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Vorwort

Die Grundgedanken der in diesem Buche entwickelten Theorie
wurden von mir am 14. September 1927 auf dem 5. internationalen
Kongref fiir Vererbungswissenschaft in Berlin vorgetragen. Die Theorie
fand keine Zustimmung und stieff auf allgemeine Nichtbeachtung, die
soweit ging, dafs in den Berichten tiber den Kongrefs z.B. in den
"Naturwissenschaften" (Berichterstatter Nachtsheim) und in der
"Nature" (Berichterstatter R.R. Gates) mein Vortrag, obwohl er in einer
allgemeinen Sitzung stattgefunden hatte, {iberhaupt nicht erwihnt
wurde. Dafd dies fiir mich kein Grund sein konnte, auf die damals
angekiindigte weitere Ausarbeitung der Theorie zu verzichten, ist
selbstverstandlich.

Diese Ausarbeitung hat leider wesentlich langer gedauert, als ich
vermutet hatte und als mir selber lieb war. Erhebliche Belastung mit
Berufsgeschiften trug das ihre dazu bei. Vor allem aber waren es die in
der Sache selbst liegenden Schwierigkeiten, die mich nur langsam
vorankommen lieffen. Besonders die sehr zahlreichen und
umfangreichen Berechnungen und Formelaufstellungen, die notwendig
durchgefiihrt werden mussten, waren fiir mich als vollstindigen Laien
in mathematischen Dingen eine recht miihevolle und zeitraubende
Abgelegenheit.

Wenn ich die Arbeit an der weiteren Ausgestaltung der
Theorie nunmehr vorldufig abschliefe und sie in der vorliegenden
Gestalt veroffentliche, so geschieht das gewifs nicht, weil ich glaubte,
etwas Abgeschlossenes vorlegen zu konnen. Niemand weifs besser als
ich was alles noch fehlt, und wieviel zur weiteren Begriindung und
Vertiefung noch zu geschehen hitte. Da es indessen bei einer Arbeit wie
der vorliegenden wohl unmoglich ist, ein Stadium zu erreichen, auf
dem man sich mit gutem Gewissen sagen konnte, man sei nun
endgiiltig fertig, so mufs man sich einmal zum AbschlufS entschliefSen,
so schwer dieser Entschlufd auch fallen mag.

Hamburg, im Jahr 1930
Institut fur allgemeine Botanik

Aus
Die Konversion der Gene
-Eine verebungstheoretische Untersuchung-
von
Dr. Hans Winkler
(Jena, Verlag Gustav Fischer, 1930)
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ABSTRACT

The patchwork-like pattern of variation which emerges from the visual inspection of
MHC alignments can best be explained by gene conversion. The linear array of substitutions
which characterise alleles and homologues of MHC genes have individually arisen de novo by
point mutation. Microrecombination of such point mutational variation by gene conversion is
an efficient generator of new peptide-binding grooves on which natural selection may act.
This is the gene conversion hypothesis of MHC evolution.

The best evidence for the occurrence of gene conversion in MHC genes comes from
the documented instances of spontaneous class I gene mutations in the laboratory mouse.
Based on screening programs involving over 150 000 mice an overall frequency of germ line
class I gene conversion events of about 10 is estimated.

The spontaneous histocompatibility mutants found in the mouse excited much
interest, and their subsequent characterisation at the amino acid and nucleotide levels has
stimulated speculations about the nature and evolutionary relevance of the mutational
processes operating on MHC genes, as expressed in the gene conversion hypothesis of MHC
evolution. However, no general experimental approach has been described for direct
molecular analysis of mutational events in different MHC loci so far, and thus most of the
original questions remain unanswered.

A major obstacle for the analysis of gene conversion events in class I genes of the
mouse is their low frequency. The purpose of the work presented here was to establish and
characterise a mutation detection system for the H2 K’ gene. The ultimate goal was to get
hold of a reliable high throughput gene conversion detector, which would allow us to
systematically analyse mutations occurring in class I mouse germline genes with respect to
underlying molecular mechanisms.

We describe a target-gene enrichment step, called M450%-lacOp rescue, for the
extraction of E.coli lac-operator tagged DNA sequences. This step serves to specifically
enrich for DNA fragments which would subsequently be analysed for mutations. After
optimisation of the assay for our purposes, we could show that, starting from pools of
transgenic cells containing the H2 K gene in an /acOp tagged form, this assay effectively
reduces the abundance of contaminating DNA-sequences. In principle this assay can precede
any other component of a mutation detection assay.

Furthermore we describe a mutation detection assay which consists of a highly
specific PCR-step performed on cells which is followed by a sequence specific
oligonucleotide probing assay (SSOP) for the detection of a particular H2 K’ mutation (“bg”).
We examined the power of this assay with respect to the detection of mutations occurring at a
frequency of 1/10 000, using model experiments. We showed that the PCR step on cells
works with high efficiency and reliability. The same is true for the SSOP assay. However
assuming a binomial distribution of these mutations we found that the assay works 5 times
below the expectation at a 100% detection efficiency. Using computer simulations for PCRs
on pools of molecules containing an abundant specimen (the “wildtype molecule”) and a rare
specimen (the “mutant molecule”) we demonstrated that with decreasing PCR efficiency the
probability of loosing the rare specimen increases. For our calculated PCR efficiency of 0.7
this can under certain conditions already account for 50% loss of the mutants.

We conclude that our proposed mutation detection assay is feasible, but in its present
form very labour intensive. It holds the potential to be adapted to modern PCR-based high
throughput screening methods using fluorescently labelled tags.

-1-



ZUSAMMENFASSUNG

Die Sequenzmuster in den Allelvarianten von Haupthistokompatibilititsgenen
(MHC), lassen als das Ergebnis von Genkonversionsereignissen interpretieren. Durch den
Transfer von Sequenzfragmenten zwischen MHC Genen konnten effektiv neue
peptidbindende Taschen geformt werden, auf die dann natiirliche Selektion einwirkt. Dies ist
die Genkonversionshypothese der MHC Evolution.

Der iiberzeugendste Hinweis, dass sich zwischen MHC-Genen Genkonversion
abspielt, kommt von dokumentierten Féllen spontaner Mutationen in MHC Klasse I Genen
der Maus. Basierend auf Untersuchungsreihen, kann man Genkonversionsereignissen in
Keimbahn Klasse I Genen eine Hiufigkeit von etwa 10™ zugrunde legen.

Die Maus MHC Mutanten erzeugten ein grofles Interesse, und ihre genauere
Untersuchung auf Petid- und DNA-Ebene, fiihrten zu zahlreichen Hypothesen iiber die
Eigenschaften und die evolutiondre Relevanz von Genkonversion in MHC Genen. Jedoch
wurde bis zum heutigen Tage kein experimenteller Ansatz beschrieben, der es erlaubt hitte,
diese seltenen Ereignisse systematisch, und fiir beliebige MHC Gene zu untersuchen.

Die groBite Schwierigkeit, die mit der Analyse von Genkonversionserignissen in
MHC Genen verbunden ist, stellt die niedrige Frequenz mit der sie auftreten dar. Das hier
beschriebene Projekt wurde durchgefiihrt, um ein Mutationsdetektionsprotokoll fiir das H2 K*
Gen zu etablieren und charakterisieren. Unser Ziel war es, iiber einen zuverldssigen
Genkonversionsdetektor zu verfiigen, der es erlauben wiirde, Genkonversionsereignisse, die
in MHC Genen der Mauskeimbahn auftreten, systematisch, und mit hohem Durchsatz zu
untersuchen. Dadurch sollten Fragen beziiglich der molekularen Mechanismen solcher
Ereignisse beantwortet werden konnen.

Wir beschreiben in dieser Arbeit einen spezifischen Genanreicherungsschritt, der
dazu dient, DNA Fragmente (in unserem Fall von MHC Genen) aufzureinigen, die mit der
E.coli lac-operatorsequenz versehen sind. Diese Fragmente konnen dann beziiglich
Mutationen untersucht werden. Nach der Optimierung des Protokolls fiir unsere Zwecke,
konnten wir zeigen, dass es effektiv die Gegenwart kontaminierender Sequenzen vermindert.
Im Prinzip kann das Protokoll jedem Mutationsdetektionsprotokoll vorangestellt werden.

Wir beschreiben weiterhin ein Mutationsdetektionsprotokoll, das aus einem
hochspezifischen PCR-Schritt besteht, der direkt auf Aliquots von Zellen ausgefiihrt wird,
und dem sich ein sequenzspezifisches Oligonukleotid Hybridisierungsprotokoll (Sequence
Specific Oligonucleotide Probing — SSOP) anschlie8t. Dieses Protokoll dient dazu, eine
spezifische Mutation aufzuspiiren. Wir untersuchten die Effizienz dieses kombinierten
Mutationsdetektionsassays in  Modellexperimenten. Dabei wurde gezeigt, dass der
PCR-Schritt sehr effektiv ist. Dies gilt auch fiir das SSOP Protokoll. Einschrinkend muf3
jedoch gesagt werden, dass wir, unter der Annahme einer Biniomialverteilung der
Mutationen, zeigen konnten, dass das Assay um den Faktor fiinf unterhalb der Erwartung fiir
eine 100%ige Effizienz arbeitet. Wir verwendeten Computersimulationen, um PCRs zu
simulieren, in denen héufige (Wildtyp) und seltene (mutante) DNA-Molekiile amplifiziert
wrerden. Dabei konnte gezeigt werden, dass mit abnehmender PCR-Effizienz die
Wahrscheinlichkeit zunimmt, die seltenen Molekiile zu verlieren. Fiir unsere berechnete PCR
Effizienz von 0,7 kann das unter Umstdnden fiir den Verlust von 50% der Mutanten
verantwortlich sein.

Wir kommen zu dem SchluB3., dass unser Detektionsassay durchfiihrbar, aber in
seiner gegenwartigen Form sehr arbeitsaufwendig ist. Es beinhaltet jedoch das Potential, in
Verbindung mit PCR Detektionsmethoden die Floureszenzprimer verwenden, effektiv
eingesetzt werden zu werden.
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1. INTRODUCTION

1.1. Gene conversion as a useful diversifying machine in MHC genes

1.1.1. The MHC

The major histocompatibility complex (MHC) is a set of genes present in all
vertebrates studied so far, which have both immunological and non-immunological functions
(Trowsdale 1995; Gruen and Weissmann 1997). The discovery is connected to early tumor
transplantation studies in mice by Peter Gorer and George Snell. They realised that there must
be a genetic basis for a tissue to be recognised as foreign by an animal of a different genetic
background. Consequently, they re-named this genetic region as the histocompatibility 2 (H2)
genes of the mouse (Snell 1986).

The MHC is classically divided into the class I, II, and III regions, but this
subdivision has meanwhile been expanded. The telomeric region to the classical MHC
complex in humans is now called the class Ib region; a class IV region has also been
suggested locating at the telomeric end of the class Il region (Gruen and Weissmann 1997).
The MHC in humans - Human Leukocyte Antigens (HLA)- is located on chromosome
6p21.31 and covers a region of about 3.6 Mbp depending on the haplotype ( MHC seq.
consortium 1999). In Mice the H2 lies on chromosme 17 and spans about 4Mbp ((Trowsdale
1995); for a comparison of mouse and man MHC genetic organisation see: NCBI Human-

Mouse homology map; www.ncbi.nlm.nih.gov/Homology/human6.html).

MHC classI and II molecules are glycoproteins which serve as cell surface
recognition elements. While MHC class I molecules are expressed on virtually all somatic
cells, MHC class Il molecules are expressed on the surface of antigen presenting cells (APCs)
(Natarajan et al. 1999; Nelson and Fremont 1999). MHC class I molecules sample peptides
generated within the cell and signal the cell's physiological state to effector cells of the
immune system, both CD8+-cytotoxic T-lymphocytes and natural killer (NK) cells (Natarajan
et al. 1999). In addition, molecules structurally related to MHC-I, collectively known as
MHC-Ib, are more specialized and, in some cases, interact with more limited subsets of
lymphoid cells (Fischer Lindahl 1997; Gobin and van den Elsen 2000; Soloski et al. 2000).
The peptides presented by MHC class II molecules derive from proteins that are either

internalised from the extracellular space by fluid phase or receptor-mediated endocytosis, or
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from proteins that are endogenously expressed in the secretory pathway (Busch et al. 2000).
Both MHC class I and II molecules form a fundamental part of the vertebrate immune system
in that the binding and presentation of peptides can initiate, regulate and perpetuate an

Immune response.

The peptide binding grooves of MHC class I and class II molecules provide a
variable array of structural pockets, designed to bind the side-chains of antigenic peptides.
Individual amino acid polymorphisms characteristic of specific MHC alleles determine the
specificity of peptide binding. This provides a direct structural explanation for the ability of
genetically different individuals to bind different antigens. Allele specific peptide motifs are
known for several class I and class Il molecules found in humans and mice (Buus 1999; Sette

and Sidney 1999).

The genes of the MHC classI and II genes show an impressive degree of
polymorphism. This is not only reflected in the high number of different alleles, but also in
their even distribution within populations (Parham and Ohta 1996). Analysis of sequence
alignments has revealed distinct patterns of polymorphism in different parts of the gene. As
summarized by Parham and co-workers for HLA and since confirmed in further studies most
of the variation in class I molecules is confined to the second and third exons encoding the al
and a2 domains, respectively, which constitute the peptide binding site (Parham et al. 1989).
The structural analysis of MHC molecules in mouse and man has shown that most of the
hypervariable positions are involved in the binding of peptide, confirming the notion that the
observed polymorphism is indeed tightly linked to the capability of binding different antigens
(Bjorkman and Parham 1990). The distribution of polymorphic positions along with a high
observed ratio of coding to non-coding substitutions (Ka/Ks) in positions determining the
structure of the peptide binging cleft (Hughes and Nei 1989; Hughes and Yeager 1998)
demonstrates that natural selection plays an important role in determining the identity of
individual substituents found in natural MHC sequence arrays. In contrast introns have been
homogenized relative to exons over evolutionary time, suggesting that balancing selection
acts to maintain diversity in the latter, in contrast to the former (Hughes and Nei 1989;

Hughes and Yeager 1998).
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1.1.2. Origin and maintenance of diversity of MHC alleles
Origin

Polymorphism in MHC alleles could be explained by the generation and
accumulation of point mutations. An attractive possibility is the existence of a hypermutation
process directed towards MHC genes (discussed in (Klein 1978)). However studies based on
statistical methods and computer simulations provided no evidence for increased mutation
rates within the divergent regions of MHC genes (Lundberg and McDevitt 1992; Satta et al.
1993). Alternatively, mutations could accumulate at a slower rate over a long evolutionary
time, as proposed by Jan Klein in the transspecies hypothesis of MHC polymorphism.
According to this hypothesis, most polymorphism in MHC alleles exists prior to speciation
events and is passed on to new species (Klein 1987). A large founding population is assumed,
containing a high number of alleles. Support for the transspecific nature of MHC
polymorphism has come from a series of studies which showed that alleles can be more
similar to alleles found at the orthologous locus in a related species than they are to alleles at
the same locus within the species (McConnell et al. 1988; Wakeland et al. 1990; Klein ef al.
1993; Lienert and Parham 1996). Meanwhile, data has accumulated which indicates that
allelic lineages are indeed old, predating speciation (Hickson and Cann 1997; Bergstrom et al.
1998). It seems, however, that alleles within a lineage are much more recent, which would

agree with more conservative estimations of founder size.

Further evidence supporting the idea of old allelic lineages that then accumulate
diversifying mutations after speciation comes from the finding of new HLA alleles in
Amerindian tribal populations from South America (Parham and Ohta 1996; Cadavid and
Watkins 1997). The new alleles are found predominantly in tribal populations in South
America and appear to result from microrecombinational events involving two alleles that
were present in the founding population. That microrecombination (gene conversion — see
below) is possibly involved in the evolution of MHC sequences also emerges from the visual
inspection of the alignments is the “patchworklike” patterns found in the alleles of MHC
genes (Parham et al. 1989). Perhaps the most striking example of this is the HLA-DPBI locus
(Moonsamy, Suraj et al. 1992; Zangenberg, Huang et al. 1995) in which almost all of the
variation found in the allele set is confined to discrete short regions which appear reassorted
in a one-armed bandit fashion to form new alleles. The patchwork characteristic of
polymorphic variation is found generally in HLA genes and has been repeatedly identified

and commented upon in this context (Parham and Lawlor 1991; Gaur and Nepom 1996) as
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well as in alignments of MHC sequences from other species (rodent and feline: (Wakeland et
al. 1990; Yuhki and O'Brien 1994)). Small segmental exchanges, i.e. gene conversion have
been invoked as the mechanism generating this pattern as a more plausible explanation than

the occurrence of multiple recurrent mutations.

Maintenance

Pathogen driven selection can favor genetic diversity of the MHC through both
heterozygote advantage (overdominance) and frequency-dependent selection (Potts and
Wakeland 1993). Following the frequency-dependent selection hypothesis selection is thought
to favour rare MHC genotypes, since pathogens are more likely to have developed
mechanisms to evade the MHC-dependent immunity encoded by common MHC genotypes.
In the overdominance model all heterozygotes are favored over all homozygotes as proposed
by Flaherty (Flaherty 1988). Several molecular models of pathogen-driven selection have
been presented which were separated into pathogen evasion models (e.g. molecular mimicry)

and host-pathogen interactions (e.g. heterozygote advantage) (Potts and Slev 1995).

Direct MHC associations with specific infectious diseases have been difficult to
demonstrate, probably due to the complexity of host-pathogen interactions. The best known
ones are Marek's disease in chickens (Briles et al. 1977; Briles et al. 1983) ({Briles, 1977
#96}, parasitic infestations in Soay sheep (Paterson, Wilson et al. 1998), and malaria in
humans (Hill ez al. 1991). Only two examples of heterozygote advantage in human infectious
diseases have been reported to date: one for a specific genotype in human immunodeficiency
virus (HIV) infection (Carrington et al. 1999) and another in hepatitis B virus (HBV)
infection (Thursz et al. 1997; Thio, Carrington et al. 1999).

MHC diversity could also be favored by non-pathogen driven mechanisms. An
example is selection through inbreeding depression which acts indirectly by favouring MHC-
based disassortative mating (mating preferences; - the MHC is exploited to discriminate
against genetic similarity at highly polymorphic loci to avoid inbreeding) (Potts et al. 1991;
Ober et al. 1997). Progeny derived from MHC-dissimilar parents would possess increased
fitness because of reduced levels of inbreeding depression and increased resistance to
infectious diseases due to increased MHC heterozygosity. Furthermore reproductive
mechanisms are discussed with respect to MHC diversity. This could be achieved through
mate selection (Penn and Potts 1998), selective fertilization (Ho ef al. 1994; Wedekind et al.

1996), and selective abortion (Hamilton and Hellstrom 1978). The mechanisms involved are
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unknown but the plant self-incompatibility system (Haring et al. 1990) and the invertebrate

allorecognition system (Scofield ef al. 1982) deserve attention in this respect.

1.1.3. Gene conversion as a useful diversifying machine in MHC genes

Gene conversion describes a process in which gene B acts as a sequence donor and
remains unaffected, while gene A receives a block of B sequence and thus turns into a variant
allele. The term gene conversion looks back on a long history. In the 30s Hans Winkler, being
deeply disappointed about the indifference that the scientific community and the journal
Nature conferred to his work, decided to publish an essay, in which he summarised and
analysed cases of non-Mendelian segregation and deduced a theory on ‘“the conversion of
genes (“Die Konversion der Gene”), which was based on a physiological process (Winkler
1930). Until today many models where developed around gene conversion, like the copy-

choice model and the model of Holliday ((Holliday 1964) and reviewed in (Stahl 1994)).

Mechanistically, the phenomenon has best been explained by the double-strand break
repair (DSBR) model of (Szostack et al. 1983). This model originally proposed that
conversion is initiated by a DSB and results from the repair of a double-strand gap
(figure 1-1). DSB formation is followed by exonucleolytic degradation at both the 5’ and, to a
lesser extent, the 3’ termini, creating a double-strand gap with a 3° overhang on either side.
One of the free ends then invades the homologous region in the donor duplex and acts as a
primer for DNA synthesis, so that a D-loop is displaced in the donor and subsequently
enlarged. Eventually, the D-loop anneals to complementary sequences on the 3’ overhang to
the other side of the gap, priming a second round of DNA synthesis from this end. Once the
gap is filled on both strands, ligation ensues resulting in the formation of two Holliday
junctions. Resolution of these junctions in the same plane results in the noncrossover
configuration of flanking markers, whereas resolution in opposite orientations yields a
crossover. Cleavage of the two Holliday junctions independently of each other is predicted to
result in half of all gene conversions being associated with crossovers. Later experimental
observations forced a revision of the model (Sun et al. 1991). It is proposed that after DSB
formation, only the 5’ ends are resected, leaving intact 3’ tails. Annealing of complementary
sequences occurs as before, only in this case long tracts of hDNA (heteroduplex DNA) are
generated beginning at the site of the DSB and extending in both directions (figure 1-1 B)).
Thus, conversion is postulated to result mainly from mismatch correction of hDNA rather

than from gap repair. Recently, it has been suggested that the recombination intermediate in



Introduction

these models could also be resolved via the action of a topoisomerase (Schwacha and
Kleckner 1995) or through cleavage of a single Holliday junction (Gilbertson and Stahl 1996)

(figure 1-2), in which case only noncrossover conversions will be generated.

Under the right conditions, gene conversion has the power to act as a recombination
machine, exploiting the combinatorial possibilities implicit in a system of homologous
sequences each marked by distinctive substitutions introduced by point mutation (Holland
1992; Stemmer 1995). Gene conversion acts in diversifying mode when it creates a new allele
by transferring a segment of differential sequence from a homologous gene. The homologous-
sequence donor may be a tandem (or unlinked) gene, or it may be an allele, and the process
may occur mitotically or meiotically. The essential feature of the diversifying mode is that it
creates recombinant patchwork genes, which have segments of recipient and segments of
donor sequence. In diversifying mode, one end of the conversion tract must lie inside a
segment differing between the two converting sequences. If the conversion tract includes the
whole differential region between the two genes, then conversion acts only in homogenisation

mode and converts the recipient sequence into that of the donor.

The paradigm of diversifying gene conversion is the generation of the chicken
primary immunoglobulin (Ig) repertoire. Chicken Ig variable regions are assembled from
unique functional V (variable) and J (joining) segments both for the light (L) and the heavy
(H) chains (Reynaud et al. 1985; Reynaud et al. 1987; Reynaud et al. 1989). This limited
potential for combinatorial diversity is compensated for by extensive somatic diversification
through gene conversion in the bursa of Fabricius (reviewed by (Weill and Reynaud 1987,
McCormack et al. 1991; Thompson 1992; Bezzubova and Buerstedde 1994; Ratcliffe and
Jacobsen 1994)). In this case, gene conversion is recruited as a locus-specific mechanism
operating in a tissue-regulated manner during a brief period of extensive mitotic proliferation
in B-cell development. The recombining sequences are 75-92% identical, only limited regions
of perfect pairing are required and the resulting conversion tracts are short. Somatic gene
conversion also appears to play a role in the generation of the primary antibody repertoire in

rabbit (Becker and Knight 1990), cattle (Parng et al. 1996), and pig (Butler e al. 1996).
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Figure 1-1. Double-strand gap and DSB repair models. Thin and thick lines represent the two strands of homologous duplexes, with
3'-ends marked by arrowheads and repair synthesis by rows of boxes.. (A) Original gap repair model as described by Szostak et al.
(1983). A DSB is expanded into a double-strand gap. Free ends invade a homologous duplex and prime repair synthesis producing a
double Holliday junction structure. Resolution of Holliday junctions can produce either crossover or noncrossover products; only the
latter are shown. Also not shown is Holliday junction branch migration, which can produce hDNA adjacent to the repaired gap and
lead to conversion via mismatch repair (see Szostak et al. 1983 for details). (B) Modified DSB repair model as described by Sun et al.
(Sun et al. 1991). A DSB is processed to two 3'-extensions, which invade and prime repair synthesis, again producing two Holliday
junctions. This model predicts conversion as a consequence of strand switching between alleles coupled with repair synthesis (thick
line paired with boxed line) and mismatch repair of hDNA (thick line paired with thin line). Again, only noncrossover products aris-
ing without branch migration are shown. (From Nickoloff and Hoekstra 1998).

/ \
B D T D —»/\ i

a
=
o

\/

F

Figure 1-2. Two alternative DSB repair resolutions. The intermediate (A) is the same as in the DSB repair model (Figure x pathway
B). Boxed lines indicate newly synthesised DNA. This intermediate may be resolved by cutting only one Holliday junction (B and
C) or by cutting neither Holliday junction (D and E). In the former case, junction cleavage leaves single-strand nicks on both mole-
cules (B). The remaining Holliday junction is free to move, and eventually slides to the site of the nicks, resulting in resolution to
give (after ligation) the products shown (F). In the latter case, the Holliday junctions converge (D), presumably with the assistance of
a topoisomerase to relieve the supercoiling that will occur when they do. A topoisomerase acts on the final intertwinings (E) to
resolve the two molecules, giving the products shown (F). (From Gilbertson and Stahl 1996).
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1.1.4. The MHC running alongside the red queen?

It was J.B.S. Haldane who first raised the notion that competition between pathogens
and their hosts can lead to stable polymorphisms (Haldane 1949). He also pointed out that it
would be advantageous for a species if genes concerned in disease resistance would be
particularly mutable provided that this mutation process is highly regulated. Examples of
regulated and targeted mechanisms creating variability (e.g. chromosomal rearrangement,
gene conversion, hot spots of mutagenesis) are found in the vertebrate immune system, and
they often find their counterparts in pathogens (Weill and Reynaud 1996). By restricting the
generation of variability to specialised cells and certain regions within the genome (as is the
case for B and T cells in the mammalian immune system) the host diminishes the cost
associated with the generation of genetic variability, which is conform with Haldane's
propositions. Evolution can be regarded as an interplay of genetic variation and phenotypic
selection and mutation is generally recognized as the ultimate source of evolutionary change.
However its relative importance in adaptive processes has been underestimated. Recently the
beneficial effects of raised mutation rates due to distinct mutator mechanisms in Bacteria in
response to stress were extensively discussed (Taddei et al. 1997; Radman et al. 1999).
Non-minimal mutation rates could be linked to the intensity of selective pressure, a trait
which would go along with the red queen hypothesis as proposed by Van Valen (Valen 1973).
It is tempting to consider that similar processes apply to MHC genes, but the issue has to

remain highly speculative for the moment.

