGGCACCGAGGTTCT  180    
       GCCGCGCCCCCAGCGGTAGCTACGCTTCTGGCAGGACTTGCTAAAGCCGTGGCTCCAAGA           
 
        R  R  G  G  R  H  R  C  E  D  R  P  E  R  F  R  H  R  G  S        
        40                            50                            
 
                    EarI  SalI               ScaI                             
                    \     \                  \                                
 181   TGAGCTTCTCTTCGATGGCGTCGACAGCCCCGCAGAAGTACTCGTAGGAACTGTCGCCGC  240    
       ACTCGAAGAGAAGCTACCGCAGCTGTCGGGGCGTCTTCATGAGCATCCTTGACAGCGGCG           
 
        *  A  S  L  R  W  R  R  Q  P  R  R  S  T  R  R  N  C  R  R         
        60                            70                       
 
                                                  EarI                        
                                               BsmBI                          
                                               \  \                           
 241   AGCCGAAGCAGGCCACCTTGCGGCCCTGCGCCCCCGTCTCTTCGAGGGAGTCGAAAAGGG  300    
       TCGGCTTCGTCCGGTGGAACGCCGGGACGCGGGGGCAGAGAAGCTCCCTCAGCTTTTCCC           
 
        S  R  S  R  P  P  C  G  P  A  P  P  S  L  R  G  S  R  K  G     
        80                            90  
 
                        PstI                   BtrI                           
                        \                      \                              
 301   GAATGAAGTCGTCCTGCAGTTCGATGGAGTCGTCACCCCACGTCGAGCATCCGAGAAGGA  360    
       CTTACTTCAGCAGGACGTCAAGCTACCTCAGCAGTGGGGTGCAGCTCGTAGGCTCTTCCT           
 
        E  *  S  R  P  A  V  R  W  S  R  H  P  T  S  S  I  R  E  G     
       100                           110                 

                                                 
*  Stuffer fragment refers to an inactive version of the pheA' gene from E. coli that has been generated by 

replacing the 32 bp NheI-HindIII fragment of pKECMB-W [237] MacBeath, G., Kast, P., Hilvert, D., 
Protein Sci. 1998, 7, 325. by a 466 bp NheI-HindIII fragment of unrelated DNA from plasmid pORF-ES-G-
FXN.[349] MacBeath, G., Ph.D. thesis, The Scripps Research Institute (La Jolla, CA), 1997. 
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                        BsaI                                                  
                     EarI                                                     
        Tth111I      BstBI                                                    
        \            \  \                                                     
 361   CGAGGTCGAAGCCTTCGAAGAGACCGCCAGCCTCGACAGAGGCCGCGTCCCGGCTATCGA  420    
       GCTCCAGCTTCGGAAGCTTCTCTGGCGGTCGGAGCTGTCTCCGGCGCAGGGCCGATAGCT           
 
        R  G  R  S  L  R  R  D  R  Q  P  R  Q  R  P  R  P  G  Y  R   
       120                           130  
 
                                 PmlI                                         
                                 \                                            
 421   CTTCGTACCCTGCATCGGCAAGTTCACGTGCGATGGTTTCGGCGGTGTATTCCGTGTTGC  480 
       GAAGCATGGGACGTAGCCGTTCAAGTGCACGCTACCAAAGCCGCCACATAAGGCACAACG           
 
        L  R  T  L  H  R  Q  V  H  V  R  W  F  R  R  C  I  P  C  C     

140 150 
 

                                            Bpu10I   NheI                     
                                            \        \                        
 481   CTGTGGTGGAACCGTAGACGATGAGGGCTTTCGGAGCCTGAGCTACGCTAGCCGTCGAGG  540    
       GACACCACCTTGGCATCTGCTACTCCCGAAAGCCTCGGACTCGATGCGATCGGCAGCTCC           
 
        L  W  W  N  R  R  R  *  G  L  S  E  P  E  L  R  *  P  S  R     
       160                           170      
                                                 BsaBI                        
                                                 \                            
 541   TGGGAAAAGCCAAACTGCTCTCGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATT  600    
       ACCCTTTTCGGTTTGACGAGAGCGTAGCGGGCCATGCACTATAACTAGCACTTGCGCTAA       
 
        W  E  K  P  N  C  S  R  I  A  R  Y  V  I  L  I  V  N  A  I   
       180                           190            
 
                  AseI                                                        
                  \                                                           
 601   TGCTGGAAAGATTAATTACGCTCGGTAAAGCGCACCATCTGGACGCCCATTACATTACTC  660    
       ACGACCTTTCTAATTAATGCGAGCCATTTCGCGTGGTAGACCTGCGGGTAATGTAATGAG           
 
        C  W  K  D  *  L  R  S  V  K  R  T  I  W  T  P  I  T  L  L    

200 210       
 

                                                     BstAPI                   
                                                     \                        
 661   GCCTGTTCCAGCTCATCATTGAAGATTCCGTATTAACTCAGCAGGCTTTGCTCCAACAAC  720 
       CGGACAAGGTCGAGTAGTAACTTCTAAGGCATAATTGAGTCGTCCGAAACGAGGTTGTTG      
 
        A  C  S  S  S  S  L  K  I  P  Y  *  L  S  R  L  C  S  N  N    
       220                           230             
 
         XhoI                                                                 
         \                                                                    
 721   ATCTCGAG  728   
       TAGAGCTC                                                               
 
        I  S  
       240                                                           
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B4. MjCM- λ λ λ λ (as in pRP3MjCM- λ λ λ λ and pKMCMT- λ λ λ λ) 
 
 
        NdeI                                                                  
        \                                                                     
   1   CATATGGACAAGCTCATCTGCGGCCTTACGGCGTAATTCCGCATCAGTAAGCGCATTGGC    60    
          TACCTGTTCGAGTAGACGCCGGAATGCCGCATTAAGGCGTAGTCATTCGCGTAACCG           
 
           M  D  K  L  I  C  G  L  T  A  *  F  R  I  S  K  R  I  G             
           1                             10                          
 
                            BstEII                                            
                            \                                                 
  61   CCGCATGTTCTGATACAGGTTGGTAACCAGCCAGTAGTGCGCGTTTGATTTCCACGGATA   120    
       GGCGTACAAGACTATGTCCAACCATTGGTCGGTCATCACGCGCAAACTAAAGGTGCCTAT           
 
