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Abstract

In the last decade directed evolution of naturally occurring proteins has led

to a range of industrial applications, diagnostic tools, and therapeutic

implementations. The popularity of enzymes is based mainly on their exquisite

selectivity in catalyzing reactions of complex substrate molecules with enantio- and

regioselectivity. Nevertheless, nature does not always provide viable enzymatic

solutions to a chemical problem of interest. In order to overcome this limitation,

chemists and biologists have adopted the immune system as a means of creating

antibodies that bind transition state analogues and catalyze the corresponding

reaction. Unfortunately, moderate turn over rates of these tailored biocatalysts

limit their practical utility.

This thesis describes the improvement of the catalytic efficiency of one of

these antibodies, the Diels-Alderase 1E9. The starting catalytic antibody is one of

the most efficient Diels-Alderase antibodies known, accelerating the inverse

electron-demand [4+2] cycloaddition between tetrachlorothiophene dioxide and

AT-ethylmaleimide with high efficiency (EM of 1000 M). This antibody was raised

against a hexachloronorbornene hapten, which is an excellent mimic of the

transition state of the catalyzed cycloaddition. However, it seems to be unlikely

that antibody 1E9 is fully evolved since its catalytic efficiency (k^/K^ is only 410

M^min"1, orders of magnitudes below the diffusion limit. One possible reason for

its suboptimal activity might be that the immune system generates antibodies with

ligand affinities in the micro- to nanomolar range. In comparison, enzymes

typically bind the transition state of the reaction they catalyzed with dissociation

constants as low as 10"25 M. Based on transition state theory, the binding affinity of

an enzyme for its transition state correlates directly with the catalytic rate

acceleration. This analysis suggests, that the catalytic rate of antibody 1E9 might be

improved by increasing its affinity for the transition state analogue. In order to
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Abstract

optimize the binding properties of antibody 1E9, directed evolution experiments

were preformed using yeast surface display in combination with fluorescence

activated cell sorting. After four rounds of mutagenesis by error-prone PCR and

DNA shuffling and cell sorting, an 1E9 single chain antibody (scFv) variant was

identified with 440-fold increased hapten affinity (KD = 5 pM). Interestingly, the

evolved variant showed increased thermostability (~13 °C), which may reflect the

reduced plasticity of the antibody structure and stabilization of the catalytic

conformation (see Chapter 2).

In order to examine the catalytic properties of the evolved 1E9 scFv variant,

characterization of its kinetic parameters was necessary. Production of soluble

antibody was therefore essential. Preliminary expression experiments using bacteria

as the host failed. Given the successful display of 1E9 scFv on yeast, expression in

this organism was then considered. In fact, 1E9 scFv was successfully produced by

secretion from yeast. The soluble scFv antibody catalyzed the reaction between

tetrachlorothiophene dioxide and N-ethylmaleimide and kinetic analysis showed a

25-fold increase in catalytic efficiency of the evolved 1E9 scFv variant compared

to wild-type chimeric 1E9 Fab. This enhancement corresponds to a 50%

conversion of the binding energy gained from affinity maturation into additional

stabilization of the transition state. This result convincingly demonstrates the

feasibility of increasing the efficiency of catalytic antibodies by further increasing

the affinity for the transition state analog in vitro (see Chapter 3).

Because a transition state can never be perfectly mimicked by a stable

analogue, even if high-affinity binders can be isolated they may still suffer from

low catalytic efficiency. An alternative selection approach was therefore elaborated

based directly on activity. Replacement of the tetrachlorothiophene dioxide by

hexachlorocyclopentadiene as substrate for the cycloaddition reaction with N-

ethylmaleimide results in hapten formation in the catalytic pocket of the 1E9

antibody. This strategy leads to product capturing and should allow the selection,

in principle, by yeast surface display and fluorescence activated cell sorting. The
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Abstract

preliminary data suggest, that such a selection is may be possible, but technically

challenging. Specifically, the reactivity of the maleimide substrate with nucleophilic

residues on the cell surface and the toxicity of hexachlorocyclopentadiene are

problematic factors, which were only partially overcome (see Chapter 4).

Since cell free in vitro selection systems offers several advantages compared

to other selection approaches, including facile incorporation of unnatural amino

acids or the generation of vast library sizes, we became interested in such

techniques. These days the most prominent examples are ribosome display and

mRNA display. A drawback of these systems is their requirements for special and

time consuming conditions to attach the genetic information to the proteins.

Consequently, we investigated a technically facile and fast alternative, involving

complex formation between immobilized Ni2+ ions and a poly-histidine chain as a

means of connecting genetic information to its encoding protein. A

diribonucleotide was synthesized containing a chelating group at its 5'-end and

incorporated into mRNA by transcriptional priming. In principle, the resulting 5'-

modified mRNA should be able to capture an AT-terminal His-tag of the nascent

protein during translation, leading to an mRNA-protein conjugate. Indeed, 5'-

chelate-modified mRNA showed an increased affinity for proteins with an AT-

terminal histidine tag. Despite this promising result, it remains unclear how suitable

this approach will be for in vitro selection (see Chapter 5).
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Zusammenfassung

In den letzten Jahren hat die gesteuerte Evolution von natürlichen

Proteinen zahlreiche industrielle, diagnostische und therapeutische Anwendungen

hervorgebracht. Die Popularität von Enzymen basiert hauptsächlich auf ihrer

Fähigkeit außerordentlich selektiv Reaktion mit komplexen Substraten auf enantio-

und regioselektive Weise zu katalysieren. Gleichwohl lässt sich in der Natur nicht

zu jedem chemischen Problem das geeignete Enzym finden. Um diese Limitierung

zu umgehen, haben Chemiker und Biologen sich das Immunsystem zu Nutze

gemacht, indem sie Antikörper isolierten, die Analoga von Übergangszuständen

gewünschter chemischer Reaktionen binden. Leider stellten sich die so gewonnen

Antikörper als äusserst moderate Katalysatoren heraus.

In dieser Arbeit wird die Verbesserung der katalytischen Effizienz eines

dieser Antikörper, der Diels-Alderase 1E9, beschrieben. Dieser katalytische

Antikörper ist einer der effizientesten Diels-Alderase Antikörper überhaupt und

beschleunigt die [4+2] Cycloadditionsreaktion mit inversem Elektronenbedarf

zwischen Tetrachlorothiophendioxid und AT-Ethylmaleimide mit hoher

katalytischer Effizienz (EM = 1000 M). Ursprünglich wurde dieser Antikörper als

guter Binder von Hexachloronorbornene isoliert. Dieses Hapten ist ein

ausgezeichnetes Analogon des Übergangszustandes der zu katalysierenden

Reaktion. Es ist jedoch unwahrscheinlich, dass die katalytischen Fähigkeiten des

Antikörpers 1E9 vollständig entwickelt sind, denn seine katalytische Effizienz

Ow^m) beträgt nur 410 M'min"1, welche mehrere Größenordnungen unter dem

Diffusionslimit liegt. Einen möglichen Grund für diese nicht optimierte Aktivität

ist die Tatsache, dass das Immunsystem hervorgebrachte Antikörper ihre Liganden

nur mit einer Affinität im mikro- bis nanomolaren Bereich binden. Im Vergleich

dazu, binden Enzyme typischerweise den Übergangszustand der von ihnen

katalysierten Reaktion mit einer Dissoziationskonstante von bis zu 10"25 M.
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Zusammenfassung

Basierend auf der Übergangszustand-Theorie korreliert die Bindungsaffinität eines

Enzyms gegenüber des Übergangszustandes direkt mit der katalytischen

Beschleunigung. Folgerichtig müsste sich die katalytische Aktivität des Antikörpers

1E9 durch eine Verbesserung der Bindungsaffinität gegenüber dem Hapten

steigern lassen. Mit dem Ziel die Bindungseigenschaften des Antikörpers 1E9 zu

verbessern wurden mittels Hefeoberflächendisplay und fluoreszenz-aktivierter

Zellsortierung gesteuerte Evolutionsexperimente durchgeführt. Nach vier Runden

der Mutagenese durch fehlerbehaftete PCR und DNA shuffling, sowie

konsequenter Anwendung der Durchflusscytometry, konnte eine 1E9 scFv

Variante isoliert werden, die eine 440-fache Verbesserung der Bindungsaffinität

gegenüber dem Hapten zeigte (5 pM). Interessanterweise, wies die evolvierte

Variante eine um 13 °C erhöhte Thermostabilität auf, was auf eine Verringerung

der strukturellen Plastizität hinweist und möglicherweise zu einer Stabilisierung der

katalytischen Konformation führt (siehe Kapitel 2).

Um die kinetischen Eigenschaften der selektierten 1E9 scFv Variante zu

bestimmen, war die Charakterisierung ihrer kinetischen Parameter notwendig.

Dazu war die Produktion von löslichem Antikörper unumgänglich. In

vorangegangenen Experimenten schlug die Expression des 1E9 scFv Antikörpers

in Bakterien fehl. Durch das erfolgreiche Display des 1E9 scFv auf der Oberfläche

von Hefezellen, wurde die Expression in diesen Zellen in Betracht gezogen.

Tatsächlich konnte 1E9 scFv erfolgreich durch Sekretion aus Hefezellen

produziert werden. Die lösliche 1E9 scFv katalysierte die Reaktion zwischen

Tetrachlorothiophendioxid und AT-Ethylmaleimid und die evolvierte Variante

zeigte eine 25-fache Erhöhung der katalytischen Effizienz im Vergleich zum

chimerischen wildtyp 1E9 Fab Antikörper. Daraus resultiert eine 50% Effizienz

beim Transfer der gewonnen Bindungsenergie in zusätzliche Stabilisierung des

Übergangszustandes. Dieses Resultat bestätigte die Möglichkeit der

Effizienzsteigerung von katalytischen Antikörpern mittels Erhöhung der

xx



Zusammenfassung

Bindungsaffinität gegenüber dem Überganszustand auf überzeugende Art und

Weise (siehe Kapitel 3).

Da der Übergangszustand einer Reaktion nicht perfekt nachgeahmt werden

kann besteht immer die Möglichkeit, dass Antikörper mit hoher Affinität nur

moderate Katalysatoren sind. Desshalb wurde eine alternative Selektionsmethode

ausgearbeitet, die auf Aktivität basiert. Durch den Austausch von Tetrachloro-

thiophendioxid durch Hexachlorocyclopentadien als Substrat wird während der

Katalyse der Cycloadditionsreaktion das Hapten direkt in der aktiven Tasche des

1E9 Antikörpers gebildet. Diese Strategie der Produktbindung erlaubt

möglicherweise die Selektion von aktiven Varianten mittels Hefeoberflächendisplay

und Fluoreszenz aktivierter Durchflusscytometry. Die vorläufig erarbeiteten Daten

deuten an, dass eine solche Selektion prinzipiell möglich ist, jedoch eine technische

Herausforderung darstellt (siehe Kapitel 4).

Da zellfreie in vitro Selektionssysteme gegenüber anderen Selektions¬

methoden verschiedene Vorteile aufweisen, wie zum Beispiel der einfache Einbau

unnatürlicher Aminosäuren oder die Herstellung riesiger genetischer Bibliotheken,

wurde unsere Neugier für solche Techniken geweckt. Heutzutage sind Ribosomen

Display und mRNA Display ihre bekanntesten Vertreter. Ein Nachteil beider

Methoden ist die Notwendigkeit von speziellen Bedingungen und der damit

verbundene Zeitaufwand um die genetische Information an das codierte Protein zu

knüpfen. Infolgedessen erforschten wir einen technisch einfachere und schnellere

Alternative, die sich die Komplexbildung zwischen immobilisierten N2+ Ionen und

einer Polyhistidinkette als Verknüpfungselement zwischen genetischer Information

und dem codierten Protein zu Nutze macht. Es wurde ein Diribonukleotid mit

einer S'-Chelatmodifikation synthetisiert und während der Transkription selektiv

am 5'-Ende in die RNA eingebaut. Im Prinzip sollte die daraus resultierende 5'-

modifizierte RNA während der Translation den AT-terminalen Polyhistidine-Tag

eines naszenten Proteins erkennen, was zu einem mRNA-Protein Konjugat führt.

Tatsächlich zeigt eine 5'-Chelat modifizierte mRNA eine erhöhte Affinität

xxi



Zusammenfassung

gegenüber Proteine, die einen AT-terminalen Histidine-Tag besitzen. Trotz diesem

viel versprechenden Resultat, ist die Nutzbarkeit diese Systems für die in vitro

Selektion noch immer ungewiss (siehe Kapitel 5).
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1 Introduction

1.1 A Survey of Natural Evolution

Evolution is the most important process in biology, affecting all living

species. Through recursive cycles of variation, selection and amplification

organisms slowly but continually diversify and become more complex [1,2].

Consequently, a population of a species is in a perpetual state of change and can

acquire or lose traits. Once a trait provides an advantage under prevailing

environmental conditions, it is passed from one generation to the next. On the

other hand, unfavorable traits can be deleted from the population over time.

Variation in a population originates at the genetic level through

recombination and point mutation. These two mechanisms diversify the gene pool,

while the number of genes stays constant. Since bacteria carry about 1000

functional genes whereas humans have approximately 30,000, there must be a

mechanism for aquiring new genes. This generally happens by gene doubling to

give a gene copy with the same function as the original gene [3]. Over time the two

genes acquire different mutations and evolve individually. Finally, the paralogous

gene exhibits a new function, which differs from the function of its cognate gene.

The same doubling mechanism also applies to groups of genes, chromosomes or

even to sets of chromosomes.

The set of all genes in an individual, also called the genotype, is hidden for

the selection process. In fact, it is the phenotype, the entirety of all morphological,

physiological, biochemical, and behavioral characteristics the genes encode, which

is the subject of selection. It is noteworthy that, depending on the environmental

conditions, certain genotypes can afford quite different phenotypes. Consequently,

the phenotype can be considered to be the result of the interplay between

genotype and environment.
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Introduction

It was the biologist and early social philosopher Herbert Spencer that coined

the phrase 'survival of the fittest'. Indeed, the selection process is a deletion

process. In a given population, only individuals with an adequate or 'fit' phenotype

will fulfill the requirements of selection and survive. Interestingly, the requirements

for selection, also called selection pressure, are not only posed by the environment

or by other organisms, but is a characteristic of the population itself (Figure 1-1).

Figure 1-1: The interplay between the environment and the phenotype determines the

selection pressure in evolution (illustration reproduced with permission from Smith D.).

The natural selection process is a result of two prerequisites: the ability to

reproduce and the ability to interact with the environment. The interplay of these

two factors results in a differentiation of populations by progressive evolution as a

function of environmental circumstances.

1.2 Evolution in the Laboratory

For thousands of years mankind has exploited evolution successfully in a

directed way to produce plants and animals with desired and useful characteristics.

The crossbreeding of individuals with favorable traits harnesses sexual

recombination, one of the most powerful evolutionary strategies to generate

variation. From these crossings, progeny with improved features arc chosen for

additional breeding cycles. Thus the course of development is channeled.

2



Introduction

In the past few decades, biologists and chemists have also started to use the

mechanisms of evolution to specifically change and to improve the properties of

single molecules, specifically oligonucleotides and proteins, as opposed to tailoring

whole organisms. Generally, in laboratory evolution a library of molecules is

generated and then searched for variants containing some desired property. This

process is repeated while adjusting the search conditions over several generations.

In this way, small changes can be accumulated which finally lead to custom-made

variants of the starting molecule. In contrast to natural evolution, which does not

work toward any specific aim, the laboratory evolution experiment has a defined

goal.

1.2.1 Fundamentals of an evolutionary strategy

A series of methods have been developed to generate diversity in

populations of molecules. These include degenerate oligonucleotide-directed or

error-prone DNA synthesis [4,5], recombination of DNA fragments [6], circular

permutation [7,8], and combinatorial synthesis of chemical compound libraries [9-

13]. Since only an infinitesimal fraction of the tremendous number of possible

proteins can be tested in an evolutionary experiment, it is essential to choose the

right strategy to create protein libraries with the desired function. Recently, a study

estimated that the fraction of all sequences encoding functional proteins is as low

as 1 in 1077 [14].

The number of all possible sequences is often described as 'sequence space',

where the fitness of a certain sequence is characterized as an elevation. Thus a

multi-dimensional picture is generated, comparable to a landscape [15,16]. Since

naturally evolved proteins cover only a miniscule part of the fitness landscape,

most viable molecules remain undiscovered. To date, knowledge about landscapes

is mostly derived from statistical methods [17,18]. Depending on the distribution

of fitness values, the fitness landscape can adopt variable shapes. It may be quite

3
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flat, if fitness is generally lacking, with some rare appearances of zones of high

fitness like the Australian outback (Figure 1-2), or it may exhibit many peaks of

very high fitness, flanked by steep ridges and precipitous cliffs falling to deep

valleys of very low fitness resembling the Swiss alps (Figure 1-3). Alternatively, the

fitness landscape may resemble the dunes in the Sahara, smoothly rolling low hills

and gentle valleys (Figure 1-4).

Figure 1-2: The Australian outback is peculiar in exhibiting a very flat relief with a rare

mountain ranges or rock formations like the Uluru (Ayers Rock, photography reproduced

with permission from GlobalGeografia)
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Introduction

Figure 1-3: Very high peaks like the Matterhorn encircled by steep rugged rocks and deep

valleys are characteristics of the Swiss alpine landscape (photography free available at

desktopcxchange.com).
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Figure 1-4: Dunes in the Sahara form a smooth undulating landscape (photography

reproduced with permission from Gabathuler, O.).
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Introduction

Considering the possible solutions nature has devised for certain biological

functions, the fitness landscape for proteins seems to be very flat with rare and

isolated elevated areas [17]. But this is only true from the perspective of distance.

Zooming in, the elevated areas become rough with numerous peaks segregated by

clefts and rifts or just anticlines, harboring a multiplicity of different functions and

activities close to each other [19]. This clustering results from divergent

evolutionary mechanisms applied to a common ancestor, so that clustered proteins

usually have similar sequences and structures [20]. Consequently, many proteins

that are found to be close in sequence space exhibit promiscuous activities [21-27].

Moreover, a certain kind of functionality is not limited to a specific fold. Indeed,

many structurally unrelated proteins perform the same chemical transformation.

Thus, natural evolution sometimes invents different methods of resolution and

comes up with different solutions for a specific problem, which can be represented

as distantly separated elevations in the fitness landscape [1,28].

1.2.2 Walking on the fitness landscape

Depending on the fitness landscape, an evolutionary experiment can be

imagined as the alpine expedition of a blind man who only senses the steepness of

the local terrain, while the surrounding relief remains hidden [29]. In order to take

the first evolutionary steps on the fitness landscape, a population of diverse

proteins has to be created from which variants possessing desired properties must

be identified. The most straightforward strategy to create molecular diversity

within proteins is by random mutagenesis of the whole gene. In this approach no

structural or mechanistic information is needed and unexpected beneficial

mutations can appear. In principle, this approach is effective and can be applied to

a wide range of engineering goals. As mutations accumulate over several repetitive

rounds of diversification and selection, the protein structure is altered and can lose

stability. This process restricts the evolvability of the protein scaffold and

6
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represents a limiting factor for this approach [30,31]. One possibility to overcome

this intrinsic loss in evolvability involves recombination of structurally similar

proteins. This approach does not require structural information either and can lead

to significant improvements in protein functional [32-34]. In this procedure,

regions of sequence identity crossovers are created, which recombine sequences of

related proteins. The method is consequently only applicable to proteins with more

than 70-75% identity, because lower identity mostly yields the parental sequences.

If structural information is included in this strategy, the fraction of folded proteins

in the recombination library can be enriched, allowing lowering of the sequence

identity of the components to be shuffled to approximately 40% [35]. Another

more dramatical approach involves targeted mutagenesis of the protein active site.

Although a large number of mutants will be inactive, the method can uncover

mutational combinations necessary to evolve the functionality. Such a strategy is

dependent on structural and biochemical data, which enables selection of a small

subset of positions as targets for saturation mutagenesis [36].

1.2.3 Choosing an evolutionary starting point

Considering the emptiness of sequence space, it is essential to define a good

starting point that allows finding the right path to the peak of highest fitness by

random groping in the dark. Like in hiking, a good starting point is usually

considered to be as close as possible to the desired functionality (Figure 1-5).

While cognate proteins can often be found for a natural function that can serve as

evolutionary starting points, a suitable stating point cannot always be found in

nature in the search for proteins exhibiting artificial functions.
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Figure 1-5: Evolution can be defined as the hill-climbing experience of a blind man in the

fitness landscape. Since the blind man does not have a panoramic view, he will just walk

uphill on the relief. Depending on the starting point he will reach a local elevation (?) or

end up at the summit (!).

A basic requirement for the starting point of every evolutionary experiment

in the laboratory is the existence of a protein, which already exhibits some low

levels of the new function and thereby possesses a certain degree of evolvability. In

recent years biologists and chemists have developed various methodical

approaches to define proper starting points. One of the simplest strategies starts

from an analysis of structure and sequence to get an idea about possible functions

accessible to a protein, followed by targeted mutation in the binding pocket or

exchange of structural modules to generate a new function [37-41]. Since proteins

are not evenly distributed in a fitness landscape and are typically surrounded by

other functional structures that share the same overall structure, recombination

allows novel functionalities to be accessed, at least in principle [7,35]. However, a

subtler way to redesign the properties of proteins involves the use of

computational methods, which have the ability to access vastly larger regions in the
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fitness landscape than experiment [42,43]. Although computational calculations

have succeeded in improving stability [44] and catalytic properties [45] of a protein

and even predicting structure [46], the design of proteins showing novel artificial

functions has not yet been achieved. Nevertheless, the complementary use of

rational design with directed laboratory evolution is a promising path for future

research. The promiscuity of many proteins offers a further opportunity for

generating novel protein functions. It was hypothesized that in addition of their

original biological function, most proteins possess other activities [47]. The

identification of such promiscuous functions may be a useful way to identify novel

evolutionary starting points. Lastly, nature provides another evolutionary tool for

accessing proteins with tailored properties, namely the immune system, which can

generate suitable high-affinity binders to virtually any molecule [48].

1.3 The Immune System as a Source of Catalysts

1.3.1 Antibody catalysis

Enzymes are remarkable catalysts which determine the pattern of chemical

turnover in all biological systems. Their highly specificity and catalytic efficiency

for an enormous number of reactions is fascinating and makes them a desirable

tool for every chemist. Nevertheless, proteins are optimized by natural selection

for a specific biological task, which implies that they depend strongly on their

natural environment. As a consequence natural enzymes may be unavailable for

many abiological reactions of interest to the chemist. One successful attempt to

overcome this limitation exploits the diversity and specificity of the immune

system [49-52].

More than a century ago, Fischer postulated the lock and key' mechanism

for binding of substrates by enzymes [53]. Although this picture was subsequently

revised so that the binding event is nowadays considered as a much more dynamic
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process, the basic idea of a substrate sitting in a complementary active site remains

valid [47]. In the late forties, the picture of enzyme catalysis was clarified by the

Haldane-Pauling principle [54,55]. According to this theory, enzymes are able to

bind and simultaneously stabilize the high-energy transition state of a specific

chemical transformation corresponding to the ground state. In this way the

activation energy is lowered, resulting in acceleration of the chemical reaction.

Pauling also recognized that enzymes and antibodies share many similarities, with

the important difference that an antibody mainly binds ground state molecules,

while an enzyme has its highest affinity for the transition state [56]. About thirty

years later, Jencks picked up Pauling's considerations and took the analogy one

step further, suggesting that antibodies raised against stable transition state

analogues might be able to catalyze the corresponding reaction [57]. In 1986,

Lerner and Schulz independently proved Jencks' strategy by generating the first

catalytic antibodies for ester and carbonate hydrolysis by immunizing mice with

aryl phosphonate transition state analogues. To date, this strategy was has been

used to catalyze numerous different chemical reactions and represents one of the

most useful ways to access catalysts for abiological transformations.

1.3.2 The isolation of monoclonal antibodies

The adaptive immune system is capable of generating a vast assemblage of

high-affinity receptors against virtually any molecule. The primary immune

repertoire consists of about 108 antibodies [58], which are generated by

recombination of different germline gene segments [59]. Following immunization,

this variability is increased to up to 1012 different binders by an affinity maturation

process, which involves the introduction of somatic mutations into the variable

domains of the antibody followed by clonal selection of high-affinity binders [48],

Typically, the resulting antibodies bind their ligands with an affinity in the micro-

to nanomolar range.
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Since antibodies are produced by a polyclonal array of lymphocytes during

immunization, they are highly heterogeneous. Since only a small fraction of this

vast array of molecules is likely to be catalytically active, the chances of finding a

successful catalyst are correspondingly low. Fortunately, in 1975 Millstein and

Köhler discovered that monoclonal antibodies could be produced by fusion of

antibody-producing B-cell with tumor cells (myeloma cells). The resulting

hybridomas are essentially immortal and can be easily cultured for antibody

production [60].

1.3.3 Structure and plasticity of antibodies

In the late sixties Edelmann determined the complete amino acid sequence

of an immunoglobulin [61], which revealed the structural peculiarities found in

every Y-shaped molecule antibody (Figure 1-6). Each Y unit consists of two

identical heavy chains and two identical light chains. The light chain is linked to the

heavy chain via disulfide bridges, while the two heavy chains are similarly linked to

each other. The regions of greatest variability He in the N-terminal segments of the

heavy and light chains, which are called VL and VH segments. The light chain

variable segment (VT) extends for ~100 amino acid residues and is connected to a

more conserved region of the same size, the constant region CL. The variable

region of the heavy chain is made up of —110 residues and fused to the constant

region CH1. These four domains define the antigen-binding fragment (Fab) that

contains the antigen-binding pocket.
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Figure 1-6: Structural composition of an immunoglobulin G (IgG). A: Schematic

representation illustrating the heavy and the light chains linked by disulfide bridges. The

complementary determining regions (CDR's) form the hapten-binding site. The subunit

formed by four segments VH, CH1, VL, and C, is called Fab. A single-chain antibody

fragment (scFv) consists of the two variable regions of the heavy and the light chain,

connected by a linker. B: Ribbon diagram according to a crystal structure of a mouse IgG.

Q : light-chain constant region, CH: heavy-chain constant region, V, : light chain variable

region, VH: heavy chain variable region.

12



Introduction

Each of the two variable domains of the heavy (VH) and the light (VJ chain carries

three short segments of hypervariable sequence known as the complementary

determining regions (CDRs). These hypervariable segments are located in turns

and loops linked together by ß-strand elements, which form the binding pocket

and are mainly responsible for the specificity and affinity for the antigen.

In the last three decades, structural information about antibodies and their

ligand-complexes has dramatically increased, allowing a deeper understanding of

the mechanism of the recognition process [62-67]. Antibody-antigen complexes

exhibit a high degree of shape and chemical complementarity at their interacting

interfaces. The topology of the contacting surfaces of antibodies can vary

significantly according to antigen size. This high geometrical flexibility is achieved

by rearrangements of the CDR's, which are in close contact with the ligand. The

binding surface can encompass as little as 160 A2, as in the phosphochline-

McPC603 complex, or as much as 900 Â2, as seen in an anti-neuraminidase

antibody [66]. Interestingly, the CDR segments do not contribute equally to the

antigen-binding affinity. However, the CDR-3 segments of both VH and VL tend to

dominate the interactions of the binding cavity [67]. The CDR's in the VH region

and CDR-H3, in particular, often make more extensive contacts than the CDR's of

Vj, and the geometrical center of the interface tends to lie near CDR-H3.

Although antibodies recognize their ligands with high accuracy, they often

show cross-reactivity to other antigens. This is not surprising, since the immune

system has the ability to bind almost every molecule with a limited repertoire of

about 108 antibodies. About sixty years ago, Landsteiner first suggested that this is

probably due to different folding of the same polypeptide chain [68]. Refining this

idea, Pauling proposed that antibodies exist as an ensemble of conformers having

similar stability, affording the widest scope of diversity [69]. In more recent years,

it was demonstrated by Millstein and Foote that antibodies can exhibit preexisting

conformers [70] and later work of Wedmeyer et al. showed that that germline

antibodies can recognize ligands through one of many preexisting states [71]. More
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recently, the existence of a direct link between the conformational diversity and the

multi-specifity of an antibody was experimentally established. The monoclonal

antibody SPE7 exhibits high affinity toward its original 2,4-dinitrophenyl hapten,

but also strongly binds close analogs. It was found, that SPE7 adopts at least two

different preexisting conformations that were independent of antigen, each

conferring a different antigen binding function [72].

1.3.4 Strategies for generation of catalytic antibodies

Generally, the success in generating antibodies with a specific catalytic

activity strongly depends on the design and synthesis of the immunizing hapten.

Ideally, the analog should mimic all stereochemical, conformational, and

electronically properties of the original transition state as closely as possible. In this

regard, different strategies have been devised to teach catalysis to the

immunoglobulin scaffold.

The first two examples of catalytic antibodies were raised against transition

state analogues of ester hydrolysis reactions [73,74], The reactions are both well

characterized and thereby served as well-suited model systems. The transition state

for ester hydrolysis differs in geometry and electronic properties from both the

substrate and the products and can be effectively mimicked by tetrahedral,

negatively charged phosphonate derivatives [75,76]. This class of compounds was

previously identified as strong inhibitors of several natural hydrolases and turned

out to be very successful as haptens in generating catalytic antibodies, leading to

rate accelerations of 103-104 over the background reaction. Subsequently, many

other catalytic antibodies were generated that were able to specifically hydrolyze

unactivated esters containing Rori" enantiomeric alcohols [77], hydrolyze amide

bonds [78], catalyze aminoacylation reactions [79], and even promote peptide

synthesis [80].
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Another interesting approach was chosen to catalyze the terminal enzymatic

transformation in the heme biosynthetic pathway by an antibody. According to

Haldane's theory of enzymatic catalysis [55] the binding energy of the enzyme can

be used to induce a strained conformation in substrates, rather than to stabilize a

transition state of a particular reaction. If the energy necessary to destabilize the

substrate is released at the transition state, a significant increase in reaction rate can

be obtained. In fact, ferrochelatase catalyzes the insertion of a metal cation to the

porphyrin ring by distorting the macrocycle, resulting in an increased exposure of

the pyrrole nitrogen lone pairs to the solvent, and thereby facilitating metal ion

complexation. Following this concept, antibodies were raised against a mimic of

the bulged porphyrin ring, which promoted incorporation of Cu2+ and Zn
+

cations into porphyrins with rates similar to those of the natural enzyme [81].

Interestingly, however, the natural ligand, Fe2+, is not complexed by the antibody.

Despite the successes in generating antibodies that catalyze various kinds of

reactions, the lack of detailed information about the reaction mechanism can limit

hapten design. Simultaneous mimicking of the high-energy charges, stereochemical

and geometric features of rate limiting transition states particularly for complex,

multi-step-reactions, represents a significant challenge and often cannot be

achieved by a single transition state analog. In order to overcome the problem of

complex intermediates, activated inhibitors that undergo the desired chemical

reaction in the antibody binding site are particularly attractive [82-86]. The strategy

of reactive immunization selects antibodies not only for their ability to bind the

transition state analog, but also for their catalytic qualities. This strategy was

especially successful in affording antibodies with class I aldolase activity [85].

These examples indicate the versatility of antibodies enhancing the rates of

chemical reactions. Their ability to differentiate subtle configuration or regio- and

stereochemical differences in their ligands is comparable to that of natural

enzymes. Nevertheless, their chemical efficiency in comparison with natural

enzymes is generally poor [49].

15



Introduction

1.3.5 Diels-Alderase antibody 1E9

Although rare in nature, pericyclic reactions represent one of the most

important tools for the organic chemist because of their high stereospecificity and

their broad preparative utility in the synthesis of drugs and natural products [87-

90]. Among these reactions, the Diels-Alder reactions are particularly useful as a

method for synthesizing six member rings. Formally, the reaction is a [4+2]

cycloaddition that involves the concerted addition of an olefin across the Im¬

positions of a conjugated diene. During this conversion two new O-bonds are

formed at the expenses of two Jt-bonds. The discovery of this reaction had a

tremendous impact on organic chemistry, since it allowed the synthesis of many

natural and non-natural products, including steroids, terpenes, sugars, alkaloids

prostaglandins and antineoplastic agents like adriamycin and daunomycin [91-93].

The structure of many metabolites in biological pathways suggests that

nature might also make use of the Diels-Alder reaction [94]. Until today no natural

protein was clearly proven to be a Diels-Alderase. However, many possible

candidates exist. One of the most prominent candidates is macrophormate

synthase from the phytopathogenic fungus Macrophoma commelinae, which catalyzes

the transformation of 2-pyrone and oxaloacetate to macrophomate. The

transformation involves a multistep process, including decarboxylation of

oxaloacetate to produce pyruvate enolate, formation of two C-C bonds between

the 2-pyrone and pyruvate enolate giving a bicyclic intermediate, and final

decarboxylations with simultaneous dehydration. Mechanistic and structural

studies indicated that that the second step might occur via a [4+2] cycloaddition

mechanism [95,96]. Nevertheless, recent mixed quantum and molecular

mechanism calculations indicate that an alternative Michael-aldol mechanism is

more likely than the Diels-Alder mechanism [97].

Nevertheless, catalysis of a Diels-Alder cycloaddition has been realized with

antibodies. The general approach for generation of catalytic antibodies for this

pericyclic reaction is illustrated by antibody 1E9, the first Diels-Alderase to be
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identified [98], The catalyst accelerates the inverse electron-demand cycloaddition

reaction between tetrachlorothiophene dioxide la and N-ethylmaleimide with

multiple turnovers (Figure 1-7).

1a

-so2

G" o

ci c

,N-

oxidation

y^y

(CH2)5C02

1bX = R = Br 6aX = CI

1cX = R = Me 6bX = H

1dX = CI, R = CH2OCH2C02- 6cX = Br

Figure 1-7: Diels-Alder reaction between tetrachlorothiophene dioxide la and AT-

ethylmaleimide 2. In the first step a high-energy intermediate 3 is formed that closely

resembles the transition state. After elimination of sulfur dioxide and in situ oxidation, the

planar phtaleimide derivative 5 is obtained.

The overall reaction is a multistep process, involving the formation of a high-

energy intermediate 3 that spontaneously eliminates sulfur dioxide, followed of in

situ oxidation to give the final hexachlorophtalimide product 5. The high-energy

intermediate 3 and its flanking transition states are excellently mimicked by the

<?Wo-hexachloronorbornene derivative 6a, which was used as a hapten to raise the

antibody. Product inhibition is not a problem in this system, presumably because

of the geometrical differences between the transition state and the planar product

5, which binds 105-fold less tightly to the antibody.
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Antibody 1E9 also binds different substituted norbornene derivatives [99].