Gene conversion is certainly an attractive candidate as a process introducing
variability in a highly efficient way with regards to pathogen-challenge response into MHC

genes. This leads us to the gene conversion hypothesis of MHC evolution.

1.1.5. The gene conversion hypothesis of MHC evolution

Patterns of allelic variation between MHC genes are inconsistent with simple
mutational divergence from a series of ancestral sequences by point substitution in
independent lineages (see also 1.1.2. - Origin and maintenance of diversity of MHC alleles).
The patchwork-like pattern of variation which emerges from the visual inspection of MHC
alignments can best be explained by gene conversion. The linear array of substitutions which
characterise alleles and homologues of MHC genes have individually arisen de novo by point

mutation. Microrecombination of such point mutational variation by gene conversion is an
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efficient generator of new peptide-binding grooves on which natural selection may act. This is

the gene conversion hypothesis of MHC evolution.

We have distinguished two forms of the gene conversion hypothesis, which we have
called strong and weak on the basis of the adaptive significance attributed to the gene
conversion process in MHC genes (Martinsohn et al. 1999). The weak form accepts that
observed singular events resembling gene conversions, as well as historical evidence based on
sequence alignments, may record genuine gene conversions, but makes no claims about the
special significance of the process; the strong form asserts that diversification of MHC alleles
by gene conversion is a powerful force for optimising sequence variability and pattern. In the
weak form, gene conversion is an inevitable genetic process affecting homologous genes,
whether tandem or allelic, with no special significance for the evolution of MHC genes; in the
strong form the existence of adaptations is anticipated, structural and mechanistic, which
facilitate gene conversions in the right place on the right genes and in the right tissues. The
weak form makes no claims for a specific connection between this potential mutator and
pathogen variation; in the strong model, gene conversion functions as an adaptive mutator

under selection, functionally related to the unpredictability of infectious pathogen selection.

1.2. Evidence for gene conversion in the mouse MHC

The most compelling evidence for the occurrence of gene conversion in MHC genes
comes from the documented instances of spontaneous class I gene mutation in the laboratory
mouse. Over 40 mutational events have been recorded in the MHC, both in the renowned
screening programmes in mice, mainly carried out in the laboratories of [.K. Egorov, D.W.
Bailey, H.I. Kohn, and R.W. Melvold, and in occasional independent studies. Altogether over
150 000 mice were screened by skin grafting for the expression of anomalous transplantation
specificities ((Bailey and Usama 1960; Bailey and Kohn 1965; Bailey 1966) and reviewed in
(Klein 1978; Nathenson et al. 1986; Melvold et al. 1990; Melvold et al. 1997; Pease et al.

1991; Martinsohn et al. 1999). The in vivo mutants documented so far are listed in table 1-1.

1.2.1. Characteristics

The first numbered MHC mutation from the screen, originally known as Hzl,
subsequently H2ba and finally H2-K™ | is exemplary for the whole set (figure 1-3). The
mutation occurred in the third exon, the a2 domain of the class I heavy-chain gene K’ , and

involves the replacement of the wildtype sequence over a stretch of 13 consecutive
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nucleotides with a homologous segment containing 7 novel residues. These residues can be
found in another class I gene, Q10° , mapping about 1 megabase (Mb) telomeric to K’
(Mellor, Weiss et al. 1983), which, elsewhere, differs extensively in sequence from K’ . The

three key features of K™ are:

(1) the mutation appears to involve sequence transfer from an identifiable donor in

the same genome;
(2) the mutation cannot be explained by a simple crossover event;

(3) the tract length of the apparent double crossover is very short (in the case of bm1,
13 bp minimum, 50 bp maximum to the flanking markers on both sides of the mutational

event).

These properties were immediately recognised as carrying the stamp of the gene
conversion process, already proposed to be active in MHC genes on other grounds (Evans ef
al. 1982; Gachelin et al. 1982; Mellor et al. 1983). The amino acid substitutions in H2 K"
result in radical structural alterations to the peptide-binding site (I. Wilson, -as cited in
(Martinsohn et al. 1999)). These in turn cause the reported “gain-and-loss” immunological
specificity of the mutant; that is, the mutant molecule no longer expresses all the T-cell
epitopes of the parental K, and in addition, expresses novel epitopes of its own. H2 K™ is a
major histocompatibility antigen (Widmer and Macdonald 1980) and a novel restriction

specificity.

All mutations in H2 class I genes that have been reported occurred in exon 2 or 3,
which encode the peptide binding groove of MHC molecules. This might well be due to the
fact that the detection assay relies on the presence of strong rejection antigens. This seems to
be confirmed by hm29, which was detected by serological anomaly (Horton et al. 1991), and
which does not affect the peptide bindig cleft, and does not induce graft rejection in the

appropriate tests.
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Figure 1-3. Alignment of the nucleotide sequences of Kb, Kbm1 and Q10 genes from codon 145 to 162. (adapted in part from Geliebter
and Nathenson (Geliebter and Nathenson 1987))

1.2.2. Frequencies

40 gene conversion mutants detected among approximately 150 000 screened mice
give an overall frequency of 2-3X10™ per gene per generation. Correction for the number of
fully documented conversions reduces this figure by roughly half. At first sight this seems to
be a high mutation rate compared to other exmined loci (Schlager and Dickie 1971; Schlager
1972; Russel and Russel 1992). But in fact most of the excess frequency in MHC gene
mutations can be attributed to the K” allele alone. Within the group of K’ mutations, a further
bias is visible since 9 of altogether 22 K” mutants belong to the “bg”-group (table 1-1). The
other H2 genes examined show mutation rates which may be as much as an order of
magnitude lower and therefore in the range of frequencies observed for non-MHC genes (see
discussion in (Martinsohn et al. 1999)). However in general frequency estimates based on the

mouse screen are probably too low due to the requirement of immunogenicity in the assay.

1.2.3. Interlocus and interallelic conversions

All of the mice used in the parental generation during the skin grafting screen were
inbred, so that interallelic exchanges could not have been detected. The HLA allele sets show
a high degree of locus-specific differentiation and the predominant mode of exchange appears

to be interallelic (Huang et al. 1995; Parham et al. 1995; Zangenberg et al. 1995). However,

- 13-



Introduction

the human allele set is viewed only after selection and may be relatively uninformative about
the relative frequencies of primary events. Thus the dichotomy between interlocus exchanges
in mouse and interallelic exchanges in human may well be more apparent than real. The
underlying issue, however, concerns the nature of the cellular mechanisms involved in the
two classes of exchange: interallelic exchanges are probably meiotic, while interlocus

exchanges may as easily be mitotic as meiotic events.

1.2.4. Acceptors and donors

All the experimentally determined class I mutations were in classical genes, while
both classical and non-classical genes appear to have participated as donors. This bias can
also be attributed to the conditions set by the assay (skin grafting: strong transplantation
reaction) and therefore there is no support for the view that the class I gene conversion
mutations show nonclassical to classical directionality. The striking predominance of Q4” in
the dataset as a potential donor gene has often been noted and attributed to the large tract of
sequence identity between this gene and K? surrounding the two base pair (bp) disparities
associated with the “bg” group of mutations (Geliebter et al. 1986). Some mutations differ
from the wild type at a single coding base, and could therefore reasonably be attributed to
untemplated single point mutation. However, in all these cases, potential donor genes carrying
the appropriate sequence are available in the known class I gene set for the donor haplotype.
For the two mutations bm3 and bm23, no one donor gene in the parental genome is known
which accounts for all the substitutions. Extrachromosomal cDNA intermediates have been

invoked to account for these complex mutation clusters (Pease et al. 1993).

1.2.5. Multiple mutant births

In three of the reported H2 mutants, bm6, bm9, and bm23, the parents produced
clusters of identical mutant offspring (Melvold et al. 1982; Egorov and Egorov 1984),
suggesting gonadal chimerism as a result of a mitotic mutational event during germ cell
expansion (Geliebter et al. 1986; Pease et al. 1991). In two cases (bm9 and bm23), the
mutation originated in the female germ line; in bmé6 it could not be determined. The history
and genealogy of these mutations is documented ((Egorov and Egorov 1984) and personal
communication; (Melvold et al 1982) and personal communication and for detailed
genealogy see tables 2 to 4 in (Martinsohn et al. 1999)). Before considering the gonadal
chimerism interpretation further, it is important to exclude the trivial possibility that one of

the parents of each of the three affected litters was in fact already heterozygous for the
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mutation. Although the parents of each mating were tested before establishment of the pair,
none of the pairs generating multiple mutant births were retested after the mutant births were
detected, allowing the possibility of a husbandry error. The overall numbers for the three
multiple mutant families were: bm6, 3 mutant out of 14 progeny tested; bm9, 5 mutant out of
20 progeny tested; bm23, 4 mutant out of 6 progeny tested. None of these values is
inconsistent with a heterozygous parent. If husbandry error is excluded, however, the
frequency of mutants is extraordinarily high. The mutants are not monozygotic siblings, since
in each case both sexes were represented and in the case of bm23 appeared in two litters. For
bm9 and bm23, the mutation must have occurred in the female germ line. On the face of it,
these mutants must have been derived from gonads chimeric to the level of 20— 50%. Such
high values imply genetic events occurring at a time when the germ cell primordium contains
only two to four cells. The number of founder primordial germ cells appears to be higher,
possibly considerably higher, than this (Ginsburg et al. 1990). Such levels of chimerism in the
germ cell pool therefore seem to imply high levels of chimerism outside the germ cell pool in
the mother. It is not clear whether this would have been detected by the screening of the
parents: wild-type grafts would be accepted, while grafts from either parent to wild type
would be accepted to the extent that they contained wild-type cells. A curious aspect of the
data is the clustering of the mutant births into single litters in the case of bm6 (in sum 5 litters
recorded) and hm9 (in sum 3 litters recorded). This might indicate that the overall frequency
of the mutant germ cells in the respective parental animals was after all not high. A possibility
is that the mutations indeed occurred among the primordial germ cell pool, and during further
mitotic division, a cluster of closely neighboured mutant cells stayed together until
fertilization. Recent findings indeed indicate that in mouse ovaries, the germ cells sit together
in clonal clusters of up to 16 cells. These go through mitotic cycles in synchrony and are
interconnected by cytoplasmic processes (Pepling and Spradling 1998; Pepling et al. 1999). If
the germ cells in these synchronized clusters are also ovulated at the same time, which is not
yet known, single litters containing more than one individual carrying a rare mutation could
be accounted for. Analysis of the representation in litters of genotypes from female gonadal
chimeras established experimentally through embryonic stem cell technology will confirm or
refute this possibility. Despite the complexities detailed above, the multiple mutant births
have always been assumed to represent the result of mutation during mitotic expansion of
germ cells (Klein 1978; Geliebter ef al. 1986; Pease et al. 1991). Consistent with this view,
recent experimental work has shown that mitotic germ cells in the male gonad are competent

to effect interlocus gene conversion at a significant rate (Murti et al. 1992), and surprisingly
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gene conversion in trans between the MHC class II A/ and E/f loci has also been claimed for
premeiotic male germ cells (Hogstrand and Bohme 1997). Thus the multiple mutant births
appear to have focused attention on mitotic recombination processes in the MHC, a feature
which brings them into comparison with the highly regulated gene conversion processes
occurring in immunoglobulin genes during the mitotic expansion of pre-B cells and the

formation of the B-cell repertoire in chickens and rabbits (see above).

1.2.6. Sex bias

For the mutants available to them at the time, (Loh and Baltimore 1984) observed
that the mutation must have occurred in the female germ line in all 16/16 cases where the
haplotype of origin could be determined. table 1-1 includes two further mutants, dm4 and
dm6, both single base exchanges which are not excluded as gene conversions in which the
mutations arose on the paternal chromosome. Both dm4 and dm6 were induced by mutagens.
Melvold and coworkers (1997) have pointed out that the observed female bias may arise from
the combination of two other biases, namely the excess mutation rate in K’ discussed above
and the fact that in this screening program, fivefold more animals were screened in which the
maternal haplotype was b than vice versa. Experimental investigations into gene conversion
processes in mice have focused for technical reasons on events occurring in the male germ
line (Murti et al. 1992; Hogstrand and Bohme 1994). In summary, it is not yet clear if and to

what extent gene conversion in the mouse MHC occurs preferentially in the female germ line.

The H2 mutants found by in vivo screening have been extremely influential in
guiding the current general acceptance that a process leading to gene conversion-like events in
the MHC occurs in the mammalian germ line (Pittman and Schimenti 1998). Nevertheless,
much still remains unknown or unclear. Frequency, specificity, directionality, all need
extensive further analysis. Are the events meiotic or mitotic? Do they occur in frans as well as
in cis? Is there really a sex bias involved? While these mutants were invaluable for the
stimulation of certain hypothesis, at the same time they did not provide any conclusive
answer. This is mainly due to the fact that despite the impressive number of animals screened
in the combined skin grafting approach, the sample size is still to small to gain enough data
allowing conclusive statements. All the issues which rose with the detection of the in vivo H2
mutants finally flow into the question whether gene conversion in mouse MHC genes is a

regulated adaptive machine, or merely the expression of inevitable genomic processes read
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out in a system in which unit events are relatively easy to detect. - It is unlikely that further

progress can be made in this discussion until a high-throughput general method is developed

for determining mutations directly in MHC genes in tissues. The next section describes some

recent progress in this direction.

Table 1-1. Summary of recorded in vivo H2 mutants (taken from Martinsohn et al. 1999)

name other | locus donor original mutant™ H2 gain position altered altered nucleotides/ maximal reference
names' genes' [sex] or AA ;zﬁi:gﬁg: extension” {m}= mutant
loss™ {s}= sequence"
bml H2", K QI0° (B6By X CBy)F1 [f] | bxd GL 152 E>A 713 50 [1] {m}
Hzl 155 R—>Y [21[31[41[5] {s}
156 LY
bm2"" | H2"; K (B6By X CBy)F1 [f] | bxd GL 155 R>Y [1][7] {m};
Hz49 156 L>Y [6] {s}
bm3"" | H2*; K® complex™ | B6JY b GL 77 DS 4/38 extension into [ [7] {m}
M505 @¥-Q10") 89 K>A ment | o) gs
bm4 H2", K T5 (B6By X CBy)F1 bxd GL 162 G—D 6/37 62 [7][11] {m}
Hz170 163 TP [9] {s}
165 VoL
173 K—E
174 N>L
bm5 H2%! K® Q4>  or | B6Kh b GL 116 Y—F 1/1 36 [71012][13][20] {m}
) Q7b_Q9b [f] [14][15] {s}
bmé6 H2%? K® Q4° B6Kh b GL 116 Y—>F 2/15 95 [12][13] {m}
(,bg") [2f; 1m] 121 C»R [16][17][19] {s}
bm?7 H2%3 K® Q4° (B6Kh X CKh)F1 bxd GL 116 Y—F [12][18] {m}
(,bg") [m] 121 C»R [19] {s}
bm8 H2™ K® 2Q4°* B6Kh b GL 22 YF 7/24 95 [20] {m}
[m] 23 M-I [21] {s}
24 E—>S
26 silent (GGC—>GGT)
30 D>N
bm9 H2" K Q4° (B6Kh X CKh)F1 bxd GL 116 Y>F 2/15 95 [12][18] {m}
(,bg*) [1f,4m] 121 C»R [17][19] {s}
bml10 | H2Y K K1 (B6Kh X CKh)F1 bxd GL 163 T>A 6/35 >79% [12][18] {m}
[m] 165 VoM [9] {s}
167 W—S
173 K—E
174 N>L
bmll | H2™ K DP (B6Kh X CKh)F1 bxd GL 77 D—S 3/11 45 [12][18] {m}
[m] 80 TH>N [9] {s}
bml12 | H2™ Ab® | EP® (B6Kh X CKh)F1 bxd GL 68 I>F 3/15 44 [22] {m}
[f] 71 R—>Q [23][24]1[25] {s}
72 T5K
bml13 | H2™ D° K" (B6Kh X CKh)F1 bxd GL 114 L—-Q 4/17 36 [18] {m}
[m] 116 F>Y 26] {s}
118silent(TAT-TAC)
119 E5D
bmi4 | H2"; D° many B6.C-H(z-w42) b GL 70 Q—H 1/1 [27] {m}
zw42 possible™ [26] {s}
bml5 | M513 (B10/Sm X B10.D2) see L [28] {m}
F1; [f] [28]
bm16 K® B6Kh b 116 Y>F 1[14] {m}
1{s}
(”bg“)
bm17 K B6Kh [m] b GL 116 YoF [12][13] {m}
(-bg*) 121 C»R [15] {s}
bml8 K® (B6Kh X CKh)FI bxd GL [12][29] {m}
(bg)™ [f]
bm19 K® (B6Kh X CKh)FI bxd GL [12][29] {m}
[f]
bm20 K (B6Kh X CKh)F1 bxd GL [12][29] {m}
(bgy™" [f]
bm21 K® (B6Kh X CKh)FI bxd GL [12][29] {m}
[f]
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bm22 K B6Kh b GL [12][29] {m}
| [m]
bm23 | M568 | K° complex™ | (B10SnEg X see GL 63 silent 5/43 [30] {m}
(106 i | B10.D2/nSnEg)F1 [30] (GAG-GAA) [10] {s}
or Db) [3f; 1m] 75 R—H
77 D—S
bm24 D* K" B10ScNCr b GL 63 silent 8/51 93 [31] {m}
xviit (GAA—-GAG) [26] {s}
70 Q>N
73 W—-S
77 S—»>D
80 N>T
bm25 K° B10.RII(7INS)F1 b [53] {m}
bm26™ K® H2°/H2™ b L [32] {m}
bm27 H2b H2°/H2° i b [32] {m}
bm28 D Multiple | BL6By b 97 QW 4/19 [33] {m}
xxiii 99 S—»Y [34] {S}
103 silent
(TTG—>CTG)
bm29 K many ((C3H.CAS3(R4) X see 89 K—A 2/2 [35] {m; s}
possible | B6)F1 X (C3H.CAS [35]
3(R4) X B6)F1)F1
KB-98 K® B6Kh b 116 YSF [15] {m; s}
(::bg")
KB-96 H2K B6Kh b GL [7] {m}
KB-97 B6Kh b GL [7] {m}
[m]
KH- H2K® (B6Kh x CKh)F1 bxd GL [7] {m}
170 [m]
KH- H2K® (B6Kh x CKh)FI [f] bxd GL [7] {m}
171
dml | H2® | DL’ (B10/Sm X B10.D2) | bxd GL [8] {m}
M504 o S [44] [45] {s}
gene
dm2 H2® L CKh d L | deletion mutant [46] {m}
XXV deleted [47] {s}
dm3 H2* H2! (B6Kh X CKh)F1 bxd L [13][29] {s}
XX1V [f_l
dm4™ | H2% K? Ld™ (B6Kh X CKh)F1 bxd GL | 114Q—E 1/1 [48] {m}
[m] [49] {s}
dm5 K¢ T3¢ (CKh X B6Kh)F1 dxb GL | 158 A>T 1/1 [50] {m}
T8 | [f] [49] {s}
dm6 D? many (B6Kh X CBy)F1 bxd L 133 W—R 1/1 [51] {m}
oodii possible | [f] [52] is}
dm7 H2d (B10.D2/nSnEg X B | dxb GL [32] {m}
10SnEg)F1
KH-16 H2d (B6 X C)F1 bxd L [29] {m}
6A XXXIV [fJ
KH- H2d (B6 X C)F1 bxd L [29] {m}
188xxxv XXXVI [f_l
KH- Ko (CKh x B6Kh)F1 [f] dxb GL [7] {m}
162A -A*
fml H2"; K D (A.CA/SnKIEg X A. fxa GL | 94 silent (ACAACG) 4/9 71 [28] {m}
M506 Sn)F1 95 LI [41] {s}
[f] 97 VR
fm2 H2P; D' K’ (BIO.M X fxr GL | 62P—R 1/1 47 [42] {m}
FB B10.RIN[71NS])F1 [43] {s}
kml H2k K* pH21II CBA/CaLacSto k GL | 152D—A /1 >72°i ] 136] {m}
M523 [f] [371(38] {s}
km2 K* D* C3HfB/HeN k GL | 95F—>I 4/14 45 [39][40] {m}
96 silent (CAA—>CAG) [39] {s}
98 M—L
99 Y-S
s (B6.C-H2™ X bmlx [13] {m}
revertant B6.C-H2™¥/H2")F1 | bml8/b
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bm23, a new Kb mutant similar to, but not identical with

f_Lists former designations of mutants as to facilitate orientation in original literature.

" Proposed donor genes based on sequence identity at homologous positions to the mutated locus.

"B6=C57BL/6; C=BALB/c; B10=C57BL/10

¥ Skin graft reaction. G=Gain; L=Loss

¥ The number of consecutive, identical nucleotides between the mutant recipient gene and the donor gene in the region of the
substitution.
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* Aminoacid or nucleotide sequence.

¥il It might be that bm1 and bm2 do not represent independent mutants [6].

Vil The bm3 mutation was detected by a complicated skin grafting-scheme in the Yurlovo subline of the C57BL/6] strain [7].
This mutant was detected only when it already segregated in a colony of inbred mice. The precise generation that gave rise to
the mutation could not be determined [10]. Additionally to the nucleotide substitutions leading to the aminoacid exchanges a
single base substitution was found in the second intron [10].

X See reference [10].

* Genomic Southern analysis was performed with spleen DNA from parental B6 and H2K"™ DNA. Hybridization was
performed with an oligonucleotide specific for the K™ mutation. Two bands appeared, one corresponding to Q4° and the
other one remained unidentified. It can therefore not be excluded that an uncharacterized MHC class I gene or another gene
served as a donor in the K®™ mutation [21].

* The K™'° and K1 genes are identical in at least 79 consecutive nucleotides, beginning from codon 157 and extending into
intron 3. Because the K™ sequence was determined by mRNA sequencing, the intron sequence was not obtainable, and the
maximum recombination between K® and K1 is not known [9].

*i Hemmi et al. (1988) proposed several possible donors: K® Q4; Q7; Q8; Q9; Q10; T3" (T1°-T5) [26].

xiit A histocompatibility mosaic: six grafts of the (B10 X B10.D2) F1 female no. 513 were rejected by B10 mice; of grafts on
B10.D2 mice four were rejected on days 12 or 13 but two survived over 40 days. The mutant carriers were found among
(BC1 X BC1)F1 progeny [28].

¥ Mutant was found segregating in the B6Kh colony in the Netherlands when tests were performed for homogeneity, and a
coisogenic line has been developed (C.J.M. Melief, et al., unpublished results as cited in [14]. See also [12]).

* The mutant was lost prior to structural analysis but was included into the ,,bg*-group based on skin graft compatibility
[12][29].

i The mutant was lost prior to structural analysis but was included into the ,,bg“-group based on skin graft compatibility
[12][13][29].

Wil Gee reference [10].

Wil Already segregating in stock when identified [13].

*X Detected by tumour transplantation [32].

™ Starting with B10 mice a complex breeding pattern was employed involving B10.D2 mice during the syngeneic tumour
transplantation protocol, which was used to detect H2 mutants [32].

i detected by tumour transplantation [32].

il Starting with B10 mice a complex breeding pattern was employed involving B10.D2 mice during the syngeneic tumour
transplantation protocol, which was used to detect H2 mutants [32].

il Prom cosmid hybridyzation analysis and comparison to nucleotide sequences, it was predicted that Q5% Q6% Q7° Q8";
Q9% Q10° and T12° could have served as potential donors for codons 97 and 99, and Q2" as well as T3 for codon 103. As
for K™ and K™ a complex gene conversion event involving two donors is proposed [34].

N This mutant was detected by the loss of affinity of a monoclonal antibody instead of skin grafting. The mutant appeared
to be identical to the parental K® by skin grafting and serological analysis [35].

¥ The potential donor gene in this gene conversion-like event cannot be identified because several genes present in the
parent such as K, D®, Q2*, Q4" and Q4° contain the same nucleotide configuration as K*™ at position 89.

¥ Induced mutant. Arose as an offspring from a B10.D2 father which had been treated with DES [44].

il The Dm1 gene is a hybrid of the 5” end of the D gene and the 3’end of the L® gene, with the region in between the two
genes deleted [46]. Presumably represents an unequal crossover.

il Already segregating in stock when identified [29]. Presumably represents an unequal crossover.

X Mapped to H2 complex but not assigned to a specific locus, as the mutant got lost due to breeding difficulties. The K, I-A,
and D loci were excluded by complementation testing and the L locus is proposed to be most likely involved in this event
[29].

** Male offspring of an irradiated BALB/c male [49].

i Single nucleotide substitution. LY contains same sequence at homologous position [50].

i Single nucleotide substitution. T3 and T18° contain same sequence at homologous position [50].

il Bather had been treated with ENU [52]. The H2%™ mouse strain got lost after 10 generations of backcrossing onto the
BALB/c background [53].

¥ Dye to breeding failure no further mapping data within the H2 haplotype was obtained [29].

¥ X -ray treatment applied to BALB/c father [29].

i preliminary data suggested that H2L was involved, but the mutant was lost before further testing [29].

il The Asn male of the parents was treated with DES and mated to A.Ca females at the age of 60-70 days [28].

il The 3° boundary of the potential gene donation was not accurately defined because the sequence of pH2III is identical
to K at every codon 3’ to the mutation site through codon160, beyond which the pH2III sequence was unknown [37].

XX This mutant was found by syngeneic tumour transplantation. It was already segregating in the colony when detected
[39][40].