        P  H  V  L  I  Q  V  G  N  Q  P  V  V  R  V  *  F  P  R  I             
        20                               30                                          
 
             BciVI                                                            
                 BspEI      StuI                                              
             \   \          \                                                 
 121   AGACTCCGCATCCGGATACAGGCCTCGCTTCCGGCAATACTCGTAAACCATATCAACCAG   180    
       TCTGAGGCGTAGGCCTATGTCCGGAGCGAAGGCCGTTATGAGCATTTGGTATAGTTGGTC           
 
        R  L  R  I  R  I  Q  A  S  L  P  A  I  L  V  N  H  I  N  Q             
        40                               50                                          
 
 181   CTCGCTGACGTTTGGCAGTCCGGCGGTAACGGATGCTTCTTCCCGGCACCATGCAACAAA   240    
       GAGCGACTGCAAACCGTCAGGCCGCCATTGCCTACGAAGAAGGGCCGTGGTACGTTGTTT           
 
        L  A  D  V  W  Q  S  G  G  N  G  C  F  F  P  A  P  C  N  K             
        60                               70                                          
 
          XmaI                                                                
            SmaI                                    BsmI          HpaI        
          \ \                                       \             \           
 241   CTGCCCGGGTGATGGCAGAAATGGTCGATTCTGCCGACGGGCTACGCGCATTCCTGCGTT   300    
       GACGGGCCCACTACCGTCTTTACCAGCTAAGACGGCTGCCCGATGCGCGTAAGGACGCAA           
 
        L  P  G  *  W  Q  K  W  S  I  L  P  T  G  Y  A  H  S  C  V             
        80                               90                                          
 
 301   AACCTGTTCCATCGTGGTGATCCCGTTTTCCCGAAAAGCCAGAACCCACTGGCGACGGAT   360    
       TTGGACAAGGTAGCACCACTAGGGCAAAAGGGCTTTTCGGTCTTGGGTGACCGCTGCCTA           
 
        N  L  F  H  R  G  D  P  V  F  P  K  S  Q  N  P  L  A  T  D             
       100                              110                     
 
                                                               AlwNI          
                                                               PflMI          
                                                               \              
 361   TTCGTTCACTTCGTTCTGGTCACGGTTAGCCAGGCTCGCCGGGAAAGTTGCCAGTAACTG   420    
       AAGCAAGTGAAGCAAGACCAGTGCCAATCGGTCCGAGCGGCCCTTTCAACGGTCATTGAC           
 
        F  V  H  F  V  L  V  T  V  S  Q  A  R  R  E  S  C  Q  *  L             
       120                              130        
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                                            BspMI    BspMI                    
                                            \        \                        
 421   GCTGAACACACCGTTGATGATCTGCGCTACCTGCTGTACCTGCGGCTTTTCGTCGTACTG   480    
       CGACTTGTGTGGCAACTACTAGACGCGATGGACGACATGGACGCCGAAAAGCAGCATGAC           
 
        A  E  H  T  V  D  D  L  R  Y  L  L  Y  L  R  L  F  V  V  L             
       140                           150 
 
                                                      HpaI                    
                BcgI                                BcgI                      
                \                                   \ \                       
 481   TTCCGGCATGTTGTTGGCGATCCGACGCATCTGCTCACGGTCAAAGTTAACCATCTGTGC   540  

       AAGGCCGTACAACAACCGCTAGGCTGCGTAGACGAGTGCCAGTTTCAATTGGTAGACACG           
 
        F  R  H  V  V  G  D  P  T  H  L  L  T  V  K  V  N  H  L  C             
       160                           170    
 
 541   GGCGATGTTTTTCATAGATCCACCCCGTAAATCCAGTCTGTGTTTGTCAGGTCGAGTTTT   600    
       CCGCTACAAAAAGTATCTAGGTGGGGCATTTAGGTCAGACACAAACAGTCCAGCTCAAAA           
 
        G  D  V  F  H  R  S  T  P  *  I  Q  S  V  F  V  R  S  S  F             
       180                           190                         
 
 601   GGTTTGCTGGCTGTCACGCCTGCCTGTTGCTTGTTACGGTTGATTTCGAGTTGGGTCCAC   660    
       CCAAACGACCGACAGTGCGGACGGACAACGAACAATGCCAACTAAAGCTCAACCCAGGTG           
 
        G  L  L  A  V  T  P  A  C  C  L  L  R  L  I  S  S  W  V  H             
       200                           210           
 
                            BlpI                                SphI          
                            \                                   \             
 661   TTATCGCGGAGTTTGGCCGGGCTCAGCACGTTACCGGACCAGAAGTTGTCCTGGCATGCC   720    
       AATAGCGCCTCAAACCGGCCCGAGTCGTGCAATGGCCTGGTCTTCAACAGGACCGTACGG           
 
        L  S  R  S  L  A  G  L  S  T  L  P  D  Q  K  L  S  W  H  A             
       220                           230                 
 
                       PciI                                                   
                       \                                                      
 721   CAGCGGAACAGCACACACATGTCGCGGTGGTTACGTCCGTCACGTTCACGCATCAGGCGG   780 
       GTCGCCTTGTCGTGTGTGTACAGCGCCACCAATGCAGGCAGTGCAAGTGCGTAGTCCGCC           
 
        Q  R  N  S  T  H  M  S  R  W  L  R  P  S  R  S  R  I  R  R             
       240                           250         
 
        EcoRV     EciI             TaqII               BbsI                   
        \         \                \                   \                      
 781   ATATCGTTAGCCCACCCAGCAAAATTCGGTTTTCTGGCTGATGGTGCGATAGTCTTCACC   840    
       TATAGCAATCGGGTGGGTCGTTTTAAGCCAAAAGACCGACTACCACGCTATCAGAAGTGG           
 
        I  S  L  A  H  P  A  K  F  G  F  L  A  D  G  A  I  V  F  T             

260 270          
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                         BbsI                          BsrBI          
                                 \                             \              
 841   ATGTCAAACATCCACTCTGCGGCGGTCAGGTCTTCTGCTGTCCCCCACTTGCTGCCGCTC   900    
       TACAGTTTGTAGGTGAGACGCCGCCAGTCCAGAAGACGACAGGGGGTGAACGACGGCGAG           
 
        M  S  N  I  H  S  A  A  V  R  S  S  A  V  P  H  L  L  P  L             
       280                           290                
 
 901   TGAATTGCAGCATCCGGTTTCACCACAGAAAGGTCGTTTTCTGGCTGGTCAGAGGATTCG   960    
       ACTTAACGTCGTAGGCCAAAGTGGTGTCTTTCCAGCAAAAGACCGACCAGTCTCCTAAGC           
 