The unsubstituted hapten 6b shows 200-fold lower affinity, which is probably due

to its significantly smaller size, resulting in less optimal shape complementarity

than its chlorine substituted derivative 6a. Interestingly, the bulkier bromo-

substituted norbornene 6c derivative is bound with comparable affinity to the 1E9

binding pocket as the original hapten 6a. This indicates that the 1E9 active pocket

possesses sufficient inherent flexibility to expand and match the sterically more

demanding requirements of the larger ligand. Indeed, the tetrabromothiophene

dioxide lb is a good substrate for the antibody-catalyzed Diels-Alder reaction,

which strengthens this hypothesis. Nevertheless, size is not the only factor that

determines whether a molecule is a good substrate. The electron-rich diene

tetramethylthiophene dioxide, lc, is not a substrate for the antibody, even though

it is only marginally larger than its chlorine substituted counterpart la [99]. This

suggests that the binding pocket is electronically optimized to catalyze the inverse

electron-demanding Diels-Alder reaction. Furthermore, 1E9 cross-reacts with

unrelated hydrophobic ligands [100] and mutagenesis experiments showed that

two substitutions were sufficient to turn the Diels-Alderase antibody into a steroid

binder with the same recognition properties as the related anti-progesterone

antibody DB3 [101].

Although these results suggest that the binding cavity of the 1E9 antibody

possesses a high degree of flexibility, the crystal structure of 1E9 in complex with

its hapten 6a at 1.9 Â resolution reveals almost perfect shape complementarity

between protein and ligand (Figure 1-8).
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Figure 1-8: Surface representation of the 1K9 antibody active site with bound transition

state analog (red). The analog fits into the binding pocket with an excellent shape

complementarity. The ligand-contacting residues are highlighted in orange.

The binding cavity deeply buries the hapten and recognizes it through 121 van der

Waals contacts, a Jt-stacking interaction between the succinimido moiety of the

norbornene derivative and the indole ring of TrpHW, as well as a hydrogen bond

between the buried carbonyl oxygen to polar and the highly conserved residue

Asn1135.

The low solubility of tetrachlorothiophene dioxide, la, precluded a complete

kinetic analysis. However, the water soluble derivative, Id, was used to show that

the antibody operates with a catalytic rate constant (kcJ of 13 min
'
and Michaelis

constants (KM) of 2.4 mM and 29 mM for the thiophen and the maleimide,

respectively. From this data, an effective molarity (EM = kcat/kuncJ of 1000 M per

binding site was determined. Although 1E9 antibody was designed as an entropy

trap, temperature dependent measurements of the catalytic rate (krat) showed that

the rate acceleration is mainly derived from lowering the enthalpic barrier for the

cycloaddition |102|. Finally, quantum mechanical calculations suggested that the

catalytic efficiency is mainly explained by the unusually close fit between the
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transition state and the largely hydrophobic binding pocket, punctuated by one

strategically placed polar interaction that stabilize the transition state

electrostatically.

1.3.6 Optimization of catalytic antibodies

Enzymes are incredibly efficient catalysts with apparent catalytic efficiencies

OWKJ typically between 106 and 108 M'Y1 [103]. The fastest enzymes are only

limited by the rate of substrate diffusion into the catalytic site. Pauling explained

this extraordinary rate acceleration by the ability of an enzyme to bind and stabilize

the transition state of a reaction relative to the ground state [56]. Of course, this is

only true, when the catalyzed and uncatalyzed reactions follow the same reaction

path. Indeed, from transition-state theory, the catalytic efficiency of an enzyme

(kcat/Km) strongly correlates with its affinity for the transition state (K^"1) [103].

Accordingly, Stewart and Benkovic observed a weak correlation between rate

acceleration and the ratio between the equilibrium binding constants of reaction

substrates and transition state based inhibitors for a series of catalytic antibodies

[104]. In practice, it follows that the search for better catalysts is equivalent to the

search for better hapten-binders [49]. Indeed, the moderate catalytic efficiency of

antibodies compared to their natural counterparts can be explained in part by the

fact that antibodies relatively weakly bind their haptens (K^ = 10"6 to 10"10 M). In

comparison, enzymes exhibit a much higher affinity for their transition states (KTS

= 10"10 to 10"25 M). This concern also applies to the 1E9 antibody, even though no

natural enzyme is available for comparison. The chemical proficiency of 1E9

((k^t/K^/ku,,) indicates that this catalyst binds the cycloaddition transition state

of the bimolecular Diels-Alder reaction much less tightly (KTS = 7x10~8 M) than

would be expected for a fully evolved catalyst. Consequently, further

improvements in binding the transition state analog 6a may directly translate into

increased catalytic efficiency.
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Given the excellent fit between 1E9 catalytic antibody and its hapten, it is

unlikely that mutations of residues lining the binding cavity will substantially

improve binding affinity or enhance catalytic activity. In this respect the 7-fold rate

enhancement observed for the Met^^Phe mutation in the 1E9 antibody is likely

an exception [105]. By way of contrast, structural studies on the esterolytic

antibody 48G7 and its germline precursor identified somatic mutations which

occur up to 15 Â from the active site as being partly responsible for the 30,000-

fold higher hapten affinity and for the 100-fold increased esterolytic activity

(kcat/rvjvi) of the mature 48G7 antibody [71]. Similar results were obtained with

other antibodies [106-110]. According to the work of Foote and Winter, mutations

of framework residues can affect the conformation of the hypervariable loops,

which are mainly responsible for hapten binding [111]. In order to identify

mutations distributed throughout the antibody scaffold, a directed evolutionary

approach could be useful [112].

1.4 Searching of Protein Libraries

1.4.1 Screening, sorting and selection

The critical step of every evolutionary experiment is the identification of

clones with desired properties from a complex pool of various mutants.

Considering the vast number of possible variants generated by diversification,

testing of each individual clone is experimentally impossible. A possible solution to

this problem is the tagging of the desired characteristic in some way so as to allow

the identification of desirable mutants by some sorting mechanism. Nevertheless,

such a strategy requires searching the whole population, which is time consuming

on the one hand, but gives a good sense of the quality and the distribution of the

desired attributes in the population.
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Figure 1-9: Different strategies to search protein libraries. A: Every individual has to be

tested to identify variants possessing desired characteristics. B: Variants carrying a desired

attribute are tagged and the population can be sorted. C: Selecting conditions allow only

variants owing the desired characteristics.

A more direct method involves making the desired property a prerequisite for the

survival of a variant, resulting in a selection process. The pool of variants obtained

after such a selection step only contains members with the desired characteristic,

and these can be analyzed individually (Figure 1-9). The main advantage of a

selection process compared to a simple screening or sorting assay is the

simultaneous analysis of far larger libraries, because the undesired variants never

appear in the experiment.

1.4.2 In vitro searching methodologies

In experiments to evolve toxic proteins, membrane proteins, or proteins

containing unnatural amino acids linking genotype and phenotype can be difficult.

Moreover, when the selection step requires abiotic conditions, in vivo selection is

not feasible. In such cases in vitro selection can be an alternative. However, the

main problem with in vitro strategies is also establishing a linkage between the

genetic information and the encoded protein's function. Finding appropriate

solutions represents a great challenge for chemists and biologists.

An effective and probably the most widely used method in directed

evolution of polypeptides is the phage display technique. Here, proteins are
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displayed via fusion with a coat protein on the surface of a filamentous phage

particle and isolated by affinity screens against ligands in solution, linked to a soUd-

phase support or displayed on cell surfaces or tissues [113]. The genomic

information encoding the displayed fusion protein is packaged inside the same

phage in the form of a single-stranded DNA molecule. It can be recovered easily

after the selection process and further ampliefied in reinfected E. coli cells (Figure

1-10). The library size is limited by the transformation-efficiency of E. coli and

typically reaches 108-1010 members. Although phage display was originally

developed for affinity screening, the use of the method was expanded to include

selection for stability, folding, and even enzymatic activity [114-122]. For example,

sequentially mutagenesis of key residues in the CDR 3 segment of the VL and VH

domains of an anti-c-erb-B-2 single chain antibody fragment (KD = 16 nM),

combined with increasingly stringent phage selection, allowed the isolation of a

variant exhibiting a ligand affinity (KD) of 15 pM [122]. Nevertheless, isolation of

antibody fragments with hapten-binding affinities below the picomolar range

appears to be difficult to achieve by phage display. Toxicity of the displayed

proteins to the host cell during the amplification step, incorrect folding of

mammalian disulfide containing proteins, and limited infectivity may limit this

technology.
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Figure 1-10: Schematic representation of the phage display technique. The gene encoding

the protein of interest is fused to the gene encoding a phage coat protein allowing the

display of the protein on the surface of the phage. Affinity selection for immobilized

ligands allows isolation of desired proteins attached to the encapsulated genetic

information.
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The use of cell-free transcription and translation systems leads to other

possibilities for in vitro selection, which have the potential to generate very large

libraries (1012-1015 members) by obviating the cell transformation step. Moreover,

potential protein toxicity is not an issue. These systems contain all proteins,

tRNAs, and low molecular weight molecules needed to transcribe genes into

mRNA and subsequently translate them into proteins.

Encapsulation of these components in a man-made, cell-like reaction

chamber made of small water droplets in a water-oil emulsion allows the coupling

of genetic information with its encoding protein. In order to perform a selection,

the desired activity of the protein is coupled to direct activation of a signal

molecule, which allows the isolation of the desired genetic information under the

prevailing conditions [123]. This in vitro compartmentalization strategy was used to

create a diversity of proteins linked to their encoding DNA via a microbeads,

which allowed selection either for catalytic activity or for binding [124,125], The

microbeads can be sorted by flow cytometry, which has a variety of practical

advantages for selection of ligand binders [126]. Recently, another approach using

water-in-oil emulsions was reported. DNA fragments encoding for a fusion

between the protein of interest and DNA-methyltransferase (M.Hae III) were

transcribed and translated in a water droplet. The folded DNA-methyltransferase

was covalendy attached to a 5-fluorodeoxycytidine base at the terminus of the

DNA fragment. The resulting DNA-protein linkage could be isolated from the

emulsion and directly used for affinity panning on target molecules [127].

A further strategy for directly linking genetic information to its encoding

protein during transcription is ribosome-display, originally described by Mattheakis

et al. [128-130]. The technique is based on the cell-free translation of mRNA

templates producing proteins or peptides, and preventing the diffusion of mRNA

from the ribosome and the translated protein. The system is modified so that

translated protein, mRNA and the ribosome form a stable ternary complex (Figure

1-11, A). The dissociation of the complex is prevented by low temperature and
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addition of magnesium acetate to the buffer solution. More important is the

deletion of the stop codon in the mRNA sequence, resulting in a striking reduction

of hydrolysis of the ribosome bound peptidyl-tRNA [131]. This strategy allows the

protein to fold on the surface of the ribosome with the genetic information still

attached to it. Using affinity-based methods this complex can be screened or

selected to isolate variants according to their ability to recognize low molecular

weight molecules, oligonucleotides, or other proteins. In this way, the mRNA is

enriched for those proteins, which possess the desired property and can be easily

amplified by reverse transcription. The addition of ribonuclease inhibitors, and the

presence of hairpin structures on the mRNA, prevents fast degradation of the

mRNA during transcription and selection and improves the efficiency of

recovering the genetic information. Ribosome display has been successfully used to

select large libraries of peptides, proteins, and single chain antibody fragments with

improved affinity or stability as well as for enzymatic activity [129,130,132-136].

Figure 1-11: Schematic representation of ribosome display (A) and mRNA display (B).

(A): RNA encoding the protein of interest is translated in vitro. The lack of a stop codon

together with Mg2+ addition and a drop in temperature stabilize the ternary complex

between mRNA, ribosome and protein, which allows selection. (B): The mRNA is

modified with a puromycin tag at its 3'-end. During transcription, puromycin enters the A-

site of the ribosome and becomes covalendy attached to the nascent protein. The resulting

RNA-protein fusion can be used directiy for selection.
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An interesting example is the application of ribosome-display to create a "human

combinatorial antibody library" (HuCAL), containing 2xl07 library members and

designed to cover most of antibody structure space [137]. Several rounds of

ribosome display selection using bovine insulin as the antigen resulted in the

isolation of a binder with picomolar affinity (KD = 82 pM) [136]. In another

experiment, off-rate sorting of libraries of the anti-fluorescein antibody cl2, which

has a dissociation constant (KD) of 1.1 nM, gave a 30-fold affinity improvement in

affinity [133]. Generally, ribosome display has been shown to work well for affinity

maturation of scFv proteins. Nevertheless, the presence of high magnesium

concentrations during the whole selection process can be a limiting factor.

An alternative approach to link mRNA to its encoding protein, mRNA

display, has been described by Roberts and Szostak [138]. Here, DNA libraries are

transcribed and covalently linked to a puromycin-linker molecule. During

translation of the resulting 3'-modified mRNA, the puromycin tail enters the A-

side of the ribosome and becomes covalently attached to the C-terminus of the

nascent peptide or protein [139]. The resulting mRNA-protein fusion can be used

directly for selection or screening. This method has been successfully used to

discover novel peptide and protein ligands for RNA, small molecules and proteins,

as well as to define cellular interaction partners of proteins and drugs [140-145].

The most striking example is the in vitro selection of an mRNA-displayed library of

ATP binding peptides [146]. Starting from a library of 6x1012 proteins, each

containing 80 contiguous random amino acids, the technique allowed the

enrichment of variants with dissociation constants as low as 100 nM for ATP.

Moreover, the isolated ATP-binding proteins seemed to be unrelated to each other

or to any natural protein. Similar results were obtained by applying this technique

to a library of ~1013 random, 88 amino acid long peptides to isolate members with

high affinity against streptavidin [140]. Another interesting example is the in vitro

selection of mRNA-displayed protein libraries containing unnatural amino acids

incorporated by the suppression strategy described by Schulz and coworkers
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[141,147]. More recently, mRNA display allowed the design of a novel peptide

scaffold based on the zinc finger DNA binding domain, which had moderate

affinity and high specificity for ATP [144]. Although mRNA display seems to be

suited to enrich proteins or peptides from large libraries, the ligation step to attach

the puromycin clearly limits this technology, since secondary structure at the 3'-end

of the RNA can prevents incorporation of the linker. A general drawback of in vitro

translation-based selection systems is their susceptibility to improper protein

folding and incomplete translation of full proteins [136]. Furthermore, both

ribosome display and mRNA display are technically challenging and a more facile

and faster method would be welcome.

Cell surface display is another important platform to create protein libraries

for in vitro selection. Production and fluorescence activated cell sorting (FACS) of

E. coli expressing functional single chain antibody fragments (scFv) on the external

cell surface was described by Francisco et. al. [148]. In this approach, a scFv

consisting of the VL and VH domains from two separate anti-digoxin monoclonal

antibodies was displayed as a fusion to a lipoprotein-outer membrane protein A

(Lpp-OmpA). The antibody fusion showed high affinity and specificity in hapten

binding assays, and it was possible to enrich scFv-displaying cells from a 105-fold

excess of irrelevant control cells by FACS [148]. Recently, similar technology was

used to display a large library (5x1010 members) of 15-mer peptide loop insertions

in the outer membrane protein A (OmpA). The library was tested for its ability to

bind five unrelated proteins, resulting in an enrichment of peptide ligands having

high affinity for each of the target proteins [149].

Furthermore, a yeast based cell surface system has been described, which

efficiently allows the construction of protein library consisting of complex

extracellular eukaryotic proteins [150-152]. In combination with fluorescence

activated cell sorting, yeast surface display has enabled the isolation of single chain

antibody fragments with up to femtomolar affinity [153]. The additional possibility
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of characterizing individual clones directiy on the cell surface makes the system

extremely useful for antibody affinity maturation experiments.

1.5 Goals of the Thesis Project

The forgoing discussion presents the theoretical background as well as the

methods and techniques that are necessary to perform laboratory evolution

experiments. The aim of this thesis was to apply such evolutionary approaches to

the optimization of catalytic antibodies, particularly the Diels-Alderase 1E9. As

seen, catalytic antibodies are far less efficient than natural enzymes. This

observation raises the question of a possible catalytic ceiling imposed by the

immunoglobulin scaffold. In order to answer this question, efforts were

undertaken to optimize the catalytic efficiency of antibody 1E9, with the ambitious

goal of bridging the gap between antibodies and enzymes.

Considering transition-state theory, it should be possible in principle to

enhance the moderate catalytic efficiency of this immunoglobulin molecule simply

by increasing hapten binding using directed evolution methods. To realize this

strategy, a suitable selection method was needed. Since preliminary results had

shown that 1E9 could not be produced as a single-chain antibody fragment in

soluble form in E. coli, the eukaryotic yeast surface display system was chosen.

After diversification of the 1E9 scaffold using error-prone PCR and DNA

shuffling, mutants showing enhanced binding affinity were enriched from the pool

of displayed scFv variants by fluorescence activated cell sorting (see Chapter 2).

In order to kinetically characterize the tighter binding 1E9 scFv variants, the

scFv fragments had to be produced in soluble form. Given the successful display

of the 1E9 scFv on the yeast cell surface, protein expression in this organism

seemed to be a promising option. Indeed, using the secretory pathway of yeast,

1E9 scFv variant could be produced in fair yield as a glycosylated protein, making

in vitro characterization possible. The higher catalytic affinity found for one
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picomolar binder validates the feasibility of our general approach to the in vitro

evolution of catalytic antibodies (see Chapter 3).

To overcome limitations associated with selection schemes based on

binding interactions with an intrinsically imperfect mimic of the transition state an

alternative selection strategy based on chemical reaction was explored. The direct

formation of the fluorescently labeled transition state analogue in the catalytic site

of the antibody via a Diels-Alder reaction would also provide a selectable handle,

allowing direct visualization and sorting of successful catalysts by cell cytometry.

Preliminary experiments to assess the feasibility of this approach are described (see

Chapter 4).

Finally, a potentially fast and easy approach to link mRNA to its encoding

protein was examined with the aim of developing a cell-free in vitro selection

system. The basic idea involves modification of the 5'-end of the mRNA during

transcription by incorporation of a nitrilotriacetic acid (NTA) moiety. The

riitrilotriacetic acid function is a strong cation binder, which would allow complex

formation with a poly-histidine tag of a protein. As a result, translation of the 5'-

modified mRNA should lead to complex formation with the poly-histidine tag of

its encoded nascent protein. The resulting mRNA-protein linkage could be directly

used for screening or sorting experiments (see Chapter 5). The long term objective

is the screening of peptide libraries for their ability to bind transition states

analogues, similar as the experiments performed using mRNA-display to define

ATP binding peptide scaffolds [146]. Using such a strategy many novel

evolutionary starting points might be identified. Further directed evolution would

lead to viable catalysts.
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2 Improving Hapten Binding of the Diels-

Alderase Antibody 1E9 by Yeast Surface

Display

2.1 Introduction

2.1.1 Protein engineering by yeast surface display

Yeast surface display (YSD) is a very powerful tool for the construction of

protein libraries and directed evolution of complex extracellular eukaryotic

proteins [150-152]. These proteins often contain posttranslational modifications

such as glycosylation or require efficient disulfide bond isomerization and hence

are often difficult or impossible to obtain in bacterial cells. The method uses the

yeast secretory pathway to process cell wall-linked protein fusions. During this

process, the presence of the endoplasmic reticulum provides a quality control

mechanism, ensuring that only properly folded proteins are secreted. On the cell

surface, the expressed protein fusion between the protein of interest and the 69-

amino acid Aga2p mating agglutinin protein is linked by two disulfide bonds to the

Agalp protein [154]. The 725 residue Agalp protein is covalently bound to the cell

wall via a phosphatidylinositol glycan via its C-terminus [155] (Figure 2-1 A).

Because the C-terminus of Aga2p is required for its native binding affinity, it is

accessible to extracellular macromolecules and consequently represents a useful

site to attach proteins for display [152],

A vector was designed by Wittrup et al. [152] in which the inducible GAL1-

10 promotor was inserted upstream of the Aga2p open reading frame, allowing the

display of proteins as C-terminal fusions to Aga2p (Figure 2-1 B). A yeast strain

(EBYIOO) was constructed by chromosomal modification in which expression of
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the native Agalp protein was placed under control of the GALl-10 promoter,

identical to that of the Aga2p fusion protein [152].

outside

(Aga2J~Wf

1E9scFv

Aga1

cell wall & cell membrane

îïïïïïïmîîmîïïïïïïïïïïïïïïîïï?

inside

B

AmpR

ColE1 ori

TRP1

pa Plasmid ^flW^gi"
approx. 7kbp

MFal Term

Gal promotor

AGA2 HA c-myc

Figure 2-1: (A) Scheme showing the fusion topology on the yeast cell surface. The Aga2p

fusion protein is disulfide bonded to Agalp, which is covalently attached to the cell wall.

The N-terminal HA tag allows detection of the Aga2p-1E9 scFv protein fusion

independently of the binding properties of the antibody. (B) The pCT plasmid allows

expression of Aga2p fusion proteins. The Aga2p-1E9 scFv encoding ORF is under the

control of a GallTO promotor, allowing induction of display by galactose. Hie plasmid is

a shuttle vector that contains a Trp Operon, which allows its propagation in EBYIOO, and

a ß-lactamase gene to confer Amp resistance in E.coli. Moreover, replication in both cell

types is enabled by the ColEl origin and the fl (+) origin in E. coli and EBYIOO,

respectively.

Protein libraries in yeast typically contain between 106 and 108 members. A

chief advantage of engineering proteins by yeast surface display is that yeast cells

can be selected by fluorescence activated cell sorting (FACS). Depending on their

folding properties and stability, the number of displayed proteins can vary widely,

but usually ranges from 20,000 to 40,000 per cell [156]. Double fluorescence

labeling of the hapten and of an antibody recognition epitope (HA or c-myc tag)
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allows the normalization of the binding signal as a function of the number of

displayed proteins, and eliminates variation in expression, which directly influences

the hapten binding signal. This is of great importance, since expression levels and

hapten binding affinity do not necessarily correlate with one another [157].

Furthermore, the combination of YSD and FACS allows the measurement of

equilibrium binding constants and dissociation constants [158], as well as the

determination of protein melting temperatures [153],

2.1.2 Directed evolution of an antibody with femtomolar hapten-binding

affinity

The yeast surface display technique was originally developed for engineering

the specificity, stability and affinity of proteins, including antibodies

[150,151,153,158-161]. Perhaps the most relevant example of its successful

application is given by the in vitro affinity maturation of the anti-fluorescein single

chain antibody 4-4-20 from nanomolar (KD = 0.7 nM) to femtomolar (KD = 48

fM) affinity. The evolved receptor represents the highest reported monovalent

ligand-binding affinity for an engineered protein [153,159].

libraries (105-107 members) of 4-4-20 antibody variants were displayed on

the yeast cell surface and mutants with increased fluorescein binding affinity were

isolated using flow cytometric cell sorting. Four rounds of affinity mutagenesis

(error-prone PCR and DNA shuffling) and screening were performed. From the

fourth library a clone was isolated and solubly produced in Saccharomyces cerevisiae,

which showed this impressive improvement in its fluorescein binding affinity.

Sequence analysis showed ten consensus amino acids substitutions. By comparison

to known mouse antibody sequences, nine of the mutations are rather rare and

usually occur in fewer then 10% of all known antibodies. The mutations strikingly

cluster around the VH CDR-3 domain, which accords with the fact that the VH

CDR-3 loop usually has the greatest influence on antigen-binding specificity
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[62,63,162-165]. Interestingly, the only consensus mutation in the VL domain

(FIj55V) was identified as one of two mutations that, together, mainly improve

stability and fluorescein affinity [166]. Of the ten consensus mutations only one

contacts the hapten (TH96S), while three mutations are in the second shell around

the binding pocket (DH31H, SH95A, DH101E), three mutations are in the third shell

(IH51F, SH30G, WH103L), and two mutations are in the forth shell (AH24T, FL55V)

distant from the binding cavity (Figure 2-2).

Figure 2-2: Sites of consensus mutations (orange) in the 4-4-20 anti-fluorescein antibody

in complex with its ligand (red). Mutation in contact area: TH96S; second shell mutations:

DH3,H, SH95A, DH10,E; third shell mutations: IH5,F, SHG, WH,03L; fourth shell mutations:

AH2T, FL55V. Crystal structure was solved by Withlow etal. [166].

The spatial distribution of the mutations indicates that improvements in

ligand binding affinity of mature antibodies can be achieved via mutations

relatively far from the binding pocket [111,167] without changing contact residues
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[36]. In addition, four of the ten consensus mutations occur in the interface

between the VH and the VL domain. This suggests that the stability of the VH and

VL pair, and their orientation relative to each other, have a significant influence on

hapten binding affinity. Nevertheless, the spatial distribution of mutations is

probably a consequence of the library design by error-prone PCR. Since proteins

contain more amino acid residues distant from the active site then close to the

active site, random mutagenesis more often creates distant mutations [168].

2.1.3 Increasing the hapten binding affinity of antibody 1E9

The extraordinary results achieved by yeast surface display and fluorescence

activated cell sorting for anti-fluorescein antibody 4-4-20 suggests that the same

approach could also lead to high-affinity hapten binding 1E9 variants. The wild-

type catalytic 1E9 antibody binds its transition state analog with a similar affinity as

the starting anti-fluorescein antibody (i.e. KD = 1 nM). Given the unusually close

fit between the hapten and the antibody, probably only fine adjustments in the

antibody structure will be needed to increase the binding affinity. Possible changes

might can include increased burial of the hydrophobic surface and improved shape

complementary [169], optimization of the electrostatic interactions balanced with

losing favorable solvent interactions [170], an increased lock-and-key fashion of

hapten binding [109], or reorganization of the heavy-chain CDR-3 loop [171].

In this work, 1E9 scFv libraries were generated by error-prone PCR and

DNA shuffling and subsequently screened for increased hapten binding affinity by

fluorescence activated cell sorting. In vitro evolution over four rounds of

mutagenesis and subsequent sorting resulted in a single chain 1E9 with up to 440-

fold increased affinity against hexachloronorbornene hapten.

35



Improving Hapten Binding Affinity

2.2 Results

2.2.1 Display of functional 1E9 scFv on yeast

Antibody 1E9 was reengineered in the single chain format using the

standard (Gly4Ser)3 linker to join the VL and VH domains. The resulting construct

was introduced into the pCT display vector [150]. After transformation of EBYIOO

yeast cells with the pCT-lE9scFv plasmid and induction by changing to galactose

media, 1E9 scFv was successfully displayed on the cell surface3 (Figure 2-3).

The hapten binding affinity of displayed wild type 1E9 scFv fragment was

determined directly on the surface of the yeast cell. Aliquots of antibody-displaying

cells were incubated with increasing amounts of the biotinylated hapten 7 (Figure

2-4). The fusion protein was labeled with FITC-conjugated anti-HA antibody,

while functional complexes were recognized with a streptavidin-phycoerythrin

conjugate. By considering the arithmetic mean of doubly labeled cells normalized

by the total number of cells labeled only with FITC, ligand binding was quantified.

The observed affinity matched that measured in solution with the IgG molecule

(KD = 2 nM) [49]. This result demonstrates that 1E9 scFv folds correctly in the

secretory pathway and is functionally displayed on the yeast cell surface. The

binding cavity is accessible to the biotinylated hapten 7, and binding of the

streptavidin to the biotin moiety of the hapten does not negatively influence the

dissociation properties of the hapten. Thus, the requirements for selection

experiments seem to be fulfilled.

Dr. J. Goldberg and Dr. B.A. Kellogg, unpublished results
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Figure 2-3: Wild type 1E9 scFv fusion displayed on yeast cells analyzed for hapten

binding affinity by a flow cytometer. 10,000 cells were analyzed in the dot plot, each dot

representing a single cell. Hapten binding correlates with the PE-signal, while the level of

fusion antibodies on cell surface is represented by the FITC signal. The ratio between

these two signals allows detection of ligand binding affinity normalized to the number of

displayed protein.
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Figure 2-4: The IV-biotinylated hapten 7 can be fluorescently labeled after binding to

surface displayed 1E9 scFv via the biotin moiety by a streptavidin-phycoerythrin

conjugate. Unlabeled hapten 6a was used as a competitor to discriminate between binders

with fast and slow dissociation rates.

2.2.2 Directed evolution of yeast-displayed 1E9 scFv libraries

For the first two rounds of mutagenesis the gene encoding the 1E9 scFv

fragment was amplified by error-prone PCR with an average error rate set to 2-5

mutations/kb. A low error rate was chosen to avoid generation of highly

mutagenized 1E9 variants and a large fraction of non-functional antibodies in the

initial selection rounds. The third and fourth round of mutagenesis was performed

by DNA shuffling. EBYIOO yeast cells were transformed by electroporation with

the wild type 1E9 scFv gene fragment or library gene fragments in the presence of

doubly digested pCT plasmid lacking the encoding gene in the open reading frame.

Complete plasmid formation occurred in the yeast cells by homologous

recombination to give libraries with ~106 members [172]. The cells were grown in

dextrose-based media to high density (OD600 ~ 7-8) and then used to inoculate a

fresh culture in galactose-based induction media. The binding sites of all displayed

single chain antibody fragment libraries were saturated by incubation with

biotinylated hexachloronorbornene hapten 7 (Figure 2-4). In order to isolate high

affinity-binders from the screened libraries, competition with free hapten 6a was

then employed to oiscriminate antibody variants with different binding properties

(Figure 1-4). Thus, cells saturated with biotinylated ligand 7 were exposed to a large
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excess of unlabeled hapten 6a as a competitor, causing displacement of the biotin

label according to the dissociation rates of the variant. Consequently, the antibody

variants can be sorted on the basis of the difference in dissociation rates, since for

weak binders the biotinylated hapten 7 will be exchanged rapidly compared to tight

binders, which show slow exchange (Figure 2-5).

Library of DNA created by
epPCR and DNA shuffling

Transformation

Chacterization of winners

tInduction

t

Saturation with

biotinylated TSA

New library generation and/or

isolation of winner clones

Labeling and sorting
by FACS

Competition with TSA

Figure 2-5: Schematic representation of the screening cycle. Libraries of 1E9 scFv

variants were displayed on the yeast cell surface. After labeling with biotinylated transition

state analog 7 and competition against the TSA 6a alone the cells were fluorescently

labeled and sorted by FACS. Cells showing increased TSA binding were enriched by

repeated cycles of selection. Evolutionary progress was monitored by measuring the

equilibrium constant of individual displayed 1E9 scFv variants.

After labeling of the biotin-labeled scFv binding pockets with the streptavidin-

phycoerythrin conjugate and labeling of the IV-terminal HA tag with a fluorescein-

linked anti-HA antibody, the libraries were analyzed by fluorescence activated cell

sorting (FACS). Cells displaying variants with slower hapten dissociation rates (koff)
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were collected. For the first sorting rounds the competition time was estimated to

be 10 to 20 min for each sorting round, as described by Boder et al. [150]. In the

later stages of the experiment, the competition conditions were determined

according to the experimental experience gained with previously sorted libraries. In

this way, the selection pressure could be steadily increased to ensure isolation of

increasingly potent binders.

2.2.3 Accumulation of consensus sequences

After the first round of mutagenesis a library of 1E9 scFv variants

containing 107 members was obtained. This library was subjected to four sorting

rounds, holding the competition conditions constant (10 min, 4 °C), but using an

increasingly restrictive sorting gate, collecting 2% of the entire library in the first

two rounds, 0.3% of the remaining library in round three, and 0.1% of the

remaining library in round four. After each sort, ten clones were randomly selected

and their sequence analyzed (Table 2-1).
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Table 2-1: Selection conditions of the four sorting rounds of the first generation library.

Consensus mutations are listed with the round in which they were first observed. Note,

the consensus mutations are already present in the unsorted library.

First generation library: Error-prone PCR (2-5 mutations/kbp), 106

members

sorting isolated competition

round cells (%) conditions

1 2 10 min, 4 °C

2 2 10 min, 4 °C

3 0.3 10 min, 4 °C

4 0.1 10 min, 4 °C

non-wt consensus mutations

sequences new found total

60%

70% EH'T)

0%

22%

50% I^F/M^L 29%

100% FL94C 44%

The first consensus mutation, GluH72Asp was already found after the second

sorting round as a conservative substitution in framework region CDR-3 of the

heavy chain. Comparison of frequencies in the Kabat database identifies AspH72 as

a much more common residue then Glu at this position, indicating a possible role

in improving the stability of the scFv fragment. In the third round of sorting two

additional mutations appeared for the first time. The MetH34Leu substitution in

CDR-H1 is located next to the essential and highly conserved residue AspH35 that

directly interacts with the hapten via a hydrogen interacting to one of its carbonyl

oxygens (Figure 2-4). Although Met"34 is not oriented in the direction of AspH35 or

the ligand, this substitution might alter the local structural geometry somewhat,

possibly leading to a stronger hydrogen bonding interaction between the

neighboring AspH35 and the hapten. The second mutation Ile^Phe is located in

the second shell around the binding pocket and may lead to minor rearrangements
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of the binding site and may improve the packing interactions with the hapten.

Nevertheless, the mutation from He to Phe is relatively rare at position L48.

The fourth sorting round came up with another consensus mutation:

PheI,94Cys in the CDR-L3 region. Although Cys at position L94 is extremely rare, it

is known that mutations in the CDR L3 region can significantly influence hapten-

binding affinity [173]. The solvent exposed site possibly prefers a less hydrophobic

residue and this may lead to a rearrangement of the CDR-L3 loop and thereby

influences the access to the catalytic site (Figure 2-6).

Figure 2-6: Ribbon diagram of catalytic pocket of antibody 1E9 with its hapten (red)

displaying the sites of consensus mutations shown in green: MH34I, EH72D, I^F, FL94C.

Side chains H34 (CDR-H1) and L94 (CDR-L3) are in close proximity to the ligand, while

the residues in position H72 (FR-H3) and L48 (FR-L2) are found in the second shell. The

hapten interacting residues are shown in orange.

Statistical analysis of the first generation selection round showed that the 2%

cutoff in the first and second sorting cycle was too generous (Table 2-1). While the

fraction of consensus sequences steadily increased, the fraction of non-wild type

sequences decreased as the cutoff was made more stringent in the third selection

round. This result may indicate that the 2% cutoff not only allowed the
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accumulation of non-wild type sequences encoding for proteins with increased

hapten-binding affinity, but also variants with affinities equal to or inferior than

that of wild type. Only the non-functional variants were eliminated during the first

two rounds of selection. The continuous acquisition of additional consensus

mutations during later screening rounds probably illustrates the cooperative effects

of protein stabilization, loop rearrangements, solvent adaptation and hapten

fixation, which might contribute to a significant increase in hapten-binding affinity

[157].

2.2.4 First steps of affinity improvement

The second round of mutagenesis afforded a library of 4x106 members. The

first and second selection round was performed in the presence of competing

hapten for 10 min at 4 °C. The sorting gate was chosen to collect 1% of the total

population. In order to qualitatively estimate the affinity improvement in the

evolutionary experiment, five clones were randomly isolated and equilibrium

constants for hapten binding were measured for three of them. Remarkably, the

sequence analysis showed that only one of the clones lacked the consensus

mutation (Table 2-2).

Table 2-2: Mutations in selected clones following two round of in vitro affinity

maturations. Consensus mutations are shown in italics. Only clone 2.2 lacks consensus

mutations, n.d: not determined. Dissociation constants (KD) of yeast displayed variants

measured by FACS analysis.