XXX A apparent reverse mutation of K™ found in the course of complementation testing to map the H2"™® mutation. A
female who should have been K®™/K® had the phenotype K*K", by direct skin grafting and by the fact that all 13 of her
progeny inherited an apparently normal H2® haplotype from her [13].
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1.3. In vitro analyis of recombinatorial events in mammals

The study of meiotic recombination mechanisms in mammals faces several
constraints (reviewed in (Pittman and Schimenti 1998)). A major obstacle is the low
frequency of events. Thousands of animals have to be screened before recombinations are
found, and to obtain statistically significant numbers becomes a gigantic endeavour. Such an
approach was used for mouse MHC genes, as described above. On the other hand, the
formation of male and female gametes is preceded by extensive phases of mitotic expansion.
When the analysis focuses on progeny or sperm pools, mitotic recombination events in
primordial germ cells or gonadal cells cannot be distinguished from meiotic events, as is the
case for the MHC mutations uncovered in laboratory mice. Finally, segregation patterns in
individual meiosis cannot be followed as it is not possible to recover all the products of a
meiosis in the mammalian germ line. This is in contrast to fungi in which gene conversion
was first examined (Orr-Weaver and Szostak 1985). As a consequence gene conversion
becomes indistinguishable from a double crossover, which has forced cautious descriptions of

the process under the designation of gene conversion-like event or microrecombination.

Because mammalian meiosis is not easily accessible for examination, most studies of
mammalian recombination have looked at mitosis in cultured cells. The strategy most
commonly employed for the study of homologous recombination involves monitoring the
reconstruction, via recombination between two artificial defective sequences, of a gene
encoding a selectable marker. This approach has been used more extensively on
extrachromosomal substrates but intrachromosomal recombination and gene targeting have
also been assessed (reviewed in (Bollag et al. 1989)). More recent studies often rely on the
expression of rare-cutting endonucleases to introduce DSBs into very specific locations, thus
inducing homologous recombination above spontaneous levels (reviewed in (Jasin 1996)). In
this case, recombinational repair of DSBs is used as a magnifying glass to look at homologous

recombination.

Together these and other studies have indicated that, contrary to yeast which mainly
repairs DSBs through conservative homologous recombination, mammalian cells have a very
efficient nonhomologous end-joining (NHEJ) repair pathway which appears to be

preferentially used. Moreover, homologous recombination in mammals can be -either
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conservative or nonconservative. The former relates to the DSBR model of yeast
recombination, whereas the latter is best explained by the single-strand annealing (SSA)
method. SSA involves degradation of DNA ends by a single-strand exonuclease to expose
complementary single strands in two homologous regions, which then anneal to form an
apparent crossover product. This model is mainly used to explain certain gene targeting and
intrachromosomal events, as it would lead to accentric and/or dicentric products if it were to
occur between unlinked chromosomal repeats. The next paragraphs briefly review studies
designed to look specifically at mitotic intrachromosomal homologous recombination through
conservative mechanisms, bearing in mind the laboratory mouse MHC mutants discussed
above are hypothesised to result from segmental exchanges between paralogous loci in cis

occurring during the mitotic phase of primordial germ cell expansion.

1.3.1. Intrachromosomal recombination

Rates of spontaneous intrachromosomal recombination (ICR) typically fall in the
range of 10°-10” upon correction for copy number. Interestingly, this value is only one order
of magnitude below estimates of overall conversion rates in MHC genes. Line-to-line
variation in such transgenic studies is assumed to derive from position effects reflecting
properties specific to the chromosomal region in which the recombination substrate integrates
such as chromatin structure and transcription activity (Bollag et al. 1989). Homologous
recombination between tandemly repeated chromosomal sequences can be stimulated by a
DSB within the region of homology from tenfold to several orders of magnitude (Brenneman
et al. 1996; Liang et al. 1996, Sargent et al. 1997; Taghian and Nickoloff 1997; Donoho et al.
1998; Liang et al. 1998).

Relative amounts of homologous and nonhomologous recombination in the repair of
DSBs within repeated sequences are somewhat controversial, however, in some cases
recombinational repair appears to account for a significant fraction of total repair events
(Liang et al. 1996; Sargent et al. 1997; Liang et al. 1998). Intrachromosomal homologous
recombination proceeds either by SSA or DSBR, though it has been suggested that the latter
may predominate (Taghian and Nickoloff 1997). In conservative ICR, gene conversions have
been found to predominate relative to reciprocal exchanges (Liskay ef al. 1984). On the other
hand, gene conversion can accompany crossover during ICR, stressing the potential

mechanistic relationship between the two processes (Bollag and Liskay 1988).
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Intrachromosomal gene conversion involves the transfer of contiguous tracts of
information of varying lengths (Liskay and Stachelek 1986). The minimal length of perfect
homology required for efficient ICR in mammalian cells appears to be between 134 and 232
bp (Waldman and Liskay 1988). Shorter homology arms seem to be required for conversion
events within MHC genes, as documented also for conversions in the variable region of

chicken Igs.

1.3.2. Regulation of homologous recombination in mammalian genomes

In complex organisms with complex genomes,the action of homologous
recombination is predicted to be prone to deleterious consequences. Thus, it is speculated that
homologous repair might be favored only when sister chromatids are available and is replaced
by NHEJ once this is not the case (Liang ef al. 1998). Such a strategy would bypass the
potential of allelic recombination for reduction to homozygosity (Moynahan and Jasin 1997)
and the risk of major genomic rearrangements from ectopic recombination between repetitive
elements. Several levels of control may have been developed to maintain the integrity of
mammalian genomes. Sequence divergence suppresses recombination. Repeats on
heterologous chromosomes or at distant locations on the same chromosome recombine at
reduced frequencies. And when interchromosomal recombination does occur, crossover
events are repressed (Richardson ef al. 1998). The lack of crossovers may be a reflection of
the predominance of short tract gene conversion events in which recombination does not
extend to distances long enough to permit crossover events (Taghian and Nickoloff 1997;
Richardson ef al. 1998). Gene targeting experiments have detected a decline in recombination
frequencies of up to sixfold for 0.8 to1.2% sequence divergence (Elliott et al. 1998). In mouse
cells, intra- and extrachromosomal recombination are differentially affected by sequence
heterology in that 19% bp mismatch between recombining sequences reduces the former by a
factor of more than a 1000, whereas the latter is reduced only by a factor of 3—15 (Waldman
and Liskay 1987). ICR rates are determined primarily by the length of the longest stretch of
uninterrupted homology rather than by the overall amount of heterology between two
sequences. Single-nucleotide heterologies are most probably able to disrupt the minimal
efficient recombination target. However, once recombination is initiated within stretches of
perfect homology, it can propagate through adjacent regions of heterology, suggesting that
sequence divergence exerts its impact on early recombination steps (Waldman and Liskay
1988). In frame with these results, sequence divergence should preclude recombination

between MHC genes and in the chicken immunoglobulin loci (see 1.1. - Gene conversion as a
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useful diversifying machine in MHC genes). Interestingly, it has been proposed that the
introduction of DSBs might alleviate homology length requirements (Elliott et al. 1998;
Taghian et al. 1998). Suppression of homologous recombination by sequence divergence
between recombining substrates is at least to some extent mediated by the MMR system,
since mutations in MMR genes can partially overcome some of the barrier to recombination
between homologous but not identical DNA sequences (de Wind ef al 1995). This
observation suggests the possibility that down regulation of MMR could be required to elude

the vigilance against heterologous recombination.

1.4. In vitro analysis of gene conversion events in MHC genes

The detection of gene conversion mutations in tissues is difficult. From the mouse
skin grafting data summarized above, the overall (i.e., sequence nonspecific) mutation rate
was about 10 per gamete. It seems clear that at this frequency a polymerase chain reaction
(PCR)-based analytical approach is obligatory for the detection of mutant segments. The
nature of the problem itself, however, presents peculiar difficulties for such an approach. The
very class of event to be detected, namely recombination between two homologous genomic
sequences, is precisely the class of sequence the PCR is best adapted to generate artifactually,
through “jumping” or false annealing of primers or partial extension products to homologous
targets in the genomic DNA pool (Dieffenbach and Dveksler 1995). Such artifacts are
indistinguishable from true recombinational events. Recently, however, three independent
PCR-based systems have been developed which circumvent these obstacles and have
generated valuable new information about the nature and frequency of conversion-like events
in the MHC. All three systems analyse MHC class I genes, which possess more favourable
properties than class I for such analyses. We further describe two experimental models
involving transgenesis which may suggest future avenues for exploring this problem in the

MHC.

1.4.1. PCR-based analysis of gene conversion events in the mouse class II gene Ab

Only one MHC class II gene conversion event has been identified in the mouse,
namely H2"™?. In this event, a segment of the second exon of the nonexpressed £’ gene was
transferred in cis to the expressed A,b‘h gene (see table 1-1) (McKenzie et al. 1979). Hogstrand
and Bohme (1994) designed a clever PCR-based system to detect similarly structured

conversions in frans between the two expressed genes Ef’ and A" in (dXk)F1 heterozygous
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males. By placing one primer partially in the putative donor conversion tract and the other in
the recipient gene, the authors were able to identify rare trans events in F1 cellular DNA with
artifact frequencies well controlled by use of a comparable mix of DNA from the two
homozygotes. The frequency of gene conversion between Ef° and AS* was 2X10° per DNA
molecule for sperm cells and more than two orders of magnitude lower in somatic tissue (liver
cells). Sequencing revealed minimal conversion tract lengths of 13 to 104 nucleotides. Since
one of the oligonucleotides primed within the presumed donor sequence, only one breakpoint
of the recorded events could be inferred. Hogstrand and Bohme (1997, 1998) have
subsequently exploited the same approach to analyze a number of aspects of the MHC gene
conversion process discussed above. Because event frequencies did not alter in spermatogenic
cells of different stages, the authors proposed that gene conversion in the MHC in the male
germ line may be a premeiotic event. In a modification of the assay to detect cis events, the
authors suggest that different haplotypes may have different intrinsic event frequencies.
However, by losing the key mixed parental DNA control on artifactual events, this result is
perhaps of lower significance for the time being. Mutagenic agents known to cause double-
strand breaks (y-irradiation and the chemical etoposide) induced a significant increase in trans
conversion-like events (Hogstrand and Bohme 1999). Despite evident limitations in this
system, the Hogstrand and Bohme assay has provided the first novel data concerning gene

conversion events in the mouse MHC since the skin grafting assays.

1.4.2. PCR-based analysis of gene conversion events in the human class /7 gene DPB1
The extraordinary combinatorial character of polymorphism in the DPBI alleles of
human has stimulated two attempts to document novel gene conversion events at this locus in
human male germ cells. In one approach, a specific PCR was performed for exon 2 of HLA-
DPBI on sorted single sperm derived from a heterozygous individual (DPBI1*0301/0401),
taking advantage of the six distinct polymorphic regions as markers for gene conversion-like
events (Huang et al. 1995). Mutations were detected by direct sequencing of PCR product. Of
800 sperm analyzed, one possible gene conversion-like event was detected in which the allele
*0301 served as a donor towards the allele *0401. The tract length was at least 61 bases and
the event was accompanied by a single untemplated base pair substitution. The single gene
conversion-like event generated the DPBI*02012 allele. All obvious sources of
contamination with this allele were excluded. In three further samples, unrepaired
heteroduplex DNA was detected, reminiscent of postmeiotic segregation in yeast. For the time

being, this peculiar observation stands alone for mammalian genes. In the second approach,
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exon 2 of DPBI of heterozygous individuals was analyzed by allele-specific PCR in pools of
50 sperm cells followed by differential oligonucleotide typing specific for polymorphic
segments of the other allele (Zangenberg et al. 1995). Nine presumed gene conversion-like
events were recovered from a total of 111 675 haploid genomes. The maximum tract length
was in one case 59 bases, in all other cases around 130 bases. Of the nine detected new DPBI
sequences in this experiment, five were identical to the known DPBI*2301 allele. Despite
admirable controls, the possibility of laboratory contamination could not be conclusively
excluded. In two other cases, the variant sequences were characterized by exchanges of five
nucleotides spanning four codons at the left end of the amplicon, so reciprocal recombination
could not be excluded. The two remaining events created novel alleles through single base
pair substitutions. There remains some doubt as to how many of the events recorded in this
analysis are indeed novel gene conversions (Howard 1995). However, at face value, the
results record an overall rate of approximately 9X10™ per haploid genome. It is not clear
whether this is discrepant with the 1/800 (1.2X107) events recorded for the same gene by
Huang et al. (1995).

1.4.3. H2 class I gene conversion studies in transgenic yeast

In an attempt to bring the power of yeast genetics to bear on the MHC gene
conversion problem, Wheeler and coworkers (1990) cloned the mouse class I genes H2-D*
and H2-K* into the yeast genome. Haploid yeast strains, each of which carried one of the two
class I genes, were crossed and a tetrad analysis performed on the resulting sporulated
diploids. In 6% of meioses, short tract gene conversion events occurred resembling the mouse
mutant class I sequences. In 5% of analyzed meioses, long tract “yeast-like” conversions
could be detected. One of the short tract events was accompanied by a nontemplated single
base substitution, a phenomenon also noted by Huang and coworkers (1995) (see above), and
in some of the previously analyzed mouse mutants (see table 1-1). Furthermore, the recorded
gene conversion events were not randomly distributed along the D* and K* genes but clustered
within these genes. Both genes acted equally as both donors and recipients. This imaginative
experiment awaits further information from the mouse itself before its implications for the

mouse system can be fully assessed.

1.4.4. Gene conversion in tandem gene constructs in the germline of transgenic mice
The duplication-divergence model of genome evolution is weakened by the

homogenizing power of interlocus gene conversion. In an attempt to assess the significance of
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this theoretical problem experimentally, transgenic mice were developed carrying a tandem
lacZ construct in which both members were disabled such that a short-tract interlocus gene
conversion event could correct one of the partners and release enzyme activity detectable in
situ (Murti et al. 1992). Expression of the recipient gene was driven by a spermatid-specific
mouse promoter. Approximately 2% corrected spermatids were recorded, independently of
transgene copy number and relative orientation of the recipient and donor gene. Apparently,
both meiotic and mitotic events occurred. Although these important results were discussed in
the context of the interlocus gene conversion mutations of the mouse MHC, their relevance to
this matter is not yet clear. They establish experimentally that the male germ line is
“conversion competent” at both mitotic and meiotic divisions, but the high frequency of
events suggests that an integrated transgene may not reflect the properties of natural genes.
The abnormal property of the tandem transgene which encourages the high frequency of
events is unknown. Certainly, if generalized, such conversion event frequencies present
severe difficulties for the duplication-divergence model (Murti ef al. 1992; Schimenti 1999).
Despite such reservations, it is clear that related experimental approaches could contribute
further to the MHC gene conversion problem and allow systematic analysis of the

mechanisms underlying recombinational processes in mammals (Hanneman et al. 1997).

1.5. The present project

The spontaneous histocompatibility mutants found in the mouse excited much
interest, and their subsequent characterisation at the amino acid and nucleotide levels has
stimulated speculations about the nature and evolutionary relevance of the mutational
processes operating on MHC genes, as expressed in the gene conversion hypothesis of MHC
evolution. However, so far no general experimental approach has been described for direct
molecular analysis of mutational events in different MHC loci, and thus most of the original

questions remain unanswered.

Such a mutation detector would allow statistically meaningful measurements of
mutation rates in wild type and manipulated mice, helping to clarify the status of the
purported sex, haplotype, and locus differences. Manipulated mice could be used to
investigate the sequence specificity and context dependence of the mutational process as well
as the influence of genomic background. Additional information could be obtained on
mutation domains, homology requirements, directionality, and donor preference. Finally, it

would be of interest to time the occurrence of gene conversion events, distinguishing not only
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between mitotic and meiotic processes but also between interlocus and interallelic exchanges.
Only such data would enable a decision in favour of weak or strong forms of the gene

conversion hypothesis.

The purpose of the work presented here was to establish and characterise a mutation
detection system for the H2 K” gene. A target-gene enrichment step, called M450%-lacOp
rescue, is described for the extraction of DNA sequences which will subsequently be
examined for mutations. This step serves to suppress the risk of introducing in vitro artefacts
during PCR steps of the mutation analysis. Furthermore a mutation detection assay is
described which consists of a highly specific PCR-step (LNC-PCR) performed on cells which
is followed by a sequence specific oligonucleotide probing assay (SSOP) for the detection of
bg-like mutations (see table 1-1.). Both the M450%-lacOp rescue and the LNC-PCR/SSOP
assay are evaluated with respect to power and feasibility. Finally our approach will be
discussed with respect of value for the detection of rare mutations in germline H2 genes, and

will be compared to other modern mutation detection techniques.
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2. MATERIALS AND METHODS

2.1. Generalities

Protocols or techniques which are not described in detail here, are done according to
Ausubel or Coligan (Coligan et al. 1997; Ausubel et al. 1998), or are explained and discussed

in results.

Chemicals were bought in p.a. quality from Sigma, Merck, or Roth. Radiochemicals
were ordered from Amersham. Enzymes were ordered from New England Biolabs or Roche.
The water used for all buffer solutions, and solutions used in assays was deionised and
purified water (Seral™). pH-values are given for room temperature unless otherwise
specified. As a reference marker for DNA-agarose gels the kb DNA Ladder (indicated in the
figure legends as KBL) from Gibco BRL was used unless specified otherwise.

2.2. Molecular Biology Methods

2.2.1. Buffer exchange of DNA samples using self assembled Sephadex G-25 spin
columns

To transfer DNA samples from one buffer into another, into 1ml syringes (Becton
Dickinson) a glass ball of Imm diameter (Faust) was placed into the outlet. With the aid of a
pipette Sephadex G-25 (DNA Grade; superfine; Pharmacia Biotech) which had formerly been
equilibrated with the appropriate buffer, was applied to the syringe. The syringe was
centrifuged to get rid of excess liquid. Subsequently the DNA sample was applied and

centrifuged again, this time into a 1.5ml reaction tube.

2.2.2. DNA-Sequencing

Plasmid DNA was sequenced using the ABI Prism® BigDye™ Terminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosystems). The method is based on the
dideoxy-chain termination reaction (Sanger et al. 1977), using fluorescently labelled
dideoxynucleotides. In short 1pg plasmid DNA went together with 3.2pmol primer and 6ul
BigDye™ terminator ready reaction mix (ABI) in a total volume of 20ul into cycle sequencing

(96°C, Smin.; 25X[96°C, 30s; 50°C, 15s; 60°C, 4min.]; 4°C, «). After EtOH precipitation
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(Maniatis et al. 1989) the sequencing reactions were pelleted, dried, and handed over to Rita

Lange who analysed them on an automated sequencer (ABI 373A).

2.2.3. Site directed mutagenesis using the "QuikChange™ XL Site-Directed
Mutagenesis'' protocol

Site directed mutagenesis was carried out using the the "QuikChange
site-directed mutagenesis" protocol proposed by Stratagene

(www.stratagene.com/mutagenesis/quikchngxl.htm). Miniprep plasmid DNA can be used for

the assay. The basic procedure starts with a supercoiled, dSDNA vector with an insert of
interest and two synthetic oligonucleotide primers containing the desired mutation. The
oligonucleotide primers, each complementary to opposite strands of the vector, are extended
during temperature cycling by Pfu DNA polymerase. On incorporation of the oligonucleotide
primers, a mutated plasmid containing staggered nicks is generated. After temperature
cycling, the product is treated with Dpn 1. The Dpn 1 is used to digest the parental DNA
template and select for the synthesized DNA containing mutations. Since DNA isolated from
most E.coli strains is dam methylated, it is susceptible to Dpn I digestion, which is specific
for methylated and hemimethylated DNA. The nicked vector DNA incorporating the desired

mutations is then transformed into £.coli.

In short in a 50ul Volume 25ng plasmid DNA were mixed with 2.5U Turbo Pfu
(Stratagene); 16pmol of each mutagenesis primer (for design see Stratagene instructions); and
0.2mM dNTP in 1X Pfu buffer (Stratagene). The cycling was done as follows: 95°C, 30";
12X[95°C, 30"; 55°C, 1'; 68°C, 8'40"]; 4°C,00. To the sample 10U of Dpn I (New England
Biolabs) were added, and the sample was incubated for 1h at 37°C. 1ul of the PCR product

was used for transformation of E.coli.

2.2.4. Electrophoretic Mobility Shift Assay (EMSA)

In principle the protocol proposed by Fried and Crothers was applied (Fried et al.
1981). A 6% polyacrylamide gel (running buffer 1XTBE) was prerun at 220V for lh. Per
sample (20ul) 1000cpm of the radiolabelled target sequence were mixed carefully with ca.
Sng LaclZ and 20ng dIdC (Roche) in REB (Spassky et al. 1984), and incubated for 30
minutes at RT, before loading onto the gel. The gel was run at 220V (34mA) for about
3hours, under cooling conditions. It was transferred onto 3MM paper (Whatman) and dried

under vacuum at 80°C before exposure on a phosphoimager screen .
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2.2.5. Capillary Electrophoresis (CE)

A CE-system set up by Kirstin Hebenbrock in our laboratory was used (details are
described in (Martinsohn 1996), and for general information see (Landers 1993)). In short
25cm long CS-fused-silica capillaries (inner diameter: 50pum; CS-Chromatograhie Service)
were employed. As a matrix hydroxypropylmethylcellulose (HPMC) dissolved in 90mM TB
was utilized. For loading of the DNA-samples electrokinetic migration was used (5000V
(200V/cm; the current was monitored and held lower than 30pA to avoid boiling of the
matrix, - time of loading and details as indicated in respective runs). For loading purposes the
DNA had been transferred into deionised water. Running conditions were as follows:
200V/cm (the current was monitored and held lower than 30pA to avoid boiling of the
matrix); 50°C; 1%HPMC; 0.05pg/ml of the intercalating dye Thiazole Orange (Polysciences
Inc.). Data acquisition was done through an A/D-change module at 20Hz (Model 600; ABI).
Data processing: Model 600 software (ABI). At the anode and cathode platinum wires were
used, which were integrated into 0.2ml reaction tubes for sample injection purposes.
Decontamination of the platinum wires was achieved by incubation in 50% HNO; pHI,
followed by rinsing with 0.1M HNO; pH1 (this solution is not stable and has to be prepared
freshly). Upon this treatment the amount of amplifiable DNA decreases within an hour to less
than 10 (under detection limit) of the original amount (Kirstin Hebenbrock, unpublished
data). The effect is based on the destruction of the DNA backbone in strong acids and
deamination of dCTP to dUTP.

2.2.6. Radioactive labelling of probes

5’-end labelling (forward reaction) of [OPN/OPC]

End labelling was applied for the annealed and ligated oligonucleotides [OPN/OPC]
(see below). Ca. 1ug of DNA (400pmol) were mixed in 1XT4 polynucleotide kinase buffer
(New England Biolabs) with 250uCi [y->*P]JATP (specific activity >3000 Ci/mmol), and 20U
T4 polynucleotide kinase. The reaction was incubated at 37°C for 60 minutes, and stopped
with 1ul 0.5M EDTA. Extraction with phenol/chloroform and precipitation with EtOH was
applied. The samples were counted in a scintillation counter (Beckman LS 5000TD),

dissolved in TE to a final concentration of 50 000cpm/pl, and stored at 4°C.
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Labelling of pW310 through fill in

10pg of pW310 (see below) were digested with EcoR I and Hind 111 in a volume of
50ul. Subsequently 100uCi [a-32P]ATP and 10U Klenow fragment (New England Biolabs)
were added. The reaction was incubated at room temperature for 60 minutes, and stopped by
addition of 2pul 500mM EDTA. Extraction with phenol/chloroform and precipitation with
EtOH was applied, and the lacOp carrying fragment isolated by recovery from a
polyacrylamide gel by crush and soak (Maniatis et al. 1989).

Probes for Southern blotting

Radioactive labelling of probes for Southern blot analysis was done with the
multiprime DNA labelling system from Amersham, according to the manufacturers

instructions.

2.2.7. Synthetic oligonucleotides
In table 2 all oligonucleotides employed during this study are listed, along with the

application they were used for.

designation Sequence Specificity use
LNCV 5'-CAA AGC GCG CAA TTA ACC CTC ACT A |K"™C PCR
LNCK 5'-GCC CAC ACT CGC TGA GGT ATT TCG T |K°™NC© PCR
NLNCV 5'-CGC AAT TAA CCC TCA CTA AAG KPINC PCR
NLNCK 5'-GGT ACA TGG AAG TCG GCT AC KPINC PCR
Kb5 5'-GGA AGT CTC CTT ACC TGA TAA H2 K" (intron 3) PCR
Kb6 5'-GAC TGA AAC AAA TGA TAA TAG G H2 K" (intron 3) PCR
18S5' 5'-AAA CCA ACC CGG TGA GCT CCC TC Mouse /8S rDNA genes | PCR
18S3' 3'-AAT TAC AGG GCC TCG AAA GAG TCC Mouse /8S rDNA genes | PCR
ND 5'-TGA CTT GGG GTC GGA CTG GCG C H2DP PCR
GC40D 5'-CGC CCG CCG CGC CCC GCG CCC GCC|H2D® PCR

CCG CCG CCC CCG CCC GGT AGG CCT TGT
AAT GCT CTG CAG

AK 5'-TGA AGT GGG GTC GGA CGG GCG A H2 K PCR

GC40K 5'-GCG CCG CCGCGC CCC GCG CCC GCC CCG|H2K® PCR
CCG CCC CCG CCC GGT AGG CCC TGA GTC
TCT CTG CTT

Sry-pA 5'-TCT TAA ACT CTG AAG AAG AGA C mouse 57y PCR
Sry-pB 5'-GTC TTG CCT GTA TGT GAT GG mouse 7y PCR
Kb—oligo 5'-GTA CCA GCA GTA CGC CTA CG H2 K SSOP
Q4—Olig0 5'-CTA CAG AGA AAA GCA AGG CC H2 04 SSOP
KBOS58 5'-TGA AGC AGA GAG ACT CAG G H2 K SSOP
BGOC 5'-ACG ACG GCC GCG ATT ACA H2 K* SSOP
BGOT 5'-TAC CAG CAG TTC GCC TAC H2 K% SSOP
OPN 5'-[6TFA-Aminolinker]-AAG CTT GTT TCT |contains E.coli | NHS
TGG AAT TGT GAG CGG ATA ACA ATT TAC lac—operator
GAG
OPC 5'-AGC TTC TCG TAA ATT GTT ATC CGC |contains E.coli | NHS
TCA CAA TTC CAA GAA ACA lac-operator
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designation Sequence Specificity use

Nlado 5'-GTA GCC GAG CAG GCT CCT CAG GTC C |mismatch in exon II of | SDM
H2K

OLIX 5"-CTA CAA CCA GAG CAA GGG C H2K® SEQ

KStsts 5"-GAG AAT TTC CCT GAG GTA AC pBbgMCB SEQ

KStsta 5"-GGT TTC CCG ACT GGA AAG C pBbgMCB SEQ

Table 2. Oligonucleotides used in this study. PCR: Polymerase Chain reaction. SSOP: Sequence specific oligonucleotide probing. NHS:
Affinity based NHS-column protein purifucation. SDM: site directed mutagenesis. SEQ: sequencing.