        *  I  A  A  S  G  F  T  T  E  R  S  F  S  G  W  S  E  D  S             
       300                           310             
 
          EcoRI                                                               
          \                                                                   
 961   CCAGAATTCCTATTAACGACCCAGAAAGAGAAAAATATATATACGATAGAATAAGAAAAC  1020    
       GGTCTTAAGGATAATTGCTGGGTCTTTCTCTTTTTATATATATGCTATCTTATTCTTTTG           
 
        P  E  F  L  L  T  T  Q  K  E  K  N  I  Y  T  I  E  *  E  N             
       320                           330              
 
                      AclI         SspI          SspI                         
                      \            \             \                            
1021   TTTGTAAAGAACATAACGTTGATGAAAATATTGGCATTAAAATATTTCAAATACTTATAG  1080    
       AAACATTTCTTGTATTGCAACTACTTTTATAACCGTAATTTTATAAAGTTTATGAATATC           
 
        F  V  K  N  I  T  L  M  K  I  L  A  L  K  Y  F  K  Y  L  *             
       340                           350        
 
                                                XhoI                          
                                                \                             
1081   AGCATAATAAGGCCCTCCAAAAGCAATATCTTGAGGAAACACTCGAG  1127           
       TCGTATTATTCCGGGAGGTTTTCGTTATAGAACTCCTTTGTGAGCTC                        
 
        S  I  I  R  P  S  K  S  N  I  L  R  K  H  S                            

360 370         
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B5. MjCM- λ λ λ λ2 (as in pRP3MjCM- λ λ λ λ2 and pKMCMT- λ λ λ λ2) 
 
 
        NdeI                          BcgI                                    
        \                             \                                       
   1   CATATGATCGAGAAACTTGCTGAAATTAGGAAGAAGATTGATGAGATTGACAATAAGATA    60    
          TACTAGCTCTTTGAACGACTTTAATCCTTCTTCTAACTACTCTAACTGTTATTCTAT           
 
           M  I  E  K  L  A  E  I  R  K  K  I  D  E  I  D  N  K  I             
           1                          10      
 
          HindIII                                                             
       AflII                             Bpu10I                               
       \  \                              \                                    
  61   CTTAAGCTTATTGCTGAAAGAAATAGTTTAGCTAAGGATGTAGCTGAGATAAAAAATCAG   120    
       GAATTCGAATAACGACTTTCTTTATCAAATCGATTCCTACATCGACTCTATTTTTTAGTC           
 
        L  K  L  I  A  E  R  N  S  L  A  K  D  V  A  E  I  K  N  Q             
        20                            30 
 
           EcoRI                                                              
           \                                                                  
 121   CTTGGAATTCAAACAGGGTTCTGGCGTCGTTCTCGTACTGTTTTCCCCAGGCCAGTGCTT   180    
       GAACCTTAAGTTTGTCCCAAGACCGCAGCAAGAGCATGACAAAAGGGGTCCGGTCACGAA           
 
        L  G  I  Q  T  G  F  W  R  R  S  R  T  V  F  P  R  P  V  L             
        40                            50     
 
                             AgeI                                             
                             SgrAI       Bpu10I                               
             HpaI BspEI       OliI       BbvCI                                
             \    \          \\          \                                    
 181   TAGCGTTAACTTCCGGAGCCACACCGGTGCAAACCTCAGCAAGCAGGGTGTGGAAGTAGG   240    
       ATCGCAATTGAAGGCCTCGGTGTGGCCACGTTTGGAGTCGTTCGTCCCACACCTTCATCC           
 
        *  R  *  L  P  E  P  H  R  C  K  P  Q  Q  A  G  C  G  S  R             
        60                            70               
 
                                BspEI BsrBI               DraIII              
                                \     \                   \                   
 241   ACATTTTCATGTCAGGCCACTTCTTTCCGGAGCGGGGTTTTGCTATCACGTTGTGAACTT   300    
       TGTAAAAGTACAGTCCGGTGAAGAAAGGCCTCGCCCCAAAACGATAGTGCAACACTTGAA           
 
        T  F  S  C  Q  A  T  S  F  R  S  G  V  L  L  S  R  C  E  L             
        80                            90               
 
                            Eco57I                                            
                            \                                                 
 301   CTGAAGCGGTGATGACGCCGAGCCGTAATTTGTGCCACGCATCATCCCCCTGTTCGACAG   360    
       GACTTCGCCACTACTGCGGCTCGGCATTAAACACGGTGCGTAGTAGGGGGACAAGCTGTC           
 
        L  K  R  *  *  R  R  A  V  I  C  A  T  H  H  P  P  V  R  Q             
       100                           110             
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               ClaI              PstI                                         
               \                 \                                            
 361   CTCTCACATCGATCCCGGTACGCTGCAGGATAATGTCCGGTGTCATGCTGCCACCTTCTG   420    
       GAGAGTGTAGCTAGGGCCATGCGACGTCCTATTACAGGCCACAGTACGACGGTGGAAGAC           
 
        L  S  H  R  S  R  Y  A  A  G  *  C  P  V  S  C  C  H  L  L             
       120                           130                  
 
 421   CTCTGCGGCTTTCTGTTTCAGGAATCCAAGAGCTTTTACTGCTTCGGCCTGTGTCAGTTC   480    
       GAGACGCCGAAAGACAAAGTCCTTAGGTTCTCGAAAATGACGAAGCCGGACACAGTCAAG           
 
        L  C  G  F  L  F  Q  E  S  K  S  F  Y  C  F  G  L  C  Q  F             
       140                           150               
 
                                     BcgI       BsrBI                         
                                     \          \                             
 481   TGACGATGCACGAATGTCGCGGCGAAATATCTGGGAACAGAGCGGCAATAAGTCGTCATC   540    
       ACTGCTACGTGCTTACAGCGCCGCTTTATAGACCCTTGTCTCGCCGTTATTCAGCAGTAG           
 
        *  R  C  T  N  V  A  A  K  Y  L  G  T  E  R  Q  *  V  V  I             
       160                           170        
 
                                                               HpaI           
                                                               \              
 541   CCATGTTTTATCCAGGGCGATCAGCAGAGTGTTAATCTCCTGCATGGTTTCATCGTTAAC   600    
       GGTACAAAATAGGTCCCGCTAGTCGTCTCACAATTAGAGGACGTACCAAAGTAGCAATTG           
 