Variants clone 2.1 clone 2.2 clone 2.3 clone 2.4 clone 2.5 wild type

Mutations

EH7ZD

M"34I

Yr49H

FL55L

NH52D

F^4C

EII72D

Mt134!

NL28D

KE

pU>4c

QHlp
NH52D

KD(nM) 0.25 n.d. 0.081 n.d. 0.20 2.2
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The most conspicuous variant was clone 2.3, which contained all of the previously

observed consensus substitutions. Additionally, clone 2.1, possessing three of the

consensus sequences, and clone 2.5, possessing only one consensus mutation, were

analyzed. Aliquots of 2x106 cells displaying the wild type 1E9 scFv or one of the

variants were incubated with increasing concentrations of the biotinylated

hapten 1. By analyzing 10,000 cells of each variant by FACS the percentage of

doubly labeled cells at different ligand concentrations was determined. Dividing

the measured values by the percentage of the fully labeled cells gave normalized

numbers, which were plotted against the hapten concentration (Figure 2-7)
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•7: Determination of dissociation constants of three selected clones and of the

1E9 scFv. wt 1E9 scFv (blue), clone 2.1 (red), clone 2.5 (violet), clone 2.3

The analysis showed clone 2.3 to be the strongest binder of the

hexachloronorbornene hapten 7. Its apparent affinity (KD) of 0.08 nM corresponds

to a thirty-fold improvement compared to the wild-type 1E9 scFv (KD = 2.2 nM).

Clone 2.1 and clone 2.5 had similar binding affinities (KD = 0.2 nM), significantly

better than wild-type 1E9 scFv, but not as good as clone 2.3. The latter result is

remarkable, since they share only one mutation (PheL94Cys), while the two

additional mutations are different in kind and location. Although usually rare in
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additional mutations are different in kind and location. Although usually rare in

antibodies, the mutation at position L94, appearing in four of the five sequenced

clones, may contribute toward the increased hapten affinity. It is possible that, the

substitution of Phe to Cys is accompanied by a crucial conformational change in

the Yl -CDR3 loop optimizing the interaction of the neighboring residues with the

hapten. This is supported by comparative studies, which showed that residues at

position L94 often influence main-chain conformations [173]. Finally, clone 2.3

differs from clone 2.1 by only one additional mutation (IleL48Met), which increases

hapten affinity a further three-fold. This result supports the putative role of local

structural reorganization in promoting stronger hydrogen bonding interaction

between AspH35 and the hapten.

Recapitulating, the results obtained from the dissociation constant analysis

show that surface display in combination with fluorescence activated cell sorting is

a feasible method to optimize the binding properties of the 1E9 antibody. In order

to achieve further enhancements by affinity maturation, the selection pressure had

to be strongly increased over the next rounds of mutagenesis and selection.

Therefore, in the third selection round the competition conditions were tightened

(4 °C, 30 min), and the sorting window was made more stringent (0.04%).

2.2.5 Insertion of consensus mutations into the Fab format

Antibody Fab and scFv fragments often retain the same specific

monovalent, antigen-binding affinity as the original IgG molecule [174,175], For

example, we were able to show that wild-type IgG and its surface displayed scFv

fragment have similar affinities for the hapten (KD
~

2nM). This raised the

question whether such behavior is general, since the wild-type chimeric 1E9 Fab

antibody that was optimized for production [176] showed a four-fold lower

dissociation constant then the IgG molecule. Insertion of consensus mutations

into the Fab could conceivably lead to an intrinsically higher hapten-affinity. The

45



Improving Hapten Binding Affinity

residues in the wild-type chimeric 1E9 Fab gene were therefore replaced by their

consensus counterparts from clone 2.3 (IleU8Met, PheL94Cys, GluH72Asp, MetH34Ile)

via standard mutagenesis using the p4xH-M13-derived plasmid as a template. Both

wild-type chimeric 1E9 Fab and the evolved variant were produced using

transformed TOPP2 stain E. coli cells by high-density fermentation [177], The Fab

fragments were purified from crude periplasmic lysate by protein G affinity

chromatography, followed by Mono S cation-exchange chromatography.

Fluorescence quenching measurements were performed to determine hapten

affinity Tryptophan fluorescence was measured (excitation at 290 nM, emission at

340 nM) at different hexachloronorbornene hapten 6a concentrations (Figure 2-8).
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Figure 2-8: Fluorescence quenching titration curves of wild-type 1E9 Fab and a 1E9 Fab

variant carrying all four consensus mutations from clone 2.3 (I^M, FL94C, EH72D, MH34I).

Surprisingly, the dissociation constant of the 1E9 Fab fragment possessing the

consensus mutations (KD = 1 ± 0.3 nM) was about ten-times higher than that of

the wild-type chimeric Fab antibody (KD - 0.1 ± 0.04nM). Apparently, mutations

in the two antibody scaffolds contribute differently to the net binding affinity.

Consequently, the Fab antibody appears to require a different mutational pathway

for affinity maturation than the corresponding scFv fragment. This is probably
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caused by their inherent differences in stability and structural flexibility, leading to

different mutational requirements and a different assemblage of compensational

substitutions to maintain structural stability.

2.2.6 Maturation of a high-affinity hapten binding 1E9 scFv variant

Assuming that recombination of selected beneficial mutations leads to

further improvements in hapten-binding affinity, the fourth generation library was

generated by DNA shuffling (4.5x106 members) [6,178,179]. In addition, the

number of DNA amplification steps by PCR introduces up to 1.5% additional

point mutations at the gene level, depending on the specific conditions and the

polymerase [180,181]. This automatically leads to a further diversification of the

gene pool. Nevertheless, the reduced library size arose from the jumble of gene

fragments generated during the shuffling process, which caused a decrease in

transformation efficiency. The library of displayed antibodies was sorted three

times, keeping the competition conditions constant (4 °C for 30 min) and varying

the sorting gate from 1% for the first two sorting rounds to 0.8% of the remaining

library for the third sorting round. The clone pool was sequenced and the most

prominent variant (clone 3.4), which contained seven mutations (IleL48Met,

SerL5fiThr, Gh/^Arg, MetH34Leu, AsnH52Asp, GluH72Asp, ThrH96Asp), was isolated

for further analysis.

A further round of DNA shuffling gave the fourth generation library

containing 1.5xl05 members. The first two sorting rounds were performed using

the off-rate selection approach at 25 °C and a competition time of 10 min. This led

to a splitting of the population, so that the sorting window had to be set more

generously (2%). This procedure allowed the elimination of weak binders from the

starting population, but more in the fashion of filtration than of selective sorting.

In the third round selection, conditions were set more stringently to 20 min for the

competition step, while the sorting window was set to 0.3% of the total
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population. With the intention of isolating only the strongest binders in the

population, in the forth sorting round competition was performed at 25 °C for 2,

24 and 48 h (Figure 2-9).
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Figure 2-9: Analytical flow cytometry of 10,000 cells after competition of fully labeled

antibody displaying cells with unlabeled hapten at 25 °C for 2, 24 and 48 h. The broader

distribution in PE signal of the fully labeled wt 1E9 scFv compared to the improved

population after 24h of competition indicates the extreme range of hapten-binding affinity.

While the hapten-binding signal did not change significantly between 2 h and 24 h

of competition, the biotinylated ligand was entirely exchanged with the unlabeled

ligand after 48 h. The forward light scattering of FACS proved that the cells were
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still intact, and the growth curve after the sorting showed that the extended

incubation time had no effect on the viability of the cells (Figure 2-9).

Since the population is more spread the longer the competition endures,

sorting was performed after a 24 h competition, using a narrow sorting gate of

0.1%. Sequence analysis of six isolated clones identified one single variant (clone

4.1) containing six amino acid mutations (AlaL19Val, AsnI28Thr, PheL94Cys,

MetH34Leu, GluH72Asp, Thr^Asp). Remarkably, however, five of the six analyzed

genes sequences differ distinctly in having one or more silent mutations.
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Figure 2-10: Determination of dissociation constants of the most prominent clones from

the third generation library, the remaining clone of the fourth library, and of the wild type

1E9 scFv. wt 1E9 scFv (blue), clone 3.4 (yellow), clone 2.3 (green), clone 4.1 (orange).

Determination of the hapten binding equilibrium constant showed that clone 4.1,

displayed on the surface of yeast, has a more than 400-fold increase in binding

affinity (KD = 5 pM) for the biotinylated hexachloronorbornene hapten 7

compared to the wild type 1E9 scFv antibody (Figure 2-10). In contrast, clone 3.4

was substantially less improved and showed an equal hapten binding affinity as

clone 2.3, identified in the second-generation library.
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Table 2-3: Selected clones third and fourth round of 1E9 mutagenesis sorting.

Equilibrium constant (Kn) was measured on 1E9 scFv antibody variants displayed on the

yeast surface. Canonical sequences are shown in italics.

Variant clone 3.4 clone 4.1 wild type

Mutations Il^Met AlaL19Val -

Se^'^hr AsnL28Thr

Gly^Arg Ph^Cys

MeP4Uu Met^Uu

AsnH52Asp

GltP^Asp GliF^Asp

Th^Asp Th^As

KD(nM) 0.10 ± 0.03 0.005 ± 0.001 2.2 ± 0.2

Four of the seven mutations found in clone 3.4 are consensus changes. Three of

them were already seen in the first-generation library (IleL48Met, MetH34Leu,

GluH72Asp), while the substitution at position H96 only appeared in the fourth

generation (Table 2-3). The latter mutation is in the highly variably CDR H3 loop

which has the largest variety in length and amino acid sequence of all the six CDR

loops in antibodies [162,182]. In contrast to the other five CDR segments, CDR

H3 does not adopt canonical conformations [183,184], but it has been shown to be

crucial for hapten recognition [165]. Conformational studies revealed the

possibility of large structural changes upon hapten binding in a variety of different

antibodies. In this context, the ThrH96Asp mutation may strongly affect the

flexibility of the CDR H3 segment and influence the binding event

thermodynamically by stabilizing the receptive form of the antibody. Such

behavior may also influence binding kinetics and could be a critical element in

catalysis (Figure 2-11).
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Figure 2-11: Ribbon diagram of the binding pocket of the 1E9 Fab fragment. The

mutations (green) found in clone 4.2 (top) and clone 3.4 (bottom) are distributed over

both VL and VH subunits. Orange: hapten contacting residues; green: location of

mutations; red: hexachloronorbornene hapten; light gray: VL domain; dark gray: VH

domain. Clone 3.4 (top): front view of the binding cavity (A) and 90° side view (B). Clone

4.1 (bottom): front view (C) and 90° side view (D).

The SerL56Thr mutation is located in the CDR L3 region, which is

structurally very similar for a broad range of different antibodies [65]. It may have

been selected due to its interfacial location between the two variable domains,

where it would play a general role in stabilizing the scFv structure. Residue L56 lies

at the edge of this interface and extension of the alkyl side chain improves the
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chances of a favorable interaction with the opposing amino acids from the VH

domain.

Another unique mutation, Gly^Arg, is located at the surface of the

antibody and is not likely to play a significant role in hapten-binding. According to

its location, it can be assumed to play a role in structural stabilization.

Nevertheless, Arg is rather rare at this position. A much more intriguing

substitution is represented by the AsnH52Asp mutation. Located in the CDR H2

segment, Asn interacts with TrpH5° via an H-bond to the indole ring nitrogen. The

mutation introduces a basic residue causing a stronger interaction with the proton

on the indole nitrogen. This may influence Jt-stacking interactions between the

indole ring and the maleimide moiety of the hapten [185,186]. Another possibility

is a slight rearrangement of the TrpH5° residue in order to optimize Jt-stacking

interactions.

Aside from the prominent mutation PheL94Cys, clone 4.1 contains two

additional changes in the light chain (AlaL19Val, AsnL28Thr) that do not appear in

clone 3.4. According to the Kabat database Val is a more frequent residue at

position LI 9 than Ala. This residue is located on the outer side of the FR L3 beta-

sheet in the framework and may influence the foldability and stability of the scFv

antibody. The second substitution Asnlj28Thr is located in the second shell very

close to hapten contacting residue ArgH10° in the highly variable CDR LI loop.

This mutation possibly causes loop rearrangements and thereby influences the

orientation of Arg H100. Nevertheless, residues 24 to 28 in the CDR LI segment

are usually considered to be conserved [65].

2.2.7 Thermostability of yeast displayed 1E9 scFv variants

A number of mutations found during affinity maturation seem to be

selected in part for their ability to stabilize the scFv antibody structure. Steipe has

argued that consensus residues in antibodies are often selected as a result of a gain
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in stability [187]. For this reason the thermal stability of yeast displayed wild-type

1E9 scFv antibody and its two variants, clone 3.4 and clone 4.1, was assessed by

thermal denaturation. Wittrup et al. demonstrated that the melting temperature of

yeast displayed scFv antibodies corresponds well with the temperature at which the

structure unfolds as measured by circular dichorism or tryptophan fluorescence.

Remarkably, the displayed constructs are sufficiendy stable to allow measurements

up to 90 °C [153]. Aliquots of induced EBYIOO yeast cells displaying 1E9 scFv

were incubated for 10 min at increasing temperatures ranging from 20 to 90 °C.

The cells were then chilled and any remaining folded antibody was labeled with the

biotinylated hexachloronorbornene 7. After incubation with the streptavidin-

phycoerythrin conjugate hapten, binding was quantified using FACS. The

percentage of cells showing maximal binding was plotted against incubation

temperature in order to determine the temperature at which half-maximal

irreversible denaturation occurred (T1/2, Figure 2-12).
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Figure 2-12: Irreversible denaturation of wild-type 1E9 scFv, clone 3.4 and clone 4.1

displayed on yeast cells. After incubation for 10 min at the indicated temperature, cells

were labeled with biotinylated hexachloronorbornene 7 and analyzed by FACS. wt 1E9

scFv (blue), clone 3.4 (yellow), clone 4.1 (orange).
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The resulting T1/2 values of approximately 63°C for wild-type 1E9 scFv and

clone 3.4 indicate that any stability that might have been gained through the two

heavy chain GluH72Asp and ThrH96Asp mutations in clone 3.4 is compensated by

destabilizing effects at other positions (Table 2-4). On the other hand, the

denaturing transition for clone 4.1 is approximately 10 °C higher than for the other

variants, suggesting that it is indeed more stable. This is possibly due to

optimization of the interfacial region between the VL and VH domains. Moreover,

the low cooperative effect in the melting curve indicates that the increased

thermostability of clone 4.1 may be partially caused by an increased reversibility in

folding.

Table 2-4: Temperatures of half maximal irreversible denaturation (T1/2) for wild-type

1E9 scFv and its variants.

Variant wt 1E9 scFv clone 3.4 clone 4.1

T1/2 (°Q 62.0 ± 0.7 63.3 ± 3.4 74.7 ± 0.6

2.3 Discussion

Yeast surface display (YSD) in combination with fluorescence activated cell

sorting (FACS) is a suitable method to optimize the binding properties of catalytic

antibody 1E9. The platform affords facile access to protein libraries and allows

precise adjustments of selection pressure via competition between unlabeled and

labeled hapten, on the one hand, and the choice of the sorting gate, on the other.

The technique thus allows rapid in vitro evolutionary progress. Already after two

rounds of mutagenesis by error-prone PCR and FACS screening, a 1E9 scFv

variant (clone 2.3) was isolated that shows an approximately 25-fold increase in

hapten binding affinity compared to the wt 1E9 scFv. This corresponds to a ca. 1.9
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kcal mol"1 gain in binding energy. A further two rounds of mutagenesis by DNA

gene shuffling yielded an 1E9 scFv variant (clone 4.1) that exhibited an even more

substantial increase in hapten affinity, as juged by an apparent equilibrium constant

value of 5 pM. This represents a 440-fold tighter binding, corresponding to a 3.6

kcal mol"1 gain in binding energy.

Monitoring the affinity maturation process by sequence analysis showed that

consensus mutations appeared already at an early stage of the experiment and these

were retained in subsequent rounds (MetH34Leu, GluH72Asp and PheL94Cys). While

the substitution GluH72Asp, which may aid expression, is quite common, the

other two mutations are particularly rare among immunoglobulins. They are likely

to influence binding properties indirectly, perhaps through second shell structural

rearrangements directiy influencing crucial hapten contacting residues.

Interestingly, the dominant 1E9 scFv variant from the third generation library

(clone 3.4) does not possess the consensus PheL94Cys mutation. Instead, a late

appearing, conservative AsnH52Asp mutation may strongly contribute to the

hapten-binding affinity via a direct H-bond interaction to the first shell residue Tyr

H50 and thereby compensate for effects of residue L94. The combination of

PheL94Cys and AsnH52Asp mutations is possibly antagonistic.

Clearly the mutations found in clone 4.1 contribute to its increased

structural stability. The thermal denaturation experiments show that the half

maximal irreversible denaturation temperature (T1/2) of approximately 10 °C

compared to the wild-type 1E9 scFv antibody or clone 3.4. Although, the structure

of all variants starts to melt at approximately 60 °C, the transition to complete

denaturation is expanded over a range of almost 30 °C in the case of clone 4.1.

This may indicates that the clone 4.1 has a high tendency to refold. In contrast,

wild type 1E9 scFv and clone 3.4 show significantly stronger cooperative behavior.

Generally, it can be assumed that affinity maturation for a certain hapten, in this

case the hexachloronorbornene hapten, decreases the promiscuity of the antibody

with respect to binding of other molecules (Figure 2-13). Wild type 1E9 Fab is

55



Improving Hapten Binding Affinity

known to bind the bulkier bromo-substituted hapten 6c with similar affinity as the

chloro-substituted hapten, indicating that the binding pocket possesses an inherent

flexibility that allows it to expand somewhat to match the steric requirements of

the larger ligand [99], It can be assumed that the affinity-maturated clone 4.1 may

be more restrictive in binding other hapten derivatives. Discrimination against

structurally dissimilar molecules, like progesterone 8 and 5a-pregnan-3ß-ol-20-one

9 for which wild type 1E9 Fab has low affinity, is likely to be markedly enhanced.

Binding studies with a soluble variant of clone 4.1 may be able to verify this

hypothesis.

6a X = CI 8 9

6b X = H

6c X = Br

Figure 2-13: Structures of molecules with significant binding affinity for wt 1E9 Fab. The

bulkier hexabromonorbornene derivative 6c is bound with similar affinities compared to

6a, while the unsubstituted norbornene 6b is recognized with 200-fold lower affinity.

Progesterone 8 and 5a-pregnan-3ß-ol-20-one 9 have a equilibrium binding constant (KD)

of 1,100 nM and 115 nM, respectively.

The MetH100bPhe mutation, which was previously identified as improving

both hapten affinity and catalytic efficiency [105], was not observed among the

early consensus mutations, nor did it appear in clone 3.4 or clone 4.1. This is not

surprising, since the insertion of this mutation would require the simultaneous

substitution of two nucleotides of the same codon and is thereby inherently

unlikely. Introduction of this mutation into clone 4.1 might lead to further
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increases in hapten. Overall, we do not expect limitations associated with restricted

codon variation to be a significant handicap in exploring the antibody sequence

space. After all, the in vitro affinity maturation experiments described in this chapter

show that there are multiple evolutionary pathways to tighter binding clones. The

challenge is to identify those mutations that not only increase hapten affinity, but

also enhance catalytic efficiency.

The immune system seldom delivers antibodies able to bind transition states

with the affinities expected for truly efficient catalysts. Typically, the affinities are

in the micro to nanomolar range. Cell surface display in combination with flow

cytometry provides an opportunity to redesign the immunoglobulin scaffold for

enhanced catalysis by breaking the affinity ceiling for transition state analogues.

Because analogues are intrinsically imperfect mimics of true transition states, direct

selection for catalytic activity may be able to extend this method even further (see

Chapter 4).
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3 Production and Kinetic Characterization of

the Affinity Matured Diels-Alderase Single

Chain Antibody 1E9

3.1 Introduction

3.1.1 Strategies in antibody production

In order to characterize binding properties and catalytic activity of selected

1E9 scFv clones from the yeast surface display and cell sorting experiments,

soluble 1E9 scFv antibodies are needed. In principal, single chain antibody variable

fragments (scFv) can be expressed in a variety of different hosts, including bacteria

[188], insects [189], yeast [190], plants [191] and mammalian cells [192]. The most

widely used method to produce scFv fragments is in E. coli bacteria. Since correctly

folded antibodies contain two disulfide bonds which are naturally formed in the

oxidizing environment of the secretory pathway, the expression of scFv proteins in

the reducing environment of the bacterial cytoplasm generally leads to the

formation of insoluble inclusion bodies. These can be solubilized and refolded

from denaturing agents such as urea [193]. The refolding process can be avoided

by targeting the scFv to the periplasm, where it folds properly. This is achieved by

cloning a bacterial leader sequence (e.g. pelB, ompA) in frame to the IV-terminus of

the scFv [194]. Recently, E. coli strains have been reported that carry mutations in

the major intracellular disulfide bond-reduction system. Such systems allow more

efficient oxidation and folding of scFv antibodies in the cytoplasm [195].

The Diels-Alderase antibody 1E9 has been successfully produced in

mammalian cell lines as a recombinant chimeric murine-human IgG [100].

Replacement of three non-canonical framework residues in the heavy and light
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chain variable domains with their consensus counterparts (MetH87Thr, Gh/'^Ser,

PheL95Pro) also resulted in a chimeric antigen binding fragment (Fab) that could be

produced in high yields in bacteria [176]. Nevertheless, previous attempts to

generate a scFv antibody fragment in bacteria have been unsuccessful [100].

Another possible strategy to produce scFv antibodies involves secretion

from Saccharomyces cerevisiae. Mechanisms for post-translational modification such as

glycosylation and the availability of the eukaryotic machinery for protein folding

and secretion obviates host environmental biases that are associated with bacterial

systems [196,197]. Given the successful display of 1E9 scFv antibody on the yeast

cell surface, we anticipated that 1E9 scFv would be correctly processed in the

secretory pathway and would not require any further modification [198].

3.1.2 Protein secretion from the yeast Saccharomyces cerevisiae

Secretion from the yeast Saccharomyces cerevisiae is widely used to produce

proteins from various sources [199,200]. Prominent examples are insulin [201] for

treatment of diabetics or chymosin [202], a key protein in cheese manufacturing.

The ability to correctiy fold proteins containing disulfide bonds, glycosylate

proteins and provide appropriate chaperone assistance, as well as the absence of

interfering proteins and proteases in the media are some of the factors that make

secretion in yeast an attractive route for protein production.

Most proteins destined for secretion contain a signal peptide encoded at the

AT-terminus of the protein. Translation of mRNA encoding the signal peptide is

followed by direction of the nascent polypeptide to the endoplasmic reticulum

(ER). In the case of glycoproteins, oligosaccharides is first added to the protein

during translocation in the ER, creating a core glycosylated protein. Then, the

protein is transported to the Golgi apparatus where secondary carbohydrates are

added to the core oligosaccharide. Finally, the protein is translocated into secretory
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vesicles that convey the protein through the cellular plasma membrane and

through the cell wall [197,198,203].

The most prominent secretion leader sequence is the prepro-leader of the

yeast a-factor mating pheromone [204]. The a-factor gene encodes a 'pro'

sequence between the signal peptide and the mature a-factor. This pro-region is

glycosylated and may act as a chaperone for the a-factor. In the Golgi, the pro-

sequence is cleaved from the a-factor precursor by the KEX2 protease. The

introduction of a synthetic 19-amino acid pro-sequence containing a KEX2

cleavage site after the signal sequence (MKVLIVLLAIFAALPLALA-QPVIST-

TVGSAAEGSLDKR) led to a five-fold increase in efficiency of secretion for

human epidermal growth factor from S. cerevisiae compared to the a-factor prepro-

leader [205].

Because many secretory proteins are not secreted from wild-type yeast,

mutant yeast strains have been constructed [200,206,207]. In many cases, retention

within the ER appears to be a bottleneck [203,208,209]. Wittrup et al.

demonstrated that overexpression of protein disulfide isomerase (PDI) in S.

cerevisiae results in a substantial elevation of secretion titers [210]. A single copy of

the yeast PDI gene under control of the constitutive glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) promoter was chromosomally integrated. The resulting

strain (YVH10) showed a sixteen-fold increase in PDI protein levels compared to

the parent strain (BJ5464), which led to a ten-fold higher level of secretion of

human platelet derived growth factor B homodimer from S. cerevisiae. This result

indicated that either the rate or efficiency of protein folding limits the secretion of

proteins in yeast. Hence, PDI overexpression represents a prospective approach

for high-level secretion of proteins containing disulfide bonds.

In the following, the production of wt 1E9 scFv and two of its variants by

secretion from YVH10 cells is discussed. The soluble glycosylated antibodies were

analyzed for their binding properties using SPR resulting in confirmation of the

observed binding strengths determined by yeast surface display and fluorescence
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activated cell sorting. Kinetic studies revealed a 25-fold increase in catalytic

efficiency for clone 4.1 compared to the wild type 1E9 Fab.

3.2 Results

3.2.1 Production and purification of 1E9 scFv by secretion from yeast

The gene of the wild-type 1E9 scFv and its mutants (clone 4.1 and the

MetH100bPhe variant of clone 4.1, referred to clone 4.1-HI00b; see Chapter 2) were

cloned into a low copy pRS316-based expression vector [211,212] to create

pRS316-lE9 scFv. The yeast secretion construct is under the control of a GAU-

10 promoter [213] and includes a synthetic prepro leader sequence [205] to direct

the protein to the secretory pathway of S. cerevisiae. The AT-terminus of the 1E9

scFv is fused to a FLAG-tag, whereas a c-myc epitope and a His6 tag were included

at the C-terminus for detection and purification purposes (Figure 3-1).

The plasmid was introduced into E. coli XL10 gold cells for further

amplification by growing the cells to high density and subsequent plasmid

isolation. The correct sequence of the expression cassette was confirmed by DNA

sequencing. Expression was performed in YVH10 yeast cells [210]. The culture

was grown to high density under glucose repression. Production and secretion of

1E9 scFv was induced by changing to galactose-containing media. The effect of

temperature on protein production was examined by inducing expression at 37, 30,

25, 20, and 16 °C. Protein production was assayed by collecting fractions of media

after different expression times and subsequent Western blot analysis. Secretion

was only observed for cells incubated for 5 days at 16 °C. Longer expression times

caused a decrease in the antibody concentration in the media. The secretion of the

Aga2-lE9scFv fusion, using the display vector pCT-lE9scFv in YVH10 yeast

cells, could not be detected under any of the tested conditions. This was surprising,

since the Aga2 protein is not anchored to the surface of the BJa secretion strain
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and should be secreted to the media according to the results of our yeast surface

display experiments.

Gal promotor FLAG c-myc

syn-prepro 1E9scFv 6xHisTerm

Figure 3-1: Schematic representation of low copy expression plasmid pRS316-lE9scFv.

The syn-prepro sequence allows secretion of the conjugated protein to the media via the

yeast secretory pathway under the control of the Gall-10 promotor. The leader sequence

is cleaved from the secreted protein by the KEX2 protease, which recognizes a cleavage

site located between the leader and the FLAG-tag. The pRS316 plasmid is a shuttle vector,

containing replication sequences for yeast (fl (+) origin) and E. coli (ColEl ori), as well as

the Trp-operon and ampicillin resistance as selection markers for yeast and E. coli,

respectively.

After expression, the media was collected, sterile filtered and concentrated

100-fold. Following dialysis and purification using an immobilized nickel column,

the soluble 1E9 scFv antibody fragment was obtained. Dialysis into a phosphate

buffer before immobilized metal ion chromatography (IMAC) was necessary, since

the media used for induction caused weak binding of the C-terminal histidine tag

to the Ni-NTA resin. The average expression level varied between 100 pig/liter

media for wt 1E9 scFv and 500 ug/liter media for 1E9 scFv clone 4.1. The 5-fold

differences in yield are probably due to differences in stability of the 1E9 scFv
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variants. Shusta et al. demonstrated with the example of single-chain T cell receptor

variants that thermal stability directly correlates with secretion and display levels in

S. cerevisiae [156]. Their results supported the hypothesis that intracellular

proteolysis by the endoplasmic reticulum quality control apparatus dictates

expression efficiency. Consequently, a protein with increased stability is more likely

to be folded properly and exported from the cell, as opposed to being retained and

degraded. As we saw in Chapter 2, affinity maturation improved the stability of

1E9, which would explain the higher yields of clone 4.1. Of course, many factors

like folding rate, disulfide bond formation, and interactions with folding helper

proteins from the endoplasmic reticulum play an important role, as well. However,

it is noteworthy that secretion of human platelet derived growth factor B

homodimer (1.3mg/l) and GFP (6 mg/1) from YVH10 yeast cells resulted in

substantially higher secretion yields than in the case of wild type 1E9 scFv and its

variants [210,211].

3.2.2 Glycosylation patterns and multibody formation

SDS-PAGE analysis of the purified single-chain antibodies showed that the

secreted 1E9 scFv variants were iV-glycosylated (Figure 3-2). Treatment with Endo

H glycosidase resulted in complete removal of the glycans and migration of the

diffuse bands of approximately 40 to 90 kDa to a defined band of about 30 kDa,

as expected for 1E9 scFv antibodies (molecular weight = 29.8 kDa). Usually, N-

glycosylation is known to occur on asparagines in the Asn-X-Ser/Thr triad (N-

glycosylation sequon), where the X residue cannot be a proline residue. About 18%

of the VH sequences in the Kabat database contain a potential AT-linked

glycosylation site [214]. But sequence analysis reveals no Asn-X-Ser/Thr in either

wild type 1E9 scFv or clone 4.1.
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Figure 3-2: Production and purification of the 1E9 scFv antibody. (A) Western blot of

secreted 1E9 scFv antibodies: wild type 1E9 antibody and clone 4.1 were secreted as

soluble scFv fragments using the pRS316 expression vector. The arrow (—*) indicates the

position of the slightly visible bands. The Aga2-1E9 scFv fusions were not detected for

either wild type 1E9 scFv or clone 4.1. Equal volumes of supernatant were analyzed. (B)

SDS-PAGE of purified glycosylated and de-glycosylated 1E9 scFv antibodies: clone 4.1

and its MetH100bPhe variant, clone 4.1-HI00b. LMW: low molecular weight protein marker.

Equal amounts of purified antibody were loaded in each line.

However, prediction by the NetNGly server [215] identified additional potential

glycosylation sites with different probability factors for the 1E9 scFv sequences.

Seven sites for carbohydrate attachment were predicted for the wild type sequence

and six sites for clone 4.1 as a result of the Asn^^hr mutation (Figure 3-3). In the

case of the wild type 1E9 scFv sequence, two of the seven most probable

glycosylation sites are positioned on the CDR-Ll loop (L28/L30) and a third

residue is located on the CDR-L2 loop (L53). Because of the importance or the

loops for hapten binding, glycosylation at these positions could directly influence

affinity and specificity. Indeed, several studies have suggested such a role for V-
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region carbohydrates [214,216,217] and the work of Co et al demonstrated that

glycosylation of the CDR segments in both VH and VL are quite common [217].

Less Hkely is a possible carbohydrate modification of residue Asn-H35, which sits

in the catalytic pocket and directly interacts with the hapten. Except for the

mutation at position L28, the prediction for clone 4.1 looks the same.

Nevertheless, for both scFv antibodies three other possible iV-glycosylation sites

were identified at positions H31, H82a and H82b. All of them are exposed to

solvent. While the prediction potentials for the two framework H2 residues for

wild type 1E9 scFv and clone 4.1 are approximately the same, glycosylation at

position L31 in clone 4.1 is the most likely modification and significantly more

favored than in the wild type. The residue Asn L31 is located next to the exit

tunnel of the biotinylated linker of the hapten and thus glycosylation at this

position might sterically hinder the binding of streptavidin to the biotin moiety of

the hapten.
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Figure 3-3: Aligned sequences of wt 1E9 scFv and clone 4.1. Possible glycosylation sites

(*) were predicted by the NetNGlyc server. Bold letters: mutation sites.

Recapitulating, glycosylation of 1E9 scFv antibody at one or both of the

framework H3 residues (H82a/H82b) would not have an obvious effect on the

catalytic pocket. In contrast, sugar residues attached to one or the other predicted
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positions would be expected to adversely effect hapten binding. Aside from a

possible benefit provided by the oligosaccharides in successful folding and

secretion from yeast the carbohydrates may be involved in subtle rearrangements

of the binding pocket and thereby alter the functional attributes of the 1E9 scFv

antibody.

Gel filtration experiments with the purified 1E9 scFv antibodies were

consistent with extensive glycosylation (Figure 3-4). While a minor fraction of the

antibodies remained un-glycosylated 29.5 kDa (28%), the different glycosylated

antibodies span from approximately 40 to 100 kDa.

0.045

0.025

Time (minutes)

Figure 3-4: Gel filtration chromatogram of 1E9 scFv clone 4.1. Glycosylation pattern

and multimer formation of 1E9 scFv clone 4.1: (1) 156 kDa (5%), (2) 97.6 kDa (18%), (3)

66.5 kDa (48%), (4) 29.5 kDa (28%).

Although glycosylation explain the peaks observed by gel filtration

(Figure 3-4), as well as the Western blot data, the larger species could also

conceivable be explained by the formation of multimers vial a domain swapping

mechanism [218-220]. Thus, the three peaks corresponding to proteins with a mass

of 156 kDa (5%), 97.6 kDa (18%), 66.5 kDa (48%), may be the result of multimer
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formation (pentamer: 147.5 kDa, trimer: 88.5 kDa, and dimer: 59.0 kDa) of the

scFv antibody. However, activity measurements of each fraction at constant

substrate concentrations (150 \\M TCTD, 10 mM NEM) resulted in similar relative

initial velocities for all the fractions, except for the 156 kDa fraction, where no

activity was detected.

3.2.3 Hapten affinity measurements by SPR

The low equilibrium constants determined on the cell surface (KD = 5 pM)

indicated that fluorescence-quenching titration would not be useful for

determining the dissociation constant of the transition state analogue in vitro.

Preliminary measurements with soluble scFv clone 4.1 confirmed this supposition

(data not shown). On this account, the binding properties of the secreted

antibodies were assessed using surface plasmon resonance (SPR). The

measurements were performed on a dextran sensor chip with covalendy attached

streptavidin. After labeling of the streptavidin with biotinylated hapten, the binding

of 1E9 scFv variants to the hapten was recorded over time. The antibody

concentration was varied from 1 jxM to 125 nM for all antibody variants except for

1E9 scFv clone 4.1, where the minimal concentration for an analyzable resonance

signal was 50 nM. By washing the chip with hapten-free media, the dissociation

from the anchored hapten was observed. The optimal labeling concentration of

streptavidin with biotinylated hapten was found to be 0.1 jxM.

The off-rate for the two 1E9 scFv antibodies, clone 4.1 and its MetH100bPhe

variant (clone 4.1-HI00b) are quite similar, but four-times slower than for the wild

type 1E9 scFv and approximately 10-times slower than the off-rate determined for

the chimeric 1E9 Fab. On the other hand, the on-rates of the wild type 1E9 scFv

and clone 4.1 are very similar but almost fifty-times slower than the off-rate for the

chimeric 1E9 Fab. An even more drastic change in on-rate is observed for the 1E9
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scFv clone 4.1-HI00b, where the detected binding occurs 17-times slower than for

the wild type scFv (Table 3-1).