Annealing of oligonucleotides

Typically 1 to 2nmol of each oligonucleotide were annealed in a volume of 100ul
10mM Tris/HCI pHS8.0. The reaction tube was placed in a 250ml water bath which was heated

up to 75°C, and subsequently cooled down ad. /ib. to room temperature.

Note: Based on the experiments performed by Dr. Ana Sousa in our laboratory in
which she has shown that prolonged exposure to heat induces severe damage to DNA (Sousa
2000), I would no longer use the annealing protocol presented here. In a new protocol the
oligonucleotides would be very briefly exposed to an elevated temperature in a PCR cycler,
and the solution would be cooled down under controlled conditions. Also the
oligonucleotide-solution would be buffered with Hepes instead of Tris (see also Results in

3.2.2).

2.2.8. Plasmids and constructs

Listed are the plasmids and constructs used during this study.

PW310

Plasmid containing the ideal lac-operator sequence (Oid) on an EcoR I/Hind 111
fragment (Eismann 1989; Fickert et al. 1992). This fragment was used for electrophoretic

mobility shift assays.

pF1

Vector expressing LaclZ constitutively (cloned and kindly provided by Brigitte von
Wilcken-Bergmann). The fusionprotein LaclZ is identical to a fusion of Lac-repressor and
-galactosidase examined formerly by Brake et al. (Brake ef al. 1978). The construct is based
on pWBI100 (Lehming et al. 1987).

pF4
As pF1 but containing a promoter which is about four times stronger than that used

in pF1 (Brigitte von Wilcken-Bergmann, personal communication).
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pBKb

Plasmid pBluescript KS (+) (Stratagene) containing the first three exons of the H2 K

gene (Rita Lange, personal communication).

pBQ4
Plasmid pBluescript KS (+) (Stratagene) containing the first three exons of the H2
(04 gene cloned into the Hind IIl site of the multiple cloning site (Rita Lange, personal

communication and (Martinsohn 1996)).

8-8PST

Contains a Nru I/Pst 1 fragment including the first three exons of H2 K’ cloned into
the multiple cloning site of pBR322 (Gibco BRL) (Rita Lange, personal communication and
(Martinsohn 1996)).

ND

Contains the first three exons of the H2 D° gene (Bam H 1/Nco 1 fragment) cloned
into the multiple cloning site (Bam HI/Hind 1lI) of pSP65neo (Rita Lange, personal

communication)

pSP72

Standard cloning vector (Promega).

pHbapr-1

Mammalian expression vector containing 3 kilobases of the human beta-actin gene

(Gunning et al. 1987).

2.2.9. Polymerase Chain Reaction

LNC-PCR on cells (optimised protocol)

The PCRs were performed in 96-well plates (Biozyme). Per well 50 or 100 cells
were aliquoted in a volume of 5ul in PBS. The cells were lysed in 30ul volume in 1XPfu
buffer (self made-see below) and 70pg/ml ProteinaseK (Merck) at 50°C for 1h after which
inactivation of the Proteinase K was ensured by heating to 95°C for 10 minutes. The plates

were briefly spun and 30ul PCR-mix was added (1XPfu buffer; 0.5ul Promega Pfu (ca. 1U);
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Spmol LNCV/LNCK; 0.2mM dNTP). The PCR program: 95°C, 3min.; 30X[95°C, 30s; 64°C;
30s; 75°C, 90s]; 75°C, 10min.; 4°C, .

18S-PCR

The amplification on 18S rDNA genes (Alberts et al. 1994) was employed as a
standard for enrichment of the M4501Z-lacOp rescue (see 3.1.5). An amplicon of 320 bp is

generated.

The amplification was performed in 50ul volume with 2.5U Taq (produced in this
laboratory), 1XTaq buffer (Gibco BRL), 2.5mM MgCl,, Spmol 18S5'/18S3'; 0.2mM dNTP
for 35 cycles (95°C, 3min.; 35X[95°C, 30s; 67°C; 30s; 75°C, 60s]; 75°C, 10min.; 4°C, ).

PCR on mouse tail DNA

After the isolation of genomic DNA from mouse tails (see below), the DNA was
diluted 1:100 in 10mM Tris/HCI pH8.0 and 5ul were amplified in a volume of 50ul (5U Taq
(produced in this laboratory); 1X Taq buffer (GibcoBRL); 4.5mM MgCl,; Spmol Kb5 and
Kb6; 95°C; 1min.; 35X[95°C; 30s; 55°C; 30s; 75°C; 1min]; 75°C, 10min; 4°C).

Pfu-buffers

In the course of optimisation of the LNC-PCR several Pfu's were used along with the
Pfu buffers provided by the respective producer (Promega and Amersham). Additionally for
the LNC-PCR on cells the following 10XPfu buffer was used, containing reduced amounts of
detergent: 200mM Tris/HCI pHS8.8; 100mM KCIl; 100mM (NH4),SO4 20mM MgSO4; 0.25%
Triton X-100 (Sigma); 1mg/ml BSA (Sigma).

2.2.10. Southern blot analysis

Southern blot analysis (capillary blotting onto nylon membranes), used in some of
the evaluation experiments for the M450%“-lacOp rescue, was done following standard
procedures (Ausubel et al. 1998). Details are explained in the presentation of the actual

experiments.
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Probes used

neo probe: Bam HI/Sall fragment of the plasmid pEFBgal (Lisbeth Guethlein,

unpublished data). Specific for a part of the neomycin resistance gene.

amp probe: Bgl I/Sca I fragment of the plasmid pSP72 (Promega). Contains a part of

the B-lactamase gene.

The probes were labelled radioactively using the multiprime DNA labelling system
from Amersham. Detection was carried out by exposing the filters on phosphoimager screens

(BAS 1000 Bio-imaging Analyzer system (exposure times as indicated; Fujix).

2.2.11. Sequence Specific Oligonucleotide Probing (SSOP)

Non-radioactive labelling of oligonucleotides

The Gene Images 3'-End Labelling System (Amersham) uses Terminal
Deoxynucleotidyl Transferase to tail oligonucleotides from any source with fluorescein-
dUTP. The application results in a tail of 6 to 8 nucleotides. There is no need to purify the
probe before hybridization. Detection relies on an anti-fluorescein antibody conjugated to
alkaline phosphatase (AP). AP catalysed breakdown of the dioxetane substrate. The CDP-Star
detection reagent produces a chemiluminescent reaction that is captured on film. Light output

is rapid and continues for up to 5 days.

100pmol oligonucleotide were incubated with 1Xcacodylate buffer, 1ul fluorescein-
dUTP, and 24U Terminal Deoxynucleotidyl Transferase in a total volume of 80ul, for 90

minutes at 37°C. After incubation the sample was immediately stored at -20°C.

The oligonucleotides in use for the bg-specific SSOP assay

designation | sequence specificity optimised temperature
(hs-wash)

Kb-oligo 5'-GTA CCA GCA GTA CGC CTA CG H2K 58°C

KBOS58 5'-TGA AGC AGA GAG ACT CAG G H2 K 58°C

BGOC 5'-ACG ACG GCC GCG ATT ACA H2 K™ 58°C

BGOT 5'-TAC CAG CAG TTC GCC TAC H2 K™ 56°C

Table 2-3 The oligonucleodies employed for the bg-specific SSOP. hs-wash: high stringency wash after hybridisation.
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Blotting procedure

The positively charged nylon hybridisation transfer membranes (Hybond-N+;
Amersham) were shortly soaked in 2XSSC (20XSSC: 0.3M tri-Sodium-Citrate 2-hydrate; 3M
NaCl; pH 7 to 8) before the transfer of the sample. The sample was transferred in a volume of
50ul to 100ul onto the membrane, in a 96-well manifold device (Minifold I SRC96;
Schleicher & Schuell). Transfer was carried out through vacuum. An incubation in 150ul GS1
(denaturation; 0.5M NaOH; 1.5M NaCl) for 5 minutes followed. Neutralization was ensured
by incubation in 150ul GS2 (1.5M NaCl; 0.5M Tris/HCI pH 8.0) for 5 minutes (this step is
mainly necessary because the nylon membrane is sensitive to alkalic pH values). The

membrane were shortly soaked in 4XSSC and dried at 75°C before further processing.

Hybridisation and detection

Prehybridysation was carried out in Hybridysation buffer (6XSSPE [30XSSPE: 4.5M
NaCl; 0.3M NaH,PO4eH,0; 30mM EDTA; the pH was adjusted to 7.4 with NaOH],
10XDenhardt's solution [100XDenhardt's solution: 2.0g Bovine Serum Albumin (Sigma);
2.0g Ficoll™400 (Pharmacia Biotech); 2.0g Polivinylpyrrolidone (Sigma)], 20ug/ml
fragmented herringsperm DNA (Roth)) at 42°C for 60 minutes. Hybridysation was done for
10 to 12 hours at 42°C in hybridysation buffer to which 30pmol of fluorescein-dUTP labelled

oligonucleotide were added.

Washing was carried out three times for 10 minutes in 2XSSPE/0.1%SDS. The first
two washing steps were carried out at room temperature, the third washing step (high
stringency washing step) was performed at the T, (melting temperature) of the

oligonucleotide.

Blocking was carried out by incubation of the filters for 90 minutes at room
temperature in buffer A (300mM NaCl; 100mM Tris/HCI pH9.5; the solution should be
autoclaved to avoid background effects due to bacterial growth in the solution) 1/10 volume

liquid blocking reagent (Amersham).

Anti-fluorescein antibody incubation was carried out at a dilution of 1:5000 of the
antibody in buffer A plus 0.5% w/v bovine serum albumine (Sigma) for 90 minutes at room

temperature.

Washing was carried 3 times at room temperature out in buffer A containing 0.3%

v/v Polyoxyethylene-Sorbitan Monolaureate (Tween 20; Sigma).

-390 .



Materials and Methods

Chemiluminescent detection was carried out by incubating the filters with CDP-Star
detection reagent for 5 minutes at room temperature. The filters were sealed into plastic foil

and exposed to X-ray films (Kodak X-OMat™ AR).

Stripping was carried out by incubating the filters five times in 300ml 0.1% SDS,
that had been heated to boiling.

Evaluation

The exposed X-ray films were scanned (Agfa SNAPSCAN 1236), and imported into
the software Adobe Photoshop 5.0. They were saved as “TIFF” files and imported into the
program Tina (vs2.08). The intensity of the signals was measured [PSL — Photostimulated
Luminescence] and the obtained values imported into Excel 2000 (Microsoft). After

background subtraction, and division by 1000, the data was used for further evaluation.

2.2.12. Isolation of genomic DNA
Basically the protocol (non-phenol method ) of Torres and Kiithn was followed

(Torres et al. 1997).

Isolation of genomic DNA out of ES cells (E14.1; LNC28.28)

10° cells were harvested after trypsinysation and washing with 1XPBS, and pelleted
in 1.5ml reaction tubes. The pellet was resuspended in 500ul lysis buffer (100mM Tris/HCI
pHS8.5, 0.2% SDS, 200mM NaCl, 100pg/ml Proteinase K (freshly added; Merck)). The
mixture was incubated at 37°C for several hours and the sample carefully mixed from time to
time by flicking the tube, until the solution became homogenous and viscous. The DNA was
precipitated with isopropanol (Maniatis ef al. 1989) and after washing with 70%EtOH the
pellet was taken up in 50 to 100ul Tris/HCI pHS.0.

Isolation of genomic DNA out of mouse tails

To about 0.5cm mouse tail 600ul lysis buffer were added (100mM Tris/HCI pHS.5,
0.2% SDS, 200mM NaCl, 400pg/ml Proteinase K (freshly added; Merck)) in a 1.5ml reaction
tube. The sample was incubated in a shaking water bath at 55°C for about 10 to 12hours and
spun down at 20 000g for 5 minutes. The supernatant was precipitated with isopropanol
(Maniatis et al. 1989)and after washing with 700ul 70%EtOH the pellet was taken up in 150
to 200ul Tris/HCI pH8.0.
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2.2.13. M4501Z-lac0p rescue: standard protocol
The M450%-lacOp rescue went through many optimisation steps which are described

in this study. What follows is an optimised version for future reference.

Arming M450 Dynabeads® with a—p-galactosidase antibody

150ul of M450 Dynabeads® (sheep antimouse IgG coated; ca. 4X10° beads/ml;
Dynal) were pelleted down on a magnetic stand. The beads were washed one time with
Ivolume of PBS. 200ul of 200pg/ml a—p-Galactosidase antibody (Promega) in PBS were put
onto the pelleted beads, which was followed by incubation at room temperature or 4°C for 90

minutes on a rotator. Finally the beads were washed four times with 200ul 1X rescue binding

buffer (RBB; 10mM Tris/HCI pH 7.0; 10mM MgAc; 150mM KClI; 5% v/v glycerol).

The M450'“-lacOp rescue protocol

The protocol described here started from 10° LNC28.28 cells, which were lysed
(Torres & Kiihn, - see above). The genomic DNA was digested and after phenol extraction
transferred through Sephadex spin columns into 1Xrescue binding buffer (RBB; 10mM
Tris/HCI pH 7.0; 10mM MgAc; 150mM KCI; 5% v/v glycerol). The assay was performed in
200pl reaction tubes, in a volume of 50ul. After the Sephadex buffer exchange step 1l 0.2%
BSA (New England Biolabs) and 1ug LaclZ were added. The sample was carefully mixed
and incubated at room temperature for 90 minutes on a rotator (at this stage it is helpful to
introduce a tiny bubble into the solution with the aid of a pipette, to ensure gentle but
thorough mixing of the sample during rotation). The mixture was added to pelleted M450-
o—f-galactosidase armed beads (20ul; the supernatant was taken off), and incubation
followed as above. The beads were pelleted and the supernatant taken away. The sample was
rinsed three times with 1 Volume 1Xbinding buffer. Elution was performed with 20ul
IPTG-elution buffer (10mM Tris/HCI pH 7.0; 150mM MgAc; 5% v/v glycerol; 0.01% BSA,
10mM IPTG (Roche)), and incubation for 30 minutes as above. The beads were pelleted and
the supernatant taken away and transferred through Sephadex spin columns (Sephadex G-25;
superfine; DNA-grade; Pharmacia) into 10mM Tris/HCI pH8.0, 0.1mM EDTA. The samples

were stored at -20°C.
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Evaluation of the M4501Z-lac0p rescue by southern blotting and densitometry

In a part of the experiments on the M450"-lacOp rescue, Southern blotting followed
by densitometry measurement was used. Detection was carried out by exposing the filters on
phosphoimager screens (BAS 1000 Bio-imaging Analyzer system (exposure times as
indicated; Fujix). The resulting files were imported into the program Tina (vs2.08). The
intensity of the signals was measured [PSL — Photostimulated Luminescence] and the
obtained values imported into Excel 2000 (Microsoft). After background subtraction the data
was used for further evaluation. Enrichment factors were calculated as follows: Per sample
the signal intensity of the target plasmid NKrQ (i.e. the plasmid that should be enriched for)
was divided by the signal intensity of a contaminating sequence (i.e. pSP72, pHbaprl). Each
ratio obtained was subsequently divided by the ratio calculated for a standard sample (i.e. a
sample consisting of target and contaminant, but did not go through the M450"%-lacOp rescue

protocol).

2.3. Biochemical Methods

2.3.1. SDS-Polyachrylamide Gel electrophoresis for the separation of proteins

Applied was one-dimensional discontinuous gel electrophoresis under denaturing
conditions (presence of 0.1% SDS; “Laemmli gel method”)). This ensures separation of
proteins based on their molecular size (Coligan et al. 1997). The separating gel (7.5% for
LaclZ; 12.5% for Pfu) was overlaid by a 5% stacking gel (preparation as suggested in Current
Protocols in Protein Science (Coligan et al. 1997)). The protein samples were taken up in
1XSDS sample buffer (60mM Tris/HCl pH6.8; 2.3%w/v SDS; 5% glycerol; 0.1mg/ml
bromphenol blue (Sigma)). For the reduction of disulfide bonds B-mercaptoethanol (50ul/ml)
was added freshly to the samples. The samples were heated up to 95°C for 5 to 10 minutes
before loading onto the gels. The gel runs (running buffer: 25mM Tris; 190mM Glycin; 0.1%
SDS) were performed at 20mA for about 2hours in Mini-Protean® II gel chambers (BioRad).

2.3.2. Coomassiestaining of SDS-Polyachrylamide Proteingels
After the runs the gels were stained in Coomasie staining solution (1.25g Coomassie
Brilliant Blue R-250 (Sigma), 500ml methanol; 100ml acetic acid; 400ml H,O) for about 20

minutes at RT. Distaining was achieved by repeated incubation of the gel in big volumes of
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tap water and boiling in a microwave oven (Hervieu 1997). Subsequently the gels were dried

under vacuum at 80°C for 2hours.

2.3.4. Spectrophometric Determination of Protein Concentration

Spectrophometric Determination of Protein Concentration was done in a standard
Spectrophotometer (Beckman DU-62), using a lcm path length quartz cuvette. The
absorbance was either measured at 280nm (absorbance of aromatic amino acids in protein
solutions) or at 205nm (absorbance by the peptide bond) (Coligan et al. 1997). For Pfu the
absorbance was also measured at 278nm (A;75=0.74 for Img/ml; (Lu et al. 1997)).

2.3.5. Purification of Proteins
The purification of the proteins Pfu and LaclZ was subject of experiments and is as
such explained in the results. Short descriptions of protocols which are not explained

explicitly in results are given below.

Charging of NHS-activated HiTrap™ affinity columns with annealed oligonucleotides

NHS-activated HiTrap™ affinity columns (Pharmacia Biotech) contain
NHS-activated Sepharose which is designed for the covalent coupling of ligands containing
primary amino groups. The column bed gel carries 6 atom spacer arms attached to the matrix
by epichlorohydrin and activated by N-hydroxy-succinimide. We used these columns to
couple DNA fragments which contained the /ac-operator sequence, and to which a primary
amino group had been linked, to the matrix to purify LaclZ (see results). Here a short

description of the coupling procedure is given.

In principle the instructions of the manufacturer were followed. In short the columns
was activated with an acidic solution (ImM HCI). Afterwards the DNA fragments got loaded
in coupling buffer (0.4M NaHCOs; 0.1M NaCl; pH8.3). After incubation the coupling buffer
was replaced by blocking buffer A (0.5MetOH-Amine; 0.5M NaCl; pH8.3), which was
followed by a deactivation step (0.1M Acetate; 0.5M NaCl; pH4.0). This
blocking/deactivation cycle was repeated three times. Finally the column was transferred into
storage buffer (10mM Tris/HCI pHS8.0; ImM EDTA; 0.3mM NaCl; 0.04% NaN3), and stored
at 4°C.
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Preparation of LaclZ raw extract

A 500ml bacterial culture (LB-medium) was inoculated with pF1 or pF4 transformed
bacteria of the strain BMHS8117 [F~ A(lac-proAB), thi, supE, gyrA, \'] (kindly provided by the
department Benno Miiller-Hill) and grown at 37°C for 8 to 10 hours. The culture was pelleted
and dissolved in Iml/mg raw extract buffer (REB: 40mM Tris/HCl pH8.0; 100mM KClI;
0.lmM DTT; ImM EDTA; 5% w/v glycerol; (Spassky et al. 1984)). The samples were
sonicated (Labsonic®; duty cycle 0.5; 3X30s; 30" pause) and centrifuged for 1h at 20 000g at
4°C. Finally the supernatants were snap frozen on a dry ice/EtOH mixture and stored at —

80°C.

Purification of Pfu using the Uno™ Q1 polishing column

The Uno™ QI polishing column (BioRad) is an anion exchange column, for
continuous bed ion exchange chromatography. Unlike traditional columns which consist of a
bed of packed beads or particles, each UNO column contains a polymer matrix that is
completely homogeneous. This matrix is supposed to overcome problems associated with
chromatography using beaded supports. It is offered as a late-stage tool to purify and
concentrate dilute samples at the same time, subsequently to additional purification steps (see

www.bio-rad.com). The column was used with a FPLC™ system (Pharmacia). Precycling and

recycling was done according to the manufacturers instructions. The purification of Pfu was
done on a sample that had formerly been purified with a phosphocellulose column (see
Results). The aim was not primarily to obtain greater purity but to assess whether the specific
activity of Pfu could be increased. About 500ug of Pfu were loaded onto the column and
eluted with a KCl gradient (50mM Tris/HCI pH8.0; gradient: 0 to 500mM KCI over 30ml;
flow rate 0.5ml/min). The eluted material was concentrated and transferred into storage buffer
(Amicon; Centriprep-50 columns; storage buffer: 70mM Tris/JHCI pH8.0, ImM DTT, ImM
DTT; 0.1% v/v IGEPAL; 0.1% v/v Tween20; 0.1mM EDTA). The activity of Pfu after this

purification step was measured in appropriate PCR test series (see Results).

2.4. Cellular Biology Methods

2.4.1. Culture of ES-cells
The ES cell line E14.1 (Kuhn et al. 1991), and the transgenic ES cell line LNC28.28
(Gaby Vopper and Lisbeth Guethlein, unpublished data) were held in culture. The cells were
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grown in 75cm® polystyrene tissue culture flasks (Sarstedt) in a cell incubator at 37°C and
5%CO0,. Medium: ES-cell medium (DMEM (high glucose, without sodium pyruvate; Gibco);
15% Fetal Calf Serum (FCS; Sigma); 1mM sodium pyruvate (Gibco BRL); 100I1U/ml
penicillin (Gibco BRL); 100pug/ml streptomycin (Gibco BRL); 2mM L-glutamine (Gibco
BRL); 1Xnon-essential amino acids (Gibco BRL); 1.2ml/l leukaemia inhibitory factor (LIF
(Williams et al. 1988); serves for maintenance of pluripotent state of the ES cells; source:
supernatant from LIF-transfected CHO cells; kindly provided by department Klaus
Rajewsky); 0.1mM B-mercaptoethanol (Merck). The cells were trypsinized and diluted every
second to third day.

2.4.2. Freezing and storage of ES-cells

The cells were trypsinized, washed two times in 1XPBS, and taken up at a
concentration of 10 cells/ml in FCS (Sigma) containing 10% Dimethylsulfoxid (DMSO;
Sigma). The cells were immediately stored at -80°C. Long-term storage was carried out in

liquid nitrogen.

2.4.3. Preparation of spleen cell suspension

Mice were sacrificed by cervical dislocation, and the spleen removed. Single cell
suspensions were prepared by gentle tearing of spleens in complete RPMI (RPMI 1640
(Gibco BRL), 10% fetal calf serum (Sigma), 50uM p-Mercaptoethanol (Merck), 100U
penicillin/streptomycin (Gibco BRL)). Erythrocytes were eliminated by incubating the cell
suspensions in hypotonic buffer (150mM NH4Cl; ImM KHCOs3; 0.1mM EDTA) for 2minutes
at room temperature. Subsequently the suspension was transferred again into complete RPMI

until further processing.

2.4.4. Cytofluorometric analyis

In short, cell suspensions were washed two times with DFN (1XDAB (500XDAB:
0.5M CaCly; 0.25M MgCly); 2% fetal calf serum (Sigma); 0.1%NaN3), and collected at a final
concentration of 5X10° to 10 cells/ml in DEN. About 2X10° cells per well were transferred
into round bottomed microtiterplates (96-well; Costar) in a volume of 25ul. The primary
antibody was added at an appropriate dilution in DFN in a volume of 50ul. The plate was
covered and incubated under gently shaking for 30minutes at room temperature. After adding
125ul of DFN the plates were gently centrifuged, and the supernatant carefully shaken off.
This step was repeated three times. FITC labelled rabbit anti-mouse IgG antibody (Dianova)
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was added in a volume of 50ul at a dilution of 1:200. Incubation was performed as above, as
well as the subsequent washing steps. Finally the samples were resuspended in 200ul DFN
and transferred into 1.5ml reaction tubes. Immediately before analysis on the FACScan
(Becton Dickinson), 0.2pg/ml propidium iodite (Sigma) was added to the samples. Propidium
iodite enters into dead cells (while it is excluded by living cells), and intercalates with DNA.
It emits red fluorescence upon excitation, which allows to exclude the dead cells during the
analysis (live gating). This is helpful to suppress background, since dead cells take up
FITC-labelled antibodies. In table 2 the antibodies used for FACS analysis are listed.

H-2 specific antibodies

panel | designation | isotype | recognizes | does not recognize reference
1 [H142-23  [1gGab  [KP*9™ K* D Horton et al. (1991)
2 [28-14-8S |IgG2a DL Hémmerling et al. (1982)
3 [SF1-1.1 IgG2b  |K K DR I pharmingen

Table 2. List of antibodies used for FACS analysis in this study.

9vaN C

2.5. Maintenance and characterization of 12 -mice

As described in the introduction, the major obstacle for the detection and analysis of
gene conversion like events in the MHC of mice is their anticipated low frequency of about
10 (see introduction), combined with the presence of a high number of highly homologous
genes on chromosome 17 (Trowsdale 1995). The rare occurrence of the events we are
interested in makes a PCR step obligatory in order to lift those mutations to detectable levels.
However in the context of our analysis a PCR-based approach represents a double edged
sword: The PCR is, due to the character of events we want to analyse, namely the outcome of
recombinational events between homologous sequences, prone to produce in vitro artefacts,
through false annealing of primers and "jumping PCR"(Dieffenbach et al. 1995). These
artefactual products risk to be indistinguishable from recombinational events that were
generated in vivo. This is probably why until now only few published experiments deal with
the detection of gene conversion like events in the MHC, despite the general interest in this
process in the context of the evolution of the MHC and gene families in general (Schimenti
1994). Furthermore, apart from the "historical" and gigantic mutation screen during which
more than 150000 mice were tested for anomalous transplantation specificities (see
introduction), the other attempts to detect gene conversion in mouse and human beings, were

focused on such events occurring in MHC class I genes (Hogstrand et al. 1994; Huang et al.
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1995; Zangenberg et al. 1995), a system which shows less complexity than MHC I

(Trowsdale 1995) and is therefore experimentally more accessible.