        P  C  F  I  Q  G  D  Q  Q  S  V  N  L  L  H  G  F  I  V  N             
       180                           190                
 
                                            BstAPI                            
                                  BcgI  PstI BtsI                             
                                  \     \   \\                                
 601   CGGAGTGATGTCGCGTTCCGGCTGACGTTCTGCAGTGTATGCAGTATTTTCGACAATGCG   660    
       GCCTCACTACAGCGCAAGGCCGACTGCAAGACGTCACATACGTCATAAAAGCTGTTACGC           
 
        R  S  D  V  A  F  R  L  T  F  C  S  V  C  S  I  F  D  N  A             
       200                           210 
 
          BcgI                                       BglI                     
          \                                          \                        
 661   CTCGGCTTCATCCTTGTCATAGATACCAGCAAATCCGAAGGCCAGACGGGCACACTGAAT   720    
       GAGCCGAAGTAGGAACAGTATCTATGGTCGTTTAGGCTTCCGGTCTGCCCGTGTGACTTA           
 
        L  G  F  I  L  V  I  D  T  S  K  S  E  G  Q  T  G  T  L  N             
       220                           230        
 
 721   CATGGCTTTATGACGTAACATCCGTTTGGGATGCGACTGCCACGGCCCCGTGATTTCTCT   780    
       GTACCGAAATACTGCATTGTAGGCAAACCCTACGCTGACGGTGCCGGGGCACTAAAGAGA           
 
        H  G  F  M  T  *  H  P  F  G  M  R  L  P  R  P  R  D  F  S             
       240                           250                
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             NruI                  BsmI                                       
             \                     \                                          
 781   GCCTTCGCGAGTTTTGAATGGTTCGCGGCGGCATTCATCCATCCATTCGGTAACGCAGAT   840    
       CGGAAGCGCTCAAAACTTACCAAGCGCCGCCGTAAGTAGGTAGGTAAGCCATTGCGTCTA           
 
        A  F  A  S  F  E  W  F  A  A  A  F  I  H  P  F  G  N  A  D             
       260                           270               
 
                                        BsrGI                                 
                                        \                                     
 841   CGGATGATTACGGTCCTTGCGGTAAATCCGGCATGTACAGGATTCATTGTCCTGCTCAAA   900    
       GCCTACTAATGCCAGGAACGCCATTTAGGCCGTACATGTCCTAAGTAACAGGACGAGTTT           
 
        R  M  I  T  V  L  A  V  N  P  A  C  T  G  F  I  V  L  L  K             
       280                           290                
 
                     XcmI                                                     
                     \                                                        
 901   GTCCATGCCATCAAACTGCTGGTTTTCATTGATGATGCGGGACCAGCCATCAACGCCCAC   960    
       CAGGTACGGTAGTTTGACGACCAAAAGTAACTACTACGCCCTGGTCGGTAGTTGCGGGTG           
 
        V  H  A  I  K  L  L  V  F  I  D  D  A  G  P  A  I  N  A  H             
       300                           310               
 
 961   CACCGGAACGATGCCATTCTGCTTATCAGGAAAGGCGTAAATTTCTTTCGTCCACGGATT  1020    
       GTGGCCTTGCTACGGTAAGACGAATAGTCCTTTCCGCATTTAAAGAAAGCAGGTGCCTAA           
 
        H  R  N  D  A  I  L  L  I  R  K  G  V  N  F  F  R  P  R  I             
       320                           330         
 
                                                 FspI                         
                                                 \                            
1021   AAGGCCGTACTGGTTGGCAACGATCAGTAATGCGATGAACTGCGCATCGCTGGCATCACC  1080    
       TTCCGGCATGACCAACCGTTGCTAGTCATTACGCTACTTGACGCGTAGCGACCGTAGTGG           
 
        K  A  V  L  V  G  N  D  Q  *  C  D  E  L  R  I  A  G  I  T             
       340                           350                 
 
         DraI         EarI       BclI     AlwNI  SalI                         
         \            \          \        \      \                            
1081   TTTAAATGCCGTCTGGCGAAGAGTGGTGATCAGTTCCTGTGGGTCGACAGAATCCATGCC  1140    
       AAATTTACGGCAGACCGCTTCTCACCACTAGTCAAGGACACCCAGCTGTCTTAGGTACGG           
 
        F  K  C  R  L  A  K  S  G  D  Q  F  L  W  V  D  R  I  H  A             
       360                           370             
 
                                                ScaI           BsgI           
                                                \              \              
1141   GACACGTTCAGCCAGCTTCCCAGCCAGCGTTGCGAGTGCAGTACTCATTCGTTTTATACC  1200    
       CTGTGCAAGTCGGTCGAAGGGTCGGTCGCAACGCTCACGTCATGAGTAAGCAAAATATGG           
 
        D  T  F  S  Q  L  P  S  Q  R  C  E  C  S  T  H  S  F  Y  T             
       380                           390                
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                      SexAI              BsrDI                                
                      \                  \                                    
1201   TCTGAATCAATATCAACCTGGTGGTGAGCAATGGTTTCAACCATGTACCGGATGTGTTCT  1260    
       AGACTTAGTTATAGTTGGACCACCACTCGTTACCAAAGTTGGTACATGGCCTACACAAGA           
 
        S  E  S  I  S  T  W  W  *  A  M  V  S  T  M  Y  R  M  C  S             
       400                           410             
 
1261   GCCATGCGCTCCTGAAACTCAACATCGTCATCAAACGCACGGGTAATGGATTTTTTGCTG  1320    
       CGGTACGCGAGGACTTTGAGTTGTAGCAGTAGTTTGCGTGCCCATTACCTAAAAAACGAC           
 
        A  M  R  S  *  N  S  T  S  S  S  N  A  R  V  M  D  F  L  L             
       420                           430         
 
                               Ppu10I                                         
                                   NsiI                                       
                            ClaI BfrBI               AlwNI     StuI           
                            \  \ \ \                 \         \              
1321   GCCCCGTGGCGTTGCAAATGATCGATGCATAGCGATTCAAACAGGTGCTGGGGCAGGCCT  1380    
       CGGGGCACCGCAACGTTTACTAGCTACGTATCGCTAAGTTTGTCCACGACCCCGTCCGGA           
 