Table 3-1: Dissociation constants of chimeric 1E9 Fab and 1E9 scFv variants.

Fluorescence measurements of chimeric 1E9 Fab in solution were performed at 15 °C,

while hapten titration curves of yeast surface displayed antibodies and SPR experiments

were done at 25 °C. The values for the 1E9 IgG and chimeric 1E9 Fab were determined

by previously [105].

Variant KD (YSD, solution)

(nM)
KD (SPR)

(nM)

kon (SPR)

(MV1)
koff (SPR)

1E9 IgG 0.57 ± 0.03 1.2 6.0 x 104 0.7 x 10-4

chimeric 1E9 Fab 0.05 ± 0.03 5.5 6.1 x 104 3.3 x 10"4

wt 1E9 scFv 2.1 ± 0.2 116 1.3 xlO3 1.5 x 10'4

clone 4.1 0.005 ± 0.001 24.4 1.6 xlO3 3.8 x 10s

Clone 4.1-HI00b

(MetH100bPhe)
n.d. 316 75 2.4 xlO"5

The dissociation constants calculated from these data differ between two and three

orders of magnitude for the chimeric 1E9 Fab and the 1E9 scFv clone 4.1,

respectively, relative to the data obtained in solution. The fact that the SPR

experiments were carried out at higher temperature than the fluorescence titration

experiments with the wild type Fab fragment (25 °C, rather then 15 °C) and the

different nature of interaction between the antibody and a solid support compared

to a ligand free in solution only partially explain this discrepancy. Glycosylation of

the 1E9 scFv variants and the resulting steric hindrance in binding a surface bound

ligand may account for the difference in the dissociation constant (KD) compared

to the yeast surface display experiments.

Fitting curves of the surface plasmon sensograms roughly matched with the

recorded dissociation data of clone 4.1, since only a small part of the total

dissociation was observed (Figure 3-5). Performing the measurements at higher
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temperature will probably lead to faster dissociation rates and thereby the

evaluation of the data would be more precise.
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Figure 3-5: Surface plasmon resonance sensograms of 1E9 scFv clone 4.1. The antibody

concentration was varied from 1 uM to 50 nM. AU measurements were carried out at

25 °C at a flow rate of 5 uM/min.

Although the surface plasmon resonance dates do not match with the binding

properties in solution, the measurements demonstrated that soluble 1E9 scFv

antibodies are properly folded and contain a functionally intact binding pocked.

They also confirm that the affinity matured antibodies have lower dissociation rate

constants that the wild-type 1E9 scFv, as expected.

3.2.4 Kinetic properties of 1E9 scFv variants

Kinetic measurements with wild type chimeric 1E9 Fab, its MetH100Phe

mutant and the 1E9 scFv variants were performed at 25 °C at a constant TCTD

concentration of 150 \xM. Because of the poor water solubility of TCTD a
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complete kinetic analysis was precluded. Thus only apparent values for the kinetic

parameters were determined. The reaction velocities were monitored at different

NEM concentrations (2.5 to 30 mM) via starch-iodine bleaching at 606 nm,

triggered by the release of sulfur dioxide from the high-energy intermediate [105].

The reaction followed standard Michaelis-Menten kinetics.

Table 3-2: Steady-state kinetic parameters (apparent values) of chimeric 1E9 Fab and 1E9

scFv variants. Kinetic measurements were performed at 25 °C. NEM concentration was

varied from 2.5 to 30 mM, while TCTD concentration (150 piM) was held constant. Values

for the uncatalyzed reaction, the chimeric 1E9 Fab and its MetH100bPhe mutant were

previously published [105],

Variants
^cat *Hi kcat/KM k^/k^,

(min1) (mM) (M^min1) (M)

uncatalyzed reaction 0.013 - - -

chimeric 1E9 Fab 3.7 ± 0.1 9.0 ± 0.6 410 290

MHioobF Fab mutant 25 ± 1 7.0 ± 1.0 3,500 1,900

wt 1E9 scFv 4.7 6.0 783 360

clone 4.1 98 ± 0.3 9.2 ± 1.5 10,650 7,600

clone 4.1-H100b 26 ±5 2.4 ± 0.5 10,750 1990

The results from the kinetic measurements show an approximately 25-fold increase

in the catalytic rate constant for clone 4.1 (kcat = 98 min"1) compared to the wild

type chimeric Fab fragment (kcat = 3.7 min"1). The additional MetH100bPhe mutation

caused a perturbation of the catalytic pocket, which resulted in a

4-fold drop in rate constant (kcat = 28 min"1). On the other hand, the substrate

binding properties were improved, leading to a decrease in the Michaelis constant

(KM = 2.4 mM). Thus, the catalytic efficiency (k^/K^) of clone 4.1 and clone 4.1-

HlOOb are quite similar.
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Based on transition-state theory, the ability of an enzyme to lower the

activation barrier for a reaction in solution, can be approximated by the ratio of the

rate constant for its action on the substrate and the rate constant for the same

reaction in solution in the absence of any catalyst [103,104], can be approximated

by equation 4.1:

Equation 3.1

This can ber rearranged to give the affinity for the transition state of the reaction:

Equation 3.2

The term 1/KTS represents the lower limit of the enzyme's affinity for the

transition-state, and is defined as the catalytic proficiency. Plotting the affinity

constant (KD) for the transition state analogue against antibody's affinity for the

transition-state (KTS) for wild type chimeric 1E9 Fab, its MetH100bPhe mutant, and

1E9 scFv clone 4.1 affords a good linear correlation (Figure 3-6). The slope is a

characteristic trait of the hapten as a mimic of the transition-state and gives an idea

about the extent to which hapten binding energy is utilized directly for catalysis.

For an ideal transition-state analog, KD and K7S would be equal, resulting in a slope

of 1. Looking at 1E9 the slope is ~0.5, meaning that about 50% of the gained

binding energy from the affinity maturation is available for additional stabilization

of the transition-state, which translates into higher catalytic efficiency. In absolute

numbers, for clone 4.1 the increase in hapten binding energy of 3.6 kcal mol"1

affords 1.8 kcal mol"1 of additional transition state stabilization compared to the

wild type chimeric Fab antibody.
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Figure 3-6: Plot of the dissociation constant (KTS) for the transition state of the Diels-

Alder reaction against the dissociation constant (KD) for the transition state analogue for

wild type chimeric 1E9 Fab, 1E9 Fab MetH1(,nbPhe mutant and 1E9 scFv clone 4.1. The

binding constant for the transition-state (KTS) was calculated according to the equation

KTS = Iw/Ow/Km) [221,222].

3.3 Discussion

The kinetic data support the hypothesis that an increase in affinity for the

transition state analog by in vitro affinity maturation can result in enhanced catalytic

efficiency of the corresponding reaction. Interestingly, the enhanced binding

affinity was only manifested in an improvement of the catalytic rate (kcat), while the

Michaelis constant (K^ for N-ethylmaleimide remained unaltered. Although the

Michaelis constant was not determined for tetrachlorothiophene dioxide, the

apparent adherence of the ground state may result from the excellent mimicking

of the transition state by the hexachloronorbornene. Nevertheless, the translation

of the gained binding affinity to additional stabilization of the transition state and

consequent catalysis is imperfect.

In our experiments, the 1E9 antibody was converted from a nanomolar to a

low picomolar binder. Given that yeast surface display in combination with

fluorescence activated cell sorting have afforded scFv fragments with femtomolar
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hapten affinity, there may still be space for further improvement in hapten affinity.

A 1E9 scFv fragment with low femtomolar binding affinity would be expected to

stabilize the transition state by further 2.5 kcal mol"1, resulting in a catalytic

efficiency of 4x105 M'Wn"1. Assuming a marginal change in the antibody's

substrate binding properties, this would correspond to a ~40-fold increase in

catalytic rate compared to the 1E9 scFv clone 4.1.

Better hapten affinity does not necessarily correlate with better catalytic

efficiency. Activity screens of several hapten binders from the original fusion that

produced 1E9 showed no correlation with their ability to catalyze the reaction

between N-ethylmaleimide and tetrachlorothiophene [112]. This result suggest the

possibility that even better catalysts than clone 4.1 might be present in the existing

libraries, but were eliminated due to their weaker hapten binding during sorting.

Consequently, a broad screening of the fourth generation library after the first or

second round of sorting is needed to sample a wider range of picomolar binders

for their catalytic properties In this way, a better understanding of the relationship

between hapten binding and catalytic efficiency is likely to emerge.

For the first time, 1E9 scFv antibodies have been successfully produced by

secretion from yeast to the culture medium. Expression yields indicate that stability

of the scFv antibody fragment is an important factor for successful secretion. This

is not surprising, since rate and efficiency of protein folding within the

endoplasmic reticulum constitute a bottleneck. For this reason, a low-copy pRS316

secretion vector was chosen. However, with regard to optimizing production of

scFv fragments, a multi-copy secretion vector (pRS426) may lead to an increase in

protein yield. Shusta et al. have shown that the multi-copy system can be especially

beneficial when expression is carried out at low temperatures [211],

Although 1E9scFv antibodies lack typical sites for asparagine glycosylation

(Asn-X-Ser/Thr), the purified antibodies are highly glycosylated. Sequence analysis

using the NetNGly server predicts several other sites for the attachment of

carbohydrates. Interestingly, three of the seven predicted positions are located in
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the complementarity determining regions (CDR) of the light chain. Glycosylation

in these segments may influence the catalytic and binding properties of 1E9 scFv

antibodies. A less drastic influence on the enzyme activity can be expected for

glycosylation in the framework L3 region, which instead may play a role in

structure stabilization. Since glycosylation patterns cannot be visualized by

sequencing, the influence on the evolutionary pathway during affinity maturation

remains unclear. Moreover, glycosylation could be a key factor for successful

folding and expression of 1E9 scFv and may explain why production in bacteria

fails. In order to understand the complete role of the carbohydrates, especially with

regard to catalysis, further investigation will be needed.
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4 Catalysis-Based Cell Sorting of Diels-

Alderase Antibody Variants0

4.1 Introduction

4.1.1 In vitro selection for catalytic activity

Affinity maturation by yeast surface display (YSD) coupled with

fluorescence activated cell sorting (FACS) is a robust technique for tailoring the

properties of antibodies. However, with regard to optimizing catalytic activity there

are likely to be clear limitations. These will arise in part because the hapten is an

imperfect mimic of the transition state of the corresponding reaction and because

of the imperfect correlation between hapten binding and catalytic efficiency. In

essence, this approach, like the original strategy for generating catalytic antibodies

is indirect. A direct selection based on catalytic activity, rather than hapten binding,

would in principle overcome this limitation.

Although there are many ways to select for receptors based on binding

interactions, direct identification and isolation of catalysts in a library based on

their activity is generally more challenging. The by far most popular technique is

screening, based either on bacterial colony assays on agar plates or colorimetric

substrates in microtiter plates. In these systems the detection of activity is often

facilitated by fluorophores and chromophores [223-225], while other screening

techniques include resonance Raman scattering [226]. Typically, screening is

b
This chapter is based on the Diploma Thesis presented by Matthias Spiess:

Improvement ofthe Catalytic Efficiency ofDietsAlderAntibody 1E9, 2004.
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limited to ~ 102-103 variants per day, which is far from being efficient enough to

screen libraries containing 107-109 variants, which are typically prepared in yeast or

bacteria.

An alternative approach allowing higher throughput is given by the activity-

based selection of enzyme from libraries displayed on phage or on the surface of

cells. For example, systems have been developed, that allow product capturing of

proteins displayed on phage [114,115] and the improved catalysts can be easily

isolated from libraries using an affinity tag covalendy bound to the captured

product.

CHF

Nu-Enzyme

po.3- o-

HV^5
r

+Nu

:Nu-Enzyme

Figure 4-1: Reaction scheme illustrating enzyme capturing by catalytic selection. If resin-

or BSA-bound difluoromethylphenyl phosphate is hydrolyzed to the monoester by a

catalyst in the library, the formed product undergoes fluorine elimination resulting in a

highly active electrophile, which is captured by a nucleophilic residue from the enzyme

active site. The covalently trapped enzyme variants can be released and recovered by

disulfide reduction with dithiothreitol (DTI).

A good example of this approach is the direct screen for catalysis of phosphate

monoester hydrolysis applied to the human combinatorial antibody library
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(HuCAL). The enzymatic hydrolysis of the phosphate ester bond of anchored 2-

difluoromethylphenyl phosphate leads to the formation of a quinonemethide,

which subsequently reacts with nucleophilic residues of the active protein species

(Figure 4-2). Such chemical selection identified an efficient biocatalyst, which was

further improved by mutagenesis, resulting in a ten-fold enhancement of catalytic

proficiency [114].

Schulz et al. described a kind of reverse approach, where the enzyme-bound

substrate is released during the catalytic reaction and results in the loss of the

affinity tag responsible for selection [116]. Furthermore, in the case of a cofactor-

dependant enzyme, phage libraries displaying inactive catalysts can be bound to

immobilized substrate. Release is triggered by addition of the cofactor and

subsequent product formation [117],

Another interesting strategy is represented by the entrapment of a

fluorescent product on the cell surface, allowing isolation of improved catalysts by

fluorescence-activated cell sorting [227-229]. Georgiou and coworkers have chosen

such an approach using the serine protease OmpT as a model system. The

negatively charged surface of E. coli was exploited to bind a positively charged

OmpT substrate, containing fluorophores that undergo fluorescence resonance

energy transfer (FRET). Enzymatic cleavage by the catalyst on the cell surface

resulted in separation of the two fluorophores and in disruption of the FRET

quenching. Enrichment of a number of active clones was preformed using FACS.

Finally, subsequent screening in microliter plates identified OmpT protease

variants that exhibited 60-fold enhanced catalytic activity [229]. Recently, the same

system was used to change the selectivity of OmpT from cleaving peptides with

Ala-Arg cleavage site to a new substrate containing Arg-Arg residues by more than

3x 106-fold, keeping the same catalytic efficiency as for the parent protease [227].
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4.1.2 FACS of surface displayed 1E9 variants based on product capturing.

One possible strategy to select directly for the catalytic activity of 1E9

variants is provided by the direct formation of the transition state analog in the

catalytic pocket via a Diels-Alder reaction between N-biotinylated maleimide 11 as

labeled substrate and hexachlorocyclopentadiene 10 (Figure 4-2). The resulting

reaction product is stable and binds tightly to the catalytic pocked of the antibody

(KD < 1 nM). In fact, it is the transition state analogue that was originally used to

elicit the antibody. Thus it provides the necessary attributes to allow selection of

catalysts on the basis of their ability to promote a [4+2]-cycloaddition.

o

10 11 6a

R=(CH2)4CONH(CH2CH20)3CH2CH2NH-biotin

Figure 4-2: Antibody catalyzed formation of the transition state analog 6a. The reaction

between hexachloropentadiene 10 and A/-biotinylated maleimide 11 affords labeled

hexachloronorbornene 6a as product. The enzyme-catalyzed formation of the transition-

state analog leads to capturing of the active site. The biotin moiety of the bound transition

state analog 6a allows fluorescence labeling and subsequent cell sorting.

Labeling of the biotin moiety of the formed product with streptavidin-

phycoerythrin conjugate would allow monitoring the progression of the reaction

according to the corresponding increase in fluorescence signal (Figure 4-2). This

system would enable the identification and separation of improved catalyst from a

diverse population of 1E9 scFv variants displayed on the yeast cell surface by

fluorescence activated cell sorting.
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The replacement of the original substrate tetrachlorothiophene dioxide

(TCTD) with hexachlorocyclopentadiene does not affect the reaction mechanism

of the [4+2]-cycloaddition, but influences its kinetic profile. Rough estimations of

the substiuent effects on the involved orbitals can be made with respect to

cyclopentadiene according to the rules formulated by Houk [230].

LUMO

HOMO

4f

4f

4f
^

Figure 4-3: Frontier orbital assessment of the highest occupied molecular orbitals

(HOMO) of thiophene dioxide and l,l'-dichlorocyclopentadiene in comparison to

cyclopentadiene. In the case of a [4+2] cycloaddition with reverse electron demand, the

HOMO of the diene interacts with the low energy LUMO of the dienophile. The dashed

line has no physical meaning, but provides a relative scale for comparison.

While conjugating thiocarbonyl groups bring the lowest unoccupied molecular

orbital (LUMO) and the highest occupied molecular orbital (HOMO) closer

together, electron deficiency at the sulfur atom leads to a decrease of both the

LUMO and the HOMO and consequently slows down the reaction. In the case of

chlorine as a substituent the electron withdrawing effect lowers both HOMO and

LUMO, which results in a decrease of the reaction rate (Figure 4-3).

81



Catalysis-Based Cell Sorting

The frontier orbital analysis suggests that both reactions with either of the

two substrates tetrachlorothiophene dioxide or hexachlorocyclopentadiene, will

occur with approximately the same rates based on electronical considerations

[231]. Additionally, the larger van der Waals radius of chlorine may cause some

steric hindrance during the cycloaddition compared to the thiocarbonyl oxygens.

Nevertheless, it can be expected that the rates of the reaction for both

tetrachlorothiophene dioxide and hexachlorocyclopentadiene with N-

ethylmaleimide will be roughly comparable. The reaction rates for different

substrates have a direct influence on the setup of the selection conditions. In the

same way that the optimal competition time was calculated for the affinity

maturation experiment based on the hapten binding constant [232], optimal

conditions for maximal signal difference between variants has to be estimated

considering different experimental parameters including substrate concentration,

reaction rate and product dissociation. For this purpose, a kinetic model was

developed. Modeling of the anticipated kinetic properties of the system enabled

choosing suitable reaction times and settings for the sorting gates. Furthermore, a

method was established allowing screening of yeast displayed 1E9 scFv libraries on

the basis of catalytic activity by fluorescence activated cell sorting. Of special

interest were the toxicity effect of the substrates on yeast cells and the associated

additional selection pressure in the sorting cycle.

4.2 Results

4.2.1 Activity-based screening of surface displayed protein libraries

In order to have an idea about the kinetic behavior of the displayed proteins

and fluorescence signal that can be expected, a kinetic model for a bimolecular

enzymatic reaction was established using typical parameters for yeast surface

display and fluorescence activated cell sorting. The affinity maturation experiment,
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described in Chapter 2, showed that an optimal separation of signals associated

with strong and weak binders is necessary to achieve an enrichment of clones with

improved hapten affinity in a few sorting rounds. Based on steady state

approximations, an equilibrium cycle can be drawn, similar to models for a random

bi-reactant equilibrium system (Figure 4-4). Although we assume steady state

conditions ([S] >> \E\), the depletion of the enzyme during the reaction by

product inhibition disrupts the equilibrium. Nevertheless, we neglect this

complication for the initial module calculations. In a second step, the product

inhibition effect will be considered.

E + S, ?=£ E-S,
+ +

s, s,

Ml K4

E-S2 + S, T >

E-S,«S2 E'H

Figure 4-4: Kinetic model for a bimolecular enzymatic reaction with hapten formation.

The scheme illustrates the two paths of substrate recruitment, considered as a rapid

equilibrium system. The formation of the enzyme-hapten complex (E»H) depends on the

catalytic rate constant (k^,) and the concentration of the two-substrate complex (E»S,S^. It

is assumed that the second binding event (K,^) is similar for both substrates. E: enzyme;

H: hapten; S,: first substrate; S2: second substrates.

For the calculations, the following abbreviations were used: [E]0 is the total enzyme

concentration in the system, E stands for free enzyme, H is the tight binding

product of the reactions, and Sj and S2 corresponds to the two substrates.
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The time-dependent formation of the enzyme-hapten (E»H) complex is

formulated as followed:

d[EHl r
,

-^p
=

kcat[ES,S2]
= v Equation 4.1

For a two-substrate reaction the general steady-state equation is:

k^lS^
Equation 4.2

[EL [sJs2]+[s2]k'I; + [sJk^+k

When equation 4.2 is introduced into equation 4.1 one obtains:

dfEHl r -,
=

axkcat|EJ Equation 4.3
dt

with

a -

NN
[s.lsJ + fsjK^+^JKii+K8'5

In this way, equation 4.3 can be solved to give:

[EH] = axkcat[E]n xt Equation 4.4

Equation 4.4 is the solution for the kinetic model describing formation of the

enzyme-hapten complex (E»H) assuming a steady-state, where the total enzyme

concentration [E]0 in the system stays constant remains time. Taking account of
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the decrease in total enzyme concentration [Er] in the system, equation 4.3 changes

to:

iSÜ
= a x kcat ([E]o - [EH]) Equation 4.5

Solving the differential equation 4.5 results in:

[EH] = [e]()(i - exp(-a x kcat x t)) Equation 4.6

The time-dependent formation of the enzyme-hapten complex under condition s

in which the enzyme is removed from the reaction mixture is described by

equation 4.6.

E + S, ï=t E-S,
+ +

MI Ml
Ku K» K«

E'S2 + S, » E»S/S2 E-H E + H

Figure 4-5: Kinetic model for a bimolecular reaction forming a product inhibitor.

Dissociation of the enzyme-product complex (E*H) leads to partially recovery of the

depleted enzyme. The time-dependent formation of the inhibitor complex [E*H] depends

on the catalytic rate (k^^), the concentration of the central complex (E'S^, and the

dissociation rate (k^.

The model so far considers the time dependent depletion of the enzyme

during the reaction. But in reality the enzyme-hapten complex has a certain lifetime

and is subject to dissociation. With regard to enzymes that are good catalysts but
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bad binders, the loss of the label will influence the sorting results. Consequentiy,

the dissociation of the enzyme-hapten complex also has to be considered in the

kinetic model (Figure 4-5).

The formation of the enzyme-hapten complex depends not only on the

catalytic rate (kcal) and the concentration of the central complex (E^SjSj), but also

on the rate constant for dissociation of the product in form of the transition state

analogue from the binding pocked (koff).

d[EH] r -, r -,

-^
= k4ESIS2]-koff[EH]

Considering equation 4.5 this can be rewritten as:

d[EHl r I / \r i

"^
= <* * k4El

"

(k°* + a x k-)[EH] Equation 4.7

Solving the differential equation 1.7 results in:

[e!

[EH] =
L Jo (i-exp(-t(axkcat + koff)))

1 + -^L
axk

Equation 4.8

Equation 4.8 describes the time-dependent formation and decomposition of the

enzyme-product (E»H) complex. Considering the dissociation of the resulting

enzyme-product complex in the kinetic model leads to lower steady-state levels of

the enzyme-inhibitor complex. Using equation 4.8 it is possible to estimate the

optimal incubation time for the enzymatic reaction to ensure maximal separation

of the signals associated with different catalysts (Figure 4-6). Subsequently,

individual kinetic parameters and the enzyme and substrate concentrations have to

be defined.
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The total enzyme concentration [E]0 is a function of the cell density used in

cell sorting, which was empirically found to be optimal at 2.5x107 cells/ml [158].

Each yeast cell displays about 30,000 proteins. The total enzyme concentration [E]0

can therefore be calculated to be ~1 pM. In principle, the experiment can be

performed at a 10-fold higher cell density, but in the affinity maturation

experiments decreased labeling of displayed 1E9 scFv variants was observed at

these concentration, probably because of adherence of the yeast cells to each other

and their tendency to sediment in the test tube. While total enzyme concentration

is defined by the system, plausible values for the individual kinetic parameters have

to be approximated. The Michaelis constants (K^ for N-biotinylated maleimide

and hexachlorocyclopentadiene can be considered to be similar to the KM values of

N-ethylmaleimide (29 mM) and a water soluble thiophene dioxide derivative (2.4

mM), respectively [102], Moreover, the equilibrium constant for the second

substrate entering the binding pocked (Kt ^) is considered to have a maximal value

as the Michaelis constant of N-ethylmaleimide. The dissociation constants (koff) for

the transition state analogue were determined by the SPR experiments for wild

type 1E9 scFv (koff = 1.3xl04 s4) and 1E9 scFv clone 4.1 (koff = 3.8xl05 s"1). As it

will be shown in the following paragraph, the highest substrate concentration

possible for the proposed system are 1 mM and 10 [xM for N-biotinylated

maleimide 11 and hexachlorocyclopentadiene 10.

Simulation of the time-dependent formation of the enzyme-transition state

analogue complex (E#H) using equation 1.8 for 1E9 scFv clone 4.1 and 2, 5, and

10 fold more active variants having the same hapten dissociation rate (koff =

3.8xl0"5 s"1) show that the expected fluorescence signal directly correlates with

activity of the variant (Figure 4-6). This implies, that mutants with similar affinity

for the transition state analogue may be sorted directly for catalytic activity. On the

other hand, if the dissociation rates vary between mutants only short incubation

times for the enzymatic reaction allows sorting of good catalysts, which are

moderate binders. Otherwise, only good binders will be identified, almost
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independentiy from their catalytic properties (Figure 4-7). Moreover, the

calculations show, that after performing the enzymatic reaction for lh only about

0.1% of the available catalytic pockets on the yeast cell surface will be occupied

(~300 per cell). Consequendy, an extremely low fluorescence signal is expected for

cell sorting, which demands good cell preparation and very low background signal.

7E-14

-TT""!"T-1 "I III I I I I I I III (I I I I 1 I I I I I I

0 50000 100000 150000 200000 250000 300000

time (s)

Figure 4-6: Comparison of the kinetics between 1E9 scFv clone 4.1 (red) and

hypothetical 2, 5, and 10-fold more active mutants with identical dissociation rate for the

transition state analogue (ko(r - 3.3x105 s'1).
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Figure 4-7: Comparison of the kinetics between 1E9 scFv clone 4.1 (red) and

hypothetical mutants of the same activity (k^ - 98 min"1, KM - 10 mM), but with 5, 0.5,

and 0.2-fold hapten dissociation rate.

In the discussion, false labeling of empty catalytic pockets by rebinding of

dissociated product is not yet considered. Such a mechanism would allow catalysts

to be sorted, even if they do not exhibit improved activity, but if they are good

binders of the transition state analogue. The simulations show, that after

incubation for the enzymatic reaction the major part of antibodies in a library

remains unlabeled (Figure 4-6). Thus the free product has an excess supply of

binding partners and false positive labeling becomes significant. The free product

can be calculated from the signal difference between an antibody with infinite

small dissociation rate and an antibody with a defined dissociation rate, both

having the same catalytic activity (Figure 4-8).
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Figure 4-8: Comparison between 1E9 scFv clone 4.1 and a hypothetical mutant with

infinite hapten dissociation rate.

In the case of 1E9 scFv clone 4.1, the simulation shows, that after ~6 h of

catalyzing the enzymatic reaction between hexachlorocyclopentadiene 10 and N-

biotinylated maleimide 11 approximately 10% of the population will be false

labeled (Figure 4-8). The same calculations can be done for wild-type 1E9 scFv,

resulting in 10% false labeling already after lh. A 10% false labeling is probably an

acceptable value, considering that the amount of yeast cells used for sorting

minimal surpass the library size by 10-fold. Consequently, optimal incubation time

for the enzymatic reaction enzymatic reaction between hexachlorocyclopentadiene

10 and N-biotinylated maleimide 11 is defined by the maximal tolerable false

labeling and therefore affinity-maturated libraries are preferred.

4.2.2 Maximal tolerable substrate concentration

Both N-biotinylated maleimide derivative 11 and hexachlorocyclopentadiene

10 are rather toxic for yeast cells. In order to define the maximal tolerable substrate
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concentrations as a function of exposure time, cell growth experiments were

performed.

Figure 4-9: Growth experiments, with yeast cells exposed to hexachlorocyclopentadiene

10. The cells were incubated for 15, 30, and 60 min at different substrate concentrations

(1, 10, and 100 \iM) Cells exposed to 100 \iM for 30 min did not grow, while 10 uM

hexachlorocyclopentadiene 11 did not affect the cell growth after 60 min incubation As

positive control unreacted cells were plated

Thus, yeast cells from surface display strain EBYIOO transformed with the

display plasmid pCT~lE9scFv were grown to high density in selective liquid media.

Aliquots of the cells were incubated with 100, 10, and 1 ^iM

hexachlorocyclopentadiene 10 for 15, 30, and 60 mm at 25 °C. After washing, the

cells were plated on minimal medium plates and incubated for 48 h at 30 °C

(Figure 4-9). While exposure to 10 uM hexachlorocyclopentadiene 10 for 60 min

did not affect the viability of the cells, a ten-fold higher concentration (100 [xM)

caused cell death after 30 rmn. Yeast cells were also exposed to 100 jiM N-

biotinylated maleimide 11 for 30 min and 15 mm, and to 1 mM for 30 min. In this

case, no inhibition of cell growth was observed during incubation on minimal

media at 30 °C (data not shown). Due to the high expense of N-biotinylated

maleimide 11 higher concentrations were not tested.

In a further cell growth experiment the cooperative effect of both substrates

was tested. The yeast cells were exposed to 10 \iM hexachlorocyclopentadiene 10
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and 1 mM N-biotinylated maleimide 11 at both 25 °C and 4 °C. While the cells did

not survive exposure to the substrates for 6 h at 25 °C, incubation at 4 °C over a

period of 31 h did not affect cell growth on minimal media plates (Figure 4-10).

Figure 4-10: RBY100 yeast cells exposed to hexachlorocyclopentadiene and JV-

biotinylated maleimide for 7, 25 and 31 h at 4 °C. Cell growth was monitored on minimal

media and at 30 °C for 48 h. A: 1 mM N-biotinylated maleimide 11, B: 10 uM hexachloro¬

cyclopentadiene 10; C: Cooperative effect of 1 mM JV-biotinylated maleimide and 10 uM

hexachlorocyclopentadiene.

Lowering of the reaction temperature from 25 °C to 4 °C has a direct influence on

the rate of the chemical reaction. Assuming a typical Arrhenius activation energy

(EJ for Diels-Alder reactions of 12 kcal mol1 [231), the ratio of the rates (fj at

two different temperatures can be estimated.

(u

exP
i \ 1 2 I

RT,T2
with T, >T2

According to the Arrhenius equation, a temperature difference (AT) of 21 °C

should lead to ~5-fold decrease in rate.
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4.2.3 Minimization of the background reaction

The biotinylated maleimide derivative 11 can react with nucleophiles on the

cell surface of the antibody via Michael addition to the double bond [233,234], If

this happens, the biotinylated substrate will become covalendy attached to the cell

surface, leading to high background labeling. A possible strategy to prevent

background labeling would entail coating the displaying cells with maleimide

before performing the enzymatic reaction to remove potentially reactive sites

before addition of the biotinylated dienophile. EBYIOO yeast cells displaying wild-

type 1E9 scFv were incubated at pH 7 and pH 8 with 1 mM N-ethylmaleimide at

25 °C for 30 min. After washing, the enzymatic reaction was performed using 1

mM N-biotinylated maleimide 11 and 1 jxM hexachlorocyclopentadiene at pH 4, 6

and 7 at 4 °C overnight. As a control, coated and uncoated cells were treated with

1 mM N-biotinylated maleimide 11 alone. After labeling with streptavidin-

phycoerythrin conjugate the level of background labeling was monitored using a

cell sorter.

The control experiment with N-biotinylated maleimide 11 alone

demonstrated that uncoated cells exhibit a 1,000-fold higher fluorescence signal

than their coated counterparts. Thus, N-ethylmaleimide treatment seems to

strongly reduce the background signal. Moreover, the background reaction is

highly pH dependent. While the background signal is drastically reduced under

acidic conditions, at pH 7 the background reaction is not substantially suppressed.

Interestingly, the coaling reaction is more efficient at pH 7 than at pH 8 (Figure

4-11, A). In the enzymatic reaction, the presence of hexachlorocyclopentadiene 10

reduces the side-reaction of N-biotinylated maleimide 11 with the cell surface

compared with the background reaction of N-biotinylated maleimide 11 alone for

unknown reasons (data not shown). Nevertheless, the background reaction is still

pH dependent, showing no suppression at pH 7. The fluorescence signal from the

enzymatic reaction at pH 6 and pH 8 is made up of the signal from the enzyme-

hapten complex and the side reaction. In contrast to the control experiment with
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N-biotinylated maleimide 11 alone, the cells coated at pH 7 show greater labeling

than the cells coated at pH 8. In order to find the best signal to noise ratio, the

data from the enzymatic reaction have to be compared with the background

reaction of N-biotinylated maleimide 11 alone. It was found that coating at pH 7

and performance of the enzymatic reaction at pH 6 gives the best signal to noise

ratio (Figure 4-11).

pH7 pH6 pH4

Incubation condition Reaction condition

Figure 4-11: Minimization of the background reaction between cell surface and N-

biotinylated maleimide 11. Coating of the EBYIOO yeast cells was performed with N-

ethylmaleimid at pH 7 (dark gray) and pH 8 (black) at 25 °C for 30 min. A: Background

reaction of uncoated (light gray) and coated cells (pH 7: light gray; pH 8: black) with N-

biotinylated maleimide 11 at pH 7, 6 and 4 incubated at 4°C over night. B: Background

signal of enzymatic reaction between hexachlorocyclopentadiene 10 and N-biotinylated

maleimide with uncoated (light gray) and coated cells (pH 7: light gray; pH 8: black)

displaying wild-type 1E9 scFv at pH 7, 6 and 4, at 4 °C overnight.

Since coating could also affect displayed 1E9 scFv antibodies, the

functionality of the binding pocket has to be proven. For that purpose induced

EBYIOO cells displaying wild-type 1E9 scFv fragments were coated with 1 mM

N-ethylmaleimide at 25°C and 4°C for 30 min and 12 h, respectively. After

washing, the cells were incubated with biotinylated hapten 6a and labeled with
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streptavidin-phycoerythrin conjugate. Cell sorting experiments showed that in both

cases the fluorescence signal was comparable with the signal of untreated cells and

thereby the coating process does not affect the active site.

Based on these promising results, a cell sorting experiment was performed

using the third generation library obtained in the affinity maturation experiment

(see Chapter 2). The induced cells were coated with 10 mM N-ethylmaleimide at

25°C for 30 min. The enzymatic reaction on the cell surface was performed with

N-biotinylated maleimide 11 and hexachlorocyclopentadiene 10 at 4 °C overnight.

The fusion proteins were labeled with FITC-conjugated anti-HA antibody, while

enzyme-hapten complexes were recognized with a streptavidin-phycoerythrin

conjugate. The intensity of the phycoerythrin fluorescence signal of the doubly

labeled ceils was measured (Figure 4-12).

Full labeling with ^H^H
hapten ^^^H

H1^^Q

Enzymatic ^__
reaction ^^^M

19%

Background ^^.
reaction |^^H

16%

0.2 0.4 0.6 0.8 1

Figure 4-12: Cell sorting experiment of with the third generation affinity-matured library

treated with ImM AT-ethylmaleimide and 100 u.M hexachlorocyclopentadiene for the

enzymatic reaction and with ImM N-ethylmaleimide alone to monitor the background

signal. Full labeling was performed by treatment with biotinylated hapten. The enzymatic

reaction showed 15% more signal intensity than the background reaction.