However we felt that the true motivation to look for such events in the MHC of mice
derives from the detected mutants in the skin grafting screen, which with the exception of H2
K" (see table 1) occurred in MHC class 1 genes and within this group mainly within K. We
wanted to assemble a mutation detection assay which would allow us to examine the K gene
in germline derived cells. The first step in this assay should consist of an enrichment step for
K -genes which would enable us to perform PCR in the absence of other MHC class I genes
sequences which introduce the risk of producing in vitro artefacts. This enrichment is based
on the highly specific affinity of the E.coli lac-operator to Lac repressor, and is presented in

detail in section 3.1.

In this laboratory Gaby Vopper and Dr. Lisbeth Guethlein generated embryonic stem
cells which carry in the third intron of the H2 K” gene the E.coli lac-operator sequence
(K™, see also Introduction). These cells were generated by homologous replacement
techniques (“knock-in) and served ultimately to create transgenic mice. The KM mice
represent an essential part in the whole mutation detection process as we had envisioned it.
Primordial germ cells should be isolated from these mice. The lac-operator sequence should
allow for physical extraction of the marked K gene from the rest of the genome (see 3.1).
This in turn would permit to carry the enriched sequences over into PCR, which subsequently
could be followed by other measures to enrich and detect mutations. Naturally this approach

is not restricted to primordial germ cells, but can also be applied to any other cell type.

We shortly summarize in this section how the K”“Y“-mice were developed for use.
Their BALB/c component derived from the original cross had to be reduced by backcrossing
to 129/sv mice, using a specific PCR which allowed for the identification of KNG positive
mice. Furthermore we tested, whether the expression of K™ C was identical to that of the
wildtype K’ gene. Finally a PCR was developed which should allow for an efficient and
simple way to distinguish whether cells that are examined derive from female or male mice, a
feature that is important in the context of the discussion whether gene conversion in mammals

shows a sex bias (see introduction).

2.5.1. Purfying breeding of 129%*"NC_mijce: monitoring by PCR
After having obtained chimeras the K" mice were repeatedly backcrossed to

129/sv mice to eliminate the Balb/c component. They are meanwhile in the 11™ generation
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and bred to homozygosity for the K" transgene. To identify the K”"“-gene we used the
primer pair Kb5 and Kb6. Both primers lie in the third intron and frame the pBluescript
sequence of the KPENC transgene (see figure 2-1). In the presence of the pBluescript sequence
an amplicon of 840bp is created, while in its absence the amplicon has a length of 530bp. In

figure 2-2 some examples of such PCR outcomes are depicted.

Kb6
GGATAATAGTAAACAAAGTCAG-5"

SS  al o2 lacOp | < o3 TM _ - Cyt™ - _
|

5'-AGCCCTTACACCTCAGGACC
Kb5
Figure 2-1. Position of primers Kb5 and Kb6 in the Kb and K" gene. Depicted is a scheme of the k"' gene and the approximate

position of Kb5 and Kb6. SS: signal sequence. al; a2; a3: first three exons. TM: transmembrane region. Cyt: cytoplasmatic tail. lacOP:
pBluescript derived sequence containing the E.coli lac-operator sequence. (Source: Gaby Vopper and Lisbeth Guethlein; unpublished data).

bLNC

2.5.2. Expression of K on the cell surface in comparison to Kb

We wanted to confirm that the transgene KPNC g expressed to the same level as the

wildtype K? gene. For this purpose a heterozygous KPIKPENC

mouse of the third generation of
breeding to 129/sv, was bred to a Balb/c female (K“/K%). Spleen cells were isolated from
littermates being either K"V or K” positive as well as from the BALB/c mother and stained
for K*-, D"-, D~ cell surface expression with H2-specific antibodies antibodies (listed in
figure 6 D)) and indirect immunofluorescence in the FACScan. Ideally the ratio of expression
levels of K” to K should be the same in the littermates. As can be seen in figure 2-3 A) and

table 3, the expression of K”*“ is indeed at the same level as that of wildtype K”.

K"K K"/K?
Geo Mean of H2 expression | Geo Mean of H2 expression
K¢ 161 -
K’ - 171
K’ 114 120
ratio (K"“V“/K% 1.4 -
ratio Mean (Kb /K") - 1.4

Table 3. Ratio of K**"“/K‘ and K’/K” expression in two test animals. Listed are the geometric means (GeoMean) of the H-2 expression
levels obtained by FACS analysis, as depicted in figure 6, and the ratios of the K”**“ to K“, and K to K expression.
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2.5.3. Determining the sex of cells: SRY-PCR

A PCR was established which amplifies a 380bp fragment from the male specific Sry
gene ((Kunieda ef al. 1992) and for nucleotide sequence Washburn et al. (2001) Genbank
Accession number AF337050). As can be seen in figure 2-4 this PCR works well. This
Sry-PCR should facilitate the sex determination of the genital ridges of which primordial
germ cells can be isolated. In principle sex determination is possible by visual inspection due
to a sex specific morphology, but this needs some experience to be reliable ((Hogan et al.

1994) and Anne McLaren (personal communication)).
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T TR PSS KPS T o
3 |SFI-1.1 IgG2b K K D Pharmingen

Figure 2-3. Comparative expression of KPLNC and KP. FACS analysis of surface stainings for K?2¥C, k. k4. (in red). Negative control: Myc1-9E10
(in blue; monoclonal mouse antibody against synthetic peptide sequence which is part of the human protein p62c-myc) (Evan et al., 1985)). Secondary
antibody: FITC coupled rabbit anti-mouse IgG. Analysed were spleen cells of A) a K?“NC/Kd mouse B) a K?/K“ mouse and C) a BalbC (K%/K%) mouse. A)
and B) are littermates and offspring from C). D) primary antibodies used and specificities. FL1-H: level of H-2 expression. 1: antibody: H142-23 (Horton
et al., 1991). 2: antibody: 28-14-8S (Hammerling et al., 1982). 3 : SF1-1.1. (Pharmingen). The isolation and preparation of spleen cells was done as
described above in Material and Methods. The details of the FACS analysis are described above in Materials and Methods.
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[bp]

506/517
396

LNC Kb/Kb Kb/Kb LNC LNC Kb/Kb Kb/Kb
Kb Kb Kb

Figure 2-2. Examples of a Kb5/Kb6 based PCR on mouse genomic
DNA. Depicted is the picture of an ethidiumbromide stained agarose gel
(1%; 1XTAE; 0.01% Ethidiumbromide; loading volume: 25ul). PCR on
genomic DNA of 7 littermates (all males). The offspring derives from the
crossing 1295VKbLNC (E8: female)X1295Y. PCR conditions: volume: 50pl;
Sul of a 1/100 dilution of isolated genomic DNA (see Materials and
Methods); 5U Taq; 4.5mM MgCl,; Spmol KbS and Kb6; 95°C; Imin.;
35X[95°C; 30s; 55°C; 30s; 75°C; Imin]; 75°C, 10min; 4°C. LNC/Kb:
heterozygous animals for K6ZNC and Kb wildtype. Kb/Kb: homozygopus
K? wildtype offspring.
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Figure 2-4. Sex determination of mice with a Sry specific PCR.
Depicted is the photograph of an ethidiumbromide stained agarose gel
(2%; 1XTBE; 0.01% Ethidiumbromide; loading volume: 25ul). The
genomic DNA of nine mice (1295V-KP/KPENC) with known sex were
chosen. In all cases the sex was confirmed with the Sry-PCR. PCR
conditions: volume: 50ul; 5ul of a 1/100 dilution of isolated genomic
DNA (see Materials and Methods); SU Taq; 4.5mM MgCI2; Spmol
SrY-pA: 5-TCT TAA ACT CTG AAG AAG AGA C; 5pmol SrY-pB:
5?GTC TTG CCT GTA TGT GAT GG; 95°C; Imin.; 35X[95°C; 30s;
55°C; 30s; 75°C; Imin]; 75°C, 10min; 4°C. A: amplicon. PD: primer

dimer.
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3. RESULTS

3.1. The M450""-lacOp rescue: specific extraction of E.coli lac-operator

containing DNA-fragments with M450'” Dynabeads®

A plasmid rescue protocol, which is based on the high and specific affinity between
the E.coli lac-Operator sequence and the Lac-repressor protein (Gossen et al. 1993), was
refined to enable the isolation of a single copy target sequence from genomic DNA, in this

case the Mouse H2 gene, K”.

The assay consists in principle of three steps (see figure 3-1). Genomic or plasmid
DNA, after being treated with restriction enzymes (in principle plasmid DNA can go through
the assay in circulated form), is incubated with the fusion protein LaclZ
(B-Galactosidase-Lac Repressor fusion (Kania et al. 1974)). This leads to binding of
lac-operator containing DNA fragments to the Lac-repressor part of the fusion protein. After
this binding step magnetic beads are added, to which anti-B-Galactosidase monoclonal
antibodies are coupled. As a result LaclZ binds to the magnetic beads, which allows for the
extraction of the target sequence by pelleting down the beads with a magnet. After washing
steps the target sequence can be specifically eluted with IPTG. Details of the assay are

provided in Materials and Methods, and whenever modifications are applied.

1. incubation 2. extraction 3. elution (IPTG)

\ét):{//& N =

- »Sfqu» —~ +&

S

magnetic

Laclz ~—_beads

Figure 3-1. The M4501Z-lacOp rescue: sketch. 1: incubation: DNA is treated with a restriction enzyme. The resulting fragment pool which
contains lac-operator carrying target sequences is incubated with the fusion protein LaclZ. 2. LaclZ, to which the target sequences are
bound, is coupled to magnetic beads via a anti-f-galactosidase monoclonal antibody. 3. elution: after washing steps the target sequence is
specifically eluted with IPTG.

This part of the Result section is concerned with the description of the
characterisation and optimisation of the M450%-lacOp rescue protocol. To begin with, I will
present the purification of the fusion protein LaclZ, which holds a central position in the
process of specifically enriching for lac-operator containing target sequences. Subsequently
the process of optimising the M450"“-lacOp rescue towards the isolation of single copy target

genes, namely the KN C_transgene, out of whole genomes, will be described.
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3.1.1. Affinity based purification of the fusion protein LaclZ

The fusion protein LacIZ holds an essential place in the M450%-lacOp rescue, and
therefore in the whole scope of the project presented and discussed here. The -Galactosidase
part bridges the Lacl/target-DNA complex to the magnetic beads. The Lacl part is responsible
for the binding of the target lac-operator containing sequence. Its properties determine the
specificity of target binding and therefore the enrichment power of the assay. Originally this
protein was available through Promega. With the onset of our project however, the company
discontinued its production. As a consequence we had to purify it ourselves (see also
(Martinsohn 1996)). The characterisation of Lacl/B-Galactosidase chimeras goes back to
studies of Jiirgen Kania and Benno Miiller-Hill (Kania et al. 1974; Kania 1976; Kania et al.
1976; Brake et al. 1978). It has a monomeric molecular weight of 150 000kDa, and forms a
Tetramer (Kania 1976). Two expression plasmids (pF1 and pF4) were cloned by Brigitte von
Wilcken-Bergmann, based on a clone originally characterised by Jiirgen Kania (Kania 1976;
Brake et al. 1978), and kindly provided to us. Due to a different promotor, pF4 expresses
LaclZ about four times stronger than pF1 (Brigitte von Wilcken-Bergmann, personal
communication). In the context of the work presented here only pF4 was used. Traditionally
Lac 1Z, like the Lac repressor (Lacl) is isolated by a precipitation step with ammonium
sulphate followed by purification with phosphocellulose (Kania et al. 1974). This was
formerly also done in this laboratory (Martinsohn 1996). However due to the sporadic
occurrence of activity loss during the purification of LaclZ, we decided to adapt a protocol
proposed by C. Larson and G. Verdine for the affinity based purification of the MHC class |
transcription factor H2TF1 (Larson et al. 1992; Potter et al. 1993) for our own needs.
Concatemers of lac-operator sequence containing oligonucleotides which are coupled to
NHS-activated Sepharose (Pharmacia-Amershan), should lead to specific binding of
LaclZ-protein out of bacterial raw lysate, and subsequently the bound protein should
specifically be eluted with IPTG. This method should not only lead to purification of LaclZ,

but also enrich for active material.

Two oligonucleotides, OPC and OPN were designed which, upon annealing, contain
the wildtype lac-operator sequence (Gilbert et al. 1973). Also Hind 11l overhangs are formed,
which allow for ligation. The oligonucleotide OPN carries at its 5° end an 6TFA-aminolinker
(figure 3-2) which allows binding to N-hydroxysuccinimide (NHS) activated Sepharose (for
chemistry see Materials and Methods and Amersham Pharmacia Biotechnology technical

notes).
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OPC
5'-AGC TTC TCG TAA ATT GTT ATC CGC TCA CAA TTC CAA GAA ACA-3"
OPN
5'-[6TFA]-AAG CTT GTT TCT TGG AAT TGT GAG CGG ATA ACA ATT TAC GAG-3"
I annealing
5'-[6TFA]-AAG CTT GTT TCT TGG AAT TGT GAG CGG ATA ACA ATT TAC GAG

A CAA AGA ACC TTA ACA CTC GCC TAT TGT TAA ATG CTC TT CGA-5"

Figure 3-2. The oligonucleotides OPC and OPN. Depicted are the two 42 bp long oligonueclotides OPC and OPN. OPN has a
6TFA-aminolinker attached to its 5’-end ([6TFA]) which allows coupling to NHS-activated sepharose. The wildtype lac-operator sequence
(Gilbert & Maxam, (1973)) is drawn in blue. Upon annealing overhangs are formed which after ligation lead to Hind 111 sites.

After annealing and phosphorylation of the two oligonucleotides (see figure 3-4 A))
it was tested in an electrophoretic mobility shift assay (EMSA) whether LaclZ binds
efficiently to the fragments, and also whether it can subsequently be eluted efficiently with
IPTG (figure 3-3). Both binding and IPTG-elution appeared to work efficiently when
compared to the positive control pW310.

The [OPN/OPC] fragments were ligated (figure 3-4 B)), and the ligated material was
coupled to HiTrap NHS-activated columns (Iml volume) following the instructions of the
manufacturer (see Material and Methods and Amersham Pharmacia Biotech technical notes).
The HITrap column has a total ligand density of 10umol per ml gel (Amersham Pharmacia
Biotech HiTrap™ affinity columns data file). In sum 90nmol (2.5mg) of [OPN/OPC] were
loaded onto the column. The binding efficiency was estimated with **P-radioactively labelled
tracer (see figure 3-5 and table 3-1). Ca. 20% (18nmol) of the total material bound to the NHS
column. This is well in the range of coupling efficiencies reported by others (50%, (Larson et
al. 1992); 20%, Amersham Pharmacia Biotech technical note Smart system (Biotechnology
1995)). Larson et al. had used a total amount of 500nmol concatenated DNA fragments,

while in the experiment presented by Pharmacia 9nmol of concatenated DNA was used.
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free pW310  —pp o~

free [OPN/OPC] -

SN (T KR G VD Wt St U e W W U

" 70 100 1000 10 100 1000 10 100 1000 "710 100 1000
IPTG PTG

pW310 [OPN/OPC]

Figure 3-3. Binding to and IPTG-elution from the annealed oligonucleotides OPC/OPN of LaclZ. Depicted is a phosphoimager picture of an electro-
phoretic mobility shift assay (EMSA). Ca. 250ng of phosphocellulose purifed LacIZ (see Martinsohn (1996)) were incubated with 20 000cpm 32P-radioactively
labelled fragment pW 310 which contains the ideal /ac-operator sequence ( Oid; Fickert & Miiller-Hill (1992), and see Material and Methods), or 20 000cpm
of 32P-radioactively labelled [OPN/OPC] in 100ul volume, at room temperature (RT) for 30 minutes. The samples where split into two fractions of equal
volume, of which one fraction was incubated with 2umol IPTG at RT fro 30 minutes. 17pl of each sample (undiluted, 1:10; 1:1000; 1:10 000) was loaded onto
a PAGE gel (6%; 1XTBE; Prerun: 220V; 66mA, 258min.; run: 220V; 34mA).

A) B)
[bp] [bp]
800 -
350
125 -
150 - 125
25
25bp OPC OPC OPN OPC OPNx 50bp OPN  OpNL OPNH  25bp
OPN  OPNx 05ul)  (lpl)  (0.5ul)

Figure 3-4. Annealing, phosphorylation and ligation of OPC and OPN. Depicted are pictures of ethidiumbromide stained agarose gels (2%; 1XTBE;
0.01% ethidiumbromide). A) annealing: per annealing reaction (ca. 100pl volume) 1.2nmol of each oligonucleotid was heated to 75°C in a 250ml water bath
and subsequently cooled down ad. /ib. to room temperature. (Phosphorylation: was done with T4 Polynucleotid Kinase following the conditions proposed in
Asubel (1998)). 5ul of each sample is loaded onto the gel. B) ligation: per sample 2.5nmol of the annealed and phosphorylated ds-oligonucleotide [OPN/OPC]
were ligated in 100pl volume in the presence of 80WU (8000 ligation units) T4-Ligase (NEBioLabs), at 16°C for 8h. The samples were phenol extracted and
ethanol precipitated, and finally taken up in 50pl deionised H,O. The indicated amounts were loaded onto the gel. Note: in A) OPNXx is an oligonucleotide as
OPN, with the exception that the 6TFA-aminolinker is attached to the T at position 5 (from the 5' end). It was ordered as there was some concern about the
ligation efficiency of OPN. As it could be shown that [OPN/OPC] fragments ligate as well as [OPNx/OPC] fragments, OPNx was not used in later
experiments. OPNL: ligated material. OPNH: Hind 111 digested material. Markers: 25bp and 50bp ladder (Gibco BRL).
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[OPN/OPC]-NHS LaclZ affinity purification: efficiency of NHS column loading with [OPN/OPC]

12000

10000 -

8000 +—

6000 +—

cpm

4000 -

2000 +—

0 L 1

onput flow through buffer A (C1) buffer B (C1) buffer A (C2) buffer B (C2) buffer A (C3) buffer B (C3)

cyclel sample cycle 2 cycle 3

Figure 3-5. Binding efficiency of concatenated [OPN/OPC] fragments to HiTrap NHS-activated columns. Depicted is a graphical
evaluation of the scintillation counts of fractions of all steps during the binding of DNA to the HiTrap columns (see Materials and Methods).
In short the column was activated with an acidic solution (ImM HCI). Afterwards the [OPN/OPC] fragments were taken up in coupling
buffer (0.4M NaHCOs; 0.1M NaCl; pH8.3) and loaded onto the NHS-column. After incubation the coupling buffer was replaced by blocking
buffer A (0.5MetOH-Amine; 0.5M NaCl; pHS8.3), which was followed by a deactivation step (0.1M Acetate; 0.5M NaCl; pH4.0). This
blocking/stopping cycle was repeated three times (Cycle 1 to 3). Finally the column was transferred into storage buffer (10mM Tris/HCI
pH8.0; 1mM EDTA; 0.3mM NaCl; 0.04% NaN3), and stored at 4°C. Of each step 1/50th volume was taken off, deposited onto Whatman
3MM paper and after drying counted in a Beckman scintillation counter. Onput: total DNA applied onto the column. Flow Through: Material
recovered after the loading steps. The amount of DNA bound to the column was estimated by subtracting the flow through amount from the
onput. 90nmol (2.5mg) of OPC/OPN fragments to which 5X10° cpm 32P-labelled fragments had been added were loaded in a total volume
of 500 pl onto the column. Note: the exlusion volume of 1ml HiTrap NHS-activated coumns was estimated to be 6001 by measurement with
a blue dextran solution.

cpm | [%] of onput Table 3-'1. Binding effici.ency of concatenated OPN/OPC fragments to HiTrap
NHS-activated columns. Listed are the number of counts (cpm) per sample examined as
onput 10662, 100,00| described in Figure 3-5.
flow through 8199 76,90
buffer A (C1) 184 1,73
buffer B (C1) 113 1,06
buffer A (C2) 0 0,00
buffer B (C2) 0 0,00
buffer A (C3) 0 0,00
buffer B (C3) 0 0,00
[OPN/OPC]

on column | 7166 20,32

Next the NHS column which had been loaded with DNA was used to purify LaclZ in

a FPLC system (figure 3-6 A) and B)). The purity of the product was estimated to be 90% (as

estimated on coomassie stained gels (figure 3-6 D)). The yield was roughly 20%, in sum

about 1.4mg (table 3-2). The IPTG elution was very efficient as no remaining protein could be

eluted in a high salt buffer washing step (0.5M NaCl, figure3-6C)). Several runs like this were
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performed with very similar outcomes. The LaclZ batches showed high activity in the
M4501Z-1acOp rescues, and were used throughout the optimisation experiments presented in
the following sections. Unfortunately it turned out that using the same [OPN/OPC] coupled
NHS-HiTrap column with each run the efficiency of purification in terms of yield declined
constantly (see figure 3-7). We suspected that this was due to degradation of the concatenated
oligonucleotides being bound to the columns, possibly because of nuclease activity in the
LaclZ raw extract. To "dilute" the concatenated oligonucleotide [OPN/OPC] as a target for
degradation in later runs the LaclZ raw extract before being loaded onto the NHS-column was
mixed with 100ul sonicated herring sperm DNA (10mg/ml). This did not have major effects.
Also despite increasing the concentration of EDTA in the NHS-column storage buffer (up to
50mM EDTA) the efficiency loss persisted. This means that the columns have up to now only
a limited life time for about four to five runs. However it was shown that in one run enough
active LacIZ for about 500 M450"“-lacOp rescues can be isolated. In one case, in which the
NHS-/acOp column purification was applied the batch of purfied LaclZ failed to show any
activity in electrophoretic mobility shift assays (EMSA). However since the purification as
such was successful (as could be shown in the FPLC elution profile and by coomassie stained
PAGE analysis), and since the condition for successful purification is the function of the Lac
repressor part of LaclZ, the loss of activity must have occurred post purification and is

probably due to wrong treatment of the protein.

Fraction (dilution) 0OD595 mg/ml (undiluted) sum volume [ml] sum protein [mg]

IPTG elution 0.082 0.45 3 1.4

Table 3-2. Yield of affinity purified LacIZ. The Protein amounts were estimated with the BioRad Protein assay. Listed is the measured
Odsys, the concentration of the different fractions, and the sum of protein yielded.

The successful isolation of a high quantity of LaclZ enabled us to further characterise
and optimise the M450IZ-lacOp rescue. As discussed in the introduction, transgenic mice
have been generated, carrying the lac-Operator sequence in the third intron of the H-2K®
gene. The efficient specific extraction of this gene, or parts of it, from genomic DNA would
simplify any further mutational analysis, as well as greatly diminish the risk of contamination
and artefacts. The feasibility and potential of this approach was first explored in a simple
plasmid system, pBluescript (Stratagene), which carries the lac-operator sequence

downstream of the multiple cloning site.
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Figure 3-6. NHS-HiTrap column affinity based purification of LacIZ. A) FPLC run: 800ul LaclZ raw extract (preparation see Materials and methods) was
spun down (105g; 30"; 4°C). To the supernatant 200pul REB (Spassky et al., (1984)) and 5ul PMSF (10mg/ml; Sigma) were added. The material was immedi-
ately loaded onto an equilibrated [OPN/OPC]-NHS-HiTrap column. Running conditions as indicated in the figure. Fraction size 0.5ml. B) Fractions of FPLC
LaclZ purification run: Coomassie stained denaturing PAGE; 7.5%PAA; loading volume: For each loaded sample 10pl of two fractions (1 and 2; 3 and 4 etc.)
where taken up in a total volume of 30ul 1Xloading buffer of which 10ul were loaded onto the gel. C) Fractions of high salt wash of column. After the purifi-
cation run the column was washed with high salt buffer (40mM TrisHCI pH8.0; 50mM KCI; 50mM MgCl,; 0.1mM DTT; 500mM NaCl). Depicted is as in B)
a Coomassie stained denaturing PAGE; 7.5%PAA; loading volume: 10ul (10ul of two following fractions where taken up in a total volume of 30ul 1Xloading
buffer). After the runs the [OPN/OPC]-NHS-column was transferred into storage buffer (10mM Tris HCI pH8.0; 300mM NaCl; ImM EDTA (in later runs
50mM EDTA, see text); 0.04% NaNj3). D) Affinity purified LacIZ. Examples of stored LaclZ after purification. Depicted is a Coomassie stained denaturing
PAGE. 7.5% PAA; 5ul of each sample were taken up in 50pl 1Xloading buffer of which 15ul were loaeded onto the gel. Shown are examples of three inde-
pendent runs (A; B; C) in comparison to raw extract. Sample C belongs to the FPLC run presented in A) to C). Storage: The fractions which belonged to the
peak of purified LaclZ in the respective FPLC runs were pooled and dialysed three times 8h against 21 REB (Spassky et al. (1992)). Subsequently the samples
were concentrated with Centricon-50 spin columns (Amicon Millipore), and mixed carefully with 1 Volume 2XLaclZ storage buffer (100mM Tris/HCI pH8.0;
200mM NaCl; 2mM DTT, 80% glycerol). Aliquots (40ul) were snap frozen in liquid nitrogen and stored at -80°C. MW: Molecular weight marker (Rainbow
(Amersham))
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45

running conditions:
matrix: NHS HiTrap / [OPN/OPC] (1ml)

4 buffer A: REB (Spassky et al. (1984))
buffer B: REB / ImM IPTG
flow rate: 0.5ml/min
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Figure 3-7. Loss of efficiency of [OPN/OPC] coupled HiTrap activated NHS columns. Depicted are the FPLC profiles of three independent [OPN/OPC]-
NHS column LaclZ purification runs, using the same column. The running conditions were as in Figure 3-6. The running order was: 1: 2911; 2: 0312a; 3:
0312b. 0312a and 0312b were two runs following each others immediately.

3.1.2. Extraction of target sequence from pools of fragmented plasmid DNA
The plasmid pBluescriptKS(+) (Stratagene) was digested with the restriction enzyme
Haelll (BioLabs). Fourteen fragments are generated, of which one fragment of 242bp length

carries the E.coli lac-operator sequence (“242°P”).