        A  P  W  R  C  K  *  S  M  H  S  D  S  N  R  C  W  G  R  P             
       440                           450              
 
                                             EarI                             
                                             \                                
1381   TTTTCCATGTCGTCTGCCAGTTCTGCCTCTTTCTCTTCACGGGCGAGCTGCTGGTAGTGA  1440    
       AAAAGGTACAGCAGACGGTCAAGACGGAGAAAGAGAAGTGCCCGCTCGACGACCATCACT           
 
        F  S  M  S  S  A  S  S  A  S  F  S  S  R  A  S  C  W  *  *             
       460                           470            
 
                             PsrI                                 PsrI        
                             \                                    \           
1441   CGCGCCCAGCTCTGAGCCTCAAGACGATCCTGAATGTAATAAGCGTTCATGGCTGAACTC  1500    
       GCGCGGGTCGAGACTCGGAGTTCTGCTAGGACTTACATTATTCGCAAGTACCGACTTGAG           
 
        R  A  Q  L  *  A  S  R  R  S  *  M  *  *  A  F  M  A  E  L             
       480                           490               
 
1501   CTGAAATAGCTGTGAAAATATCGCCCGCGAAATGCCGGGCTGATTAGGAAAACAGGAAAG  1560    
       GACTTTATCGACACTTTTATAGCGGGCGCTTTACGGCCCGACTAATCCTTTTGTCCTTTC           
 
        L  K  *  L  *  K  Y  R  P  R  N  A  G  L  I  R  K  T  G  K             
       500                           510            
 
                      BsmI                    AseI            PsiI            
                      \                       \               \               
1561   GGGGTTAGTGAATGCTTTTGCTTGATCTCAGTTTCAGTATTAATATCCATTTTTTATAAG  1620    
       CCCCAATCACTTACGAAAACGAACTAGAGTCAAAGTCATAATTATAGGTAAAAAATATTC           
 
        G  V  S  E  C  F  C  L  I  S  V  S  V  L  I  S  I  F  Y  K             
       520                           530           
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        SalI                                                                  
        \                                                                     
1621   CGTCGACGGCTTCACGAAACATCTTTTCATCGCCAATAAAAGTGGCGATAGTGAATTTAG  1680    
       GCAGCTGCCGAAGTGCTTTGTAGAAAAGTAGCGGTTATTTTCACCGCTATCACTTAAATC           
 
        R  R  R  L  H  E  T  S  F  H  R  Q  *  K  W  R  *  *  I  *             

540 550                    
 

                                        PflMI                                    
                                        \                                        
1681   TCTGGATAGCCATAAGTGTTTGATCCATTCTTTGGGACTCCTGGCTGATTAAGTATGTCG  1740    
       AGACCTATCGGTATTCACAAACTAGGTAAGAAACCCTGAGGACCGACTAATTCATACAGC           
 
        S  G  *  P  *  V  F  D  P  F  F  G  T  P  G  *  L  S  M  S             
       560                           570                   
 
1741   ATAAGGCGTTTCCATCCGTCACGTAATTTACGGGTGATTCGTTCAAGTAAAGATTCGGAA  1800    
       TATTCCGCAAAGGTAGGCAGTGCATTAAATGCCCACTAAGCAAGTTCATTTCTAAGCCTT           
 
        I  R  R  F  H  P  S  R  N  L  R  V  I  R  S  S  K  D  S  E             
       580                           590             
 
                                      BsrDI       BstAPI                      
                                      \           \                           
1801   GGGCAGCCAGCAACAGGCCACCCTGCAATGGCATATTGCATGGTGTGCTCCTTATTTATA  1860    
       CCCGTCGGTCGTTGTCCGGTGGGACGTTACCGTATAACGTACCACACGAGGAATAAATAT           
 
        G  Q  P  A  T  G  H  P  A  M  A  Y  C  M  V  C  S  L  F  I             
       600                           610          
 
                      XhoI                                                    
                      \                                                       
1861   CATAACGAAAAACGCCTCGAG  1882                                         
       GTATTGCTTTTTGCGGAGCTC                                                  
 
        H  N  E  K  R  L  E   
       620                         
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B6. Lambda fragment (as in pKT-λλλλ3) 
 
 
        NdeI                                                                  
        \                                                                     
   1   CATATGGACAAGCTCATCTGCGGCCTTACGGCGTAATTCCGCATCAGTAAGCGCATTGGC    60    
          TACCTGTTCGAGTAGACGCCGGAATGCCGCATTAAGGCGTAGTCATTCGCGTAACCG           
 
           M  D  K  L  I  C  G  L  T  A  *  F  R  I  S  K  R  I  G             
           1                          10       
 
                            BstEII                                            
                            \                                                 
  61   CCGCATGTTCTGATACAGGTTGGTAACCAGCCAGTAGTGCGCGTTTGATTTCCACGGATA   120    
       GGCGTACAAGACTATGTCCAACCATTGGTCGGTCATCACGCGCAAACTAAAGGTGCCTAT           
 
        P  H  V  L  I  Q  V  G  N  Q  P  V  V  R  V  *  F  P  R  I             
        20                            30                
 
             BciVI                                                            
                 BspEI      StuI                                              
             \   \          \                                                 
 121   AGACTCCGCATCCGGATACAGGCCTCGCTTCCGGCAATACTCGTAAACCATATCAACCAG   180    
       TCTGAGGCGTAGGCCTATGTCCGGAGCGAAGGCCGTTATGAGCATTTGGTATAGTTGGTC           
 
        R  L  R  I  R  I  Q  A  S  L  P  A  I  L  V  N  H  I  N  Q             
        40                            50                                             
 
 181   CTCGCTGACGTTTGGCAGTCCGGCGGTAACGGATGCTTCTTCCCGGCACCATGCAACAAA   240    
       GAGCGACTGCAAACCGTCAGGCCGCCATTGCCTACGAAGAAGGGCCGTGGTACGTTGTTT           
 
        L  A  D  V  W  Q  S  G  G  N  G  C  F  F  P  A  P  C  N  K             
        60                            70                                
 
          XmaI                                                                
            SmaI                                    BsmI          HpaI        
          \ \                                       \             \           
 241   CTGCCCGGGTGATGGCAGAAATGGTCGATTCTGCCGACGGGCTACGCGCATTCCTGCGTT   300    
       GACGGGCCCACTACCGTCTTTACCAGCTAAGACGGCTGCCCGATGCGCGTAAGGACGCAA           
 