The results obtained suggest that catalysis-based selection by cell sorting is

possible. Although the background reaction is responsible for up to 85% of the

fluorescence signal observed, the small difference seen between signal from the

catalytic reaction and background signal may allow enrichment of improved
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catalysts over several sorting rounds. Although small, the difference between

background and catalyzed reaction was reproduced in several experiments.

Nevertheless, the enzymatic reaction labeled only ~3% of all available binding

pockets as it was expected according to the previous kinetic calculations. However

degradation of the N-biotinylated maleimide 11 can also be problematic, since

maleimide derivatives undergo hydrolysis and have a half-life of approximately 6 h

at pH 6 in MES buffer [112]. To minimize problems associated with dienophile

degradation repetitive addition of the substrate to the reaction mixture could be

tried.

4.2.4 Recovery after fluorescence activated cell sorting (FACS)

The yeast cells are subjected to considerable stress during labeling and cell

sorting and their ability to recover is of great importance. In fact, the recovery step

represents a second selection step after the sorting. Thus, good viability of specific

sorted clones can lead to an overrepresentation of these variants in the final

culture. For the affinity maturation experiments acidic selective media (SD-CAA,

pH 4) was used for the recovery phase to prevent bacterial growth. Unfortunately,

in activity based cell sorting, the tremendous stress to the cells prevents their

survival this media. In contrast, cells recovered in full media (YPD) showed

normal growth behavior. This indicates that the lack of nutrients in the selective

media could be a major problem. Nevertheless, plasmid loss after ten generations

in full media makes selective conditions unavoidable. It turned out that cells could

be collected in full media and kept on ice for 3 h without any significant plasmid

loss. After changing the media to selective conditions (SD-CAA, pH 6) the cells

showed normal growth behavior. However, the use of full media to collect the

sorted cells is problematic due to possible bacterial contamination and represents

an additional risky step in the sorting cycle.
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According to these results an activity-based cell sorting experiments was

performed using the third generation library obtained in the affinity maturation

experiment (see Chapter 2). After one round of affinity sorting, the average

dissociation constant of this library was 100-fold improved compared to yeast cell

surface displayed wild-type 1E9 scFv antibody. The induced cells were coated with

1 mM N-ethylmaleimide at 25 °C for 30 min. To perform the enzymatic reactions

the cells were incubated in 1 mM N-biotinylated maleimide 11 and 10 ^iM

hexachlorocyclopentadiene 10 for 12 h at 4 °C. The biotin-moieties of the formed

transition state analogue complexed to the antibody's active site were labeled with

streptavidin-phycoerythrin conjugate, while the antibody-Aga2 fusion protein was

recognized with FITC-conjugated anti-HA antibody. The sorting gate was set to

5% of the entire library. The sorted cells were recovered in full media on ice and

plated on selective plates (SD-CAA) for amplification. Although single cells could

be isolated, DNA recovery and sequence analysis was not possible, due to

unknown reasons. It is likely that the reactivity of the substrates influences the

integrity of the DNA.

4.3 Discussion

The presented results document that activation-based selection using yeast

surface display (YSD) in combination with fluorescence activated cell sorting

(FACS) may be possible for 1E9 scFv antibody libraries. Nevertheless, the low

labeling of the antibody active sites displayed on the cell surface and relatively high

background caused by reaction of N-biotinylated maleimide 11 with nucleophiles

on the cell surface make this system technically challenging. Due to similarities in

structure and reactivity, tetrachlorothiophene dioxide la can be replaced by

hexachlorocyclopentadiene 10 without changing the mechanism or drastically

affecting the kinetics of the cycloaddition reaction. Product formation between

hexachlorocyclopentadiene 10 and N-biotinylated maleimide 11 or between
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tetrachlorothiophene dioxide la and N-ethylmaleimide 2 is expected to have

similar energy barriers. Nevertheless, slight differences in the geometry and the

electronic properties of the two dienes could lead to an imperfect translation of the

gained transition state stabilization to the original reaction.

The variables such as temperature, substrate concentration, and incubation

time for the enzymatic reaction represents easily adjustable parameters that can

affect the stringency of the selection. Consequently, it is difficult to estimate how

far enzymatic activity might be evolved using this system. Making use of the

elaborated kinetic model, optimal incubation conditions for the enzyme-catalyzed

reaction can be determined and customized. Calculations based on this model

suggest that direct sorting for catalysis is possible and that variations in the

dissociation rates within the library could lead to isolation of good binder with only

moderate catalytic activity. This problem is circumvented with short incubation

times for the enzymatic reaction. Consequently, the intensity of antibody actives

site labeling decreases.

A further complication for catalysis-based cell sorting with this system is

that hexachlorocyclopentadiene is toxic to the cells already at high micromolar

concentrations A possible solution is to introduce modifications at the designated

bridgehead chlorine of the diene, which would reduce the cell membrane

permeability and thereby lead to detoxification of the substrate. A diene containing

a methoxyacetic acid modification at this position was shown to be good substrate

for the antibody catalyzed reaction and other functional groups may also be

tolerated for the enzymatic reaction [102]. However, the optimization of the

substrate concentration and reduction of the temperature for the enzymatic

reaction secured the survival of the cells during the labeling process.

Since the biotinylated maleimide derivative strongly and non-specificly

reacts with nucleophiles on the cell surface as well as with the displayed scFv

antibody, efforts were made to minimize this side reaction. Coating of the cells

with N-ethylmaleimide and performing the enzymatic reaction at pH 6 reduced the

98



Catalysis-Based Cell Sorting

background signal permitted the use of fluorescence sell sorting to select 1E9 scFv

variants with improved catalytic activities. However, recovery in selective media

was not possible. The stress caused by labeling and sorting led to cell death. In the

end, collecting the cells in full medium and allowing them to recover on ice for 3 h

proved to be a successful way to revive the cells before they were grown in

selective media. Peculiarly, the plasmid DNA of isolated variant could not be

amplified after recovery. The explanation for this phenomenon is not obvious. It

may be that the plasmid DNA undergoes some chemical modifications with the

substrates.

In conclusion, activity-based cell sorting of 1E9 scFv variants represents a

possible approach for further improvement of catalytic efficiency, despite it is

technically very challenging. The need for libraries consisting of high-affinity

binders requires preliminary affinity maturation experiments. An elegant approach

to overcome this prerequisite was recently reported by Tawfik and coworkers

[235], in which the diffusing substrate was captured in a water compartment of a

double emulsion. In their experiment, E. coli cells expressing serum paraoxonase

PON1 were emulsified to generate oil-water emulsions. This emulsion was

reemulsified resulting in a water-oil-water emulsion, in which the substrate, the dye

used for product detection, and individual E. coli cells were co-compartmentalized

in a continuous phase of water. The enzymatically formed product reacts with the

detection dye resulting in a fluorescence signal used for cell sorting. Directed

evolution using this approach yielded a PON1 variant with a 100-fold improved

thiolactonase activity. In principle, this strategy could also be used for yeast cells

displaying 1E9 scFv antibodies. Modification of the maleimide substrate into a

reaction activated-fluorophore derivative would allow direct monitoring of the

Diels-Alder reaction on the cell surface. Potential substrates are currently being

synthesized and further cell sorting experiments using water-oil-water emulsions

will be performed.
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The question about the catalytic ceiling of the immunoglobulin scaffold

remains unanswered. But further catalysis-based selection experiments may give a

clearer answer. Finally, the immune system as a source of catalysts remains

attractive, since it is still the easiest and fastest way to get catalytic access to almost

every reaction.
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5 A new Strategy for Linking mRNA and its

encoded Protein

5.1 Introduction

5.1.1 Selection using in vitro transcription-translation systems

Relative to other approaches, the use of in vitro transcription-translation

systems in directed evolution offers several advantages that may facilitate the

search for novel peptide scaffolds with tailored properties. First, such systems

tolerate a wide range of selection conditions, thereby allowing fine adjustment of

the selection stringency. Further, unnatural amino acids can be incorporated into

the protein of interest, widening the scope of possible variants and providing

attributes that are not accessible by the native set of amino acids [147]. Finally, the

fact that transformation step is not necessary enables the generation of

substantially larger and more complex libraries containing up to 1015 members

compared to in vivo systems (108-1010 members). As phage or cell surface display

these systems are suitable for selection processes based on the interaction between

receptors and ligand [236,237].

The vast library size accessible in such cell-free systems not only allows the

enrichment of high-affinity binding peptides or scFv antibodies, but can also be

used to identify novel structural domains constructed from minimized functional

units. For example, a novel family of ATP-binding polypeptide, each with two

invariant CXXC motifes, was selected from a very large library containing 6x1012

random 80-mer peptides [146]. The highest-affinity mutant showed an equilibrium

dissociation constant (KD) of 100 nM. The compact structure of the isolated

polypeptides is strongly dependent on the complexation of a Zn2+ ion coordinated

by four cysteines [140,238]. This is all the more remarkable, since the peptide
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library covered only a tiny fraction of all possible 80-mer. Recently, the design of a

functional enzyme consisting of only nine different amino acids has been reported

[239]. Using such a minimized set of building blocks drastically reduces sequence

space and allows to design peptide libraries containing all possible variants with up

to 50 amino acids in length (2x1015 different peptides) suitable for in vitro

translation-transcription based selection systems. Interestingly, amino acids, their

derivatives and short peptides were shown to catalyze several types of chemical

transformations including aldol reactions, hydrocyanations, epoxidations, conjugate

additions, cycloadditions, and phosphorylations [240,241]. Furthermore, it is

conceivable that in presence of cofactors or metal ions small peptides can form a

catalytically active cleft showing a high specificity in regio- and stereo-chemical

reactions. In principal, such peptides could be easily isolated using an in vitro

transcription-translation based selection system from a complete set of all possible

variants.

5.1.2 Linking mRNA and protein

Ribosome display and mRNA display, as described in the introduction, are

the two most prominent examples of a wide array of approaches to create an in

vitro linkage between genetic information and its encoded protein. A drawback of

these systems is their requirement for special conditions and time consuming

experiments connect genetic information to the proteins. Moreover, in mRNA

display an additional step is needed to introduce the puromycin tag to the encoding

mRNA [139]. Due to the instability of the mRNA, the time between transcription

and selection should be kept as short as possible [128]. Additionally, in ribosome

display the stabilization of the ternary RNA-ribosome-protein complex requires

high Mg2+ concentrations, which is a substantial handicap for the optimization of

selection conditions. In order to overcome these limitations, a fast, technically

simple and stable mRNA-protein linkage would still be desirable.
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One possible approach might exploit complex formation between

immobilized Ni2+ ions and a poly-histidine chain as a mean of linking protein and

its corresponding genetic information (Figure 5-1). Such complexes are well

described and serve as the basis for in immobilized metal ion chromatography

(IMAC), which is a widely used method for protein purification [242]. This

purification technology is based on the interaction between a transition metal ion

(Co2+, Ni2+, Cu2+, Zn2+) immobilized on a matrix and a specific amino acid chain

[243]. According to the electron donating groups in the imidazole ring, histidine

shows the highest affinity to immobilized metal ions of the whole set of the 20

amino acids. Consequendy, proteins with a terminal poly-histidine chain bind

tightly to a matrix of immobilized metal ions. They can be subsequently released by

changing the pH of the buffer solution or by adding imidazole in high

concentrations.

Figure 5-1: Schematic representation of the linkage between RNA (green) and nascent

protein via complex formation between immobilized transition metal ions (Ni2+) and a

terminal poly-histidine tag. The tetradentate metal chelate nitrilotriacetic acid (NTA) is

incorporated at the 5'-end of the RNA during transcription and allows capturing of the

deca-histidine tag of the nascent protein chain while the ribosome performs translation.
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Nitrilotriacetic acid is a strong chelater that binds transition metal ions via

four coordination sites, leaving two coordination sites on the metal ion open,

available for interactions with poly-histidine residues (Figure 5-1). The binding

affinity (KD) for a sequence of six histidines is rather high in alkaline milieu ( KD =

0.1 pM at pH 8), but decreases drastically at neutral or acidic conditions (KD = 1

piM at pH 7) [244]. Moreover, dissociation kinetics at pH 8 gave a dissociation rate

constant (kdiss) of 6.8xl0"6 s~2 corresponding to a half-life time (t1/2) of

approximately 28 h [245]. The stability of the complex is increased even further by

expanding the histidine tag to ten residues, while longer histidine chains do not

significandy reduce the dissociation of the complex. These kinetic data suggest,

that the His2-Ni2+-NTA complex would be suitable to link mRNA and protein for

performing in vitro selection experiments.

5.1.3 Incorporation of 5'-RNA modification

A simple and direct way to incorporate functional groups at the 5'-end of

mRNA would entail the usage of modified di-ribonucleotides during transcription.

Bacteriophage T7 RNA polymerase is the best characterized and most widely used

RNA polymerase in in vitro transcription systems as well as for gene expression in

vivo. It is a single subunit enzyme that is capable of catalyzing all fundamental steps

of transcription without the need for any additional transcription factors [246]. The

transcription by T7 RNA polymerase occurs in four stages consisting of initiation,

promotor clearance, elongation and termination. The polymerase first binds to the

promotor and unwinds the DNA [247]. In the presence of a single initiating

ribonucleotide, abortive mRNA synthesis occurs with the repeated release of short

RNA chains of 7-12 nucleotides in length. The rate-Hmiting step of the initiation

process is the formation of the first phosphodiester bond, probably due to a

required conformational change of the polymerase. It was shown that

diribonucleotides are able to prime initiation and are selectively incorporated into
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the RNA in preference to single ribonucleotides [248]. Because T7 RNA

polymerase does not interact with the 5'-phosphate of the initiating nucleotide this

position can be modified with various substituents [249]. For example, it has been

possible incorporate 5'-biotinylated diribonucleotides directly into mRNA during

transcription [250]. Crystal structure analysis of the DNA exit tunnel of T7 RNA

polymerase indicates that the DNA barely interacts with polymerase residues and

successful incorporation of diribonucleotides is independent of whether they are

modified at their 5'-postion [251,252]. The first two ribonucleotides incorporated

into an mRNA strand are usually guanosines. Otherwise, the efficiency of

productive initiation is drastically reduced [253,254]. Recapitulating, the priming of

the T7 RNA polymerase transcription reaction with 5'-NTA-modified guanosine

diribonucleotides should in principal affor mRNA heaving a 5'-chelate moiety

5.1.4 Oligoribonucleotide synthesis

The standard method to synthesize oligoribonucleotides and

oligoribonucleotides involves formation of internucleotide linkages of trivalent

phosphorus compounds, called phosphoramidites [255]. The chemistry involves

the reaction between a 5'-hydroxy group of a ribonucleoside and a 2'- and 5'-

protected 3'-0-(N;N-düsopropylamino)phosphite ribonucleoside. For reaction, the

phosphoramidite has to be activated using a tetrazole derivative. The product of

the coupling is a diribonucleoside phosphite, which is further oxidized with iodine

in water to the corresponding phosphotriester (Figure 5-2). The efficiency of the

coupling is usually extremely high (>98 %) and the only major side reaction is the

phosphitylation of the 0-6 position of guanine. But treatment with N-

methylimidazole completely reverses this site reaction.
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Figure 5-2: Coupling reaction for the synthesis of oligoribonucleotides using

phosphoramidite chemistry (R = CH2CH2CN). After activation of the phosphoramidite by

tetrazole the nucleophilic attack of 5'-hydroxy group results in the formation of a

phosphite, which is further oxidized by iodine in the presence of water to give the

phosphotriester. The 4,4'-dimethoxytrityl group is cleaved off under acidic conditions (4%

dichloroacetic acid) before chain extension proceeds. The full-length oügoribonucleotide is

cleaved from the resin (long chain amino alkyl controlled pure glass: lcaa-CPG) by

treatment with methylamine, which leads to deprotection of the phosphate in the same

step. Finally, the (triisopropylsilyl)oxymethyl group is removed in the presence of fluorine

ions.

In contrast to DNA, RNA is not stable in basic media. Deprotonation of the

additional 2'-hydroxy group and subsequent transesterification of the phosphate

leads to a chain break. As a result, the 2'-hydroxy group has to be protected. The

(triisopropylsilyl)oxymethyl (Tom) group has emerged as one of the most reliable

protecting group because steric hindrance is minimized during the coupling

reaction and the orthogonal deprotection step [256]. Temporary protection of the

S'-hydroxy group is accomplished with a 4,4,-dimethoxytrityl (DMT) moiety.

Because of its large sterical demand, this protecting group can be introduced

selectively at the 5'-0-position of nucleosides. Moreover, cleavage of the 4,4'-

dimethoxytrityl groups using acidic conditions results in an orange color
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(absorption at 498 nm), which allows the determination of coupling yields. Usually

after each coupling step, capping of the unreacted 5'-hydroxy groups is performed

by treatment with acetic anhydride.

In the following, the chemical synthesis of an 5'-NTA-modified guanosine

diribonucleotide and its incorporation into RNA is described. Furthermore, the

selective linkage between green fluorescent protein having an N-terminal histidine

tag and the Ni2+-chelating RNA is shown. However, the application of the His-

Ni2+-NTA complex to achieve an mRNA-protein linkage in in vitro selection

experiments has yet to be accomplished

5.2 Results

5.2.1 Synthesis of an NTA-modified guanosine ribonucleotide

The strategy for the synthesis of 5'-0-nitrilotriacetic acid modified

guanosine ribonucleotide 17 (Figure 5-6) involved the preparation of a S'-modified

guanosine ribonucleotide containing a thiol linker 16b and subsequent nucleophilic

coupling with Na,Na-bis(carboxymethyl)-N£-bromoacetyl-L-lysine 13. The 5'-thiol

modified guanosine diribonucleotide can be obtained by reductive cleavage of a

disulfide containing S'-alkyl linker, which is inserted in the final step of the

diribonucleotide synthesis using standard phosphoramidite chemistry. On the

other hand, a primary bromine can be introduced to the nitrilotriacetic acid

derivative Na,Na-bis(carboxymethyi)- L-lysine 12 by acetylation of the primary

amine resulting in Na^Va-bis(carboxymethyl)-Ne-bromoacetyl-L-lysine 13

(Figure 5-3).
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Figure 5-3: Retrosynthesis of 5'-NTA modified guanosine diribonucleotide.
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Na,Na-bis(carboxymethyl)-NE-bromoacetyl-L-lysine 13 was prepared by

acetylation of Na,Na-bis(carboxymethyi)- L-lysine 12 using bromoacetic anhydride

(Figure 5-4). The moderate yield (43%) is presumably due to by the low solubility

ofl2inDMF.

O^^OH 43% O^^OH

12 13

Figure 5-4: Synthesis of NajNa-bisfcarboxymethyty-Nç-bromoacetyl-L-lysine 13.

The synthesis of the 5'-0-disulfide alkyl diribonucleotide derivative 16a was

performed using standard phosphoramidite chemistry (Figure 5-5). In a first step,

the support bound guanosine mono-ribonucleoside 14 was detritylated under

acidic conditions. Activation of a guanosine phosphoramidite ribonucleoside (G-

TOM-CE-PE) using IH-benzylfhio tetrazole and subsequent nucleophilic attack of

the 5'-hydroxy group of 14 leaded to the formation of a diribonucleoside

phosphite. After capping with acetic anhydride and deprotection of possible 6-0-

posphitylated guanine using N-methylimidazole, the phosphite was oxidized with

iodine in water resulting in the corresponding phosphotriester 15. Subsequently, a

disulfide containing alkyl linker was introduced using the chemical steps. However,

oxidation of the diribonucleotide phosphite using 0.7 M iodine in water leads to a

partial cleavage of the disulfide bond of the S'-linker. This oxidative cleavage could

be avoided by lowering the iodine concentration (0.02 M), but incomplete

oxidation of the phosphite was observed under these conditions. The problem was

finally overcome by changing to milder non-aqueous conditions using 0.5 M (1S)-
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(+)-(10-camphorsulfonyl)-oxyziridine as oxidant [257]. Coupling yields were

determined after acidic deprotection by quantization of the trityl-cation according

to the UV-absorbance at 498 nm (e = 68,700 M'W1)

DMTO GAc

O OTOM

suc-lcaa-CPG

a-d

> 95%

DMTO.

0^.p/0 OTOM

CEO7 X0N

OTOM

suc-lcaa-CPG

14 15

DMTO^Vi?-l

e-h

78%

0^ .0 OTOM

P\
CEO °^ GAC

16a

O OTOM

suc-lcaa-CPG

Figure 5-5: Synthesis of 5'-disulfid alkyl modified diribonucleotide 16a. (a, e): 4%

Cl2CHCOOH, (CH2C1)2, RT, 10 min; (b): G-TOM-CE-PA, lH-benzylthio tetrazole,

MeCN, RT, 1 h; (c, g): Ac20, 2,6-lutidine, JV-methylimidazole, RT, 30 min; (d,): I2, H20,

pyridine, THF, RT, 30 min; (g): l-0-dimethoxytrityl-hexyl-disulfide,l'-[(2-cyanoethyl)-

(N,N-dMsopropyl)]-phosphoramidite, lH-benzylthio tetrazole, MeCN, RT, 1 h; (h): (1S)-

(+)-(10-camphorsulfonyl)-oxyziridine, MeCN, RT, 30 min; suc-lcaa-CPG: succinyl long

chain alkyl amide controlled pore glas.

110



A New Strategyfor Unking mRNA and its Encoded Protein

DMTO^^-Pf0
V /ß / O. GAc

cE°

y
0^ ^O OTOM

CEO

O OTOM

16a suc-lcaa-CPG

O^OH

13

O^OH

a-c

<?

v* ro.

17

OH OH

Figure 5-6: Synthesis of NTA-linker-pGpG 17. (a): tris(2-carboxyethyl)phosphine, H20,

pH 4.7, RT, 30 min; (b): 0.5 M Tris-HCl, pH 8, RT, 1 h; (c): methylamine, water/ethanol

1:1, RT, 17 h; tetrabutylammonium fluoride, THF, RT, 6 h, quenching with 1 M Tris-HCl,

pH8.

The selective reduction of the disulfide bond in 16a was accomplished using

tris(2-carboxyethyl)phosphine (TCEP), which gave quantitative yields. The higher

stability of TCEP compared to Cleland's reagent (dithiothreitol, DTT) and the

ability to reduce disulfide bonds under acidic conditions are ideal for RNA

chemistry. The coupling between the free thiol and the acetyl bromide 12 was

performed under solid phase conditions, resulting in an almost quantitative
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reaction determined by reverse-phase high performance liquid chromatography

(RP-HPLC) analysis of material cleaved from the resin.

The resulting 5'-modified diribonucleotide was cleaved from the resin by

treatment with methylamine, which also led cleavage of the base labile protecting

groups of the phosphate ester and the guanine base. Then the deprotection of the

2'-hydroxy group was performed using tetrabutylammonium fluoride. After

desalting using sephadex G-20 column and purification by reverse-phase high

performance liquid chromatography (RP-HPLC), 0.3 mg of 5'-NTA-modified

guanosine diribonucleotide 17 was received. The low overall yield is probably the

result of the high polarity of the compound and its subsequent low solubility in any

solvent, including water. Consequently, the RP-HPLC purification steps had to be

performed with highly diluted samples, which leaded to a substantial loss of

material. Low resolution ESI-MS approved the correct mass of 17 (exp. m/z =

1126.3, (m + NH3)/2z = 571.2; measured: 571.6). Since compound 17 precipitated

on the inject nozzle high resolution ESI-MS was declined. NMR spectroscopy was

not possible, due to the low concentration of the modified diribonucleotide 17 in

the solution and because the substance 17 tended to precipitate during the

measurements.

5.2.2 Modification of RNA during transcription

A double stranded DNA oligonucleotiede (5'~TAATACGACTCACTATA-

GGGAGA-31) containing the 17 base T7 promoter region [258] plus a 6 base

RNA sequence was used as a template for in vitro transcription. The ratio between

the NTP's and 17 was set 37.5 to 1 to assess selectivity diribonucleotide

incorporation. In vitro transcription was performed at 37 °C overnight. In order to

stop the transcription reaction the template DNA was digested using DNase I. The

crude reaction mixture was directly analyzed by RP-HPLC (

Figure 5-7).
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Figure 5-7: HPLC trace of crude in vitro transcription reaction mixtures. A: Control

transcription of the hexameric oligoribonucleotide. B: Transcription in the presence of 5'-

modified diribonucleotide 17. (1): ATP and GTP; (2): CTP and UTP; (3): unmodified 6-

mer oligonucleotide; (4): NTA-modified 6-mer oligonucleotide. The incorporation of the

5'-modification into the RNA is almost quantitative.

The peaks resulting from the ribonucleotides were identified by co-injecting each

of the four NTP's with the crude transcription reaction mixture. Subsequently, the

remaining peaks were isolated and analyzed by LC-MS. Thus, the 5'-modified

hexamer oligoribonucleotide could be detected, while its mass corresponded well

to the expected value (measured: 2486 m/z, expected Mr+ + NH3: 2485 m/z, A =
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0.04%). In the same way the unmodified control oligoribonucleotide was observed

(measured: 1968 m/z, expected Mr+ + NH3: 1988 m/z, A = 0.1%). Finally, the

chromatogram showed that the S'-modified diribonucleotide 17 was incorporated

in almost quantitative yield. The formation of possible side products was not

observed. These results confirm the previous hypothesis that the S'-nitrilotriacetic

acid containing diribonucleotides can be efficientiy incorporated into RNA during

transcription. Although, short oligoribonucleotides were used to demonstrate the

incorporation of 5'-NTA guanosine diribonucleotides, it can be assumed that

longer RNA's are modified with similar efficiency, because the initiation step is

identical. Moreover, the 5'-modification during transcription seems to be a facile

means of functionalizing RNA.

5.2.3 Confirmation of mRNA-protein linkage

In order to demonstrate the linkage capacity of the His2-Ni +-NTA

complex, molecular weight cutoff spin filtration experiments were performed,

allowing the ratio between retained RNA-protein complex and the flow through of

free protein to be determined. The cutoff of the spin filter was chosen in such a

way that free protein pass without any restrictions, while complex formation

between protein and RNA prevent passage through the membrane. Because of its

size (28 kDa) and its intrinsic fluorescence, which facilitates the determination of

protein concentration, green fluorescent protein (GFP) was chosen as a test

protein.

The gene encoding green fluorescent protein (GFP) was cloned into the

pMG211 plasmid with a 10x-His tag fused to the JV-terminus (pMG211-GFP)

[259]. Expression was performed in E. coli KAI3 cells [260]. The culture was

grown to high density (OD600 ~1.5) and protein production was induces by the

addition of isopropyl-beta-D-thiogalactopyranoside (IPTG) and salicilate. After

cell lysis by sonication, the resulting GFP with an N-terminal deca-His tag was
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purified by immobilized metal affinity chromatography (IMAC). The pMG211-

GFP plasmid was directly used as template DNA encoding for mRNA fragment of

935 bases. Transcription was performed in vitro in the presence of 5'-NTA

modified diribonucleotide 17 with a high excess of NTP's. Additionally,

unmodified RNA fragments were produced by transcription using the same DNA

template in absence of 17. The His2-Ni2+-NTA complex formation was induced by

mixing GFP containing an N-terminal deca-His tag with the 5'-NTA modified

mRNA in equimolar concentrations in the presence of different concentrations of

Ni2+ ions (2, 20 and 200 \iM). Experiments without Ni2+ ions served as a control.

The mRNA-protein solution was filtered using a 100 kDa (300 bases) cutoff spin

filter. After filtration, 5% of the total volume remained as dead volume to keep the

mRNA and remaining protein in solution. Supernatant and flow through were

adjusted to the same volume, and the GFP concentration was determined by

fluorescence spectroscopy. As a negative control, the same experiment was

performed using untagged RNA (Figure 5-8).
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Figure 5-8: Ratio of GFP concentrations in the flow through and supernatant. The

experiment was performed with GFP with an N-terminal deca-histidine tag (10H-GFP).

(A): As a control 10H-GFP alone was filtered with. Since 5% of the total volume remains

as dead volume after filtration, a minimal ratio of 0.05 can be expected. (B): unmodified

RNA exhibits slight affinity for 10H-GFP. (C): The 5'-NTA modification significantly

increases the affinity of the mRNA for 10H-GFP. The experiments were performed at

different Ni2+ concentrations.

The spin filtration experiments clearly indicate that 5'-NTA modified RNA

has an increased affinity against GFP carrying a AT-terminal lOx-His tag.

Interestingly, untagged RNA shows a certain affinity for the protein, as well. This

is probably due to nonspecific hydrogen bond interactions between the unpaired
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bases of the RNA and the polar or charged residues on the protein surface. The

remaining GFP (~6%) corresponds with the 5% dead volume after the filtration.

Although histidine tags tend to aggregate at high Ni2+ concentration, no such

effect was observed for the GFP molecules. Moreover, the affinity between 5'-

NTA modified RNA and the protein is apparendy independent of the added Ni2+

ion concentration, and surprisingly a complex appears to be forms without

addition of any Ni2+ ions. It is very likely that the NTA forms a chelating complex

adventitiously with metal ions from the transcription reaction. The chelated metal

ion strongly influences the stability of the formed complex and beneath Ni2+, also

Zn2+, Cu2+, and Co2+ can form high affinity complexes with histidines. On the

other hand biological relevant metal ions like Ca2+ and Mg2+ are bound by NTA,

but form only a weak complex with histidine [242,261-263]. However, preloading

of the chelating NTA was avoided, because of possible RNA strand breaks

catalyzed by Ni2+ ions. Unfortunately, the results do not clearly prove that a His2-

Ni2+-NTA complex was formed between protein and mRNA. It is conceivable that

the increased affinity between 5'-NTA-modified mRNA against GFP compared to

untagged mRNA is achieved by nonspecific interactions with surface residues of

the protein.

Electrophoretic band shift assays using acrylamide or agarose gels were also

performed (data not shown). But these experiments gave no evidence of complex

formation between 5'-NTA modified mRNA and GFP with a 10x-His tag.

Possibly, the high voltage leads to a migration of the complex. Moreover, gel

filtration was considered to verify the existence of the His2-Ni2+-NTA complex,

but instability of mRNA did not permit the performance of a successful

experiment.
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5.3 Discussion

S'-O-Nitrilotriacetic acid modified guanosine diribonucleotide 17 was

synthesized using standard phosphoramidite chemistry and nucleophilic coupling

with A^jJN^-bisÇcarboxymethy^-A/^-bromoacetyl-L-lysine 13. The problematic

cleavage of the disulfide in the oxidation step was overcome by using mild, non¬

aqueous conditions. Moreover, quantitative cleavage of the disulfide bond was

achieved by using TCEP as reducing agents. The phosphoramidite chemistry gave

reasonable high yield of >95% and 78% for synthesis of the diribonucleotide 15

and for the insertion of the disulfide linker 16a, respectively. Moreover, the

coupling between the acetyl bromide 12 and the free thiol of the diribonucleotide

was shown to proceed quantitatively. Nevertheless, the overall yield was quite low.

This is probably due to incomplete cleavage from the resin, and loss during

desalting and HPLC purification because of precipitation. Harsher conditions for

the substrate cleavage from the resin can result in a degradation of compound 17

and are therefore not applicable. That is actually a general problem of the solid

phase RNA synthesis. On the other hand, low solubility and subsequent

precipitation during desalting or HPLC may be reduced by further optimizing the

purification conditions. Finally, the extremely poor solubility of compound 17

allowed only unsatisfactory coarse characterization.

The question whether the His2-Ni2*-NTA complex can serve as a linkage

between protein and mRNA for cell free in vitro selection experiments remains

unanswered. The size exclusion experiments showed an increased affinity between

5'-NTA modified mRNA and GFP carrying an IV-terrninal 10x-His tag.

Nevertheless, it is unclear if the enhanced affinity is due to the complex formation

or due to unspecific interactions between the chelate and surface exposed protein

residues. Interestingly, mRNA itself has a substantial affinity for GFP. Thought,

the equimolar ratio of GFP and mRNA in these experiments does not corresponds

with the expected mRNA-protein ratio during in vitro transcription-translation, and

the observed interaction may only be observable at high concentrations of both
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RNA and protein. Moreover, during spin filtration the concentration of RNA is

increased 20-fold, which probably leads to an over estimation of this affinity effect.

The charging of the nitrilotriacetic acid chelate with the Ni2* ions is essential

for the stability of the formed complex. Since the T7 RNA polymerase is Mg2+

dependent, chelate complex formation with transcription buffer metal ions is likely

and would significandy decrease the stability of the His2-Ni2+-NTA complex. Pre-

charging of the nitrilotriacetic acid chelate with Ni2+ may be problematic because

of Ni2+-catalyzed hydrolysis of RNA and because of possible interaction with

residues of the DNA exit tunnel of T7 RNA polymerase. However, 5'-

modification of RNA during transcription using diribonucleotide derivative 17 was

successful. The incorporation proceeds surprisingly efficient and clean product

formation was observed. This results confirmed the previously hypothesis that 5'-

modifications can be efficiently incorporated into RNA via transcriptional priming

of modified diribonucleotides. It seems, that this strategy is a plausible way to

incorporate of a wide array of possible modifications into the RNA.

In order to prove the feasibility of the His2-Ni2+-NTA complex as linkage

between genetic information and its encoding protein, enrichment experiments

could be done. In a first step, a known mixture of DNA encoding for GFP with a

C-terminal FLAG epitope and an AT-terminal 10x-His tag, and DNA encoding

GFP only having an N-terminal 10x-His tag could be transcribed and translated in

vitro. After affinity selection for the FLAG epitope using an immobilized anti-

FLAG antibody and subsequent RT-PCR of the hopefully isolated mRNA,

statistical analysis of the received DNA sequenced will point out possible

enrichment. An even easier experiment is illustrated by the usage of dihydrofolate

reductase (DHFR), which can be selected for binding to its high affinity inhibitor

methotrexate (MTX) and is well expressed by in vitro translation. In this case

enrichment of DHFR from a mixture with GFP can be visualized by agarose gel

analysis, because of their difference in length of the encoding genes.
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In principal, the low dissociation rate (kdiss) makes the His2-Ni +-NTA

complex valuable to link genetic information and its encoding protein. Surprisingly,

the linkage between 5'-modified mRNA and protein with a N-terminal 10x-His tag

is not easily to verify and clear results may be obtained only from enrichment

experiments. It must be pointed out that in vitro transcription and translation

experiments contain many parameters like salt and metal ions concentrations or

pH, which strongly influence successful complex formation. Thus, optimal

adjustment of all parameters during in vitro transcription-translation is necessary.

However, the His2-Ni2+-NTA complex is well characterized in the literature, which

allows accurate estimation of tolerable conditions for the selection process.

Therefore it seems to be reasonable that this system has good chances for success.
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6.1 Materials and general methods

The hapten and TCTD were synthesized according to published protocols

[98,264] and gave satisfactory spectroscopic data. Chemicals and reagents were

obtained from Fluka (Buchs, Switzerland), unless otherwise stated. The Fab

expression plasmid p4xH-M13 was generously provided by Prof. P.G. Schultz. The

S. cerevisiae EBYIOO and YVHIO strains, as well as the pCT-CON shuttle vector

used in the yeast surface display experiments were a kind gift of Prof. K.D.