The pool of digested DNA went through one cycle of the M450%-lacOp rescue.
Subsequently samples which either derived from the Hae III treated material that went into
the assay (onput), or samples of the elution step, were analysed with the aid of capillary
electrophoresis (figure 3-8). The peak areas, which were obtained through signal integration
(Analysis: Model600; ABI), are listed in table 3-3. Apart from the signal of 242° only one
further signal of unknown origin is visible after considerable magnification of the CE run
(figure 3-8 B)). It was used to calculate an enrichment factor with reference to the target
sequence 242° (table 3-3). The enrichment factor is greater than 2000. An estimation of an
enrichment factor with respect to the whole population of Hae Ill fragments is difficult. If
fragment 1 is used as a reference, a signal which cannot be ascribed unambiguously to any of
Hae 111 generated fragments, thus chosen randomly, the enrichment factor lies in the range of

70 000 (table 3-3 C)). For fragment 3, which is chosen as fragment 1 it is about 2000.
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However due to the shape of these signals as well as to their running behaviour it is likely that
fragment 1 to 4 are rather salt signals than DNA (Martinsohn 1996). The final yield of 242°P
was about 60% with respect to the onput (see figure 3-8 and table 3-3).
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Figure 3-8. Extraction of 242°P from a Hae III restriction digest of pBluescript. A): CE-run of the
pBluescriptKS(+) fragments generated by a Haelll digest, which went into the M450%-lacOp rescue (reference run;
onput). B): IPTG-elution of the lac-operator carrying target sequence 2420P, after treatment with one cycle of the
M450'%-/acOp rescue. The numbers above the respective signals indicate the fragment length in basepairs. CE-run:
1% HPMC; [0.05png/ml] TO; 1XTBE; 200V/cm; Injection of onput (1:5 dilution; 6ng/pl) pBluescript-Hae 111 in
H,0O, 3s, 5kV (200V/cm). Injection of eluted material: transferred into H,O via Sephadex G-25 columns
(Pharmacia; DNA-grade; see Material and Methods); undiluted; 30s, 5kV (200V/cm). M450%-lacOp rescue: (1)
binding: 50u1 volume; ca. 2X107 M4501Z-Dynabeads®; 20mM Tris/HCI pH7.6, 2mM EDTA, 5% glycerol; 90min;
RT; (2) washing: 125mM NaCl, 20mM Tris/HCI pH 7.6, 2mM EDTA, 5% glycerol, 1 volume; 2 X Smin.; (3)
elution: 125mM NaCl, 20mM Tris/HCI pH 7.6, 2mM EDTA, 8.4mM IPTG; 30min; RT. For processing purposes
of the CE-data the software Model600 (ABI) was used. X: signal representing fragments of 11bp and 18bp length,
and a loading effect.
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A) before elution (1:5 dilution; injection 1/10 time of elution)

Fragment [bp] Time [min.] Height[nV] Area [pV*s] Area% | 242°%/X
58 3,880 11969 7232 0,536 10,7,
79/80 4,155 29613 36053 2,674 2,1
102 4,410 36132 24386 1,809 3,1
142 4,835 33040 28855 2,14 2,6
174 5,114 48498 50654 3,757 1,5
2420 5,675 61042 76431 5,67 1,0
267 5,809 71479 101826 7,554 0,8
293 5,990 92575 147408 10,935 0,5
434 6,716] 126997 244063 18,106 0,3
458 6,919 124267 276007) 20,476 0,3
605 7,532 124510 355037] 26,338 0,2
Total Area 1347952 99,995

B) after elution

Fragment Time [min.] Height(uV) Area [mV*s] | Area% | 242°%/X

1 3.222 1745 127 0,005 17329,1

2 3.520) 3521 1390 0,062 1583,3

3 3.560 6789 4037 0,182 545,1

4 3.646] 1254 2444/ 0,110 900,4

24200 4.855 945248 2200806 99,485 1,0
458 6.269 1148 3378 0,152 651,5

Total Area 2212182 99,996

C) enrichment

Fragment 1 2 3 4 242 458

Enrichment | 71 500| 5800 1960| 3250 1 2352

Table 3-3. Enrichment of target sequence after one cycle of the M450"“-lacOp rescue. All
areas beneath the signal peaks were integrated. Subsequently for each run the quotient of [Area
2420p] to [area fragment x| was calculated. The ratio of this quotient for the fragment of 458bp
length before A) and after B) IPTG-elution leads to the enrichment factor with respect to fragment
x (C)). Fragments 1 to 4 in B) could not be assigned to any of the fragments which are generated
by a Haelll digest of pBluescript. They were included into the calculation of enrichment factors by
building the ratio of their respective % area-values in the elution run to that of 458 ([% area
458]/[% area x]), and multiplication of this value with the enrichment factor for fragment 458 (([%
area 458]/[% area x])*[2352]). Data processing was carried out with the software program
Model600 (ABI).

The approach described above is to my knowledge the first attempt to estimate
directly the enrichment power of the M450%lacOp rescue. Beforehand indirect
measurements such as plasmid rescue followed by transformation studies were employed
(Gossen et al. 1993). The result is impressive, but the pBluescript based evaluation system is
of course very simple with respect to the objective of extracting a specific gene, or parts of it,
out of pools of genomic DNA. Therefore a series of experiments was designed and executed
with the intention to assess the power of the target rescue assay under more challenging
conditions, namely in the context of genomic DNA. The experiments should allow to optimise
the assay, and finally lead to the ultimate goal of isolating single copy target genes from
genomic DNA.
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3.1.3. Target extraction out of pools of genomic DNA: High Copy Number

In the pBluescript™"

system described above the fragment 242°° represents 8% of
the total mass of DNA. As discussed in the introduction we are aiming at the isolation of
single copy genes or parts thereof from the whole mammalian genome. The mouse genome
has a size of 2.7X10°bp per haploid genome (Ausubel et al. 1998) DNA fragments which are
supposed to be isolated from the Mouse genome, will, for practical reasons, have a length of
about 0.5 to 4kb. Fragments of this size represent 0.00002 to 0.00016% of the total DNA,
which in turn is equivalent to a 50 000 fold dilution of target sequence in comparison to the

Haelll

pBluescript system. It was therefore necessary to test whether the M450"“-lacOp rescue

also works in a satisfactory manner under such more demanding conditions.

Accordingly DNA mixtures were prepared in which genomic DNA was
contaminated with JacOp-containing plasmid at a ratio 10° copies per genome (That is, still
10° fold more abundant than single-copy genes). The genomic DNA, derived from chicken
erythrocytes (Gallus domesticus), was digested with the restriction enzymes EcoR 1 and
BamH 1. The linearised plasmid NKrQ, which carries the lac-operator sequence (see Material
and Methods) served as the target sequence. In order to evaluate the enrichment factor, and
specificity of the M450%-lacOp rescue, under the respectively given conditions, plasmids
were used which do not carry the lac-operator sequence (pHbapr-1 and pSP72; see also
Material and Methods). The M450%-lacOp rescue was monitored by analysis of samples
which derived from different steps of the procedure (onput, washing, elution). The analysis

was done by Southern blotting using probes for the plasmids.

Uptake of DNA by M450'” beads

Formally the M450"%-lacOp rescue can be separated into three steps which determine
the amount of target sequence that can be recovered after being carried through the assay
(yield) and purity with respect to the contaminating DNA fragments present at the beginning
(enrichment). These steps are (1) uptake of DNA during incubation with LaclZ and the M450
Dynabeads®, (2) discharging contaminating DNA during rinsing steps, and finally (3) specific
elution of the target sequence. It must be stressed that our major concern is enrichment of
target sequence and only to a lesser extent yield. Loss of material can be effectively
compensated for by PCR. None of these steps has previously been analysed in any detail
before (Gossen et al. 1993; Gossen et al. 1994; Boerrigter et al. 1995; Gossen et al. 1995;
Dolle et al. 1996).
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The first experiments were designed to look at the specificity and quantity of DNA
uptake. For this purpose the starting DNA (restricted chicken genomic DNA and plasmid
DNA) was mixed with M450" beads, and compared to the material that could subsegeuntly
be recovered by non-specific elution from the beads with high molar salt buffer (1M NaCl)
after being processed with the M450%“-lacOp rescue.

Plasmids used in the assays

All plasmids used in the following experiments were linearised. In figure 3-9 the

location of the plasmids used in the following experiments are depicted.

Quality and quantity of DNA uptake in time dependence

For the rescue experiments using pBluescript (see above) incubation times of 90
minutes were employed consistently for the incubation of the target sequence containing
DNA pools with M450". It was not clear to what extent in a more complex system containing
genomic DNA and target sequence at low frequencies duration of incubation plays a role.
Therefore DNA mixtures containing digested genomic chicken DNA as well as the plasmids
NKrQ (lacOp"), and pHPBaprl (lacOp’), were incubated for different time intervals with the
fusion protein LaclZ. After the final elution with 1M NaCl, the supernatants (i.e. the material
that was taken off the beads after incubation), was analysed in a comparative way to the
eluted samples (figure 3-10 and for graphical evaluation figure 3-11). No clear
time-dependence of uptake could be observed. Additionally only modest enrichment for the
target NKrQ to reference plasmid pHPaprl could be obtained. The high salt elution samples
(1M NaCl) show a substantial non-specific uptake of DNA by the M450%-Dynabeads®. On
average more than 15% of the starting material of pHPapr]l was bound onto the M450"
Dynabeads® (figure 3-12), which could only be eluted after treatment with 1M NaCl. As can
be seen in figure 3-10 in the sample of NKrQ low molecular DNA fragments are present (here
designated as “LMWEF”). As they behave independently from the intact plasmid NKrQ during
the M450"%-lacOp rescue they were included into the evaluation. As shown in figure 3-11
these low molecular weight fragments (size: 1 to 1.5kbp) are more efficiently discharged than
pHPaprl (size: 10.5kbp (Gunning et al. (1987)). Already in experiments in which the Hae Il
digest of pBluescript was used, it could be shown, that DNA fragments show an increasing
tendency to bind non-specifically to M450“-Dynabeads® with increasing length, even though
the data was not conclusive and the main cause of non-specific binding of DNA at that point

seemed to be inactive LaclZ protein (Martinsohn 1996).
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Figure 3-9. Localisation of plasmids being used in the evaluation of the M450Z-/acOp rescue. Depicted are images of the ABszEIl digest
(NEBioLabs) loaded onto an agarose gel (0.6%; 1XTBE; 0.01% Ethidiumbromide), and the corresponding Southernblots with the plasmids
pSP72 (Promega, 1=2462bp), pSP72u, pBluescript (pBlue; Stratagene; 1=2961bp), NKrQ (Materials and Methods; 1=7.5kb), and pHpaprl
(Gunning et al., 1987; 1=10.5kb).
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Figure 3-10. M4501Z-lacOp rescue: Quality and quantity of DNA uptake in time dependence. Depicted is a picture of a Southern blot analysis .
As target sequence the linearised plasmid NKrQ was used, as tracer for non-specific binding the linearised plasmid pHBaprl was used (see Material
and Methods), which carries the lac-operator sequence. NK: linearised plasmid NKrQ. PH: linearised plasmid pHBaprl LMWEF: In the sample of
NKrQ low molecular weight DNA was present. This fraction was included into the evaluation. Standard (NK;pH): all samples derived from a
mastermix, which was divided into samples of equal volume. The sample "standard" did not undergo the M4501Z-lacOp rescue. M4501Z-lacOp rescue:
per sample in 100pl Volume (10mM Tris/HCI pH7,6; 10mM MgCly; 5% glycerol; 0,01%BSA) 500ng Eco RI/Bam HI digested chicken (Gallus
domesticus) DNA (equivalent to 105 diploid genomes), 500pg of the linearised plasmid NKrQ (ca. 108 copies, carries lac operator sequence, see Mate-
rial and Methods), 500pg of the linearised plasmid pHpapr1 (reference plasmid for unspecific binding, ca. 108 copies) and 600ng (7pmol) LaclZ were
incubated under rotation for one hour at room temperature. This mixture was subsequently added to pelleted M450-Dynabeads® (10¢ beads), which
previously had been armed with a-f-Galactosidase monoclonal Antibodies (Promega), and incubated for different time spans (as indicated) on a rota-
tor at room temperature. The supernatants were taken away, and the remaining beads rinsed two times (10mM Tris/HCI pH7,6; 10mM MgCl,; 5%
Glycerol; 0,01%BSA). Finally the beads were incubated with 20pl of high molar salt buffer (1M NaCl). All supernatants were taken away, transferred
into equal buffer conditions, before they went into Southern blot analyis. As a radioactive probe a Bam HI/Sal 1 fragment of the neomycin resistance
gene was used. The neomycin resistance gene is present both in NKrQ and pHPapr1 (see Materials and Methods). Exposure time: 3h on a phosphoim-
ager screen.

It was clear from this experiment that specificity of DNA uptake is not influenced to
a notable degree by time of incubation. Therefore in later experiments consistently an

incubation time of 90 minutes was chosen. It had also become obvious that the enrichment as
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measured by uptake is disappointingly inefficient under the conditions chosen. That made
further evaluation necessary with respect to buffer conditions during the different steps of the
assay. One concern with respect to unspecific uptake of DNA is certainly the high amount of
non-specific binding sites for DNA provided by LacIZ (ca. 10" binding sites per assay for the
target sequence; see Material and Methods). A possible way of trying to suppress unspecific
uptake is to decrease the amount of binding sites provided by either decreasing the amount of
LaclZ, or LaclZ and the magnetic beads. However for reasons of practicability we decided to

attempt to block nonspecific binding by providing lac operator sequence in form of

pBluescript.
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Figure 3-11. M450“-lacOp rescue: unspecific binding of DNA. Graphical evaluation of three experiments as depicted in figure 3-10.
Shown is in the arithmetical mean of the fraction of DNA (per cent of Standard) which was detected and measured in the samples of the
respective time points. The quantification was done with a phosphoimager (Software: TINAv2.08); evaluation with SPSS9.0 and

EXCEL2000. Error bars: standard error.
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Figure 3-12. Recovery of DNA fragments after high salt elution with 1M NaCl. Depicted are the arithmetic means per sample of all time
points combined. The quantification was done with a phosphoimager (Software: TINAv2.08); evaluation with SPSS9.0 and EXCEL2000.
Error bars: standard error.

Blocking nonspecific binding of DNA: “spiking” of samples with pBluescript
Non-specific uptake of DNA during the M450%-lacOp rescue is probably largely due

to the nature of the Lac repressor protein. It has been shown that the Lac repressor has a
certain general affinity to DNA (Lin et al. 1972; Hippel et al. 1974; Lin et al. 1975;
Zingsheim et al. 1977; Kamashev ef al. 1994). The affinity of the Lac repressor is mainly
influenced by the similarity of DNA sequence to the /ac-operator (Pfahl et al. 1978; Fried et
al. 1981; Winter et al. 1981; Oehler et al. 1990). Lacl also shows affinity to d(A-T) rich DNA
regions (Riggs et al. 1972; Klug et al. 1979; Hogan et al. 1980), and in general the specificity
of DNA-uptake is strongly affected by salt conditions (Lin et al. 1972; Lin et al. 1975). The
effect of salt conditions will be looked at in later paragraphs. The LaclZ protein is available in
high amounts during the rescue assay (ca. 10'? binding sites per assay for the target sequence;
see Material and Methods). Even though studies of kinetics of Lacl showed that the half life
of the Lacl/non-lac-operator DNA complexes is very short (in the range of milliseconds (Lin
et al. 1975)), it is possible that non-specific uptake of DNA during the M450"“-lacOp rescue
is reinforced by an avidity effect due to the density of Lacl binding sites provided and the
length of DNA.

We tested whether addition of lac-operator sequence in form of the plasmid

pBluescript, leads to a successful competition for DNA binding sites thereby reducing
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unspecific binding of DNA. For this purpose increasing amounts of the EcoR I linearised
plasmid pBluescript were added to the samples which went through the M450"-lacOp rescue.
(Figure 3-13).
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Figure 3-13. M450'2-lacOp rescue: Blocking of unspecific binding through addition of pBluescript. Depicted is a picture of a Southern
blot analysis. As target sequence the linearised plasmid NKrQ (NK) was used, as tracer for non-specific binding the linearised plasmid
pHPaprl (pH) was used (see Material and Methods). NK: linearised plasmid NKrQ. PH: linearised plasmid pHfaprl. Std: standard (sample
derived from mastermix, of which equal volume fractions went into the rescue assay). n.g. DNA: no genomic DNA present. M450'%-JacOp
rescue: per sample of 20ul volume (10mM Tris/HCI pH7,6; 10mM MgCl,; 5% Glycerol; 0,01%BSA) 500ng Eco Rl/Bam HI digested
genomic DNA of chicken erythrocytes (Gallus domesticus; equal to 10° diploid genomes), 500pg of the linearised plasmid NKrQ, 500pg of
the linearised plasmid pHpaprl (each ca. 108 copies) and 700ng of LaclZ were mixed and incubated on a rotator at room temperature for 90
minutes. Subsequently this mixture was added to 106 pelleted M450-Dynabeads®, which had been armed under saturating conditions with
anti-B-Galactosidase monoclonal antibodies, and incubated for further 90 minutes as before. The supernatants were taken off, and the beads
rinsed two times (1volume; 10mM Tris/HCI pH7,6; 10mM MgCl,; 5% Glycerol; 0,01%BSA). Finally the beads were incubated with 20ul
high molar salt buffer (IM NaCl). All supernatants were taken away, transferred into equal salt conditions and analysed by southern
blotting. As radioactively labelled probe served a Bam HI/Sal 1 fragment of the neomycin resistence gene (see Materials and Methods).As a
radioactive probe a Bam HI/Sal 1 fragment of the neomycin resistance gene was used (see Materials and Methods). The neomycin resistance
gene is present both in NKrQ and pHBaprl. Exposure time: 3h on a phosphoimager screen.

The specificity of binding of NKrQ could indeed be increased to a certain extent. The
best ratio of target yield to purity was obtained under the conditions given, at 50ng

pBluescript (figure 3-14 A). However the yield of target sequence was reduced compared to
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the samples which did not contain any or less pBluescript (figure 3-14 B)). Theoretically 10"
binding sites for the lac-operator were provided per sample via LaclZ. 50ng of pBluescript is
equivalent to ca. 10" molecules. This means that upon addition of 50ng of pBluescript there
is still a 100 fold excess of lac-operator binding sites. Due to the high degree of variation, and
generally unsatisfactory performance both in enrichment and yield of target sequence, it was
decided to use only 5ng of linearised pBluescript, and to test in further experiments the

influence of buffer components at various steps of the protocol with respect to the efficiency

of the M450%-lacOp rescue.
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Figure 3-14. M450"“-lacOp rescue: Blocking of unspecific binding through addition of pBluescript. Graphical evaluation of experiments
as depicted in Figure 3-13. Shown is in A) the enrichment of target sequence per sample. In B) the fraction of target-DNA (NKrQ; per cent
of Standard) which was detected and measured in the samples of the respective time points The quantification was done with a
phosphoimager (Software: TINAv2.08); evaluation with EXCEL2000. n.g.D.: no genomic DNA present.

Specificity of uptake in relation to buffer salt concentration

Extensive studies have been performed on the binding of Lacl to DNA in relation to
salt concentration. High salt concentrations lead to a general decrease in affinity of the Lac
repressor to DNA (Lin ef al. 1972; Lin et al. 1975). Especially monovalent cations like K"
and Na' seem to weaken electrostatic interactions between operator and repressor (Gilbert et
al. 1967; Riggs et al. 1970; Riggs et al. 1970), while bivalent cations like Mg*" and Mn*" at
low concentrations (mM range) have an enhancing influence on DNA binding of Lacl. It was

decided to evaluate for the M450%-lacOp rescue assay whether the specificity of uptake of
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DNA could be improved by changing the concentration of KCI and MgAc in the binding
buffer.

a) KCl: As the specificity of uptake of NKrQ to M450%“-Dynabeads® was not
satisfactory, we tested whether it could be improved upon increasing the salt concentration in
the binding buffer, through addition of potassium chloride (figure 3-15). The addition of KCI
had a strong effect on the specificity of target binding. The best enrichment (ca. 35-fold
against pHPapr1) was achieved at 200mM KCI (figure 3-16).
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Figure 3.15. Specificity of binding in dependence of salt concentration (KCI). Depicted is a picture of a Southern blot analysis. As target
sequence the linearised plasmid NKrQ (NK) was used which carries the /ac-operator sequence, as tracer for non-specific binding the linearised
plasmid pHBaprl (pH) was used. (see Material and Methods). NK: linearised plasmid NKrQ. PH: linearised plasmid pHBaprl. Std: standard
(sample derived from mastermix, of which equal volume fractions went into the rescue assay). n.g. DNA: no genomic DNA present. M450'%-
lacOP rescue: per sample (20l volume; 10mM Tris/HCI pH7; 10mM MgCly; 5% Glycerol; 0,01%BSA, KCl as indicated in legend), 500ng Eco
RI/Bam HI digested chicken genomic DNA (Gallus domesticus; equivalent to 105 diploid genomes), 500pg of the linearised Plasmid NKrQ,
500pg of the linearised plasmid pHPaprl (each 108 copies), and 700ng LaclZ were incubated at room temperature for 90 minutes on a rotator.
This mixture was added to 106 pelleted M450-Dynabeads®, which had been armed with anti-B-Galactosidase monoclonal antibodies, and incu-
bated for another 90 minutes as before. The supernatants were taken off and the beads rinsed twice (1 volume; 10mM Tris/HCI pH7,6; 10mM
MgCly; 5% Glycerol; 0,01%BSA). Finally the beads were incubated with 20ul high molar Salt buffer (1M NaCl). All supernatants were taken
off, transferred into equal salt conditions and analysed by southern blotting. As a radioactive probe a Bam HI/Sal 1 fragment of the neomycin

resistance gene was used. The neomycin resistance gene is present both in NKrQ and pHfaprl. Exposure: 15 minutes on a phosphoimager
screen.
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Figure 3-16. M4501Z-lacOp rescue: Influence of KCI concentration in the binding buffer on enrichment. Graphical evaluation of
Figure 3-15. Plotted are the enrichment factors of the target sequence NKrQ, obtained with respect to the evaluation plasmid pHPaprl, at
different concentrations of KCl, being present in the binding buffer. The values are plotted either for the supernatant after the binding step of
the M450'“-1acOp rescue or for the elution step Calculation of enrichment: The value of intensity (PSL-Photostimulated Luminescence), as
calculated by the computerprogram TINAv2.08, per signal of NKrQ is devided by the intensity for pHBaprl per sample. Each ratio obtained
is subsequently divided by the ratio for the standard sample (see also Materials and Methods).

b) MgAc: The original protocol of Gossen et al. the binding buffer does not contain
MgAc (Gossen et al. 1993). For reasons outlined above it was examined whether the addition
of MgAc to the binding buffer influences the efficiency and specificity of the M450%-lacOp
rescue. Two experiments were done under exactly the same conditions. The result of one of
the two experiments is shown in figure 3-17. As analysed in figure 3-18 a maximum of
specificity was achieved at a MgAc concentration of 10mM. The enrichment factors vary
considerably, depending on which reference DNA was used. It lies at a maximum of 100
relative to pHBaprl (at 10mM MgAc); 50 relative to pSP72 (at 10mM MgAc) and is greater
than 250 relative to pSP72u (at 10mM MgAc; pSP72u: unspecified DNA fragment in the
sample of pSP72 (see figure 3-9)). For later experiments a final MgAc concentration of
10mM was taken. As can be seen from the high-salt elutions (figure 3-17 B)), the IPTG
elution step only worked suboptimally in terms of yield. The maximal yield of target sequence
lies at about 30% of the onput at 3mM MgAc, and drops sharply at MgAc concentrations
higher than 20mM (figure 3-19). It was attempted to improve it (see below). However it has

to be stressed again that the major concern, with reference to the M450%“-lacOp rescue, in the
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context of this project, is not yield but purity (enrichment) of the target sequence, for the

reasons outlined before (see introduction).
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Figure 3-17. Binding specificity of target sequence in dependence of the MgAc concentration. Depicted is a picture of a Southern blot analysis. A) Super-
natant and IPTG elution step. B) First rinsing step and high salt elution. As target sequence the linearised plasmid NKrQ was used which carries the lac-operator
sequence, as tracer for non-specific binding the linearised plasmid pHBaprl, and pSP72 were used. (see Material and Methods). n.g. DNA: no genomic DNA.
Std: standard (sample derived from mastermix, of which equal volume fractions went into the rescue assay). n.g. DNA: no genomic DNA present. M450'%-JacOp
rescue: per sample (20l volume; 10mM Tris/HCI pH7; 150mM KCl; 5% Glycerol; 0,01%BSA, MgAc as indicated in the legend), 500ng EcoR 1/Bam HI digest-
ed chicken DNA (Gallus domesticus; equivalent to 10° diploid genomes), 500pg of the linearised plasmid NKrQ, 500pg of the linearised plasmid pHpaprl,
500pg of the linearised plasmid pSP72 (each plasmid equals approximately 103 copies), and 1ug LaclZ were incubated for 90 minutes at room temperature on a
rotator. This mixture was added to 10° pelleted M450-Dynabeads®, which had been armed with anti-B-Galactosidase monoclonal antibodies, and incubated for
another 90 minutes as before. The supernatants were taken off and the beads rinsed twice (20pul Volume; 10mM Tris/HCI pH7; 150mM KCl; 5% Glycerol;
0,01%BSA, MgAc as indicated in the legend). Elution was performed with ImM IPTG (20ul, 10mM Tris/HCI pH7; 50mM MgAc; 5% Glycerol; 0,01%BSA,
1mM IPTG). Finally the beads were incubated in 1 volume of high molar salt buffer (1M NaCl). 15ul of the supernatants of all steps went into the Southern blot

analysis. As a radioactively labelled probe served a Bg/ 1/Sca 1 fragment of the B-lactamase gene (see Materials and Methods) which is present in all three
plasmids. Exposure time: 5h on a phosphoimager screen.
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M4501Z-lacOp rescue: MgAc in binding buffer - enrichment
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Figure 3-18. M4501Z-lacOp rescue: Influence of MgAc concentration in the binding buffer on enrichment. Graphical evaluation of two
experiments ( see figure 3-17) Plotted are the mean of enrichment factors of the target sequence NKrQ, obtained with respect to the
evaluation plasmids pHPaprl and pSP72, at different concentrations of MgAc, being present in the binding buffer. The values are plotted
either for the supernatant after the binding step of the M4501Z-lacOp rescue (SN) or for the elution step (E). Calculation of enrichment: The
value of intensity (PSL-Photostimulated Luminescence), as calculated by the computerprogram TINAv2.08, per signal of NKrQ is devided
by the intensity for one of the other plasmids of the same sample. Each ratio obtained is subsequently divided by the ratio for the standard
sample (i.e. the sample that did not go through the rescue). pHb: pHBaprl; pSP72u: unspecified DNA fragment in the sample of pSP72 (see
figure 3-9); *: fictive minimal value: at 10mM and 40mM MgAc no pSP72u could be detected in the elution sample, for each concentration
in one of the two experiments.
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Figure 3-19. M4501Z-lacOp rescue - MgAc in binding buffer: yield Graphical evaluation of Figure 3-17 A) (elution). Plotted is the
percentage of NKrQ recovered in the elution steps with respect to the onput amount (standard). n.g.D.: no genomic DNA present.