        L  P  G  *  W  Q  K  W  S  I  L  P  T  G  Y  A  H  S  C  V             
        80                            90             
 
 301   AACCTGTTCCATCGTGGTGATCCCGTTTTCCCGAAAAGCCAGAACCCACTGGCGACGGAT   360    
       TTGGACAAGGTAGCACCACTAGGGCAAAAGGGCTTTTCGGTCTTGGGTGACCGCTGCCTA           
 
        N  L  F  H  R  G  D  P  V  F  P  K  S  Q  N  P  L  A  T  D             
       100                           110                   
 
                                                               AlwNI          
                                                               PflMI          
                                                               \              
 361   TTCGTTCACTTCGTTCTGGTCACGGTTAGCCAGGCTCGCCGGGAAAGTTGCCAGTAACTG   420    
       AAGCAAGTGAAGCAAGACCAGTGCCAATCGGTCCGAGCGGCCCTTTCAACGGTCATTGAC           
 
        F  V  H  F  V  L  V  T  V  S  Q  A  R  R  E  S  C  Q  *  L             
       120                           130         
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                                            BspMI    BspMI                    
                                            \        \                        
 421   GCTGAACACACCGTTGATGATCTGCGCTACCTGCTGTACCTGCGGCTTTTCGTCGTACTG   480    
       CGACTTGTGTGGCAACTACTAGACGCGATGGACGACATGGACGCCGAAAAGCAGCATGAC           
 
        A  E  H  T  V  D  D  L  R  Y  L  L  Y  L  R  L  F  V  V  L             
       140                           150   
 
                                                      HpaI                    
                BcgI                                BcgI                      
                \                                   \ \                       
 481   TTCCGGCATGTTGTTGGCGATCCGACGCATCTGCTCACGGTCAAAGTTAACCATCTGTGC   540    
       AAGGCCGTACAACAACCGCTAGGCTGCGTAGACGAGTGCCAGTTTCAATTGGTAGACACG           
 
        F  R  H  V  V  G  D  P  T  H  L  L  T  V  K  V  N  H  L  C             
       160                           170    
 
 541   GGCGATGTTTTTCATAGATCCACCCCGTAAATCCAGTCTGTGTTTGTCAGGTCGAGTTTT   600    
       CCGCTACAAAAAGTATCTAGGTGGGGCATTTAGGTCAGACACAAACAGTCCAGCTCAAAA           
 
        G  D  V  F  H  R  S  T  P  *  I  Q  S  V  F  V  R  S  S  F             
       180                           190    
 
 601   GGTTTGCTGGCTGTCACGCCTGCCTGTTGCTTGTTACGGTTGATTTCGAGTTGGGTCCAC   660    
       CCAAACGACCGACAGTGCGGACGGACAACGAACAATGCCAACTAAAGCTCAACCCAGGTG           
 
        G  L  L  A  V  T  P  A  C  C  L  L  R  L  I  S  S  W  V  H             
       200                           210        
 
                            BlpI                                SphI          
                            \                                   \             
 661   TTATCGCGGAGTTTGGCCGGGCTCAGCACGTTACCGGACCAGAAGTTGTCCTGGCATGCC   720    
       AATAGCGCCTCAAACCGGCCCGAGTCGTGCAATGGCCTGGTCTTCAACAGGACCGTACGG           
 
        L  S  R  S  L  A  G  L  S  T  L  P  D  Q  K  L  S  W  H  A             
       220                           230    
 
                       PciI                                                   
                       \                                                      
 721   CAGCGGAACAGCACACACATGTCGCGGTGGTTACGTCCGTCACGTTCACGCATCAGGCGG   780    
       GTCGCCTTGTCGTGTGTGTACAGCGCCACCAATGCAGGCAGTGCAAGTGCGTAGTCCGCC           
 
        Q  R  N  S  T  H  M  S  R  W  L  R  P  S  R  S  R  I  R  R             
       240                           250      
 
        EcoRV     EciI             TaqII               BbsI                   
        \         \                \                   \                      
 781   ATATCGTTAGCCCACCCAGCAAAATTCGGTTTTCTGGCTGATGGTGCGATAGTCTTCACC   840    
       TATAGCAATCGGGTGGGTCGTTTTAAGCCAAAAGACCGACTACCACGCTATCAGAAGTGG           
 
        I  S  L  A  H  P  A  K  F  G  F  L  A  D  G  A  I  V  F  T             
       260                           270   
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                                 BbsI                          BsrBI          
                                 \                             \              
 841   ATGTCAAACATCCACTCTGCGGCGGTCAGGTCTTCTGCTGTCCCCCACTTGCTGCCGCTC   900    
       TACAGTTTGTAGGTGAGACGCCGCCAGTCCAGAAGACGACAGGGGGTGAACGACGGCGAG           
 
        M  S  N  I  H  S  A  A  V  R  S  S  A  V  P  H  L  L  P  L             
       280                           290    
 
 901   TGAATTGCAGCATCCGGTTTCACCACAGAAAGGTCGTTTTCTGGCTGGTCAGAGGATTCG   960    
       ACTTAACGTCGTAGGCCAAAGTGGTGTCTTTCCAGCAAAAGACCGACCAGTCTCCTAAGC           
 
        *  I  A  A  S  G  F  T  T  E  R  S  F  S  G  W  S  E  D  S             
       300                           310    
 
          EcoRI                                                               
          \                                                                   
 961   CCAGAATTCAAACAGGGTTCTGGCGTCGTTCTCGTACTGTTTTCCCCAGGCCAGTGCTTT  1020    
       GGTCTTAAGTTTGTCCCAAGACCGCAGCAAGAGCATGACAAAAGGGGTCCGGTCACGAAA           
 
        P  E  F  K  Q  G  S  G  V  V  L  V  L  F  S  P  G  Q  C  F             
       320                           330               
 
                            AgeI                                              
                            SgrAI       Bpu10I                                
            HpaI BspEI       OliI       BbvCI                                 
               \    \          \\          \                                     
1021   AGCGTTAACTTCCGGAGCCACACCGGTGCAAACCTCAGCAAGCAGGGTGTGGAAGTAGGA  1080    
       TCGCAATTGAAGGCCTCGGTGTGGCCACGTTTGGAGTCGTTCGTCCCACACCTTCATCCT           
 
        S  V  N  F  R  S  H  T  G  A  N  L  S  K  Q  G  V  E  V  G             
       340                           350   
 
                               BspEI BsrBI               DraIII               
                               \     \                   \                    
1081   CATTTTCATGTCAGGCCACTTCTTTCCGGAGCGGGGTTTTGCTATCACGTTGTGAACTTC  1140    
       GTAAAAGTACAGTCCGGTGAAGAAAGGCCTCGCCCCAAAACGATAGTGCAACACTTGAAG           
 