Wittrup. The pRS316 based secretion vector was a courtesy of Prof. E.V. Shusta.

The pGFP plasmid was provided by Prof. R. Glockshuber. E.coli XLl-blue, XL10

gold and TOPP2 cells were obtained from Stratagene (La Jolla, CA, USA).

Polymerase chain reactions (PCR's) were carried out with thermostable Taq DNA

polymerase from Invitrogen (Carlsbad, CA, USA) and dNTP's from Amersham

Biosciences (Litde Chalfont, UK). Oligonucleotides for mutagenesis and

sequencing were prepared by Microsynth (Balgach Switzerland). All nucleic acid

manipulations and media preparations, when not otherwise specified, were

according to standard procedures [265], All PCR's were performed using a Progene

thermocycler (Techne, Cambridge, UK). Polyacrylamide gel electrophoresis

(PAGE) was performed using the PhastSystem from Amersham Biosciences. UV

absorbance measurements were made on a Lambda 40 UV-VIS spectrometer

(Perking Elmer, Norwalk, CT, USA). The NMR spectra were recorded at room

temperature (RT) on a AV600 (Bruker Biospin, Fällanden, Switzerland) or a

Gemini 300 NMR (Varian Inc., Palo Alto, CA, USA) spectrometer. Chemical shifts

Ô (ppm) are measured downfield relative to tetramethylsilane for 1H- and 13C-

spectra. The coupling values / (Hz) are described by the following abbreviations: s,

singlet; d, doublet; t, triplet; q, quartet; m, multiplet or unresolved signal; b, broad.
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The mass spectra were recorded on a TSQ7000 Triple-Quad (Finnigan, San Jose,

CA, USA) and a Ultima FTMS spectrometer (IonSpec, Lake Forest, CA, USA).

Analytical and preparative reverse-phase HPLC was performed on a HPLC system

from Waters (Milford, MA, USA).

6.1.1 Agarose gels

Depending on the size of the analyzed DNA agarose was melted in lx TAE

buffer in a microwave oven to a final concentration of 1-2%. 10 u,l of ethidium

bromide (10 mg/ml) were mixed with the melted agarose in 50 ml TAE buffer and

then poured to a gel. DNA samples were mixed with DNA loading buffer (30%

glycerol, 0.25% bromophenolblue) before loading. Gels were run in lx TAE buffer

at 90 V. DNA was then visualized by UV at 254 nm. Pure DNA was obtained by

gel extraction using a QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden,

Germany).

6.1.2 Digestions with restriction enzymes

All DNA digestions were performed with enzymes from New England

Biolabs (Beverly, MA, USA) using the recommended buffers and reaction

conditions. The total reaction volume was 20 ul. Typically 5 to 10 ug plasmid

DNA or about 1 jog of purified PCR product were used for each digestion. The

digested DNA was always gel purified before further use.

6.1.3 Ligation with T4-DNA ligase

All ligation reactions were performed with T4-DNA ligase purchased from

New England Biolabs on a 20 ui scale. Typically, 5 ul of digested and gel-purified

acceptor vector solution were mixed with 5 ul of digested and gel-purified insert
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fragment solution (with molar ratio of approximately 1:5 of acceptor fragment and

insert). Then nano-pure water, the appropriate amount of ligation buffer, and 2 ul

of 5 units T4-DNA ligase were added. Finally, the reaction was incubated at 16 °C

overnight. As a negative control, digested and purified vector alone was subjected

to ligation under the same conditions.

6.1.4 DNA sequencing

Sequencing was performed using the chain termination method [266] with

YD-1 (S'-GGCAGCCCCATAAACACACAGTAT-S1) and YD-2 (5'-

GTTACATCTACACTGTrGTTATCAGAT-3') as forward and reverse primes in

individual reactions. 2-5 ng template DNA, 1.6 pM primer, and BigDye

Terminator Cycle Sequencing mix (Applied Biosystems, Foster City, CA, USA)

were thermocycled:

|30 sec, 94 °C/30 sec, 55 °C/4 min 60 °C|25/°o5 4 °C

The PCR products were purified by ethanol precipitation. The DNA pellet was

resolved in sterile water and loaded to the sequencer. Sequencing electrophoresis

was done on an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster

City, CA, USA) according to the instrument manual. The sequence chromatograms

were visualized using the DNA trace viewer software FinchTV (Geospiza, Seattle,

WA,USA) [267].

6.1.5 Determination of the protein concentration

All protein concentrations were determined by the method of Bradford

[268] using the Coomassie Plus Protein Assay Kit (Pierce Chemical Company,

Rockford, II, USA) according to the manufacturers instructions.
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6.1.6 Protein purity

The purity of proteins was examined by sodium dodecylsulfate

Polyacrylamide gel electrophoresis (SDS-PAGE under reducing (125 mM DTT)

conditions using homogeneous 20% Polyacrylamide gels on a PhastSystem

(Amersham Biosciences).

6.1.7 Measuring the molecular mass of proteins by ESI-MS

The exact mass of proteins was measured by ESI-MS on a TSQ7000 Triple-

Quad spectrometer. Protein solutions (about 0.1 uM) were desalted on a NAP-5

column (Sephadex G25, Applied Biosystems) that had been equilibrated with 0.1%

acetic acid in water. After loading 0.5 ml protein solution to the column, the

protein was eluted with 1 ml of a mixture of 30% acetonitrile in water, containing

0.1% acetic acid. The desalted protein solution was directly injected into the

spectrometer.
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6.2 Selection by yeast cell surface display and FACS

6.2.1 Synthesis of the biotinylated hapten0

o

ï
HN NH

O H-\ /-h
CI CI ^N^^^^CX^

H
N

'3 H 4
ö

A solution of the hapten (26 mg, 0.06 mmol) in CH2C12 (0.6 ml) and EZ-

Iink Biotin PEO-LC-Amine (Pierce; 25 mg, 0.06 mmol) was treated with 1-ethyl-

3-dimetiiyl-aminopropylcarbodiimide (17.3 mg, 0.09 mmol) and i-Pr2NEt (0.021

ml, 0.12 mmol) and stirred for 3h at 25 °C. The reaction mixture was diluted with

CH2C12 (20 ml) and washed with 1 M hydrochloric acid (2 x 15 ml), saturated

aqueous NaHC03 (15 ml), and saturated aqueous NaCl (15 ml). Drying over

Na2S04, filtration, and evaporation provided white foam that was purified by

reverse-phase HPLC. A Vidac CI 8-300 column (22 x 250 mm) was used with a

flow rate of 10.0 ml/min and a gradient of 40% to 80% CH3CN in 0.1% aqueous

trifluoroacetic acid over 30 min (retention time - 18.2 min) to provide 13.0 mg

(25%) of 1 as a colorless oil: XW NMR (CD3OD, 500 MHz) ô 4.49 (ddd/=7.9, 4.9,

0.9 Hz, IH), 4.3 (dd/-7.9, 4.6 Hz, IH), 4.02 (s, 2FI), 3.64 (m, 8H), 3.54 (m, 4H),

3.42 (m, 2H), 3.36 (m, 4H), 3.21 (m, IH), 2.93 (dd/=12.8, 5.0 Hz, IH), 2.70 (d

/=12.8 Hz, IH), 2.22 (m, 4H), 1.72 (m, 2H), 1.64 (m, 4H), 1.44 (m, 4H), 1.33 (m,

2H); 13C NMR (CD3OD, 125 MHz) 6 174.7, 174,5, 170.6, 164.7, 130.8, 104.2, 79.1,

70.2, 69.8, 69.2, 62.2, 55.6, 52.0, 39.6, 38.9, 38.7, 35.3, 28.4, 28.1, 27.3, 26.0, 25.4,

This compound was synthesized by Dr. J. Goldberg
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25.0; IR (film) vmax 3306, 2931, 1713, 1666, 1540 cm4; MALDI-FTMS m/Z

904.1006 (Mr + Na+, C33H45C16N508S requires 904.1012).

Biotinylated hapten 1 was shown to bind to the chimeric Fab of 1E9 [176]

with the same affinity of the original hapten by fluorescence quenching titrationb.

6.2.2 Engineering of 1E9 scFv for yeast surface display

The VL and VH regions of 1E9 Fab were re-engineered to generate a single

chain antibody fragment (scFv) suitable for yeast cell surface display experiments.

The AT-terminal VT domain was linked to the VH domain through a Gly-Ser linker

leading to a VL-(Gly4-Ser)3-VH construct. The scFv gene was cloned into the ORF

of the pCT vector [159] for expression as a fusion with the Aga2p proteinc.

Outgoing from the p4x-M13-lE9 Fab plasmid construct both the VL and

VH gene fragments were amplified by PCR using the pairs ofJG-1 (5'-GGAACTG

CCCATGGAACTCGTGATGACCCAGACTCCACTCT-3') and JG-2 (5'-CAC

CGCCGGAGCCACCACCGCCAGAGCCACCACCACCTTTAATCTCAAGCT

TGGTGCCACCACCAA-31) as well as JG-3 (S'-CGGTGGTGGCTCCGGCGG

TGGCGGTTCTGGTGGCGGCGGTAGCCAGGTTCAGCTGGTCCAGT-3*)

and JG-4 (5'-CGATACACTAGTCATTATTAGTGGTGGTGGTGGTGGTG

GGAGTTCAGATCCTCTTCAGAGATCAGTTTCTGTTCCTCGAGGGGAG

GAGACGGGACCGA-31) as flanking primers. The JG-2 and JG-3 primers

encode for the (Glu4Ser)4 linker sequence and allow overlap-extension PCR [269]

to generate the whole length 1E9 scFv gene. The PCR's were performed by

thermocycling using 5 ng plasmid DNA, 20 pmol of each primer, 0.2 mM dNTP's,

and 5 units Taq DNA polymerase:

d
Dr. J. Goldberg, unpublished results

c

pCT-vector containing the scFv of 1E9 has been prepared by Dr. J. Goldberg.
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30 sec, 94 °C/|30 sec, 94 °C/30 sec, 52 °C/1 min 72 °C|25/4 min, 72 0C/°o, 4 °C

The PCR products were gel purified by agarose gel electrophoresis followed by

extraction. The obtained pure DNA fragments were directly used for the overlap-

extension PCR using JG-5 (5'-GGTTCTGCTAGCGAACTCGTGAT

GACCCAGACTCCACTCT-3', Nie I site underlined) and JG-6 (S'-TTGTT

CGGATCCGGAGGAGACGGTGACCGAGGTTCCT TG-3', BamH I site

underlined) as flanking primers. A reaction mixture of 5 pmol of each DNA

fragment, 50 pmol of each primer JG-5 and JG-6, 0.2 mM dNTP's, and 5 units of

Taq DNA polymerase were thermocycled:

2 min, 94 °C/|30 sec, 94 °C/30 sec, 52 °C/1 min, 72 °C|25/4 min, 72 °C,/oo, 4 °C

The PCR product was purified using a PCR purification kit. The 1E9 scFv

encoding fragment and the pCT vector were double digested with Nhe I and BamH

I restriction enzymes. Both DNA fragments were gel purified and ligated with T4

DNA ligase.

6.2.3 1E9 scFv library construction by error-prone PCR

Libraries of the 1E9 scFv fragments were constructed by error-prone PCR

using a GeneMorph PCR Mutagenesis kit (Stratagene, La Jolla, CA, USA) and

subsequent homologous recombination [172,270] in the EBY-100 yeast strain

{GAL1-AGA1; URA3 ura3-52 trpl leu2A1 his3A200 pep4; His2 prblA1.6R canl

GAL). The region coding for the 1E9 scFv and the plasmid overlapping regions

necessary for successful homologous recombination was amplified by error-prone

PCR using YD-1 and YD-2 as flanking primers. Four independent error-prone

PCR's were performed, each with 3 ng of pCT-lE9 scFv (or the same amount of
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pCT-lE9scFv library) as template, 20 pmol of each YD-1 and YD-2 primer, 0.2

mM dNTP's and 2.5 units of Mutazyme (Stratagene, La Jolla, CA, USA) by

thermocycling:

30 sec, 94 °C/|30 sec, 94 °C/30 sec, 52 °C/1 min, 72 °C |30/10 min, 72 °C/o°, 4 °C

The mutation rate could be tuned by changing the amount of template used

(1 to 4 mutations per ORF were introduced under these conditions). After gel

purification and Speed-Vac concentration, about 20 \x.g of insert were obtained.

The acceptor fragment was obtained by double-digesting about 100 u-g pCT-lE9

scFv with BamH I and Nhe I restriction enzymes and gel purification, as described

above.

6.2.4 1E9 scFv library construction by DNA shuffling

Recombination libraries of 1E9 scFv fragments were constructed using

DNA shuffling and subsequent recombination in the EBY-100 yeast strain. The

region coding for the 1E9 scFv and the plasmid overlapping regions necessary for

successful homologous recombination were amplified by PCR using YD-8 (5'-GT

ACTCTTTGTCAACGACTACTAT-3') and YD-9 (5'AAGTATGTGTAAAGTT

GGTAACGG-3*) as flanking primers. The PCR was performed using 5ng pCT-

1E9 scFv library as template, 20 pmol of each YD-8 and YD-9 primer, 0.2 mM

dNTP's and 5 units Taq DNA polymerase by thermocycling:

30 sec, 94 °C/|30 sec, 94 °C/30 sec, 55 °C/1 min 72 °C|25/4 min 72 °C/oo, 4 °C

3-5 ug of the gel purified 1E9 scFv library fragment was digested using 0.08

units/ml DNase I in 50mM Tris-HCl, pH 8.0, 10 mM MnCl2 at 15 °C. Aliquots of

the digestion reaction were quenched after 2, 4, 6, 8, and 10 min by transferring to
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50 mM ethylenediaminetetraacetic acid (EDTA, pH 8.0) and subsequent

phenol/chloroform extraction. Fragments of 50-200 bp were purified from 2%

low melting point agarose gels using Quick-Pik electroelution capsules (Stratagene,

La Jolla, CA, USA). The purified fragments were reassembled by PCR containing

10 ui fragment solution, 0.2 mM dNTP's, and 5 units Taq DNA polymerase and

thermocycling:

2 min, 94 °C/|30sec, 94 °C/lmin, 47 °C/1 min, 72 °C\JA min, 72 °C/«>, 4 °C

The DNA fragments corresponding to the size of 1E9 scFv fragment were gel

purified using Quick-Pik electroelution capsules and amplified by PCR using YD-1

and YD-2 as flanking primers. The resulting 1E9 scFv fragments were gel purified.

6.2.5 Preparation of electrocompetent EBYIOO yeast cells

Electrocompetent EBYIOO yeast cells were prepared according to a

previously described method [271]. 100 ml YPD medium were inoculated with an

overnight culture of EBYIOO to an OD600 of 0.2. The cells were grown under

vigorous shaking to an OD600 of 1.6 (about 4h) at 30 °C. 1 ml 2.5 M DTT was

added. After 30 min the cells were harvested (3,500 rpm, 4 °C, 5 min) and washed

with 40 ml of 10 mM Tris-HCl (pH 8.0) containing 270 mM sucrose and ImM

MgCl2. After centrifugation, the cells were washed in 2 ml of the same buffer and

harvested again. Finally, the cells were re-suspended in the same buffer to a final

volume of 300 ul and distributed in 50 jjl aliquots. Best transformation efficiencies

were achieved with freshly prepared competent cells.
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6.2.6 Electroporation and homologous recombination

All yeast electroporations were performed with a Gene Puiser II

Electroporation System (Bio-Rad Laboratories, Hercules, CA). 50 jd of

electrocompetent EBYIOO yeast cells were mixed in a pre-cooled 1.5 ml centrifuge

tube with 1 ug of acceptor vector and 1 ug of insert (total volume of the DNA in

solution was 5 jil) or with 1 |ng of intact plasmid. After 5 min incubation on ice the

cell suspension was transferred to a pre-cooled 0.2 cm electroporation cuvette. The

pulsing (25 jj,F capacitance, 0.5 kV voltage, 700 Q resistance) was carried out at

RT. Typical time constants ranged between 12 and 21 msec. Immediately after

pulsing, 1ml of pre-warmed (30 °C) YPD medium was added and the cell

suspension was incubated for 1.5 h at 30 °C under vigorous shaking. The cells

were harvested (3,500 rpm, 4 °C, 5 min), resuspended in 5 ml selective media (SD-

CAA, pH 6.0) and plated on SD-CAA agar plates (30 °C, 36-48 h). Transformation

efficiencies, which were estimated by plating 10-fold dilutions, typically reached 106

transformants/ug DNA.

6.2.7 Yeast cell surface display of 1E9 scFv

The shutde vector pCT encoding the 1E9 scFv (or the 1E9 scFv library)

was transformed into electrocompetent EBYIOO yeast cells as described above.

The transformants were plated on SD-CAA agar plates and single colonies were

picked to inoculate liquid SD-CAA (pH 6.0) medium. Transformed libraries were

direcdy grown in liquid selective media (SD-CAA, pH 6.0) and transferred to fresh

media to avoid sorting of untransformed cells. SD-CAA cultures were grown to

OD600= 7-10 (OD600= 1 corresponds to ~107 cell/ml) at 30 °C and used to

inoculate 5 ml of SG-CAA medium (starting OD600= 1) for induction of cell

surface display. SG-CAA cultures were incubated at 20 °C for 48 h under vigorous

shaking. The final OD600 ranged between 2 and 3.
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6.2.8 Labeling of displayed 1E9 scFv for FACS

Yeast cells displaying wild-type 1E9 scFv or its libraries were fluorescence

labeled with a streptavidin R-phycoerythrin conjugate (SAv-PE, Molecular Probes,

Eugene, OR, USA) and with goat anti-mouse IgG conjugated with fluorescein

isotiocyanate (FITC, Sigma, St.Louis, MO, USA).

2.5 x 107 cells displaying 1E9 scFv were harvested (14,000 rpm, RT, 30 sec)

in the presence of 1 ml of ice-cold PBS containing 0.1 % BSA (PBS-BSA) and

washed with the same buffer. The cells were re-suspended in 1 ml ice-cold PBS-

BSA in presence 1 uM of biotinylated hapten 1 and shaked at RT for 30 minutes.

After washing with ice-cold PBS-BSA, the cells were re-suspended in 1 ml 0.4 \xM

hapten in PBS-BSA. The competition time ranged from 10 min to 24 h, whereas

the incubation temperature was increased from 4 °C to 25 °C as the binding

affinity increased. The cells were washed with PBS-BSA and re-suspended in 250

ul of the same buffer. 10 ul of an anti-HA antibody solution (12CA5, 0.4 mg/ml,

Roche Diagnostics, Rotkreuz, Switzerland) were added. The cell suspension was

incubated at 4 °C for 30 min with occasionally shaking. The cells were washed

again, re-suspended in 200 ul PBS-BSA and 10 ul of each SAv-PE (1 mg/ml) and

IgG conjugated with FITC (1 mg/ml), and incubated for 30 min at 4 °C. Finally,

the cells were washed with ice-cold PBS-BSA and re-suspended in 1 ml of the

same buffer. The cell suspension was filtered using 50 urn CellTrics filters (Partec

GmbH, Münster, Germany) and sorted by flow cytometry.

Yeast cells displaying wild-type 1E9 scFv without labeling, with the PE

labeling alone, with the FITC labeling alone, and double labeled cells were used as

controls to adjust the flow cytometer.

6.2.9 Library sorting by FACS

All sorting experiments were carried out on a MoFlo high-speed cell sorter

(Cytomation, Fort Collins, CO, USA) or a FACSAria (BD, Franklin Lakes, NJ,
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USA). Data acquisition and sort control were accomplished using Flowjo (beta

version, Tree Star Inc., Ashland, OR, USA) software. Yeast cells displaying 1E9

scFv wild-type labeled with PE and FITC, PE only and FITC only were used to

gain proper compensation parameters and to adjust the amplifier voltage (FSC:

Type A, 520 V, linear mode; SSC: Type A, 430 V, Hnear mode; FL-1: Type A, 430

V, logarithmic mode; and FL-2: Type A, 425 V, logarithmic mode). The threshold

parameter of FSC was set to 5,000. A typical value for compensation of FL-2/FL-

1 fluorochromes was 20.90% and the compensation value for FL-1/FL-2

fluorochromes was set 0.00%. Once the setup for the sorting was complete, 10,000

cells displaying the 1E9 scFv library were analyzed in order to set the sort-window.

With newly prepared libraries, the sort window was set to separate the top 2% of

the double-labeled cell population. For the following sorting rounds the sort-

windows were set to separate 1%, 0.5% and 0.1% respectively. The sorting was

accomplished at high-speed (10,000 sorted cells/sec). A 10-fold excess of the

estimated amount of cells was collected, whereas a minimal number of 100,000

cells were sorted due to possible contaminations during the recovery.

The cells were collected in liquid SD-CAA (pH 4.5) medium and cultured

for 48 h at 30 °C with vigorous shaking. The use of SD-CAA medium at a lower

pH was particularly important in order to prevent bacterial contaminations.

Antibiotics were not added to the media to avoid subjecting the yeast cells to a

second selection step. When the culture reached high density, it was ready for

another round of induction, labeling and subsequent sorting. Each sorted library

was stored as glycerol stock at -80 °C.

6.2.10 Plasmid isolation from yeast

For sequence analysis dilutions of the libraries were plated on SD-CAA agar.

Usually, 10 single colonies from each sorting round were picked to inoculate 5 ml

SD-CAA (pH 6.0) medium (48 h, 30 °C, vigorous shaking).
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Plasmid DNA was isolated from 5 ml SD-CAA culture (pH 6.0) of high cell

density (OD600= 7-10) using a Mini-Prep kit (Genomed, Löhne, Germany)

following a yeast-adapted protocol, which included cell lysis by vortexing the cell

suspension with glass beads (10 min), followed by an extended incubation time (10

min) in the lysis buffer. Eluted plasmids were subjected to PCR using YD-8 and

YD-9 primers. The PCR product was purified using a PCR purification kit

(Macherey-Nagel GmbH & Co, Düren, Germany) and directiy used for

sequencing.

6.2.11 Analysis of binding properties of selected clones by yeast surface

display

All analytical FACS experiments were performed on a FACSCalibur System

(BD, Franklin Lakes, NJ, USA).

The wild-type construct and individual clones were grown in selective media

(SD-CAA, pH 6.0) and induced in SG-CAA, as described in section 6.2.7. Aliquots

of 106 cells were labeled with concentrations of biotinylated hapten 1 ranging from

1 pM to 10 nM for 1 h at 25 °C under shaking. The displayed 1E9 scFv's were

fluorescent labeled according to 6.2.8, in a 10-fold downsized scale.

10,000 cells of each clone were analyzed by FACS, as described in section

6.2.9. The percentage of double-labeled cells was determined by gating on the

FITC positive population displaying the HA tag. Apparent KD values were

obtained by fitting the ratio of double-labeled cells vs. total Hgand concentration to

the following equation using a non-linear regression analysis:

% double - labeled cells [biotinylated hapten] .

=

-.—-—p —-=r Equation 6.1

% full - labeled cells (KD + [biotinylated hapten]]

133



Material and Methods

6.2.12 Determination of thermal stability of selected clones by yeast surface

display

This protocol is based on a previously described method [153]. Yeast cells

of each clone and of the wild-type construct were grown in selective media (SD-

CAA, pH 6.0) and induced in SG-CAA, as described in section 6.2.7. 107 cells were

harvested in presence of 1 ml PBS-BSA and re-suspended in the same buffer. The

cells were aliquoted in 100 ul fractions. The fractions were incubated for 10 min at

temperatures ranging from 20 °C to 90 °C and 1 ml ice-cold PBS-BSA was then

added immediately. The cell suspension was kept on ice for 10 min and then

incubated with 0.4 uJVI biotinylated hapten 1 in PBS-BSA on ice for 1 h. After

washing with ice-cold PBS-BSA the cells were fluorescence labeled with SAv-PE

for 30 min on ice. Finally, the cells were washed again, filtrated using CellTrics.

10,000 cells were analyzed by FACS, as described in section 6.2.9. The

melting temperature TM was determined by fitting percentage of PE labeled cells vs.

incubation temperature to the following sigmoid function using non-linear

regression analysis:

% labeled cells = Pu +
^—

Equation 6.2

1 + exp(a x (Temperature - TM))

Pu is the percentage of PE labeling under denaturing conditions, Pf is the

percentage of PE labeling for displaying completely folded protein, and a is the

cooperativeness factor, which influences the slope of the function.
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6.3 Production of 1E9 scFv by secretion from yeast

6.3.1 Preparation of competent E. coli XL10 gold cells by SEM

A simple and efficient method (SEM) for preparing competent E. coli cells

was described previously [272]. 250 ml SOB medium was inoculated from an

overnight culture of E. coli XL10 gold cells (Stratagene, La Jolla, CA, USA). The

cells were grown at 18 °C to an OD600 = 0.6, with vigorous shaking. The culture

was incubated on ice for 10 min. The cells were harvested (3500 rpm, 4 °C, 10

min). The pellet was resuspended in 80 ml of ice-cold transformation buffer (10

mM Pipes, 55 mM MnCl2, 15 mM CaCl, 250 mM KCl, pH 6.7) and incubated on

ice for 10 min. The cells were pelleted and resuspended gently in 20 ml of the same

buffer. 1.5 ml DMSO was added in small portions under gentie swirling to a final

concentration of 7.5%. Again, the cells were incubated on ice for 10 min. Then the

cells were either direcdy used for transformation or stored in aliquots at -80 °C.

6.3.2 SEM transformation

Typically, 1-2 ui of plasmid DNA was incubated with 100 ul of competent

SEM cells for 5 min on ice. After a heat-shock at 42 °C for 30 s 600 ul of SOC

media was added and the cells were incubated at 37 °C for 1 h. 50 ul of the cell

suspension was plated on LB plates containing ampicillin (150 ug/ml). The plates

were incubated at 37 °C for 24 h. The transformation efficiency typically reached

105 transformants/ug DNA. The cells were harvested (14,000 rpm, RT, 30 sec),

resuspended 5ml LB media containing ampicillin (200 ug/ml) and grown at 37 °C

overnight.
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6.3.3 Transformation of YVHIO yeast cells using the lithium acetate

method

Lithium acetate transformations of yeast cells were performed using the

Frozen EZ Yeast Transformation kit (Zymo Research, Orange, CA, USA)

according to the manufacturers protocol. Competent cells were stored at -80 °C.

Usually, transformation efficiencies were in the range of 1,000 to 3,000

transformants/u,g DNA.

6.3.4 1E9 scFv construct for yeast secretion

The 1E9 scFv gene was amplified from the pCT plasmid by PCR using YD-

8 and YD-9 as flanking primers. A FLAG tag encoding sequence was introduced

at the 5'-end of the 1E9 scFv gene by amplifying the purified 1E9 scFv fragments

by PCR using YD-9 and YD-15 (5'-GCTCGGCCGGACTACAAGGACGA

CGATGACAAGGCTAGCGAACTCGTGATGACCCAGACT-3') as flanking

primers. The PCR product was purified and doubly digested with Eag I and

BamH I restriction enzymes. The fragment was inserted into a pRS316 based

vector (GAL1-10 promoter, CEN-URA3). The final expression cassette was

comprised of a GAU-10 promoter, a synthetic pfepro leader sequence

(MKVLIVLLAIFA ALPLALA-QPVIST-1VGSAAEGSLDKR) [205], a FLAG

tag, the 1E9 scFv gene, a c-myc epitope, a six histidine tag, and a a-factor 3'

untranslated region. The pRS316-lE9 scFv plasmid was transformed to SEM

competent E. coli XL10-gold cells as described in section 6.3.2. DNA sequencing

of the isolated plasmid confirmed the correct insertion of the 1E9 scFv open

reading frame, following the protocol in section 6.2.10 using YD-13 (5'-

AAGCCAAACATA ATGAAGAATAAGTT-3') and YD-14 (5'-

TTTCATATAACATAAAACAT GCTCGATT-S1) as forward and reverse

primers, respectively. Finally, the pRS316-lE9 scFv plasmid was transformed to

YVH10 yeast cells [213] using the lithium acetate method [273] as described in
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section 6.3.3. The cells were plated on SD-CAA plates containing tryptophan (40

l^g/ml) and grown at 30 °C for 48 h.

6.3.5 Secretion of 1E9 scFv from yeast

All 1E9 scFv proteins were produced by secretion from YVHIO yeast cells.

A pre-culture of YVHIO yeast cells carrying the pRS316-lE9 scFv plasmid was

grown to high density (30°C, vigorous shaking) in 5 ml selective media (SD-CAA,

pH 6.0, containing 40 ug/ml tryptophan). 800 ml SD-CAA (pH 6.0) containing

tryptophan (40 ug/ml) were inoculated using 2 ml of the pre-culture. The culture

was grown to high density (OD600=7-8) at 30 °C and under vigorous shaking. Then

the cells were harvested (3,500 rpm, 5 min, 4°C) and re-suspended in 800 ml SG-

CAA containing tryptophan (40 ug/ml). The cell suspension was vigorous shaked

at 16 °C for 120 h. The final OD^ was typically around 12.

The cells were pelleted (5,000 rpm, 10 min, 4°C). The supernatant was

sterile filtered (Disposable Filter Unit, Nalge Nunc Int., Rochester, NY, USA) and

concentrated to 10 ml by ultra-filtration using a 300 ml ultra filtration unit

(Amicon, Beverley, MA, USA) with a YM10 ultra filtration membrane (Millipore,

Bedfored, MA). The secreted protein was visualized by western blotting.

6.3.6 Detection of secreted 1E9 scFv by western blotting

Secretion of wild-type 1E9 scFv and its mutants was proven by western

blotting. 16 ul of the concentrated supernatant and 4 ul of 5x SDS protein loading

buffer were incubated at 95 °C for 2 min. The solution was spinned (14,000 rpm, 2

min, RT) and lui of the supernatant was used for SDS-PAGE (20%

Polyacrylamide gel, homogeneous) on a PhastSystem (Amersham Biosciences).

The proteins were blotted on a Hybond-ECL nitrocellulose membrane (Amersham

Bioscience), which was pre-wetted in nano-pure water and 40 mM Tris-HCl (pH
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8.0) containing 20% methanol and 1.5% glycine for 10 min. Blotting was

performed using a PhastTransfer Semi-dry Transfer Kit (Amersham Biosciences)

on a PhastSystem following the user manual. The membrane was blocked in 5%

non-fat dried milk (Sigma, Buchs, Switzerland) for 1 h at RT. After briefly rinsing

the membrane with two changes of PBS containing 0.1% Tween 20 (PBS-Tween),

it was incubated in 5 ml PBS-Tween containing 0.1 fig goat anti-ECS antibody

horseradish peroxidase conjugated (Bethyl Laboratories, Montgomery, TX, USA)

for 1 h at RT. The membrane was briefly rinsed with PBS-Tween and washed for

3x 10 min with fresh changes of 50 ml of the same buffer at RT. The excess of the

PBS-Tween was drained from the membrane. 2 ml of ECL Plus Western Blotting

Detection Reagent (solution A/solution B 40:1, Amersham Biosciences) were

pipetted on to the membrane and incubated for 5 min at RT. The excess of

detection reagent was drained off. The chemiluminescence detection was

performed using a Hyperfilm ECL autoradiography film (Amersham Biosciences)

with exposition times ranging from 30 sec to 10 min. The film was developed on a

Curix 60 Processor (Agfa-Gevaert N.V., Mortsel, Belgium).

6.3.7 Purification of 1E9 scFv by IMAC

The 1E9 scFv's were purified by immobilized-metal affinity chromatography

(IMAC) [242], using nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen

GmbH, Hilden, Germany). The 10 ml of the concentrated supernatant containing

1E9 scFv (see 6.3.5) was dialyzed against 4.0 L phosphate buffer (50 mM

Na2HP04, 0.3 M NaCl, pH 8.0). Imidazole was added to a final concentration of

10 mM and the solution was loaded on 5 ml Ni-NTA agarose beads equilibrated

with the same buffer. The chromatography was done by gravity flow. The beads

were washed twice with 25 ml of the phosphate buffer containing 20 mM and 40

mM imidazole, respectively. The protein was eluted in 10 ml phosphate buffer
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containing 250 mM imidazole and dialyzed against the storage buffer (20 mM

MOPS, pH 6.8, 0.5 mM EDTA and 0.1 M NaCl).

6.4 Site-directed mutagenesis of the 1E9 Fab

6.4.1 Overlap-extension PCR

1E9 Fab mutants were created by standard overlap-extension PCR

techniques [269]. First, two DNA fragments that overlap at the site of mutation

were synthesized by performing two independent PCR's on the original gene with

two sets of primers. The first set includes a sense primer that anneals at the 5' end

of the gene and an anti-sense mutagenic primer that anneals at the site of mutation.

The second set consists of an anti-sense primer that anneals at the 3' end of the

gene and a sense mutagenic primer. The two resulting PCR fragments were mixed

in a 1:1 stochiometry and used as templates for the third PCR in which the two

gene flanking primers were used.

The first PCR was performed with 20 ng plasmid DNA as template, 50

pmol of both the gene flanking primer and the mutagenic primer, 0.2 mM dNTP's,

and 5 units of Taq DNA polymerase by thermocycling:

2 min, 94 °C/|30 sec, 94 °C/30 sec, 52 °C/1 min, 72 °C|25/4 min, 72 °C,/°°, 4 °C

The PCR products were purified by agarose gel-electrophoresis. After gel

extraction pure DNA fragments were obtained that were directly used for the

overlap-extension PCR. The reaction was performed using 5 pmol of each DNA

fragment, 50 pmol each of the flanking primers, 0.2 mM dNTP's, and 5 units of

Taq DNA polymerase by thermocycling:

2 min, 94 °C/|30 sec, 94 °C/30 sec, 52 °C/1 min, 72 °C|25/4 min, 72 °C,/°°, 4 °C
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The PCR product was purified using a PCR purification kit.

6.4.2 Expression construct

The flanking primers to introduce the IleL48Met and PheL94Cys mutations

into P4xH- 1E9 Fab were VL-sense (S'-GCGTACGCTGAGT^rCGTGATGACC

CAGACTCC ACTCTCC-3', Sac I site underlined) and VHanti-sense (5'-TTTG

ATCTCAAGCTTGGTGCCACCACCGAACGTCGGAAA-3'. Hind III site

underlined). The flanking primers for MetH34Ile and GluH72Asp mutations were VH-

sense (5'-GTGTTAAGCTGGGGATCCTCTAGAGGTTGA-3'. BamH I site

underlined) and VH-anti-sense (5'-TGAGGAGACGGTGACCTCTAGAGGT

TGA-3', BstE II site underlined).

The following mutation-containing primers were used together with the

corresponding flanking primers:

IleU8Met (sense), 5'-AAGTTCCTGATCiTACAAAGTT-3';

Ile^Met (anti-sense), 5*-AACTTGTAÇATCAGGAACTT-3';

PheL94Cys (sense), 5'-CAAAGTACACATTGTTTTCCGACGTT-3';

PheL94Cys (anti-sense), 5'-AACGTCGGAAAACAATGTGTACTTTG-3';

MetH34Ile (sense), 5'-AATTATGGATCAACTGGGTG-3':

MetH34Ile (anti-sense), 5*-CACCCAGTTGATTCCATAATT-3';

GluH72Asp (sense), 5'-TTCTTTTTGGAÇACCTCTGCCA-3';

GluH72Asp (anti-sense), 5'-TGGCAGAGGTGTCCAAAAAGAA-3'.