Specific elution of lac-operator containing DNA fragments with IPTG

The final elutions for the experiments evaluating the DNA uptake during the
M450%-lacOp  rescue  were  achieved  non-specifically  with IM  NaCl
Isopropyl-thio-galactoside (IPTG), a synthetic galactoside, and strong inducer of the

lac-operon system, induces an allosteric conformational change in the Lac repressor which
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leads to a 1000 fold reduction of affinity to the lac-operator in vitro (Barkley et al. 1975;
Lewis et al. 1996). Experiments were carried out in order to assess whether upon final elution

in the presence of IPTG further enrichment of the target sequence NKrQ can be achieved.

Elution in the presence of ImM IPTG

Firstly the final elution was performed with a buffer containg 1mM IPTG. In parallel
again the specificity of the M450%-lacOp rescue was tested against KCI concentration in the
binding buffer as above. As can be seen in figure 3-20 A) and B), and in the graphical
evaluation (figure 3-21) the elution of NKrQ was highly specific. Enrichment factors greater
than 300 could be obtained. It seems that the most efficient uptake of target sequence
occurred at a KCl-concentration of 100 to 150mM (figure 3-20 A)), even though this is not
reflected in the yield of target sequence (figure 3-22). This in turn could be due to the
observed degradation of DNA which, for the elution samples is most obvious at 100 and

150mM KCL
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Figure 3-20. M4501Z-lacOp rescue - IPTG elution and influence of KCI concentration in the binding buffer on enrichment for NKrQ. A)
Supernatant and first rinsing step. B) IPTG-elution and high salt elution. Depicted is a picture of a Southern blot analysis. As target sequence the
linearised plasmid NKrQ was used which carries the /ac-operator sequence, as tracer for non-specific binding the linearised plasmid pHbaprl;
pSP72 and pSP72u were used (see Material and Methods). n.g. DNA: no genomic DNA. Std: standard (sample derived from mastermix, of which
equal volume fractions went into the rescue assay). M4501Z-lacOp rescue: per sample (20ul volume; 10mM Tris/HCI pH7; 10mM MgCl12; 5%
Glycerol; 0,01%BSA, KCI, as indicated in legend), 500ng EcoR 1/BamH 1 digested chicken genomic DNA (Gallus domesticus; equivalent to 103
diploid genomes), 500pg of the linearised Plasmid NKrQ, 500pg of the linearised plasmid pHbaprl (see Material and Methods; each 108 copies),
500pg of the linearised plasmid pSP72, and 1pg LaclZ, were incubated at room temperature for 90 minutes on a rotator. This mixture was added
to 106 pelleted M450-Dynabeads®, which had been armed with anti-B-Galactosidase monoclonal antibodies, and incubated for another 90 min-
utes as before. The supernatants were taken off and the beads rinsed twice (1 volume; 10mM Tris/HCl pH7,6; 10mM MgCly; 5% Glycerol,
0,01%BSA KCI as indicated in the legend). This step was followed by elution with ImM IPTG ( 20ul; 10mM Tris/HCI pH7; 50mM MgAc; 5%
Glycerol; 0,01%BSA, 1mM IPTG). Finally the beads were incubated with 20pl high molar salt buffer (1M NaCl). 15ul of each step of the assay
went into Southern blot analysis. As a radioactively labelled probe served a Bg/ 1/Sca I fragment of the f-lactamase gene which is present in all
three plasmids. Exposure: 8 hours on a phosphoimager screen.
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Figure 3-21. M4501Z-lacOp rescue: IPTG elution and influence of KCI concentration in the binding buffer on enrichment for NKrQ.
Graphical evaluation of Figure 3-20 B) (elution). Plotted are the enrichment factors of the target sequence NKrQ, obtained with respect to the
evaluation plasmid pHBaprl, pSP72, and pSP72u at different concentrations of KCl, being present in the binding buffer. The values are
plotted for the supernatant of the elution step. Calculation of enrichment: The value of intensity (PSL-Photostimulated Luminescence), as
determined by the computer program TINAv2.08, per signal of NKrQ is devided by the intensity for pHaprl, pSP72, or pSP72u per
sample. Each ratio obtained is subsequently divided by the ratio for the standard sample (see also Materials and Methods). Any value for the
enrichment greater than 300 means that there was no trace of the plasmid in question detectable, and therefore the enrichment factor was not
determinable.

M4501Z-lacOp rescue: KCI in binding buffer/1mM IPTG elution

100

90

80

70

60

50

40 1

yield (% of standard)

30

20 A

L [

n.g.DNA omM 10mM 50mM 100mM 150mM 200mM 250mM

sample

Figure 3-22. M4501Z-1acOp rescue: IPTG elution and influence of KCI concentration in the binding buffer on enrichment for NKrQ
- yield. Graphical evaluation of Figure 3-20 A) (elution). Plotted is the percentage of NKrQ being recovered in the elution steps with respect
to the onput amount (standard).
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It was reported before that the presence of Mg”" ions lowers the binding constant of
the Lac-repressor complex to lac-operator sequence (Barkley et al. 1975). Therefore we
explored for the M450"-lacOp rescue assay whether and to what extent addition of MgAc to
the elution buffer has a positive effect on the elution step. As above per assay the elution was
performed in the presence of ImM IPTG. Additionally the elution buffer contained increasing
concentrations of MgAc. IPTG (MW=238) is present at approximately a 1000fold surplus
over LaclZ (MW=150 000). The results are shown in figure 3-23. Maximal elution efficiency
was obtained in the presence of 100mM to 150mM MgAc, which is nicely reflected in the
lack of remaining target sequence NKrQ in the high salt washes (see figure 3-23 B) and
figure 3-24 for graphical illustration). The enrichment in this experiment was very high, with
no detectable traces of the evaluation plasmids pSP72 or pHPaprl (see table 3-4). The
maximal yield of the target sequence was obtained at 100 and 150mM MgAc with 20 to 30%
of the onput.

These promising results encouraged us to apply the optimised protocol for the
M4501Z-lacOp rescue, to conditions which are closer to our ultimate goal, that is to isolate
single copy gene targets out of pools of genomic DNA. This approach is described in the next

section.
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Figure 3-23. M4501Z-1acOp rescue - IPTG elution efficiency in relation to MgAc concentration. Depicted is a picture of a Southern blot analysis. A)
Supernatant and IPTG elution; B) First rinsing step and high-salt [1M NaCL] elution. As target sequence the linearised plasmid NKrQ was used which carries
the lac-operator sequence, as tracer for non-specific binding the linearised plasmid pHPaprl; pSP72 and pSP72u were used. n.g. DNA: no genomic DNA. Std:
standard (sample derived from mastermix, of which equal volume fractions went into the rescue assay). M4501Z-/acOp rescue: per sample (20ul volume;
10mM Tris/HCI pH7; 150mM KCI; 10mM MgAc; 5% Glycerol; 0,01%BSA), 500ng Eco RI/Bam HI digested erythrocyte chicken DNA (Gallus domesticus;
equivalent to 105 diploid genomes), 500pg of the linearised plasmid NKrQ, 500pg of the linearised plasmid pHBaprl, 500pg of the linearised plasmid pSP72
(each plasmid equals approximately 108 copies), Sng of the Eco RI linearised plasmid pBluescript, and 1pg LaclZ were incubated for 90 minutes at room tem-
perature on a rotator. This mixture was added to 106 pelleted M450-Dynabeads®, which had been armed with a-B-galactosidase monoclonal antibodies, and
incubated for another 90 minutes as before. The supernatants were taken off and the beads rinsed twice (20ul Volume; 10mM Tris/HCI pH7; 150mM KCI;
10mM MgAc, 5% Glycerol; 0,01%BSA). Elution was performed with ImM IPTG (20pl, 10mM Tris/HCI pH7; 5% Glycerol; 0,01%BSA, 1mM IPTG, MgAc
as indicated in the legend). Finally the beads were incubated in 20pl of high molar salt buffer (1M NaCl). 15pul of the supernatants of all steps went into South-
ern blot analysis. As a radioactively labelled probe served a Bg/ 1/Sca 1 fragment of the B-/actamase gene which is present in all three plasmids.Exposure: 8
hours on a phosphoimager screen.
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NKrQ pHbaprl pSP72u pSP72

(PSL) (PSL) (PSL) (PSL)
standard 1266,64 728,82, 2717,39 1219,5
n.g.DNA /50mM MgAc -5,76 0,12 -39,07 -6,45
0mM MgAc 11,23 -23,68 -32,15 -10,49
10mM MgAc 19,19 -34,56 -4,89 -6,65
50mM MgAc 244,15 -3,52 20,18 -0,02
100mM MgAc 365,59 11,68 -6,09 -5,52
150mM MgAc 284,95 -4,83 78,12 -19,31

Table 3-4. Signal intensities (PSL-Photo Stimulated Luminescence) in elution samples (1mM IPTG; MgAc as indicated in respective lines).
Listed are the signal intensities per plasmid and sample after background subtraction of figure 3-23.

M4501Z-lacOp rescue: MgAc in elution buffer - yield (elution; high salt)
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Figure 3-24. Comparison of yield of the target sequence NKrQ in the IPTG-elution (elution) step and the 1M NaCl (high salt) elution.
Plotted is the percentage of the standard signal intensities measured for the respective samples.

3.1.4. Target extraction out of pools of genomic DNA: single copy gene extraction

With 10* copies per genome the ratio of target sequence copy number to genome
number in the optimising experiments of section 3.1.3. was a thousand fold higher than the
ratio we are aiming at. We explored therefore whether the extraction still produces satisfying
results, if only one copy of target sequence is available per genome. The total amount of
genomic DNA was kept at 500ng representing 10° diploid genomes, since we planned to
perform an analysis on pools of 10° cells (see discussion). Due to the low starting amount of
target sequence no direct assessment as in the optimising experiments presented before was

possible. Therefore the evaluation was based on PCR of the samples that were analysed.

As target sequence 10° copies (700fg) of a 2kb long DNA-fragment were used,
which contains the E.coli lac-operator sequence, as well as the first three exons of the H2 D”
gene ("ND" — see Material and Methods). As a reference, in order to evaluate the specificity

of the target extraction 10° copies of a 2kb fragment were used which does not contain the
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lac-operator sequence ("8-8PST" — see Material and Methods). Both fragments were mixed
with 500ng Eco RI/Bam HI digested genomic erythrocyte chicken DNA (Gallus domesticus;
equivalent to 10° diploid genomes). As has been shown in above, in one cycle of the M450"-
lacOp rescue assay for a target gene an enrichment factor in the order of 10? relative to a
contaminating sequence can be obtained. However, despite this impressive magnitude of
enrichment, this is not sufficient for our purposes, since we will be working in a multigene
system, namely the H2 (see introduction). In a pessimistic “Gedankenexperiment” we have to
reckon with about 30 to 50 copies of (more or less) homologous H2 genes per target gene
(Trowsdale 1995), each of which could potentially interfere with our analysis by leading to in
vitro recombinational artefacts resembling the mutations we are looking for (see
introduction). If we enrich for the target gene by a factor of 100 relative to each of the
remaining H2 genes, the final ratio of target sequence to potentially “hazardous” sequences
would be in the range of 1:1. We decided to apply for the following experiments two cycles of
the M450"-lacOp rescue. In order to evaluate the assay a PCR was performed on the eluted
material, and in parallel on standard dilution rows (figure 3-25). The primers used were either
specific for “ND” or for “8-8PST”. As can be seen from comparison of the amplified standard
dilution rows to the eluted material in figure 3-25 A) (first round of the M450'-lacOp rescue),
the signal strength of the tracer 8-8PST is undiluted maximally as strong as the signal arising
from the 1:1000 dilution of the standard. On the other hand the signal strength of the target
ND at the 1:100 dilution is at least as strong as the signal from the 1:1000 dilution of the
standard. This implies an enrichment factor relative to 8-8PST after the first cycle of the assay

of at least 107,

Applying the same evaluation to the second cycle of the rescue assay a comparison
of 8-8PST and ND to their respective standard dilution rows lead to an estimation of an
enrichment factor of about 10* for the target sequence “ND”, and a yield of 25% of the
starting material (see figure 3-25 B)).

The enrichment achieved after two cycles of the M450"-lacOp rescue in the model
system presented is very promising. The result allowed us to pursue one further evaluating
experiment, which finally mimics the ultimate goal of treating pools of germline derived cells
with the M450"%-lacOp rescue assay in order to ultimately screen these for mutations. We
have in our hands transgenic ES cells which harbour the KPHNE transgene (see introduction).
We decided to assess whether starting from small pools of these cells the isolation of
endogenous target sequence (the KNG gene) would be as effective as in the model

experiments described above. This approach is described in the next section.

-79 -



Results

A) first round of M450'Z-]acOp rescue
target: ND tracer: 8-8PST

eluted target KB! standard

eluted target KBL standard

B) second round of M450'-lacOp rescue
target: ND tracer: 8-8PST

eluted target KBL standard HO0 eluted target |KBL standard C |no0

Figure 3-25. M4501Z-lacOp rescue in the context of genomic DNA: single copy gene extraction. Depicted are agarose gels (2%;
IXTBE; staining: 0.01% Ethidiumbromide). Loading volume: 30ul. A) first round of the M450'2-lacOp rescue. Eluted target: 10 fold
dilution row of ND and 8-8PST after elution. Standard: tenfold dilution row of ND and 8-8PST starting with 10> copies. C: negative
control; chicken DNA that did neither contain ND nor 8-8PST, but which went through the enrichment protocol in parallel. The nega-
tive controls were subsequently amplified for ND (CND) or 8-8PST (C8-8). B) second round of the M450"%-/acOp rescue. Evaluation
as in A), only that for ND a twofold dilution series starting from 1:100 was used, and for 8-8PST a 1.5 fold dilution row starting from
1:2000. Standard: Material of a sample mastermix which did not undergo the rescue protocol.

The rescue assay was performed as follows: 10° copies of the lac operator carrying target fragment "ND" were mixed with 10° copies
of the lacOp negative fragment "8-8PST", and 500ng EcoR 1/BamH 1 digested chicken erythrocyte DNA (equal to about 10° diploid
genomes). Two rounds of the M450'%-lacOp rescue were employed. Binding to LacIZ: 20ul Volume;1ugLaclZ; 10mM Tris/HCI pH7,
10mM MgAc, 150mM KCI; 5% Glycerol, 0.01% BSA, 5ng pBluescript; 90 minutes at room temperature on a rotator. Binding to anti-
B-Galactosidase armed Dynabeads®: 10° beads, 1pg LaclZ; 10mM Tris/HCI pH7, 10mM MgAc, 150mM KCI; 5% Glycerol, 0.01%
BSA; 90 minutes on a rotator at room temperature. Rinsing: two times one volume; 10mM Tris/HCI pH7, 10mM MgAc, 150mM KCI;
5% Glycerol, 0.01% BSA. Elution: 20ul; 10mM Tris/HCI pH7, 150mM MgAc; 5% Glycerol, 0.01% BSA, ImM IPTG; 30 minutes on
arotator at room temperature. The eluted material was transferred into 1 X binding buffer via Sephadex columns (Sephadex G-25; see
Material and Methods), and a second cycle was performed as above. Evaluation was performed with PCR on dilution rows of eluted
material and standards. A) Evaluation of first cycle of M4501Z-lacOp rescue. PCR: 50pul; 2.5U Taq; 5Spl template; 30 cycles;
ND/GC40D for ND and AK/GC40K for 8-8PST (see Materials and Methods) B) Evaluation of second cycle of M4501Z-lacOp rescue.
PCR: 50pl; Taq; 2pl template; 10 cycles; ND/GC40D for ND and AK/GC40K for 8-8PST. Dilution rows as indicated.

3.1.5. Target extraction out of pools of cells: Isolation of the Kb-LNC transgene from
LNC28.28 cells

The M450"-lacOp rescue represents an element in the frame of a project which aims
at the development of a streamlined protocol which would allow the isolation of lac-operator

tagged MHC genes from the genome in order to facilitate the search for mutations in H2
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genes of the mouse germline. Therefore primordial germcells or sperm would be used for the

definitive analysis. In principle, however any cell type can be used for such an analysis.

In this laboratory Gaby Vopper and Dr. Lisbeth Guethlein generated embryonic stem
cells which carry in the third intron of the H2 K? gene the E.coli lac-operator sequence
(KbLN € see also Introduction). These cells were generated by homologous replacement
techniques (“knock-in") and served ultimately to create transgenic mice (see Introduction and
Materials and Methods). We wished to know whether, starting from these transgenic cells, the
KNG gene could be efficiently extracted from the mouse genome, using the M450%-lacOp

rescue protocol developed in the previous sections.

Genomic DNA was isolated from aliquots of 10° LNC28.28 cells, and digested with
the restriction enzymes Eco Rl and Hind III. This double digest creates a fragment of 3.8kb
length which containing the first three exons, as well as the lac-operator sequence of KNG
(Lisbeth Guethlein and Gaby Vopper, unpublished data). The digested genomic DNA went
through two cycles of the M450%-lacOp rescue (see Materials and Methods). Afterwards
PCR was employed to evaluate the assay. As a negative control, wildtype ES cells (ES14.1,
(Kuhn et al. 1991)) were used. The KbLNC-target sequence was recovered successfully as

shown by amplification on the final IPTG-elution step for the target sequence (figure 3-26).

For the purpose of estimating the degree of suppression of contaminating
DNA-sequences 18S rDNA was amplified. Of the 18S rDNA genes around 100 copies are
present per haploid mouse genome (Alberts et al. 1994). In a first evaluation, equal amounts
of supernatant derived from the first incubation of the genomic DNA with M450 Dynabeads
and material from the final IPTG-elution step were amplified in parallel. Strong signals
appeared for the supernatants, while no signals were detectable for the eluted material in
agarose gels (see figure 3-27 A)). The evaluation was further extended through diluting the
supernatant samples down to 1/25 600, and PCR was performed on the respective dilution
steps in parallel to the undiluted material of the IPTG-elution (figure 3-27 B)). While in the
supernatant samples a signal can be detected at least down to 1/12 800, no signal is detected
in the elution samples. This shows clearly that the M450IZ-lacOp rescue is capable of

significantly suppressing the presence of contaminating DNA-sequences.

The result presented here must certainly be regarded as the outcome of a pioneering
experiment. It suggests strongly the feasibility of the approach for our purposes, but needs

further exploration.
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Figure 3-26. M450Z-lacOp rescue on of LNC28.28 ES cells: recovery of K?/¥C, Shown is the picture of an agar-
ose gel (1%; 1XTAE; staining: 0.01% Ethidiumbromide). 20ul of a 50pul PCR reaction were loaded: 1/10 of the
final elution step were amplified with the primer pair LNCV/LNCK (50ul; 1.54U Pfu (Promega); Spmol primer
each; 35 cycles). A: Amplicon. PD: Primer Dimer.
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Figure 3-27. M450“-1acOp rescue on of LNC28.28 ES cells: suppression of 18S rDNA. A) Depicted is the picture of an agar-
ose gel (2%; 1XTAE; staining: 0.01% Ethidiumbromide). 20ul of a 50ul PCR reaction were loaded. 1/10 volume of the final
IPTG-elution step (elution) as well as the material collected after the first incubation of the digested cell derived DNA with
M450'Z beads (supernatant), were amplified with the primer pair 18S-5/18S-3' (50ul; 1.5U Taq; 2.5mM MgCl,; 5pmol primer
each; 35 cycles). LNCI, 2: two independent samples of 105 LNC28.28 cells which went through two cycles of a M450%-lacOp
rescue. E14.1: wildtype ES-cells (negative control). 129: genomic DNA of 129sv mice (dilution 1/100; kindly provided by Iana
Parnanova). B) Elution and supernatant (see A) after further amplification. The supernatant was diluted down to 1/25 600. Two
rounds of PCR were employed. The first round as in A). 20ul of the samples derived from first amplification were purified (PCR-
High Pure Purification Kit (Roche)), and eluted into 100pl 10mM Tris/HCI pH8. 1pl of the eluted material was amplified for
additional 25 cycles as before. 20ul were loaded onto an agarose gel (1.5%; 1XTAE; staining: 0.01% Ethidiumbromide; post
staining with Gel Star® (1/10 000 in 1XTAE; FMC Bioproducts). 100bp: 100 basepair ladder (Gibco BRL). H: water control of
first round of PCR. A: amplicon; PD: primer dimer.
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3.2. Detection of bg-like mutations with K***“-specific Polymerase Chain

Reaction coupled to Sequence Specific Oligonucleotide Probing

As discussed in the introduction we set out to design and establish a protocol
consisting of multiple components, which would allow us to detect and analyse mutations
occurring in germline H2 genes. We wanted to use a combination of different tools such as
KPNE transgenic mice (see introduction), the M450%-lacOp rescue as a target enrichment
step, and enrichment of mutants by tube Denaturing Gradient Gel Electrophoresis
(tube-DGGE; (Sousa 2000)) combined with cloning and sequencing, to unravel gene
conversion like events and ultimately to address questions concerning the molecular
machinery underlying such a process. Our ideal was not only to analyse mouse MHC class 1
genes, which is highly demanding, but also to obtain a maximal degree of freedom concerning
the characterisation of such mutations (see introduction). This is in contrast to approaches
which focus on documented ("historical") mutations (Hogstrand et al. 1994). However while
working on the assembly of a ‘“gene conversion detector” it became obvious that the
characterisation of its components would take more effort than first anticipated, and also that
the power of some components might only be suboptimal for our purposes (Sousa 2000). It
was therefore decided to take advantage of the availability of pBluescript sequence in the
third intron of the cloned K""¢ gene, to develop a streamlined mutation detection protocol,
consisting of a highly specific PCR coupled to Sequence Specific Oligonucleotide Probing
(SSOP). The amplicon of the K" NC_PCR should surround a region which was repeatedly hit
by mutations belonging to the bg-series (see introduction — table 1-1). To focus on the
bg-series of mutations was decided as it is by far the most frequent one documented in the
whole series of "classic" mouse mutations (discussed in (Martinsohn et al. 1999)). The SSOP
protocol should be established and optimised with respect to specificity and sensitivity. The
aim was to detect mutations which occur in a given pool of cells with a frequency of 1/100. A
frequency of 1/100 was chosen as a desired detection limit, since at d13 post coitum (p.c.) a
mouse gonad contains about 25 000 primordial germ cells (PGC; (Wylie 1993)). If 50% of the
PGCs could be recovered, the analysis of one gonad could be covered by one 96-well plate. A
lower detection limit was regarded to be too ambitious, since SSOP is normally rather used
for the analysis of heterozygous states, but to detect rare mutations. A protocol should be set
up, in which a given number of (primordial germ) cells would be aliquoted in pools such that

in any given mutant pool the mutation occurs at a minimal frequency of 1%. The cells would
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be lysed and the genomic DNA amplified by the LNC-PCR as to raise potential mutations to
levels being detectable by SSOP. Subsequently SSOP would be employed to screen the
amplified pools for the occurrence of mutations. In a positive pool the mutation could finally

be brought to “visibility” by batch cloning techniques and sequencing.

In this section the approach of developing the combined K”**“-PCR/bg-SSOP assay
will be described. The target region will be introduced as well as the attempt to optimise the
components of the assay, that is the K"NC_PCR and the bg-specific SSOP. Finally an
experiment will be presented which evaluates the power and feasibility of the complete
approach in the context of the expected low frequency (f=10"*) with which bg-like mutations

are expected to occur.