        H  F  H  V  R  P  L  L  S  G  A  G  F  C  Y  H  V  V  N  F             
       360                           370   
 
                           Eco57I                                             
                           \                                                  
1141   TGAAGCGGTGATGACGCCGAGCCGTAATTTGTGCCACGCATCATCCCCCTGTTCGACAGC  1200    
       ACTTCGCCACTACTGCGGCTCGGCATTAAACACGGTGCGTAGTAGGGGGACAAGCTGTCG           
 
        *  S  G  D  D  A  E  P  *  F  V  P  R  I  I  P  L  F  D  S             
       380                           390     
 
              ClaI              PstI                                          
              \                 \                                             
1201   TCTCACATCGATCCCGGTACGCTGCAGGATAATGTCCGGTGTCATGCTGCCACCTTCTGC  1260    
       AGAGTGTAGCTAGGGCCATGCGACGTCCTATTACAGGCCACAGTACGACGGTGGAAGACG           
 
        S  H  I  D  P  G  T  L  Q  D  N  V  R  C  H  A  A  T  F  C             
       400                           410    
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1261   TCTGCGGCTTTCTGTTTCAGGAATCCAAGAGCTTTTACTGCTTCGGCCTGTGTCAGTTCT  1320    
       AGACGCCGAAAGACAAAGTCCTTAGGTTCTCGAAAATGACGAAGCCGGACACAGTCAAGA           
 
        S  A  A  F  C  F  R  N  P  R  A  F  T  A  S  A  C  V  S  S             
       420                           430       
 
                                    BcgI       BsrBI                          
                                    \          \                              
1321   GACGATGCACGAATGTCGCGGCGAAATATCTGGGAACAGAGCGGCAATAAGTCGTCATCC  1380    
       CTGCTACGTGCTTACAGCGCCGCTTTATAGACCCTTGTCTCGCCGTTATTCAGCAGTAGG           
 
        D  D  A  R  M  S  R  R  N  I  W  E  Q  S  G  N  K  S  S  S             
       440                           450      
 
                                                              HpaI            
                                                              \               
1381   CATGTTTTATCCAGGGCGATCAGCAGAGTGTTAATCTCCTGCATGGTTTCATCGTTAACC  1440    
       GTACAAAATAGGTCCCGCTAGTCGTCTCACAATTAGAGGACGTACCAAAGTAGCAATTGG           
 
        H  V  L  S  R  A  I  S  R  V  L  I  S  C  M  V  S  S  L  T             
       460                           470           
 
                                           BstAPI                             
                                 BcgI  PstI BtsI                              
                                 \     \   \\                                 
1441   GGAGTGATGTCGCGTTCCGGCTGACGTTCTGCAGTGTATGCAGTATTTTCGACAATGCGC  1500    
       CCTCACTACAGCGCAAGGCCGACTGCAAGACGTCACATACGTCATAAAAGCTGTTACGCG           
 
        G  V  M  S  R  S  G  *  R  S  A  V  Y  A  V  F  S  T  M  R             
       480                           490    
 
         BcgI                                       BglI                      
         \                                          \                         
1501   TCGGCTTCATCCTTGTCATAGATACCAGCAAATCCGAAGGCCAGACGGGCACACTGAATC  1560    
       AGCCGAAGTAGGAACAGTATCTATGGTCGTTTAGGCTTCCGGTCTGCCCGTGTGACTTAG           
 
        S  A  S  S  L  S  *  I  P  A  N  P  K  A  R  R  A  H  *  I             
       500                           510      
 
1561   ATGGCTTTATGACGTAACATCCGTTTGGGATGCGACTGCCACGGCCCCGTGATTTCTCTG  1620    
       TACCGAAATACTGCATTGTAGGCAAACCCTACGCTGACGGTGCCGGGGCACTAAAGAGAC           
 
        M  A  L  *  R  N  I  R  L  G  C  D  C  H  G  P  V  I  S  L             
       520                           530   
 
            NruI                  BsmI                                        
            \                     \                                           
1621   CCTTCGCGAGTTTTGAATGGTTCGCGGCGGCATTCATCCATCCATTCGGTAACGCAGATC  1680    
       GGAAGCGCTCAAAACTTACCAAGCGCCGCCGTAAGTAGGTAGGTAAGCCATTGCGTCTAG           
 
        P  S  R  V  L  N  G  S  R  R  H  S  S  I  H  S  V  T  Q  I             
       540                           550     
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                                       BsrGI                                  
                                       \                                      
1681   GGATGATTACGGTCCTTGCGGTAAATCCGGCATGTACAGGATTCATTGTCCTGCTCAAAG  1740    
       CCTACTAATGCCAGGAACGCCATTTAGGCCGTACATGTCCTAAGTAACAGGACGAGTTTC           
 
        G  *  L  R  S  L  R  *  I  R  H  V  Q  D  S  L  S  C  S  K             
       560                           570  
 
                    XcmI                                                      
                    \                                                         
1741   TCCATGCCATCAAACTGCTGGTTTTCATTGATGATGCGGGACCAGCCATCAACGCCCACC  1800    
       AGGTACGGTAGTTTGACGACCAAAAGTAACTACTACGCCCTGGTCGGTAGTTGCGGGTGG           
 
        S  M  P  S  N  C  W  F  S  L  M  M  R  D  Q  P  S  T  P  T             
       580                           590        
 
1801   ACCGGAACGATGCCATTCTGCTTATCAGGAAAGGCGTAAATTTCTTTCGTCCACGGATTA  1860    
       TGGCCTTGCTACGGTAAGACGAATAGTCCTTTCCGCATTTAAAGAAAGCAGGTGCCTAAT           
 
        T  G  T  M  P  F  C  L  S  G  K  A  *  I  S  F  V  H  G  L             
       600                           610          
 
                                                FspI                          
                                                \                             
1861   AGGCCGTACTGGTTGGCAACGATCAGTAATGCGATGAACTGCGCATCGCTGGCATCACCT  1920    
       TCCGGCATGACCAACCGTTGCTAGTCATTACGCTACTTGACGCGTAGCGACCGTAGTGGA           
 