Mutagenized positions are underlined. Mutant codons were chosen to exploit the

most frequendy used codon for a particular amino acid among highly expressed

genes in B. coli (Graphical Codon Usage Analyzer, Version 1.0, 2003). The

presence of the correct mutations was confirmed by DNA sequencing using the
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HSEQF (5'-AGCAAAGCAGACTACGAGAAA-3') and HSEQB (5'GGGT

GCCAGGGGGAAGAC-3') as primers for the heavy chain and LSEQB (5'-CA

TCAGATGGCGGGGAAGATG-3') as primer for the light chain.

6.5 Production of the 1E9 Fab mutant

6.5.1 Preparation of calcium chloride competent E. colt cells

B. A«5fXLl-blue {recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac[F'proAB

ladqZDM15 Tn/0 (Tet1)]) and TOPP2 (Rif [F proAB lacT>ZAM15 Tn/0 (JO]

strains were used for 1E9 Fab cloning and expression experiments, respectively. A

single colony of a selected B. coli strain was inoculated in 5 ml LB and grown over

night at 37 °C, 230 rpm. 150 ul of the fresh overnight culture were used to

inoculate of 30 ml LB medium. The cells were cultured at 37 °C, 230 rpm until an

OD600 of about 0.4 was reached (2-4 h). The cells were centrifuged for 10 min

(5,000 rpm, 4 °C). The supernatant was discarded and the pellet was re-suspended

in 10 ml of ice-cold, sterile 0.1 M CaCl2 solution. Again the cells were centrifuged,

the supernatant was discarded and the pellet resuspended in 1.2 ml ice-cold 0.1 M

CaCl2 solution containing 20% of glycerol. The cell suspension was incubated for

30 min to 2h on ice. The cells were either directly used for transformation or

divided in 100 ul aliquots and stored at -80 °C for later use.

6.5.2 Transformation of calcium chloride competent E. coli cells

100 jLtl of competent cells were mixed in a pre-cooled 1.5 ml Eppendorf

tube with 5 ul of plasmid DNA isolated by a Mini-Prep kit from a 4 ml culture or

10 u! of a ligation product. The mixture was kept on ice for 5 min and then heat-

shocked at 42 °C for 2 min. After the addition of 600 ul LB-medium the cells were

incubated at 37 °C for 30 min. Then the cells were mixed immediately before
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plating and appropriate dilutions were plated on selective LB-agar plates. After

overnight incubation at 37 °C E.coli colonies appeared.

6.5.3 Fab production by high-density fermentation

A single colony of B. coli TOPP2 freshly transformed with the appropriate

p4xH-lE9 Fab derived plasmid was used to inoculate 5 ml of 2x YT medium

containing 100 ug/ml ampicillin for an overnight culture incubated at 37 °C, 250

rpm. The pre-culture was diluted to 25 ml with 2x YT medium containing 100

ug/ml ampicillin and incubated for additional 5h (37 °C, 250 rpm) before being

centrifuged (10 min, 5,000 rpm). The supernatant was discarded. The pellet was re¬

suspended in about 2 ml of 2x YT media and used to inoculate 2 1 of fermentation

medium. High-density cell culturing was performed with a BIOFLO 300 desktop

bioreactor (New Brunswick Scientific, Edison, NJ, USA) according to a modified

version of a previously described method [177].

For a standard fermentation run, the culture was incubated at a 30 °C under

a constant air supply (2.6 units on the air flow controller). The initial agitation rate

was set to 500 rpm, while the maximum rate never exceeded 800 rpm in order to

minimize cell lysis. The pH-electrode was calibrated using calibration buffers at pH

7.0 and pH 4.0. The D02 level was set to 0% for the case of a disconnected D02

electrode and to 100% after the medium was saturated with oxygen by constant air

supply and agitation at 500 rpm for 2 h. The culture growth was monitored by

following the changes in the D02 level, the agitation rate, the base-feeding rate, the

glucose-feeing rate, and the pH value. The bioreactor was programmed to maintain

the pH value and the D02 level constant (pH 7.0 and a D02 level of 50%)

throughout the run. This was achieved by an automatic base-feeding for the pH-

control and an automatic adjustment of the agitation rate and the 02 supply for the

D02 level ("oxygen enrichement/agitation/D02 cascade" mode on the

bioreactor). Once the culture entered the logarithmic growth phase (after a run-
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time of about 5 h), both the D02 level and the pH decreased sharply. As soon as

the D02 level has dropped below 60% (anaerobic metabolism), a glucose-feeding

program was activated and the base feeding rate automatically increased to

compensate the pH drop. At this stage, an excessive addition of glucose usually led

to the depletion of oxygen in the medium, leading the cells to switch to an

anaerobic metabolism and causing a reduction in the cell growth. On the other

hand, lack of glucose in the culture appeared to cause a sharp pH increase, which

also retarded cell growth and induced cell lysis. Thus, in order to maintain this

delicate balance between the D02 level, the pH value and the glucose-feeding rate

for optimal cell growth, a glucose-feeding program adjusted the agitation rate and

the glucose-feeding rate automatically, based on the D02 levelf. The ammonia

solution used as a base, also served as a nitrogen source for the growing cells. To

prevent cell growth limitations by nitrogen typically 100 ml of a 1 M ammonium

sulfate solution was usually added after about 10 h into the fermentation run. In

order to maintain a selective pressure on the culture, 1 ml of a 200 mg/ml

ampicillin solution was added with the ammonium sulfate solution. The cells were

cultured for additional 10-12 h. Runs were stopped when no significant OD600

changes were observed or when foaming of the culture became a major problem.

A typical high-density fermentation run took about 20-24 h and the OD600 of the

cultured cells ranged between 70 and 90.

6.5.4 Preparation ofE. coli periplasm«; lysate

The fermentation culture was centrifuged at 9,000 rpm using a GS-3 rotor at

4 °C for approximately 2 h until the supernatant became clear. The pellets were

pooled and frozen at -80 °C overnight. The next day, the pellets were slowly

thawed to RT and homogenous re-suspended in 175 ml lyses buffer (30 mM Tris-

f
This program was written by Dr. K. Hotta
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HCl, 1 mM EDTA, 20% w/v sucrose, pH 8.0). Then 5 ml DNase solution (0.72

mg/ml DNase I, 10 mM Tris-HCl, 400 mM MgCl2, pH 8.0) were added, followed

by 5 ml lysozyme solution (40 mg/ml lysozyme, 10 mM Tris, 1 mM EDTA, pH

8.0), to perform lysozyme-mediated periplasmic lysis, and 2 ml of 100 mM PMFS

in isopropanol, to prevent possible degradation of the FAB by B. coli serine

proteases. The mixture was incubated with gentie stirring for 30 min at RT. To

induce osmotic lysis, 30 ml of nano-pure water were added to the stirring lysate.

After incubation with gentle stirring for another 30 min, the lysate was centrifuged

(9000 rpm, 4 °C, 2h, GS-3 rotor) and the clear supernatant collected. The

described lysis procedure was repeated to the pellets two more times. The pH

value and the salt concentration of the pooled supernatants was adjusted to 5.5 and

100 mM, respectively, by adding IM 2-[N-morpholino]ethanesulfonic acid (MES),

pH 5.5 and 5 M NaCl. Finally, the supernatant was concentrated to about 100 ml

by ultra-filtration using a 300 ml ultra-filtration unit with a YM10 membrane.

6.5.5 Purification of the Fab from the periplasmic lysate

The Fab was isolated from the periplasmic lysate by gravity-flow protein G

affinity chromatography using 20 ml of Protein G Sepharose 4 Fast Flow resin

(Amersham Biosciences) with 50 mM MES (pH 5.5), 100 mM NaCl as the loading

buffer and 100 mM glycine (pH 2.8) as the elution buffer. The elution-profile was

monitored by the change in the UV-absorption at 280 nm and a single broad peak

was collected in 1 M Tris-HCl (pH 8.0) and thereby neutralized in situ. Further

purification was performed by cation-exchange chromatography (FPLC) using a

Mono S HR 10/10 column (Amersham Biosciences). Buffer A was 50 mM MES

(pH 5.5), 5 mM NaCl and buffer B was 50 MES (pH 5.5), 500 mM NaCl. The Fab-

containing fraction was typically eluted at 100-150 mM NaCl. Proteins were stored

at 4 °C in 20 mM Tris-HCl (pH 7.2) containing 0.5 mM EDTA and 100 mM NaCl.
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6.6 Ligand-binding assays

6.6.1 Fluorescence titration experiments

The dissociation constants (KD) of hapten for the Fab wild-type and

mutants were determined by a fluorescence quenching assay as previously

described [274]. Titration curves were recorded by stepwise addition of the hapten

to a diluted solution of the Fab (20-30 nM) and subsequent measuring of the

fluorescence. Stock solutions of the hapten were prepared in acetonitrile. The

solvent was shown not to interfere with the ligand-antibody interaction during

titration (data not shown). The concentration of the hapten stock solution used for

each mutant depended of the observed affinity of the previous measurements and

varied between 5 uM and 40 u.M. The exitation and emission wavelength were 290

nm and 340 nm, respectively. The corresponding bandpasses were 8 nm and 16

nm. The high-voltage of the amplifier was set to 900 V. The measurements were

carried out in 20 mM sodium acetate (pH 5.5) and 100 mM NaCl at 15 °C

The dissociation constant (KD) for the Fab-hapten complex was calculated

by non-linear least squares fitting of the observed fluorescence (F) obtained at

various ligand concentrations (Lj) to the equation:

F = FE- (ET-LT+KD)--J(ET + LT-KT)2-4ETL1

Equation 6.3

xFr Fel

2ET

Er is the total Fab concentration, FH is the observed fluorescence intensity without

any ligand, and FK] is the fluorescence intensity of the Fab-ligand complex at

infinite ligand concentration.
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6.6.2 Surface plasmon resonance (SPR) measurements

The binding of hapten to wild type 1E9 scFv and its mutants was monitored by

the surface plasmon resonance (SPR) technique using a Biacore 3000 instrument

(Biacore International AB, Uppsala, Sweden). All solutions were filtrated with a

pore size of 0.22 urn and degassed. Streptavidin immobilized on a dextran chip

(Sensor Chip SA, Biacore) was saturated with 0.1 uM biotinylated hapten in PBS

using a flow rate of 5 ul/min. After washing the sensor chip with running buffer

(PBS, containing 0.005% Tween 20) binding studies were performed, using scFv

concentrations ranging from 1 uM to 125 pM at a flow rate of 5 ul/min. The

association rate constant (kon) was determined by measuring the rate of binding to

the immobilized hapten. The dissociation phase (kof£) was monitored after the

association process was complete. Rebinding was suppressed by addition of free

hapten (0.1 uM) to the running buffer. The chip was regenerated (0.1 M HCl),

washed and re-saturated with biotinylated hapten to be ready for the next binding

experiment. Rate constants were calculated from the SPR data using Biaevaluation

3.1 software (Biacore).

6.7 Kinetic assay

The reaction between TCTD and NEM was carried out at 25 °C in 50 mM

sodium acetate buffer (pH 5.5) containing 20 mM sodium chloride in the presence

and absence of the antibody (typically 0.1 u,M). The substrates were diluted from

stock solutions in acetonitrile. The final concentration of acetonitrile in the

reaction mixture was 2% by volume. Initial velocities were determined by

measuring the S02 formation, detected by starch-iodine bleaching at 606 nm [100,

Gordon, 1972 #33,102] at several concentrations of NEM (2.5 mM, 5 mM, 10

mM, 20 mM, 30 mM and 50 mM) while holding the concentration of TCTD

constant at 150 uJM. The starch-iodine complex (e606 = 31,000 M-1cm-1) solution

was prepared by mixing 0.5 ml of a starch solution (340 mg soluble starch were
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dissolved in 60 ml of nano-pure water and filtered) and 14 (lU of an iodine standard

solution (0.05M, Fluka) with 9.5 ml of 50 mM sodium acetate (pH 5.5) containing

20 mM NaCl.

The data were corrected for the uncatalyzed reaction (1^^=0.04 M^min"1)

and fitted to the Michaelis-Menten equation:

vo
_

kcatx[NEM]

[Ab] KM(NRM)+[NEM]

v0 is the initial rate, [Ab] and [NEM] are the concentrations of the active sites and

variable substrate, and kcat and KM(NFM) are the apparent catalytic rate and Michaelis

constants at a fixed concentration of diene.

6.8 Catalysis-based cell sorting

Yeast cells displaying wild-type 1E9 scFv, one of its variants or its libraries

were coated with N-ethylmaleimide before performing the enzymatic reaction

between hexachlorocyclopentadiene 10 and N-biotinylated maleimide 11 (Pierce

Biotechnology, Rockford, II, USA), which forms the biotinylated hapten in the

active site. After labeling with streptavidin R-phycoerythrin conjugate and with

goat anti-mouse IgG conjugated with fluorescein isothiocyanate the cells were

sorted.

2.5 x 107 cells displaying 1E9 scFv were harvested (14,000 rpm, RT, 30 sec)

in presence of 1 ml of ice cold PBS-BSA and were washed with the same buffer.

The cells were resuspended in 1 mM N-ethylmaleimide and shaked at RT for 30

min. After washing with ice cold PBS-BSA, the enzymatic reaction was performed

by resuspending the cells in PBS-BSA containing 10 JxM hexachloro¬

cyclopentadiene 10 and 1 mM N-biotinylated maleimide and incubation at 4 °C for

12 h under slight shaking to prevent cell sedimentation. The cells were washed

Equation 6.4
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again with ice cold PBS-BSA and labeled with SAv-PE and with goat anti-mouse

IgG conjugated with FITC as described in section 6.2.8. The cell sorting was

performed as described in section 6.2.9 with the sorting window set to separate the

top 5% of the double-labeled cell population. The cells were collected in liquid

YPD full medium and incubated on ice for 3 h, before they were plated on SD-

CAA selective plates. After incubation at 30°C for 48 h, single colonies were

picked further DNA sequence analysis.

6.9 Synthesis of S'-nitrilotriacetic acid modified guanosine

diribonucleotide

All reactions were carried out under argon atmosphere including all

deprotection steps. Molecular sieve (AW 300) was activated by heating to 250°C

under vacuum (5x 103 Torr) for 24 h. All solvents were HPLC grade and over

molecular sieve.

6.9.1 Determination of the coupling efficiency

The efficiency of the phosphoramidite coupling reactions were determined

spectroscopical by quantifying the 4,4'-dimethoxytrityl cation (extinction

coefficient e498 = 70,000 M-1cm-1) [275,276] after cleavage. A small amount of dry

resin (typically 1-2 mg) was resuspended in 1 ml 1,2-dichloroethane containing 4%

dichloroacetic acid and the suspension was vortexed for 5 min. Then the UV-

absorption at 498 nm was measured and the coupling efficiency was calculated

using the Lambert-Beer equation:
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A «log— = excxl Equation 6.5

A is the absorbance, I0 is the intensity of the light ray before it enters the media

and I is the intensity of the light ray after it left the media, e is the extinction

coefficient, c represents the concentration and 1 is the path length of the light

through the sample.

6.9.2 Synthesis of lH-benzylthiotetrazole

H

The synthesis of lH-benzylthiotetratzole was previously described [277].

Benzylthiocyanate (29.8 g, 0.2 mol), Sodiumazide (13.0 g, 0.2 mol) and Ammonium

chloride (11.1 g, 0.2 mol) were dissolved in 200 ml of a dioxane/water mixture

(4:1) and heated to 85 °C for 4 h under rigorous stirring. The dioxane was

evaporated and 400 ml water was added to the reaction mixture. The solution was

cooled on ice and stirred rigorous, while cone. HCl was added drop wise until pH

2.0. The occurred precipitate was filtered off and washed with water and toluene.

The air-dried filtrate was dissolved in acetonitrile and filtrated again. After

evaporation of the solvent and re-crystallized in toluene containing 5% acetonitrile

8.0 g (25%) white crystals were received. 'H-NMR (CD3OD, 300 MHz) d 7.26 (m,

5H),

149



Material and Methods

6.9.3 Synthesis of Na^S/"a-bis(carboxymethyl)-Ne-bromoacetyl-L-lysine

O^OH

13

A suspension of 500 mg (1.9 mM) Na,Na-bis(carboxymethyl)-L-lysine 12 in

15 ml DMF was cooled to 0°C and treated in three portions (in 5 min intervalls)

with 700 mg (2.9 mM) bromoacetic anhydride under rigorous stirring. After 20

min the reaction was brought to RT and kept stirring for 3 h. The clear solution

was evaporated and the residue was dried at vacuum resulting in brownish foam.

The foam was dissolved in 200 ml water. After lyophilization, clear oil was

received, which was purified by reverse-phase HPLC. A Nucleosil 100-7 CI 8 (21 x

250 mm, Macherey-Nagel) was used with a flow rate of 10.0 ml/min and a gradient

of 2% to 7% CH2CN over 20 min and 7% to 60 % CH2CN over 30 min in 0.1%

aqueous trifluoroacetic acid. Lyophilization resulted in 650 mg (43%) white

powder. *H-NMR (D20, 300 MHz) 8 1.59 (m, 4H), 1.95 (m, 2H), 3.00 (d,/=2.8

Hz, IH) 3.24 (m, 2H), 3.88 (s, 2H), 4.07 (s, 4H); ESI-MS m/z 382.7 (Mr calculated

382.8).
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6.9.4 Synthesis of DMTrO-GpG-TOM-succinyl-CPG

DMTrO.

OxN P
OTOM

X /
CEO \> \,

\ N'

N NHAc

'NH

W
N NHAc

O OTOM

succinyl—CPG

15

Detritylation: 989 mg (35 umol) G-RNA-TOM-CPG (Glen Research,

Sterling, VA, USA) were treated with 4% dichloroacetic acid in 1,2-dichloroethane

and bubbled with argon gas for 10 min. The reaction was quenched with 5ml

methanol. The solvent was removed and the deprotection 2x repeated. Finally, the

resin was washed with 1,2-dichloroethane and was dried under vacuum (5x 10"3

Torr). Coupling: Deprotected G-RNA-TOM-CPG and 54 mg (280 umol) 1H-

benzylthio tetrazole, and G-TOM-CE-PA (Glen Research) were dried over KOH

under vacuum for 48 h. Both, the resin/tetrazole mixture and the

phosphoramidite, were treated with 2 ml freshly distilled acetonitrile (HPLC grade,

refluxed over CaH2 for 24h) and kept over molecular sieve (AW 300, activated at

250°C and 5x 10"3 Torr for 24 h) for 24 h. Finally, the resin suspension was treated

with the phosphoramidite solution and shaked for lh at RT. The resin was washed

with acetonitirle and dried under vacuum for 30 min. The coupling efficiency was

determined as descried above and was quantitative. Capping: 5 ml of the nucleotide

capping solution (16 ml tetrahydrofuran, 1 ml 2,6-lutidin, 1ml 1-methyl-7H-

imidazole, 1ml acetic anhydride) were added to the resin and the suspension was
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mixed by bubbling with argon gas for 30 min at RT. Again, the resin was washed

with acetonitrile and dried under vacuum (5x103 Torr) for 30 min. Oxidation: 5ml

of the oxidation solution (500 mg iodine, 0.4 ml water, 4 ml pyridine, 15 ml

tetrahydrofuran) were added to the resin and the suspension was mixed by

bubbling with argon gas for 30 min at RT. The resin was washed with 1,2-

dichloroethan and dried under vacuum (5xl0"3 Torr) for 2 h. The coupling yield

was >95%.

6.9.5 Synthesis of S'-DMTrO-SS-pGpG-TOM-succinyl-CPG

DMTrO.
i^sfio

p-OCE N

6 °^ \

0 OTOM

succinyl—CPG

16a

Detritylation: DMTrO-GpG-TOM-CPG 15 (245 mg, 7.8 umol) was treated

with 4% dichloroacetic add in 1,2-dichloroethane and bubbled with argon gas for

10 min. The reaction was quenched with 5ml methanol. The solvent was removed

and the deprotection 2x repeated. Finally, the resin was washed with 1,2-

dichloroethane and was dried under vacuum (5x10"3 Torr). Coupling: Deprotected

CPG-bound diriboguanosine and 12 mg (63 umol) lH-benzylthio tetrazole were

dried over KOH under vacuum (5x 10"3 Torr) for 48 h. the resin/tetrazole mixture
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was treated with 1 ml freshly distilled CH2CN (HPLC grade, refluxed over CaH2

for 24h) and kept over molecular sieve for 24 h. Finally, the resin suspension was

treated with 314 ul of 0.1 M Thiol-Modifier C6 S-S (Glen Research) in acetonitrile

and shaked for lh at RT. The resin was washed with acetonitrile and dried under

vacuum for 30 min. The coupling efficiency was determined as described above

and yielded 94%. Capping: 5 ml of the nucleotide capping solution were added to

the resin and the suspension was mixed by bubbling with argon gas for 30 min at

RT. Again, the resin was washed with acetonitrile and dried under vacuum for 30

min. The coupling efficiency was determined as described above and yielded 94%.

Oxidation: 5ml of 0.5 M (lS)-(+)-(10-champhorsulfonyl)-oxaziridine in acetonitrile

were added to the resin and the suspension was agitated for 1 h at RT by bubbling

argon gas trough it. The resin was washed with 1,2-dichloroethan and dried under

vacuum (5x10"3 Torr) for 2 h. The coupling yield was 78%.

6.9.6 S'-NTA-linker-pGpG

O^OH

17
OH OH

NH

X
N NH2

Cleavage of the disulfide: DMTrO-SS-pGpG-TOM-CPG 16a (835 mg, 24

umol) was treated with 5 ml of 0.1 M Tris(2-carboxyethyl)phospine hydrochloride
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in water (pH 4.5). The suspension was agitated by bubbling argon gas for 30 min.

The solvent was filtered off under argon atmosphere. Coupling: 5ml 0.1 M NTA-

NHAcBr in 0.5 M Tris-HCL (pH 8.0) were added to the resin and agitated by

bubbling the suspension with argon gas for lh. The solvent was filtered off and the

resin was washed with water and methanol, and dried under vacuum (5x103 Torr).

Cleavage of base labile protecting groups and release from the resin: The resin was treated

with 20ml of 10 M methylamine in a water/ethanol mixture (1:1) and shaked at RT

for 17 h. The solvent was filtered off and lyophilized. The residue was treated with

8 ml 1 M tetrabutylammonium fluoride in THF and shaked at RT for 6 h. The

reaction was quenched with 8 ml 1 M Tris-HCl (pH 8.0) and the product was

desalted by chromatography (Sephadex G-10, 1.5 x 25 cm, nano-pure water, 4

ml/min) on a FPLC system from Amersham Bioscience. The elution profile was

monitored by the change in the UV-absorption at 260 nm and a broad peak was

collected. The sample was lyophilized and purified by reverse-phase HPLC. A

Nucleosil 100-7 CI 8 column (21 x 250 mm, Macherey-Nagel) was used with a flow

rate of 10.0 ml/min and an eluent of 5% acetonitrile in 1 M trietylammonium

acetate (pH 7.5; retention time = 4.5 min). Lyophilization resulted in 0.29 mg (0.26

umol, overall yield 0.5%) white powder.

6.10 Incorporation of 5f-modifications into RNA

6.10.1 Incorporation of 5'-NTA modification into a hexaoligoribonucleotide

Template DNA was obtained by annealing T7-RNA-PolyP-fw (5'-

TAATACGACTCACTATA-GCJGAGA-3') and T7-RNA-PolyP-rw (5'-TCTCCC-

T ATAGTGAGTCGTATTA-3'). T7-RNA-PolyP-fw and T7-RNA-PolyP-rw

encode for the 17 base T7 polymerase priming site and a hexaoligoribonucleotide

(underlined). The two oligonucleotides were mixed in 1:1 ratio and heated to 95 °C

for 30 sec. After cooling to RT double stranded template DNA was received. In
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vitro transcription was performed using a T7-MEGAshortscript high yield

transcription kit (Ambion, Austin, TX, USA) according to the manufacturers

protocol. Incorporation of 5'-NTA modification into the hexaoligoribonucleotide

was achieved by simply adding the NTA-modified guanosine ribonucleotide 17

(final concentration: 0.2 mM) to the transcription reaction mixture. The

transcription was stopped by adding 1 \k\ (2 units) DNase I and incubation at 37

°C for 15 °C. The hexaoligoribonucleotide could be stored at -20 °C for several

days without any degradation observed. 15 \iM of this solution were used for

further purification and analysis by reverse phase-HPLC. A RP-Nucleosil CI 8 (5 x

100 mm) column was used with a flow rate of 1 ml/min and a gradient of 20% to

80% CH3CN in 0.1 M triethylammonium acetate (pH 7.5) in 15 min. The collected

fractions directly used for ESI-MS analysis.

6.10.2 Production of GFP with a JV-terminal decahistidine tag

The Spe I restriction site in the gfp gene was deleted by introducing a silent

mutation via overlap-extension PCR as previously described in section 6.4.1 using

the pGFP plasmid as template. The flanking primers were T7-fw (5'-TAA

TACGACTCACTATAGGTAC-3') and gfp-Spel-sm-rw (5'-CACAGAGTAG

TGACÇAGTGTTGGCCAC-3') as well as gfp-Spel-sm-fw (5'-GTGGCCA

ACACTG.GTCACTACTCTGTG-3') and GFP-HA-rw (5'-GGACTAGTATT

AAGCGTAGTCTGGGACGTCGTATGGGTACTCGAGTTTGTATAGTTCA

TCCAT-3*). The mutagenized positions are underlined. The GFP-HA-rw encodes

for an anti-HA antibody recognition tag. The PCR's were performed by

thermocycling using 5 ng plasmid DNA, 20 pmol of each primer, 0.2 mM dNTP's,

and 5 units Taq DNA polymerase:

2 min, 94 °C/|30 sec, 94 °C/30 sec, 55 °C/1 min, 72 °C|25/7 min, 72 °C,/», 4 °C
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The PCR products were gel purified by agarose gel electrophoresis followed by

extraction. The obtained pure DNA fragments were directly used for the overlap-

extension PCR using T7-fw and GFP-HA-rw as flanking primers. A reaction

mixture of 5 pM of each DNA fragment, 20 pM of each primer, 0.2 mM dNTP's,

and 5 units of Tag DNA polymerase was thermocycled:

2 min, 94 °C/|30 sec, 94 °C/30 sec, 55 °C/1 min, 72 °C|25/7 min, 72 °C,/oo, 4 °C

The PCR product was purified using a PCR purification kit. The GFP-HA

encoding DNA fragment and pMG211-10H was double digested with Nde I and

Spe I restriction enzymes. Both DNA fragments were ligated using T4 DNA ligase

resulting in pMG211-10H-GFP-HA, which was introduced into Ca2+ competent

XL1 blue cells as described in section 6.5.2. A single colony of the transformed

cells was used to inoculate 5 ml pre-culture in LB medium containing 100 U.g/ml

ampicillin and incubated at 37 °C overnight. The pre-culture was diluted to 200 ml

and incubated for 8 h at 37 °C. The addition of 400 ul 1 M isopropyl-beta-D-

thiogalactopyranoside (IPTG) and 400 pig 1 M salicilate induced protein

expression. After incubation at 30 °C for 12 h, the cells were harvested (8000 rpm,

10 min, 4 °C) and resuspended in phosphate buffer (50 mM Na2HP04, 0.3 M

NaCl, pH 8.0). The cell lysis was done by sonication. The remaining cell fragments

were pelleted (8000 rpm, 10 min, 4 °C) and the supernatant was direcdy used for

isolation of 10H-GFP-HA protein by IMAC, as described in section 6.3.7. The

purified protein was dialyzed against RNase free phosphate buffer (50 mM

Na2HP04, 0.3 M NaCl, pH 8.0).

6.10.3 Production of 5'-NTA modified RNA

The pMG211-10H-GFP-HA plasmid served as template DNA for the

incorporation of 5'-NTA modification by in vitro transcription. The transcription
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reaction was performed using a MEGAscript High Yield Transcription Kit

(Ambion) according to the manufacturers protocol. Incorporation of 5'-NTA

modification into the resulting mRNA was achieved by simply adding the NTA-

modified guanosine ribonucleotide 17 (final concentration: 0.2 mM) to the

transcription reaction mixture. The transcription reaction was stopped by

precipitation of the RNA. Therefore 30 ul nuclease-free water and 30 |xl 7.5 M

LiCl were added, the mixture was incubated at -20 °C for 30 min and the RNA

pelleted by centrifugation (14,000 rpm, 4 °C, 15 min). After washing with 70%

ethanol, the RNA was resuspended nuclease free water and stored at -20 °C.

6.10.4 Molecular weight cutoff spin filtration experiments

Linkage between mRNA with a 5'-NTA modification and GFP with a N-

terminal 10x-His tag was confirmed by molecular weight cutoff spin filtration.

Microcon YM-100 spin filters (MilHpore, Billerica, MA, USA) were 5x washed with

500 ul water containing 0.1% diethylpyrocarbonate (DEPC) and RNase free

phosphate buffer (50 mM Na2HP04, 0.3 M NaCl, pH 8.0). Samples of 10 ul were

prepared, containing 1 uM 10H-GFP-HA, 1 uM RNA and 200, 20, or 2 uM NiCl2

as well as no additional NiCl2. All samples were incubated for 10 min at RT. After

dilution to 500 ul with phosphate buffer, the samples were loaded on the spin

filters and filtration was performed (500 G, 25 °C, 3 min). The remaining

supernatant and the flow through were diluted to 500 ul and GFP concentration

was determined by UV.
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7 Appendix

7.1 Commonly used Abbreviations

Aga

Amp

BSA

CPG

DHFR

DNA

dNTP

DTT

EDC

EDTA

ER

ESI

Fab

FACS

FITC

FPLC

FRET

FTMS

GFP

HA

HOMO

IgG

Kan

LB

Agglutinin

Ampicillin

Bovine Serum Albumin

Controlled pure glass

Dihydrofolate reductase

Deoxyribonucleic add

Deoxyribonucleotide triphosphate

Dithiotreitol

1 - [3-Dimethylaminopropyl]-3-ethylcarbodiimide hydrochloride

Ethylenediaminetetraacetic add

Endoplasmic reticulum

Electrospray ionization

Antigen binding fragment

Fluorescence activated cell sorting

Fluorescein isothiocyanate conjugate

Fast performance liquid chromatography

Fluorescence resonance energy transfer

Time of flight mass spectroscopy

Green fluorescent protein

Hemaglutinin

Highest occupied molecular orbital

Immunoglobulin G

Kanamycin

Luria-Bertani
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LMW Low molecular weight marker

LUMO Lowest unoccupied molecular orbital

MALDI Matrix assisted laser desorption ionization

MES 2-Morpholinoethanesulfonic add

MOPS 3-Morpholinopropanesulfonic acid

MTX Methotrexate

MS Mass spectroscopy

MW Molecular weight

MWCO Molecular wdght cutoff

n.d. Not determined

NEM N-Ethylmaleimide

NHS N-Hydroxysuccinimide

NMR Nuclear magnetic resonance spectroscopy

NTA Nitriloacetic acid

NTP Ribonucleotide triphosphate

OD Optical density

ORF Open-reading frame

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE Phycoerythrin

R Universal gas constant (1.987 cal mol"1 K"1)

RNA Ribonucleic acid

RP-HPLC Reversed phase high pressure liquid chromatography

RT Room temperature

scFv Single chain antibody fragments

SD-CAA Medium with sodium chloride, dextrose and casamino acids

SDS-PAGE Sodium dodecylsulfate Polyacrylamide gel electrophoresis

SEM Simple and effident method (for preparing competent E.coli cells)

SG-CAA Medium with sodium chloride, galactose and casamino acids
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TCEP Tris(2-carboxyethyl)phosphine

TCTD Tetrachlorothiophen dioxide

Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride

TS Transition state

TSA Transition state analog

UV Ultraviolet light

VIS Visible light

wt Wild-type

YPD Medium with yeast extract, peptone and dextrose

YSD Yeast surface display

YT Medium with yeast extract and tryptone

7.2 Media for cell culturing

LB (Luria-Bertani) Media

bacto tryptone (10 g), yeast extract (5 g), NaCl (10 g)

Dissolve in 11 nano-pure water and sterilize by autoclaving

2x YT medium

bacto-tryptone (16 g), yeast extract (10 g), NaCl (5 g)

Dissolve in 1 1 nano-pure water and sterilize by autoclaving

Agar plate medium

Add 15 g bacto-agar per liter to liquid media prepared as described above and

sterilize by autoclaving. Allow the medium to cool to about 50°C before adding the
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appropriate amount of antibiotics. Poor the agar-medium solution into sterile

Petri-dishes. Let the plates cool down and dry at RT for 2d.

YPD medium

yeast extract (10 g), peptone (20 g), glucose (20 g)

Dissolve in 1 1 nano-pure water and filter-sterilize.

SD-CAA minimal medium (pH 6.0)

yeast nitrogen base (6.7g), glucose (20g), bacto casamino acids (5g), Na2HP04

(5.4 g), NaH2P04-2H20 (9.7 g)

Dissolve in 1 1 nano-pure water and filter-sterilize. For SD-CAA+Trp (pH 6.0) add

tryptophan (40 mg) before filtration.

SD-CAA minimal medium (pH 4.5)

yeast nitrogen base (6.7g), glucose (20g), bacto casamino acids (5g), Sodium

citrate-2H20 (16.8 g), citric acid (3.9 g)

Dissolve in 1 1 nano-pure water and filter-sterilize.

SG-CAA minimal medium (pH 6.0)

yeast nitrogen base (6.7g), galactose (20g), bacto casamino adds (5g), Na2HP04

(5.4 g), NaH2P04-2H20 (9.7 g)

Dissolve in 1 1 nano-pure water and filter-sterilize. For SG-CAA+Trp (pH 6.0) add

40 mg tryptophan before filtration.
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7.3 Chimeric Fab construct of 1E9

7.3.1 Amino acid and DNA sequence of the 1E9 VL region

Glu Leu Val Met Thr Gin Thr Pro Leu Ser Leu Pro val

GAG CTC GTG ATG ACC CAG ACT CCA CTC TCC CTG CCT GTC

Ser Leu Gly Asp Gin Ala Ser He Ser Cys Arg Ser Ser

AGT CTT GGA GAT CAA GCC TCC ATC TCT TGC AGA TCT AGT

Gin Ser Leu Val His Ser Asn Gly Asn Thr Tyr Leu His

CAG AGC CTT GTA CAC AGT AAC GGA AAC ACC TAT TTA CAT

Trp Tyr Leu Gin Lys Pro Gly Gin Ser Pro Lys Phe Leu

TGG TAC CTC CAG AAG CCA GGC CAG TCT CCA AAG TTC CTG

lie Tyr Lys Val Ser Asn Arg Phe Ser Gly Val Pro Asp

ATC TAC AAA GTT TCC AAC CGC TTT TCT GGG GTC CCA GAC

Arg Phe Ser Gly o@j7 Gly Ser Gly Thr Asp Phe He Leu

AGG TTC AGC GGC AGT GGA TCA GGG ACA GAT TTC ATA CTC

Lys Ile Ser Arg Val Glu Ala Glu Asp Leu Gly Val Tyr
AAG ATC AGC AGA GTG GAG GCT GAG GAT TTG GGA GTT TAT

Phe cys Phe Gin Ser Thr His Phe Phe Pro Thr Phe Gly
TTC TGT TTT CAA AGT ACA CAT TTT TTT CCG ACG TTC GGT

Gly Gly Thr Lys Leu Glu He Lys
GGT GGC ACC AAG CTT GAG ATC AAA

Restriction sites are marked in bold.

7.3.2 Amino acid and DNA sequence of the 1E9 VH region

Gin Val Gin Leu Val Gin Ser Gly Pro Glu Leu Lys Lys

CAG GTT CAG CTG GTC CAG TCT GGA CCT GAA CTG AAG AAG

Pro Gly Glu Thr val Lys He Ser Cys Lys Ala Ser Gly
CCT GGA GAG ACA GTC AAG ATC TCC TGC AAG GCC TCT GGA

Tyr Met Phe Thr Asn Tyr Gly Met Asn Trp Val Lys Gin

TAT ATG TTC ACA AAT TAT GGA ATG AAC TGG GTG AAG CAG

Ala Pro Gly Lys Ala Leu Lys Leu Met Gly Trp He Asn

GCT CCA GGA AAG GCT TTA AAG TTG ATG GGC TGG ATA AAC

Pro Tyr Thr Gly Glu Ser Thr Phe Ala Asp Asp Phe Lys

CCC TAC ACT GGA GAG TCA ACA TTT GCT GAT GAC TTC AAG

Gly Arg Phe Ala Phe Phe Leu Glu Thr Ser Ala Thr Thr

GGA CGG TTT GCC TTC TTT TTG GAA ACC TCT GCC ACC ACT
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Ala Tyr Leu Gin He Asn Asn Leu Lys Asn Glu Asp Thr

GCC TAT TTG CAG ATC AAC AAC CTC AAA AAT GAG GAC ACT

Ala Thr Tyr Phe Cys Ala Arg Gly Thr Thr He Val Arg

GCT ACA TAT TTC TGT GCA AGG GGG ACT ACG ATA GTG AGG

Ala Met Asp Tyr Trp Gly Gin Gly Thr Ser Val Thr Val

GCT ATG GAC TAC TGG GGT CAA GGA ACC TCG GTC ACC GTC

Ser Ser

TCC TCA

7.4 Sequence ofwild-type 1E9 scFv construct

5 ' -GGCAGCCCCATAAACACACAGTATGTTTTTAAGGACAATAGCTCGACGATTGAAGGTAG

ATACCCATACGACGTTCCAGACTACGCTCTGCAGGCTAGTGGTGGTGGTGGTTCTGGTGGTG

GrGgrrCrGGTGgrGGrGGrrcroCTAGCGAACTCGTGATGACCCAGACTCCACTCTCCCTC

CTGTCAGTCTTGGAGATCAAGCCTCCATCTCTTGCAGATCTAGTCAGAGCCTTGTACACAGT

AACGGAAACACCTATTTACATTGGTACCTCCAGAAGCCAGGCCAGTCTCCAAAGTTCCTGAT

CTACAAAGTTTCCAACCGCTTTTCTGGGGTCCCAGACAGGTTCAGCGGCAGTGGATCAGGGA

CAGATTTCATACTCAAGATCAGCAGAGTGGAGGCTGAGGATTTGGGAGTTTATTTCTGTTTT

CAAAGTACACATTTTTTTCCGACGTTCGGTGGTGGCACCAAGCTTGAGATTAAAGGTGGTGG

TGGCTCCGGCGGTGGCGGTTCTGGTGGCGGCGGTAGCCAGGTTCAGCTGGTCCAGTCTGGAC

CTGAACTGAAGAAGCCT6GAGAGACAGTCAAGATCTCCTGCAAGGCCTCTGGATATATGTTC

ACAAATTATGGAATGAACTGGGTGAAGCAGGCTCCAGGAAAGGCTTTAAAGTTGATGGGCTG

GATAAACCCCTACACTGGAGAGTCAACATTTGCTGATGACTTCAAGGGACGGTTTGCCTTCT

TTTTGGAAACCTCTGCCACCACTGCCTATTTGCAGATCAACAACCTCAAAAATGAGGACACT

GCTACATATTTCTGTGCAAGGGGGACTACGATAGTGAGGGCTATGGACTACTGGGGTCAAGG

AACCTCGGTCACCGTCTCCTCCGGATÇÇGAACAAAflGCrrArrTCTGAAGAGGACrrGrAAr

AGCTCGAGATCTGATAACAACAGTGTAGATGTAAC-3 '

Overlapping region for in vivo recombination are shown in italics. The Gly4-Ser

linker and the restriction sites (Nhe I and BamH 1) are shown in bold-underlined

and normal font. Bold characters describe the VL and VH domains.
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7.5 Canonical sequence approximation analysis for 1E9

antibody

7.5.1 Analysis of VL-region

Pos. Counts 1E9 residue Most common residues

1 ( 1359) D D:0.692 E:0.134 Q:0.095 A:0.039 N:0.019 S:0.009

2 ( 1397) V 1:0.752 V:0.165 N:0.020 L:0.015 A:0.009 P:0.008

3 ( 1415) V V:0.683 Q:0.209 L:0.057 K:0.018 D:0.007 T:0.007

4 ( 1412) M M:0.618 L:0.336 1:0.027 V:0.014 T:0.001 X:0.001

5 ( 1408) T T:0.955 S:0.022 1:0.010 N:0.004 A:0.002 X:0.002

6 ( 1405). Q Q:0.988 E:0.007 W:0.001 A:0.001 L:0.001 R:0.001

8 ( 1402) p P:0.847 T:0.060 A:0.034 E:0.023 H:0.014 Q:0.012

9 ( 1364) L S:0.330 A:0.301 L:0.177 G:0.050 K:0.043 T:0.032

10 ( 1395) S S:0.622 1:0.133 T:0.127 F:0.066 P:0.017 L:0.014

11 ( 1390) L L:0.635 M:0.183 V:0.091 N:0.035 T:0.021 K:0.011

12 ( 1379) P S:0.552 P:0.199 A:0.162 T:0.027 E:0.022 Y:0.020

13 ( 1361) V V:0.453 A:0.413 L:0.062 T:0.034 M:0.016 E:0.012

14 ( 1372) S S:0.749 T:0.142 A:0.066 P:0.027 V:0.004 F:0.004

15 ( 1380) L Ü0.349 P:0.266 V:0.249 A:0.084 S:0.023 1:0.016

16 ( 1360) G G:0.970 S:0.021 R:0.004 E:0.003 V:0.002

17 ( 1329) D E:0.396 D:0.353 Q:0.124 G:0.090 K:0.020 T:0.014

18 ( 1335). Q R:0.390 K:0.237 T:0.121 Q:0.121 S:0.076 P:0.037

19 ( 1349): A V:0.663 A:0.307 1:0.021 S:0.004 D:0.003 E:0.001

20 ( 1350) S T:0.715 S:0.263 A:0.007 1:0.005 E:0.002 X:0.002

21 ( 1342). I 1:0.662 M:0.190 L:0.119 V:0.015 F:0.010 T:0.001

22 ( 1318)' S S:0.548 T:0.358 N: 0.046 K:0.026 R:0.004 A:0.003

23 ( 1280) c 0:0.997 Y:0.002 X:0.001

24 ( 1227): R R:0.514 K:0.188 S:0.149 Q:0.091 T:0.031 L:0.006

25 C 1211): S A:0.662 S:0.303 T:0.017 V:0.007 M:0.005 P:0.002

26 ( 1212): S S:0.958 N:0.012 T:0.007 R:0.007 G:0.005 A:0.003

27 ( 1211): Q Q:0.619 S:0.166 E:0.099 K:0.091 T:0.007 H:0.005

27 a(1199) : S S:0.698 D:0.167 N:0.065 G:0.032 T:0.016 R:0.006

27 b(1200) : L V:0.361 1:0.351 L:0.259 T:0.007 S:0.006 F:0.003

27 c(1188) V S:0.375 L:0.157 V:0.137 Y:0.076 N: 0.064 G:0.058

27 d(1008) H S:0.225 N:0.222 H:0.158 -:0.136 T:0.073 Y:0.063

27 e( 607): S -:0.477 S:0.370 N:0.042 Y:0.038 K:0.031 G:0.009

28 (501): N -:0.568 N:0.179 G:0.106 D:0.063 K:0.029 S:0.028

29 ( 1200): G V:0.361 1:0.351 L:0.259 T:0.007 S:0.006 F:0.003

30 ( 1188): N S:0.375 L:0.157 V:0.137 Y:0.076 N: 0.064 G:0.058

31 (357): T -:0.692 T:0.181 K:0.076 V:0.026 N:0.014 R:0.007

31 a(157): - -:0.864 N:0.070 T:0.036 H:0.024 Y:0.003 K:0.001
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Pos. Counts 1E9 residue Most common residues

32 ( 1174) : Y Y:0.734 N:0.069 F:0.054 W:0.031 S:0.026 A:0.020

33 ( 1158) : L L0.694 M:0.205 V:0.058 1:0.030 F:0.008 A:0.003

34 ( 1138) H A:0.276 H:0.259 N:0.208 S:0.067 Y:0.062 E:0.061

35 ( 1149) : W W:0.997 U0.003 Y:0.001

36 ( 1093) : Y Y:0.848 F:0.111 L:0.025 H:0.011 N:0.003 Q:0.001

37 ( 1088) : L Q:0.765 L:0.222 R:0.006 E:0.002 H:0.002 D:0.001

38 ( 1086) : Q Q:0.950 H:0.023 K:0.011 E:0.007 R:0.003 L:0.002

39 ( 1061) : K K:0.893 R:0.084 E:0.006 T:0.005 X:0.003 Y:0.003

40 ( 1073) : P P:0.805 S:0.143 Q:0.021 L:0.010 A:0.009 T:0.008

41 ( 1040) : G G:0.825 D:0.091 E:0.028 W:0.016 H:0.011 S:0.009

42 ( 1021) : Q Q:0.547 T:0.134 K:0.119 G:0.097 5:0.040 E:0.023

43 ( 1019) : S S:0.568 P:0.172 A:0.130 T:0.105 G:0.016 R:0.003

44 ( 1017) : P P:0.891 V:0.082 1:0.014 N:0.005 L:0.003 F:0.002

45 ( 1013) K K:0.761 R:0.113 Q:0.095 N:0.009 T:0.008 E:0.007

46 ( 1022) F U0.743 R:0.121 P:0.047 T:0.028 V:0.022 A:0.012

47 ( 1007) L Ü0.811 W:0.176 V:0.005 1:0.002 Q:0.002 S:0.002

48 ( 1009) : I 1:0.950 V:0.030 L:0.007 M:0.006 F:0.003 T:0.003

49 ( 1004) : Y Y:0.907 H:0.021 5:0.021 K:0.019 F:0.012 W:0.004

50 ( 998): K K:0.149 Y:0.149 D:0.132 G:0.119 R:0.111 A:0.078

51 ( 1004) V A:0.418 T:0.296 V:0.174 M:0.048 1:0.032 G:0.018

52 ( 1000) : S S:0.922 T:0.037 K:0.013 N:0.013 1:0.004 D:0.003

53 ( 993): N N:0.416 T:0.168 K:0.157 S:0.106 R:0.090 Y:0.028

54 ( 996): R U0.582 R:0.374 S:0.016 Q:0.014 V:0.006 H:0.002

55 ( 993): F A:0.390 E:0.161 F:0.152 H:0.079 Y:0.058 Q:0.045

56 ( 992): S S:0.756 T:0.125 D:0.051 P:0.024 A:0.008 1:0.007

57 ( 991): G G:0.994 E:0.002 S:0.002 D:0.001 V:0.001

58 ( 977): V V:0.851 1:0.134 F:0.007 A:0.002 T:0.002 M:0.001

59 ( 992): P P:0.959 S:0.030 T:0.005 L:0.003 Q:0.002 V:0.001

60 ( 978): D D:0.410 S:0.281 A:0.257 G:0.012 K:0.010 V:0.010

61 ( 977): R R:0.990 S:0.003 K:0.002 F:0.001 G:0.001 N:0.001

62 ( 979): F F:0.994 L:0.003 K:0.001 Q:0.001 V:0.001

63 ( 994): G S:0.798 T:0.132 K:0.041 1:0.013 A:0.004 X:0.004

64 ( 990): G G:0.977 S:0.015 D: 0.004 R:0.004

65 ( 974): S S:0.976 G:0.005 D:0.004 R:0.003 T:0.003 N:0.002

66 ( 991): G G:0.964 R:0.020 A:0.003 E:0.003 T:0.003 1:0.002

67 ( 958): S S:0.972 Y:0.011 A:0.005 F:0.003 W:0.003 E:0.001

68 ( 979): G G:0.934 R:0.038 A:0.011 E:0.004 5:0.004 D:0.003

69 ( 969): T T:0.905 Q:0.027 R:0.018 N:0.017 A:0.012 S:0.011

70 (1002) D D:0.676 S:0.198 Q:0.044 E:0.043 A:0.021 K:0.008

71 ( 996): F F:0.643 Y:0.338 C:0.005 H:0.004 L:0.002 S:0.002

72 ( 1006) : I T:0.599 S:0.380 1:0.005 P:0.005 A:0.004 V:0.003

73 ( 1001) : L Ü0.934 F:0.060 T:0.002 M:0.001 P:0.001 S:0.001

74 ( 993): K T:0.65l K:0.193 N: 0.049 R:0.037 S:0.034 E:0.015

75 [ 1002) I 1:0.980 V:0.011 S:0.003 T:0.002 K:0.001 L:0.001

76 [ 985): S S:0.817 N:0.068 H:0.045 G:0.015 T:0.015 D:0.014

77 [ 988): R S:0.419 R:0.289 N:0.124 P:0.075 G:0.033 D:0.028
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Pos. Countsi 1E9 residue Most common residues

78 ( 997) V V:0.467 L:0.321 M:0.187 A:0.011 1:0.008 T:0.002

79 ( 1002) : E E:0.721 Q:0.234 K:0.028 L:0.004 G:0.003 H:0.003

80 ( 962) A A:0.527 P:0.164 Q:0.077 S:0.076 E:0.048 C:0.044

81 ( 1000) : E E:0.859 D:0.095 A:0.032 G:0.008 Q:0.002 Y:0.002

82 ( 1013) D D:0.989 N:0.003 V:0.003 A:0.002 C:0.002 E:0.001

83 ( 956) L L:0.264 A:0.257 F:0.157 V:0.131 1:0.103 T:0.031

84 ( 977) G A:0.702 G:0.266 V:0.015 T:0.009 S:0.005 Q:0.002

85 ( 992) V T:0.434 V:0.368 1:0.055 D:0.047 M:0.031 S:0.026

86 ( 1013) : Y Y:0.991 F:0.005 D:0.001 E:0.001 H:0.001 K:0.001

87 ( 997) F Y:0.749 F:0.227 L:0.011 H:0.008 C:0.002 D:0.001

88 ( 1015) : C C:0.996 L:0.002 Q:0.001 S:0.001

89 ( 1004) F Q:0.616 L:0.090 F:0.080 5:0.067 M:0.039 A:0.028

90 ( 980) Q Q:0.873 1-1:0.047 N:0.040 G:0.019 A:0.005 L:0.003

91 ( 997) S G:0.204 Y:0.180 S:0.168 W:0.148 H:0.090 D:0.040

92 ( 991) T S:0.245 N:0.185 Y:0.132 T:0.116 D:0.071 G:0.060

93 ( 988) H S:0.343 H:0.168 E:0.154 T:0.110 N:0.058 G:0.042

94 ( 993) F Y:0.177 L:0.164 V:0.154 N:0.118 S:0.109 F:0.055

95 ( 943) F P:0.848 : 0.048 L:0.034 S:0.025 A:0.009 T:0.009

95 a( 85) : :0.903 P:0.031 X:0.015 R:0.011 N:0.008 S:0.007

95 b( 25) : -:0.971 G:0.006 T:0.005 V:0.005 M:0.004 Y:0.004

95 c( 18) : -:0.979 D:0.005 S:0.004 F:0.002 G:0.002 T:0.002

95 d( 6) - -:0.993 S:0.004 D:0.001 G:0.001 Y:0.001

95 e( 3) - -:0.996 N:0.001 P:0.001 5:0.001

95 f( 2): - -:0.998 G:0.001 Y:0.001

96 ( 850) P L:0.250 Y:0.219 W:0.164 R:0.137 F:0.058 P:0.046

97 ( 854) T T:0.949 S:0.012 V:0.012 A:0.008 -:0.005 G:0.002

98 ( 865) F F:0.992 L:0.002 E:0.001 1:0.001 R:0.001 V:0.001

99 ( 863) G G:0.994 A:0.002 D:0.001 R:0.001 -:0.001

100 ( 856) G G:0.547 A:0.256 Q:0.098 S:0.069 T:0.013 P:0.009

101 ( 824) G G:0.988 A:0.006 P:0.002 D:0.001 T:0.001 -:0.001

102 ( 820) T T:0.993 S:0.004 F:0.001 K:0.001 Q:0.001

103 ( 806) K K:0.922 E:0.040 R:0.025 T:0.004 A:0.002 G:0.002

104 ( 788) L L:0.831 V:0.165 G:0.001 Q:0.001 X:0.001

105 ( 734) E E:0.925 V:0.040 D:0.018 L:0.007 G:0.004 S:0.003

106 ( 725) I 1:0.666 L:0.263 V:0.052 M:0.007 K:0.003 N:0.003

106 a( 1) - -:0.999 K:0.001

107 ( 677) K K:0.965 R:0.012 1:0.006 T:0.006 N:0.004 E:0.003

7.5.2 Analysis ofVH region

Pos. Counts 1E9 residue Most common residues

1 ( 1410): Q E:0.584 Q:0.318 D:0.070 A:0.017 G:0.004 K:0.003

2 ( 1357): V V:0.896 -:0.036 1:0.029 E:0.014 M:0.007 5:0.006

3 ( 1414): Q Q:0.675 K:0.196 T:0.033 S:0.031 H:0.017 M:0.013
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Pos. Counts 1E9 residue Most common residues

4 [ 1426) L U0.964 V:0.028 F:0.002 A:0.001 D:0.001 H:0.001

5 [ 1437) V Q:0.400 V:0.347 L:0.072 K:0.069 E:0.052 D:0.029

6 [ 1424) Q E:0.580 Q:0.400 A:0.004 R:0.004 D:0.003 G:0.002

7 [ 1437) S S:0.878 P:0.086 T:0.019 W:0.004 X:0.003 V:0.002

8 ( 1439) G G:0.954 E:0.023 S:0.006 V:0.004 A:0.003 D:0.003

9 [ 1447) P G:0.451 P:0.270 A:0.227 5:0.023 T:0.020 D:0.002

10 [ 1454) E G:0.485 E:0.368 D:0.041 V:0.032 S:0.027 R:0.020

11 ( 1467) L L:0.892 V:0.070 T:0.012 F:0.007 1:0.007 5:0.005

12 [ 1442) K V:0.859 K:0.045 A:0.019 1:0.015 M:0.015 Q:0.013

13 ( 1402) K K:0.487 Q:0.321 R:0.092 A:0.035 T:0.035 E:0.010

14 [ 1468) P P:0.913 A:0.041 S:0.024 Ü0.011 T:0.007 G:0.002

15 [ 1461) G G:0.812 5:0.153 T:0.010 E:0.005 K:0.005 R:0.003

16 [ 1447) E G:0.352 A:0.262 Q:0.136 S:0.084 E:0.053 R:0.046

17 ; i53i) T 5:0.869 T:0.081 P:0.020 A:0.013 G:0.003 L:0.003

18 [ 1539) V Ü0.521 V:0.401 M:0.035 R:0.019 H:0.010 1:0.003

19 ; 1529) K K:0.S54 R:0.220 5:0.154 T:0.041 Q:0.009 G:0.007

20 [ 1560) I L:0.644 1:0.176 M:0.131 V:0.040 T:0.003 R:0.001

21 I 1517) S 5:0.773 T:0.197 V:0.015 A:0.003 L:0.003 1:0.002

22 ( 1489) c C0.998 K:0.001 R:0.001 S:0.001

23 I 1509) K K:0.394 A:0.293 T:0.187 5:0.047 V:0.040 E:0.021

24 [ 1505) A A:0.650 V:0.174 T:0.120 G:0.024 1:0.011 F:0.007

25 [ 1514) S S:0.910 T:0.070 A:0.006 Y:0.005 F:0.003 G:0.002

26 [ 1466) G G:0.980 D:0.006 E:0.005 V:0.002 A:0.001 R:0.001

27 [ 1451) Y F:0.484 Y:0.422 D:0.037 G.0.023 1:0.011 5:0.006

28 [ 1491) M T:0.623 S:0.215 N:0.047 D:0.041 A:0.027 1:0.014

29 [ 1508) F F:0.759 L:0.109 1:0.101 V:0.018 S:0.005 T:0.003

30 [ 1495) T T:0.505 5:0.411 K:0.039 N:0.015 G:0.007 1:0.005

31 ; 1475) N S:0.475 D:0.251 N:0.081 G:0.054 T:0.054 R:0.044

32 ; 1486) Y Y:0.664 F:0.110 S:0.050 T:0.036 G:0.036 D:0.031

33 ; 1479) G Y:0.320 W:0.218 G:0.211 A:0.078 T:0.032 N:0.024

34
, 1469) M M:0.606 1:0.194 V:0.081 W:0.042 A:0.022 Y:0.019

35
, 1455) N H:0.258 N:0.246 S:0.197 E:0.087 Y:0.034 W:0.027

35 ï( 97) - -:0.932 N:0.021 W:0.015 V:0.008 C:0.006 S:0.006

35 D( 38) - -:0.973 N:0.008 S:0.008 G:0.006 X:0.003 A:0.001

36 1454) W W:0.992 R:0.003 C:0.001 A:0.001 K:0.001 M:0.001

37 1392) V V:0.869 1:0.108 A:0.006 L:0.006 M:0.005 F:0.003

38 1421) K R:0.583 K:0.387 C:0.005 M:0.004 Q:0.004 N:0.004

39 1393) Q Q:0.941 K:0.035 E:0.007 R:0.004 1:0.002 H:0.001

40 1402)- A R:0.290 A:0.231 P:0.171 S:0.133 T:0.069 F:0.056

41 1376): P P:0.886 H:0.072 S:0.017 T:0.008 N:0.005 A:0.004

42 1357): G G:0.825 E:0.133 S:0.009 A:0.007 D:0.007 R:0.007

43 1388): K K:0.591 Q:0.262 R:0.061 N:0.051 H:0.019 E:0.007

44 1332): A G:0.676 R:0.109 S:0.085 K:0.053 A:0.053 T:0.012

45 1392): L L:0.976 P:0.011 F:0.004 Q:0.002 G:0.001 R:0.001

46 ( 1383): K E:0.942 Q:0.021 K:0.018 D:0.008 A:0.003 G:0.001

47 ( 1352): L W:0.923 Y:0.033 L:0.018 F:0.011 H:0.004 S:0.002
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Pos. Counts 1E9 residue Most common residues

48 ( 1373): M 1:0.554 V:0.198 L:0.144 M:0.097 S:0.004 W:0.001

49 ( 1384): G G:0.712 A:0.228 5:0.042 V:0.007 T:0.004 E:0.002

50 ( 1409): W Y:0.200 R:0.123 V:0.101 A:0.096 E:0.089 D:0.060

51 ( 1416): I 1:0.884 S:0.054 T:0.015 L:0.011 F:0.009 V:0.008

52 ( 1409): N N:0.285 S:0.142 Y:0.136 R:0.123 D:0.113 W:0.080

52 a( 1130 ): P P:0.449 -:0.202 N:0.117 5:0.082 Y:0.028 G:0.025

52 b( 214) : -:0.846 K:0.135 R:0.008 G:0.004 N:0.003 1:0.001

52 c( 197) : -:0.858 A:0.087 S:0.025 T:0.009 V:0.006 P:0.006

53 ( 1382): Y G:0.255 N:0.207 Y:0.129 5:0.118 D:0.089 A:0.077

54 ( 1408): T N:0.269 G:0.267 S:0.226 D:0.140 K:0.030 T:0.023

55 ( 1403): G G:0.612 S:0.145 Y:0.130 D:0.043 V:0.016 A:0.011

56 ( 1420): E S:0.232 Y:0.173 T:0.161 G:0.128 N:0.086 D:0.082

57 ( 1425): S T:0.771 1:0.102 P:0.022 5:0.020 A:0.018 K:0.018

58 ( 1430): T N:0.224 Y:0.190 K:0.164 E:0.099 S:0.071 D:0.051

59 ( 1433): F Y:0.946 F:0.020 1:0.007 N:0.006 H:0.004 S:0.003

60 ( 1433): A N:0.481 A:0.202 S:0.124 P:0.057 T:0.049 D:0.034

61 ( 1439): D E:0.268 P:0.173 D:0.153 Q:0.138 A:0.134 S:0.083

62 ( 1442): D K:0.396 S:0.374 A:0.087 T:0.038 W:0.028 N:0.024

63 ( 1443): F F:0.466 V:0.278 L:0.194 A:0.022 1:0.013 M:0.009

64 ( 1428): K K:0.776 Q:0.091 M:0.041 1:0.019 R:0.018 N:0.015

65 ( 1394): G G:0.608 S:0.237 D:0.088 N:0.024 T:0.012 R:0.011

66 ( 1431): R R:0.548 K:0.428 Q:0.011 G:0.007 P:0.002 E:0.001

67 ( 1453): F F:0.343 A:0.320 T:0.103 L:0.088 V:0.067 1:0.056

68 ( 1456): A T:0.740 5:0.124 1:0.091 A:0.016 F:0.008 K:0.005

69 ( 1470): F 1:0.511 L:0.362 V:0.059 F:0.031 M:0.024 T:0.007

70 ( 1472): F T:0.513 S:0.445 N:0.012 F:0.010 1:0.008 L:0.005

71 ( 1472): L R:0.399 V:0.302 A:0.126 K:0.101 5:0.024 L:0.020

72 ( 1451): E D:0.924 E:0.021 N:0.019 T:0.012 K:0.008 S:0.007

73 ( 1461): T K:0.308 N:0.297 T:0.292 D:0.057 S:0.018 E:0.010

74 ( 1476): S 5:0.774 A:0.099 P:0.049 G:0.023 T:0.018 N:0.017

75 ( 1459): A S:0.416 K:0.348 Q:0.112 T:0.028 A:0.022 R:0.020

76 ( 1408): T S:0.565 N:0.354 T:0.023 K:0.016 G:0.007 R:0.007

77 ( 1413): T T:0.661 Q:0.141 1:0.100 S:0.036 N:0.012 K:0.009

78 ( 1455): A A:0.438 L:0.282 V:0.174 F:0.055 Y:0.025 G:0.006

79 ( 1473): Y Y:0.756 F:0.134 S:0.035 D:0.018 H:0.018 R:0.011

80 ( 1486): L L:0.576 M:0.386 F:0.016 1:0.007 T:0.005 V:0.003

81 ( 1479): Q Q:0.721 K:0.120 E:0.093 5:0.010 T:0.010 D: 0.009

82 ( 1486): I L:0.531 M:0.405 1:0.038 S:0.007 V:0.007 W:0.007

82 a( 1444 N S:0.380 N:0.377 R:0.128 T:0.053 L:0.014 D:0.008

82 b( 1472 N S:0.733 N:0.078 A:0.066 K:0.029 T:0.027 G:0.025

82 c( 1479) L L:0.825 V:0.131 M:0.017 -:0.015 P:0.009 G:0.001

83 ( 1476): K T:0.521 R:0.281 Q:0.080 K:0.074 A:0.012 D:0.010

84 ( 1512): N S:0.558 A:0.213 T:0.140 P:0.036 N:0.018 V:0.011

85 ( 1496): E E:0.820 D:0.097 A:0.042 S:0.009 N:0.008 V:0.007

86 ( 1400): D D:0.980 E:0.008 N:0.003 A:0.003 G:0.002 T:0.001

87 ( 1506): M T:0.562 5:0.409 M:0.011 A:0.007 P:0.003 F:0.002
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Pos. Counts 1E9 residue Most common residues

88 ( 1618): A A:0.947 G:0.040 V:0.004 P:0.003 T:0.002 L:0.001

89 ( 1590): T V:0.431 T:0.283 1:0.107 M:0.105 L:0.053 R:0.009

90 ( 1619): Y Y:0.989 F:0.004 H:0.002 L:0.001 A:0.001 G:0.001

91 ( 1682): F Y:0.787 F:0.202 H:0.004 C:0.002 N:0.001 S:0.001

92 ( 1687): c C:0.995 S:0.002 A:0.001 M:0.001 P:0.001 V:0.001

93 ( 1676): A A:0.846 T:0.078 V:0.026 G:0.016 5:0.012 M:0.009

94 ( 1668): R R:0.810 K:0.045 5:0.031 T:0.025 G:0.023 P:0.013

95 ( 1450): G D:0.197 G:0.145 S:0.128 Y:0.100 E:0.063 R:0.053

96 ( 1346): T Y:0.194 G:0.170 R:0.081 D:0.061 S:0.052 A:0.050

97 ( 1318): T Y:0.312 G:0.176 -:0.060 D:0.054 L:0.053 N: 0.047

98 ( 1188): I Y:0.268 G:0.184 -:0.141 D:0.055 S:0.054 L:0.045

99 ( 1056): V -:0.233 G:0.202 Y:0.141 S:0.107 R:0.047 D:0.038

100 ( 857): R -:0.371 S:0.134 G:0.125 Y:0.096 D:0.038 W:0.035

100 a( 658): A -:0.511 S:0.120 Y:0.101 G:0.071 D:0.027 R:0.024

100 b( 482): M -:0.638 Y:0.108 5:0.044 G:0.043 W:0.040 R:0.020

100 c( 293): - -:0.778 Y:0.051 5:0.036 G:0.034 D:0.016 W:0.014

100 d( 183): - -:0.859 Y:0.028 G:0.018 D:0.012 S:0.011 V:0.008

100 e( 126): - -:0.903 Y:0.035 G:0.012 A:0.010 P:0.006 S:0.005

100 f( 91): - -:0.930 Y:0.019 C:0.005 D:0.005 P:0.005 G:0.005

100 g( 60): - -:0.954 Y:0.015 G:0.009 Q:0.003 V:0.003 D:0.002

100 h( 41): - -:0.968 Y:0.008 T:0.005 D:0.004 A:0.003 G:0.003

100 i( 37): - -:0.971 A:0.009 Y:0.005 G:0.003 X:0.002 L:0.002

100 Y( 906): - Y:0.315 -:0.305 A:0.163 W:0.070 G:0.026 F:0.021

100 k( 1152): - F:0.577 M:0.173 -:0.126 Ü0.042 V:0.018 5:0.012

101 ( 1278): D D:0.704 A:0.166 -:0.034 N:0.013 1:0.013 V:0.011

102 ( 1307): Y Y:0.712 V:0.167 S:0.021 F:0.020 H:0.017 1:0.015

103 ( 1274): W W:0.980 A:0.005 L:0.004 D:0.002 F:0.002 E:0.002

104 ( 1233): G G:0.984 Y:0.007 A:0.003 H:0.002 5:0.002 T:0.002

105 ( 1017): Q Q:0.766 A:0.095 T:0.062 P:0.029 R:0.018 W:0.010

106 ( 1095): G G:0.995 R:0.002 P:0.001 T:0.001 Y:0.001 -:0.001

107 ( 1039): T T:0.962 Q:0.010 S:0.008 A:0.006 V:0.005 1:0.003

108 ( 1019): S T:0.412 L:0.343 S:0.188 M:0.026 G:0.011 P:0.006

109 ( 985): L V:0.738 L:0.248 T:0.011 1:0.001 M:0.001 X:0.001

110 ( 984): T T:0.972 L:0.008 A:0.007 S:0.005 1:0.003 V:0.002

111 ( 915): V V:0.987 A:0.003 1:0.002 L:0.002 C:0.001 F:0.001

112 ( 894): S S:0.970 T:0.027 G:0.001 R:0.001 V:0.001

113 ( 831): S S:0.767 A:0.211 V:0.012 P:0.004 T:0.004 E:0.002

The sequences underlying the canonical sequence analysis are derived from the

Kabat database of sequences ofproteins of immunological interest (5( edition). They were

manually edited wherever necessary to align insertions at the respective positions

where they were cristallographically determined. The list shows the amino acid
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distribution at each position in the VL (kappa) and the VH domains from both

human and mouse antibodies, compared to the residues present in 1E9 antibody.

Only the six most frequent residues are given in this list (from

http://biochemistry.utoronto.ca/steipe/index.html). The counts are referring to

the number of analyzed sequences for the corresponding position; the hyphen (-)

accounts for no amino acids present in the sequence; X represents any other

residue.

7.6 Prediction of iV-glycosylation sites in 1E9 scFv

antibody

Position Segment Potential

wild type clone 7

L28 CDR1 0.68

L31 CDR2 0.70 0.66

L53 CDR3 0.65 0.65

H30 - 0.68 0.71

H35 CDR1 0.57 0.63

H82a FR2 0.59 0.56

H82b FR2 0.66 0.63

Predicted Af-glycosylation sites for sequences of wild type 1E9 scFv and clone 7

according to the output file of the NetNGlyc server (http://www.cbs.dtu.dk/

services/NetNGly). Only glycosylation sites with a scoring function >0.5 are

shown.
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1.1 Michaelis-Menten kinetics of 1E9 variants

wild type 1E9 scFv 1E9 Fab H100b mutant

[NEM] (mM) [NEM] (mM)

1E9 scFv clone 7 1E9 scFv clone 8

5 10 15 20

[NEM] (mM)

30

[NEM] (mM)
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7.8 HPLC profile and ESI-MS spectra of compound 17

B

519.6

-J
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601.7
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A: HPLC trace of purified 5'-NTA modified guanosine diribonucleotide 17. B:

Low resolution ESI-MS of purified compound 17. The expected mass was m/z =

1126.3, (m + NH3)/2z = 571.2; measured 571.6.
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7.9 Mass spectra of 5f-modified hexaoligoribonucleotide

A

1986

11
BOO 1000 1901 MOO 800 3000 m/z

B

2486

10» iwn mo Moo xno m/2

ESI mass spectra of in vitro transcription products. A: Mass spectra of control

hexaoligoribonucleotide (GGGAGA). B: Mass spectra of 5'-NTA modified

hexaoligoribonucleotide (NTA-linker-GGGAGA). For both oligoribonucleotides

the measured values correspond well with the ammonium adduct of the expected

mass.
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