        R  P  Y  W  L  A  T  I  S  N  A  M  N  C  A  S  L  A  S  P             
       620                           630      
 
        DraI         EarI       BclI     AlwNI  SalI                          
        \            \          \        \      \                             
1921   TTAAATGCCGTCTGGCGAAGAGTGGTGATCAGTTCCTGTGGGTCGACAGAATCCATGCCG  1980    
       AATTTACGGCAGACCGCTTCTCACCACTAGTCAAGGACACCCAGCTGTCTTAGGTACGGC           
 
        L  N  A  V  W  R  R  V  V  I  S  S  C  G  S  T  E  S  M  P             
       640                           650                 
 
                                               ScaI           BsgI            
                                               \              \               
1981   ACACGTTCAGCCAGCTTCCCAGCCAGCGTTGCGAGTGCAGTACTCATTCGTTTTATACCT  2040    
       TGTGCAAGTCGGTCGAAGGGTCGGTCGCAACGCTCACGTCATGAGTAAGCAAAATATGGA           
 
        T  R  S  A  S  F  P  A  S  V  A  S  A  V  L  I  R  F  I  P             
       660                           670        
 
                     SexAI              BsrDI                                 
                     \                  \                                     
2041   CTGAATCAATATCAACCTGGTGGTGAGCAATGGTTTCAACCATGTACCGGATGTGTTCTG  2100    
       GACTTAGTTATAGTTGGACCACCACTCGTTACCAAAGTTGGTACATGGCCTACACAAGAC           
 
        L  N  Q  Y  Q  P  G  G  E  Q  W  F  Q  P  C  T  G  C  V  L             
       680                           690      
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2101   CCATGCGCTCCTGAAACTCAACATCGTCATCAAACGCACGGGTAATGGATTTTTTGCTGG  2160    
       GGTACGCGAGGACTTTGAGTTGTAGCAGTAGTTTGCGTGCCCATTACCTAAAAAACGACC           
 
        P  C  A  P  E  T  Q  H  R  H  Q  T  H  G  *  W  I  F  C  W             
       700                           710          
 
                              Ppu10I                                          
                                  NsiI                                        
                           ClaI BfrBI               AlwNI     StuI            
                           \  \ \ \                 \         \               
2161   CCCCGTGGCGTTGCAAATGATCGATGCATAGCGATTCAAACAGGTGCTGGGGCAGGCCTT  2220    
       GGGGCACCGCAACGTTTACTAGCTACGTATCGCTAAGTTTGTCCACGACCCCGTCCGGAA           
 
        P  R  G  V  A  N  D  R  C  I  A  I  Q  T  G  A  G  A  G  L             
       720                           730     
 
                                            EarI                              
                                            \                                 
2221   TTTCCATGTCGTCTGCCAGTTCTGCCTCTTTCTCTTCACGGGCGAGCTGCTGGTAGTGAC  2280    
       AAAGGTACAGCAGACGGTCAAGACGGAGAAAGAGAAGTGCCCGCTCGACGACCATCACTG           
 
        F  P  C  R  L  P  V  L  P  L  S  L  H  G  R  A  A  G  S  D             
       740                           750    
 
                            PsrI                                 PsrI         
                            \                                    \            
2281   GCGCCCAGCTCTGAGCCTCAAGACGATCCTGAATGTAATAAGCGTTCATGGCTGAACTCC  2340    
       CGCGGGTCGAGACTCGGAGTTCTGCTAGGACTTACATTATTCGCAAGTACCGACTTGAGG           
 
        A  P  S  S  E  P  Q  D  D  P  E  C  N  K  R  S  W  L  N  S             
       760                           770  
 
2341   TGAAATAGCTGTGAAAATATCGCCCGCGAAATGCCGGGCTGATTAGGAAAACAGGAAAGG  2400    
       ACTTTATCGACACTTTTATAGCGGGCGCTTTACGGCCCGACTAATCCTTTTGTCCTTTCC           
 
        *  N  S  C  E  N  I  A  R  E  M  P  G  *  L  G  K  Q  E  R             
       780                           790   
 
                     BsmI                    AseI            PsiI             
                     \                       \               \                
2401   GGGTTAGTGAATGCTTTTGCTTGATCTCAGTTTCAGTATTAATATCCATTTTTTATAAGC  2460    
       CCCAATCACTTACGAAAACGAACTAGAGTCAAAGTCATAATTATAGGTAAAAAATATTCG           
 
        G  L  V  N  A  F  A  *  S  Q  F  Q  Y  *  Y  P  F  F  I  S             
       800                           810    
 
       SalI                                                                   
       \                                                                      
2461   GTCGACGGCTTCACGAAACATCTTTTCATCGCCAATAAAAGTGGCGATAGTGAATTTAGT  2520    
       CAGCTGCCGAAGTGCTTTGTAGAAAAGTAGCGGTTATTTTCACCGCTATCACTTAAATCA           
 
        V  D  G  F  T  K  H  L  F  I  A  N  K  S  G  D  S  E  F  S             
       820                           830     
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                                    PflMI                                     
                                    \                                         
2521   CTGGATAGCCATAAGTGTTTGATCCATTCTTTGGGACTCCTGGCTGATTAAGTATGTCGA  2580    
       GACCTATCGGTATTCACAAACTAGGTAAGAAACCCTGAGGACCGACTAATTCATACAGCT           
 
        L  D  S  H  K  C  L  I  H  S  L  G  L  L  A  D  *  V  C  R             
       840                           850   
 
2581   TAAGGCGTTTCCATCCGTCACGTAATTTACGGGTGATTCGTTCAAGTAAAGATTCGGAAG  2640    
       ATTCCGCAAAGGTAGGCAGTGCATTAAATGCCCACTAAGCAAGTTCATTTCTAAGCCTTC           
 
        *  G  V  S  I  R  H  V  I  Y  G  *  F  V  Q  V  K  I  R  K             
       860                           870  
 
                                     BsrDI       BstAPI                       
                                     \           \                            
2641   GGCAGCCAGCAACAGGCCACCCTGCAATGGCATATTGCATGGTGTGCTCCTTATTTATAC  2700    
       CCGTCGGTCGTTGTCCGGTGGGACGTTACCGTATAACGTACCACACGAGGAATAAATATG           
 
        G  S  Q  Q  Q  A  T  L  Q  W  H  I  A  W  C  A  P  Y  L  Y             
       880                           890     
 
                     XhoI                                                     
                     \                                                        
2701   ATAACGAAAAACGCCTCGAG  2720        
       TATTGCTTTTTGCGGAGCTC                                                   
 
        I  T  K  N  A  S  
       900                                   
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