3.2.1. The bg-target region

The bg mutation group includes a number of animals (altogether 9) that were
detected in the historical /2 mutation screening programs, based mainly on skin grafting (see
introduction — table 1-1). In all cases the mutation, which hit the third exon of K’ , 18
characterised by either an A—T transversion at aminoacid position 116 (resulting in a Y—>F
change on the AA level) alone, or additionally by a T—C transition at aminoacid position 121
(resulting in a C—R change on the AA level). For the purpose of designing an effective
PCR/SSOP assay it was decided to focus on the bg group as it appeared in roughly 50% of all
detected K’-mutations, and is therefore by far the most prevalent H2 mutation known at
present. In figure 3-28 the sequence region containing the characteristic bg base exchanges is
depicted, aligned to Q4, the proposed donor gene for this event (Geliebter et al. 1986), as well
as the anchor sites for the primer pairs LNCK/LNCV and NLNCK/NLNCV , which frame the
amplicon covering the bg mutation. The original primer pair LNCK/LNCV frames an
amplicon of 1.2kb length, spanning from the second exon to the pBluescript part of KbLNC,
which is located in the third intron. The nested primer pair NLNCK/NLNCV was designed in
anticipation for further need of specificity at some stage during the project. All primers were
designed using the software program “Oligo” (vs6.0; Wojciech Rychlik). For the primer
design of LNCK all other H2 class I genes of the b-haplotype were taken into account of
which sequence information was available, to ensure maximal specificity. The length of the
amplicon (I=1232bp) was chosen in such a way that it covers the bg-region generously, in
case detected mutational events do not just include the two bg-marker bases T and C, but also

bases of the flanking regions of the bg area.
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865 CCGCGTCCCGGCGTCGCCCACCTGACCCTCCGCCCCTTCTCCACCCTAGE 914 1762 CTCGGGCTGGGGCTC . AGTCCTGGGGAAGAAGARACCCTCAGCTGGGGTG 1810
PEEEEIEEE 0 LEE i CEr et FEEEEEEEr e e e e e e e e e e e ey
298 CCGCGTCCTCGGGTCGCCCACCGGACCCTCCGCCCCTTCTCCACCCGAGT 347 1196 CTCGGGCTGGGGCTCTAGTCCTGGGGAAGAAGARACCCTCAGCTGGGGTG 1245
915 COCGCGCCCTGCTCCCCTCOCGGCCCECTCACCCES . CGGEGETCCCGGAR 963 1811 ATGCCCCTGTCTCAGA.GGGAGAGAGTGACCCTGGTCTCCTGATCCCTCA 1859
(RRRRRNRE RN RN e AR e e e R N | FEEEEEEEr e ver e b b ey
348 CCCGCGCCCTGCTCCCCTCTCAGCCCGCGCAGCCGCCCGGGGTCTGETGA 397 1246 ATGCCCCTGTCTCAGAGGGGAGAGAGTGTCGCTGGTCTCCTGATCCCTCA 1295
964 GGAGTTCGGGGTCTCACCGCGCCCTGCCTCCAGGCCCACACTTGCTGAGT 1013 1860 TCACAGTGACTGCACTGACTCTCCCAGGGCTCAGCCTTCTCCCTGGACAG 1909
PEL T LEEEEr e e PEEEEEEEEEr e e et r e e e et
Exonll 398 GGTGGTCCGGGTCTCACCGCGCGCCGCCCCCAGL 447 1296 T CAG G 1345
1014 TATTTCTACACCTCCGTGTCCCGGCCGGGCCTTGGGGAGCCCCGGTTCAT 1063 1910 CCCTGAGGTAACAAC 1959
FEILEL P TP et Lt e HHHH\HHHHHHHHHH\HHHHHHHHHH
CCGCCGTGTCCCGGCCCGECCTCGGEGAGCCCC 497 1346 TTCCCTGAGGTAACAAC 1395
1064 CTCTGTCGGTTACGTGGACAACACGGAGTTCGTGCGCTTCGACAGCGACG 1113 1960 AGCTGCTCCCTTCAGTTCCCCTGTAGCCTCTGTCAGCCATGRCCTCTCCC 2009
PILIE LLErrrnrd HHHHHHHH\HHHHHH\ HHHHHHHHHHH\ [ERRARARRAR AR ARRRRARRRAE
3 c \CGG? 37 547 1396 GCTCCCTTCAGTTCCCCTGCAGCCTCTGTCAGCCATGGCCTCTCCC 1445
1114 CGGAGAATCC AGATATGAGCCGCGGGCACCGTGGATGGAGCAGGAGGGG 1163 2010 AGGCCGGGTICIC. . . ... AGCCCACTGTCTGTAGACACTGACTCCTGIC 2053
H\HHHHHH\HHHHHH\HHHHHHHHH\ PETTTTTTTTIT PELEETTEEE T Er el
548 AATCCGAGATATGA GGTGGATGGAGCAGGAGGGG 597 1446 AGGCCGGGTTCTCTGCCCACGCCCACTGTCTGTAGACACTGACTCCTGTC 1495
1164 CCGGAGTATTGGGAGCGGGAAACACAGAAAGCCAAGGGCAATGAGCAGAT 1213 2054 CTGCT.GAGTGTGTCAGCCCTTACACCTCAGGACCAGAAGTCGCCTTTAA 2102
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598 CCCGAGTATTGGGAGCGGGAGACACAGARAGCCAAGGGC AGCAGAG 647 1496 CTGCTCGAATGTGTCAGCCCTTACACCTCAGGACCGGAAGTCTCC.TTAC 1544
1214 TTTCCGAGTGAACCTGAGGACCCTGCTCAGCTACTACAACCAGAGCGCGG 1263 2103 CTGATCGGAGACATGGACTACCCTACACTAGGCTGATTGCCTCAGTTTCC 2152
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648 TTTCCGAGTGGACCTGAGGACCCTGCTCGGCTACTACAA AAGG 697 1545 CTGATAAGAGACATGGACTCCTCTACACTAGGACGGTTCACCTAGTTTCT 1594
1264 GCGGTGAGTGACCCCGGATCGGAGGTCACGACCCCTCCACGTCCCAARAC 1313 2153 TGA 2155 : :
PEEEEEEEE e e e e e e e e e e e e I pBluescript
698 GCGGTGAGTGACCCCGGGTCGGAGGTCACGACCCCTCCACGTCCCGACAC 747 1595 AGAGCGGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCC
B LNCV

1314 AGGGGCCCGAGACGTCCCGGGCCCCAAGTTCGAGGTTC.TGAGCAGAACG 1362
(AR R N N AR N A RN A AR RN

GTAATCATGGTCATAGCTGTT

'ACGAGCCGGAAGCATAAA

748 AGGGACGC.TGACGTTCC.GGTCCCAAGTCCGAGGTTCGGGAACAGAACG 795
1363 GACGCGGGA&TGGTTTCCC&‘TTCAGTTTG&AGGAG. CCGéGGGTGGGCG(‘S 1411 GTGTAAAGC! (‘;T(J‘GE(SGQ[ZL( TAATGAGTGAGLTAALTLALATTAATT CG' T
796 GACCCGGAACCERTIICTEITTCACTTTIGEAGOACTEGCBEACEE4CEE 845 O A GOT I CAGT UGG ARACC TS TCRTCCAGTOSAE
1412 GGCCGGGGCéTGTGGGCGGéGCTGACCGCéGGGTCCCGCAGGCTCTCACA 1461 TGCAGC(TAA(;(TTAGCTTGG(}TGGACGTAA:’:\CTCCTCTTC:’:\GACCTAATAA
Bronlll 846 GGCCEGACEaATEAGCOEACTEACCECAAEETCCCCATT AL 835 CCTATACCATACAS A ACCAA G A AR GGG A

ATCGGEAATTCCTCGAGTCTAGAATTTTCCAAAGAATACATTCTCACAGAT
CCCTCCCTGTCTGTGGGGTTTTGCACCCCTTAACAACCCAATTCTATCTA

TTCCTACAG&‘GGTGAATGG&‘CACATGAGCéCTTATGCTA(.ICCTGGAGGAA

TATAAA :
Figure 3-28 The bg-target region. Above: sketch of the exon-intron structure of KbLNC. Below: Shown is an alignment of exon I to
intron IIT of the H2 genes K”**“ and 04 (upper sequence), the proposed donor sequence for the hg-mutation (see table 1.1). Exon sequence of
K? is drawn in green, intron sequence in black. The sequence part of K" which derives from pBluescript is drawn in blue. Indicated are the
positions of the primer pairs LNCK/LNCV (dark red); NLNCK/NLNCV (orange), and the positions of the SSOP oligonucleotides BGOT
(light violet); BGOC (dark violet), as well as the Kb-oligo (turquoise), and KBO58 (blue). Furthermore indicated are the bg-specific bases
derived from Q4 (in red): T (position 1527 in Q4), and C (position 1541) inQ4. The lac-operator sequence (lacOP; Gilbert and Maxam
(1973)) is boxed in blue. The alignment was carried out with the program Bestfit (GCG-Sequence Analysis Software Packag; Version 6.0).
Sequence of K”“*“ based on records provided by Gaby Vopper and Lisbeth Guethlein (personal communication).
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3.2.2. LNC-PCR on cells

The first step in the combined KbLNC-PCR/bg-SSOP assay consists of PCR on pools
of cells. While the aliquoting of the cells to be examined can be regarded as an enrichment
step for the mutation (as in any given mutant pool of cells the original mutant frequency of
10" is risen by a factor of 100 to 107?), the PCR serves as a "magnifier", bringing the mutation
up to detectable levels for the SSOP step. Due to its low error rate of about 10 per position
per cycle (Andre et al. 1997), we chose Pfu as the principal polymerase throughout the whole
project. Since the anticipation was, that we would be in need for a high amount of Pfu, we
decided to purify Pfu on our own behalf, following a protocol proposed by Lu and Erickson
(Lu et al. 1997). The attempt to purify Pfu and to optimise it with respect to efficiency is

described in the following section.

Isolation and performance of the Pyrococcus furiosus DNA Polymerase (“Pfu”)

As outlined in the introduction, for our purposes Pfu was the Polymerase of choice to
be used in the context of mutation detection due to its proof-reading activity, which is based
on 3'-5' exonuleolytic activity (Cline et al. 1996). Since the frequency of “bg” mutations is
presumably as low as 10, it was obvious that in order to yield statistically relevant numbers
of “bg-like” mutations, a great number of PCRs would have to be carried out. Even if the
uptake of a mutated DNA fragment, being present at a frequency of 1% in a pool of DNA, to
a detectable level, would be 100% efficient, one hundred PCRs would have to be carried out
to get hold of one mutation. It is apparent that to come to meaningful conclusions about the
nature and characteristics of mutations one relies on high numbers. This renders the analytical
process cost intensive if one depends on polymerases which are only commercially available,
motivating us to follow a published protocol of Lu and Erickson (Lu et al. 1997) in order to

isolate Pfu ourselves.

We received from the American Type Culture Collection a 8kbp construct which is
based on the expression vector pET11b (Novagen) and contains a 2.4kbp open reading frame
encoding the wildtype Pyrococcus furiosus DNA polymerase (ATCC number 87496;
sequence accession number: D12983; insert: nucleotides 237 to 2564 of D12983). This insert
is cloned into the Ndel site of the pET11b polylinker (Lu et al. 1997). The construct was
delivered in lyophilised E.coli, strain DH5 .

The pET protein expression system is based on the T7 promoter-driven system

originally developed by Studier et al. (Studier ef al. 1986; Studier et al. 1990; Dubendorff et
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al. 1991). The target gene on the pET plasmid is under control of the T7 promoter, which in
turn is under control of the Lac repressor. The T7-polymerase gene of the host gene is under
control of the /ac promotor. Expression of the target gene is therefore strongly induced upon
addition of IPTG. Additional control is achived in the pLysS system: The host
(BL21DE3pLysS) carries a plasmid encoding the T7 lysozyme, a natural inhibitor of the T7
polymerase, which is expressed at low basal levels. This ensures suppression of background
expression of the target gene in uninduced cells (Studier 1991). E.coli bacteria of the strain
BL21(DE3)pLysS (Promega) were transformed with the construct and an expression test was
performed (figure 3-29). A 90kDa Protein appears in the samples that are induced with IPTG.
An additional band visible upon induction at about 118kDa was also observed by Lu et al. (Lu
et al. 1997). The authors claim that this 118kDa protein appears as well when expressing

other proteins in the pLysS system.

Initially a simplified purification protocol was tried out, which included sonication of
the samples and denaturation of background proteins by heat supply (figure 3-30). This
purification worked surprisingly well, compared to the purification achieved by Lu and
Erickson in a similar step (see figure 1 in Lu and Erickson, (1997)). The only other band
being visible after purification in the Coomassie stained gel belongs to a very strongly

expressed protein of about 25 to 30kDa.
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Figure 3-29. Expression of Pfu. Depicted is a 12.5% Coomassie blue stained SDS-PAGE gel. BL21(DE3)pLysS were trans-
formed with the expression plasmid pET Pfu (two clones C1 and C2). Each clone was grown in 20ml LB in the presence of
[25pg/ml] Chloramphenicol (Sigma) and [100pg/ml] Ampicillin (Sigma) in 3ml volume over night at 37°C. The over night cul-
ture was washed two times with 10ml LB and 1/50 volume was transferred into 20ml LB [25pg/ml] Chloramphenicol and
[100pg/ml] Ampicillin for further growth. At an OD of about 0.5 the cultures were induced with 0.5mM IPTG and grown to a
final OD of 2.8 to 3. 500ul of the culture was pelleted, taken up in 50pl PBS, mixed with 50ul 2Xprotein loading buffer and
boiled for 10 minutes. 5ul were loaded onto the gel shown. A;B: BL21DE3pLysS untransformed; C1, C2: two clones of
BL21DE3pLysS transformed with pETPfu; -: no induction with IPTG. +: induction with IPTG. 118: unspecified band, wat 118
kDa which was also reported by Lu and Erickson (1997). 90: induced band at the expected hight of 90kDa. MW: Rainbow
(Amersham).

P [SN
72°C

store

Figure 3-30. Purification of Pfu by denaturation. Depicted is a 12.5% Coomassie blue stained PAA gel. Loading volume per
lane: 5pul. raw: culture before IPTG-induction (500ul of culture taken up in 50ul loading buffer). ind: culture after IPTG-
induction (500ul of culture taken up in 50ul loading buffer). son: sonicated material (50ul in 100ul loading buffer). spin (P): pel-
let of 100 000g (50ul in 100ul loading buffer). spin (SN): supernatant of 100 000g (taken up in 500ul PBS; 1/10 in 100ul loading
buffer). 72°C (P): pellet of 72°C, 100 000g (50ul in 100ul loading buffer). 72°C(SN): Pellet of 72°C, 100 000g (taken up in
500ul PBS; 1/10 in 100ul loading buffer). store: purified Pfu in storage buffer (5ul in 50ul loading buffer). Purification
procedure: Starting from one colony a 20ml culture, was grown over night (0.n.) in LB ([25pg/ml] Chloramphenicol, [100pg/ml]
Ampicillin). The o.n. culture was pelleted, washed twice in 50ml LB, and taken up in 20ml LB. 150ml LB ([25pg/ml]
Chloramphenicol, [100pg/ml] Ampicillin) were inoculated with 7ml of the o.n. culture. At an OD of about 0.5 expression was
induced by addition of IPTG (final c=0.5mM). After further growth at 37°C for 3h, the culture was pelleted and resuspended in
Sml cold resuspension buffer (S0mM Tris/HCI pH8.0, 100mM NaCl, ImM EDTA, ImM PMSF (added freshly), 0.2mg/ml Lsy-
ozyme (freshly added)). Lysis occurred on ice for 2h. The suspension was shaken carefully from time to time and stored at -20°C
until further processing. The frozen suspension was thawed at room temperature and MgCl, was added to a final concentration of
10mM, as well as DNasel (final concentration 0.2pg/ml). After incubation for 30minutes at room temperature on a shaker sonica-
tion followed (Labsonic®; duty cycle 0.5; 3 X 30s; 30" pause). The sonicated material was spun down at 100 000g for 30 minutes.
The supernatant was incubated at 72°C for 15 minutes to denature heat labile proteins, and spun down again at 100 000g for 30
minutes. The supernatant was concentrated and transferred into storage buffer (S0mM Tris/HCl; pH8.2, 0.ImM EDTA, 1mM
DTT, 0.1% NP-40, 0.1% Tween20, 50% w/v glycerol) by a Centriprep YM-30MW column (Amicon-Millipore). The purified Pfu
was stored at -20°C. MW: Rainbow (Amersham).
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The impressive purity obtained with this simple protocol encouraged us to use the
purified Pfu at this stage in a PCR and compare its performance to commercially available
Pfu (Promega). Only at high dilutions of Pfu, and high template numbers, amplification of
target sequence by the home made Pfu could be detected (figure 3-31 A)) but as can be seen
in figure 3-31 B)) this amplification was not very robust. At the height of primer dimer
formation, a signal appears which strength correlates with the amount of Pfu put into the PCR

reaction (figure 3-31 B))

It was taken into consideration that after the first purification step remaining nucleic
acid of E.coli might interfere with the target amplification in the PCRs. OD measurements
and loading of purified Protein samples on agarose gels revealed that indeed the samples

contained high amounts of nucleic acids (see figure 3-32 and table 3-5).
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Figure 3-31. Amplification of target sequence with Pfu purified through denaturation. Depicted is an agarose gel (1%,
1XTAE; staining: 0.01% Ethidiumbromide). Loading volume: 25ul. A) Dilution of homemade Pfu. Depicted is an agarose
gel (1%; 1XTAE; staining: 0.01% Ethidiumbromide). 107 molecules of pBKb (see Materials and Methods) were amplified for
30 cycles (50pl; 0.2mM dNTP; Spmol LNCV; 5pmol LNCK; 1 X Promega Pfu Buffer; Pfu as indicated; PCR: 3min., 95°C;
30 X [30s, 95°C; 30s, 64°C; 90s 75°C]; 10min. 75°C; « 4°C). Loading volume: 25ul. B) Dilution of homemade and Promega
Pfu. PCR conditions as above. A: amplicon of expected size. PD: height of primer dimer formation.

[KBL]

1.6

0.5=—

KBL Pfu0709  Pfu2209

Figure 3-32. Nucleic acid content in purified home-made Pfu. Depicted is an agarose gel (1%; 1XTAE; staining: 0.01%
Ethidiumbromide). 1ul of two independently purified samples (Pfu0709 and Pfu2209) were loaded.
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sample dilution A205 A280 A260 protein protein nucleic acid
(A205) (A280)
[mg/ml] [mg/ml] [mg/ml]
070999 1:100 1.7610 0.5382 0.9731 5.7 53 5
220999 1:10 n.m. 1.9024 2.377 n.m. 19 1.2
1:100 1.5530 0.2289 0.2967 5 23 1.5

Table 3-5. OD measurements of two independent samples of purified home-made Pfu. A205 measures the peptide backbone (x[mg/ml]
Protein =A,s/31; (Coligan et al. 1997)).

We decided to add to the purification protocol an affinity based purification step by a
Phosphocellulose column. In figure 3-33 a typical elution profile for a Phosphocellulose run is

depicted.

The elution of Pfu occurred in all runs at about 210 to 220mM KCI, while Lu and
Erickson (1997) claim that elution occurred at 480mM KCI. The yield (percent of the onput)
is not easy to estimate. Certainly for an estimation the FPLC running profile cannot be taken
into account since the nucleic acids present interfere heavily with the absorption at 280nm.
Estimates based on the Coomassie gel accompanying the elution profile (figure 3-33 B)) lead
to approximately 90% yield (Onput: 25ul of 5ml on gel; elution: 25ul of 3ml on gel). The
purity is about 90%. The success of this purification step is clearly visible in the Coomassie
stained gels since the low molecular weight band, at 25 to 30kDa disappeared. Also the

accompanying agarose gels show that nucleic acids are no longer detectable (figure 3-33 C)).

The purified home-made Pfu was tested in PCR and Unit estimates were performed
(figure 3-34). A comparison of signal strength in agarose gels of sample Pfu2509 to 1.5U
Promega Pfu leads to approximately 15U/ul (the signal strength for sample Pfu2509 at 0.5ul
1:10 diluted is approximately half the signal strength for the Promega Pfu amplified target).
For sample Pfu2709 this comparison leads to approximately 6U/ul. Altogether about 4000U
home-made Pfu could be purified (final volume Pfu2509: 100ul; final volume Pfu2709:
400ul). Further dilutions of the home-made Pfu were tested (figure 3-34 B)). Disappointingly
the peak activity of the home-made Pfu consistently was about ten times lower than that of

Promega Pfu (as judged by comparison of signal strength in agarose gels).
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Figure 3-33. Phosphocellulose based purification of home-made Pfu. A) FPLC run: Starting fromSIZ{EISOml culture which had been inoc-
ulated with 1/10th of an o.n. culture the purification was identical as in figure 3-30. The supernatant of the last 100 000g spin, after the heat
denaturing step, was immediately loaded onto an equilibrated Phosphocellulose column (Whatman P11; 5ml volume; Pre-cycling accord-
ing to manufacturers instructions). Loading conditions: 50mM Tris/HCI pH8.0, ImM EDTA; Gradient: linear to 1M KCI over 60ml. Run-
ning conditions as indicated in figure. 3ml fractions were collected. Samples 8 and 9 were pooled and buffer exchange as well as concentra-
tion was accomplished in Centricon-50 spin columns (Amicon-Millipore): 3 times one volume buffer exchange (2X storage buffer: 100mM
Tris/HCI pH8.0; 0.2mM EDTA; 2mM DTT; 0.2% NP-40; 0,2% Tween20). The final volume of samples 8 and 9 was 67pul. Glycerol was
added to final concentration of 50%. Storage at -20°C. AU: Absorbance Units. B) Coomassie stained gel: 12.5% PAA; loading volume
(except concentrated Pfu): 25pul of all samples were mixed with 1 Volume loading buffer. 10ul were loaded onto the gel. Concentrated Pfu:
Sul in 50ul loading buffer. 10ul were loaded onto the gel. ft: flow through of Centricon-50 spin column (see A)). Pfu store: stored Pfu (see
A)). C.50: Samples (retained Pfu and flow through) which went through Amicon-50 spin column. MW: Rainbow (Amersham). C) Agarose
gel (1%; 1XTAE; staining: 0.01% Ethidiumbromide): 100pul of all fractions were extracted by phenolization and treatment with
Chloroform/Isoamylalcohol (24:1). After an Ethanol precipitation the pellets were taken up in 25ul H,O of which Sul were loaded onto the

gel.

[kbp]

1.6

1.0
0.5

KBL 025 05 1 02505 1 2 025 py 0.5 H,0 KBL
1:10 1:50 1:10 [dilution]
KBL 025 | 2 02505 1 025 05 | 2025 5] Pro H,OKBL 3500 2705 Profega

1:10 1:10

Figure 3-34. Phosphocezlal({l)lose purified 112(7)(1)1)1e-made Pfu : activity test. Depicted are agarose gels (1%; 1XTAE; staining: 0.01%
Ethidiumbromide). Two independently purified samples (Pfu2509 and Pfu2709) were tested. 20pl of the 50l PCR reactions were loaded.
A) 107 molecules of pBKDb (see Materials and Methods) were amplified for 30 cycles as in Figure 3-31. Pfu amounts as indicated in Figure
legend. B) 107 molecules of pBKb (see Materials and Methods) were amplified for 30 cycles as in Figure 3-31. Pfu amounts [pl] and dilu-
tions as indicated in Figure legend. Sample Pfu2509 and Pfu2709 amplified with Stratagene 1X reaction buffer. Positive control: 0.5ul (ca.
1.5U) Promega Pfu. Note: the Promega Pfu control and samples Pfu2509 and Pfu2709 were originally loaded on one gel. For reasons of
simplicity some samples of the gel were cut out graphically. A: Amplicon. PD: Primer Dimer.
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It was suspected that the concentration and buffer exchange after the FPLC-
purification, via the Amicon columns worked only suboptimal, and that this might lead to the
unsatisfactory activity of the homemade Pfu. Therefore desalting was performed with a
Sephadex G-50 column before transferring the purified samples into storage buffer. Typical
purification and desalting profiles are depicted in figure 3-35. In this example fraction 23 and
24 were pooled and went without any further processing into the desalting procedure.
Table 3-6 lists the onput amount (amount after Phosphocellulose purification) and the yield.
Approximately 18% of the onput material were lost, mainly because fractions were chosen
which correspond to the centre of the protein peak in figure 3-35, while the fractions covering

the edges of the peaks were discarded.

Before buffer exchange After buffer exchange
Fraction 23 Fraction 24 Sum Fraction 5 Fraction 6 Sum
OD,s3 [ng/ml] ODysg [ng/ml] [ng] ODyyg [ng/ml] ODysg [ng/ml] [ng]
0.176 238 0.135 182 420 0.118 160 0.138 186 346

Table 3-6. Buffer exchange of FPLC purified Pfu by Sephadex-G50: Protein amounts. Listed is the total Protein amount [mg/ml] of the
fractions that were treated. OD,75[Pfu]: 1 = Cpp= 1.35mg/ml (Lu ez al. 1997).

Testing the purified and Sephadex G-50 treated Pfu

The performance of the phosphocellulose purified Pfu was tested in some standard
PCRs (figure 3-36). The activity reached peak levels, which were still about 10 times below
to that of 0.5ul Promega Pfu (ca. 1.5 to 1.75U; figure 3-36 A)). The highest activity was
reached at 4ul of a 1:10 dilution of the original material that had been purified by a
phosphocellulose column (figure 3-36 B) and C)). In parallel a sample was tested which had,
after the purification by a phosphocellulose column and desalting with sephadex G50, further
been purified by a UNOQ-1 anion exchange column (BioRad; details see Materials and
Methods). As can be see in figures 3-36 A) and C) no further increase in activity was
observed. This is in agreement with Lu and Erickson, who used subsequently to the
phosphocellulose step a MonoQ anion exchange column (HR10/10, Pharmacia (Lu et al.

1997).
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Figure 3-35. Purification of home-made Pfu and desalting with a Sephadex G-50 column.

A) typical FPLC-running profile of Pfu purification. Purification as in figure 3-33 except that instead of a linear gradient, a step gra-
dient of the elution buffer was employed (1-10ml: 0%B; 10-20ml: 5%B; 20-30ml: 33%B; 30-35ml: 33% to 100% B). The fraction
size was Iml.

B) typical desalting profile upon usage of a Sephadex G-50 (medium; Pharmacia) column. The Sephadex was equilibrated in 50mM
Tris/HCI pH 8.0; ImM EDTA and a column of lcm diameter packed. Final column volume: 8ml. Flow speed: 0.5ml/min. Fraction
size: 1ml. The collected fractions 5 and 6 were stored over night at 4°C. 450pl of fraction 5 was directly mixed with one volume 2
X storage buffer (50mM Tris/HCI pH8.2; 2mM DTT; 0.2% v/v IGEPAL; 0.2% v/v Tween20; 90%w/v Glycerol) and stored at -
20°C. This purified Pfu sample was called "Pful210S". AU: Absorbance Units.
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Figure 3-36. Activity of Pful210S and Pful210UQ. Depicted are agarose gels (1%; 1XTAE; staining: 0.01% Ethidiumbromide).
35ul of the 50l PCR reactions were loaded. 107 molecules of pBKb (see Materials and Methods) were amplified for 30 cycles as in
Figure 4. Pfu amounts and dilutions as indicated in Figure legend.

A) Sample Pful210S and Pful210UQ in comparison to Promega Pfu.

B) repetition of A).

C) extended dilution rows of the Pfu samples tested. Pful210S: Pfu purified by phosphocellulose column, and sample desalted with
Sephadex G50 column. Pful210UnoQ: sample derived from Pful210S batch but further purification by UNOQ-1 (BioRad) column.
x: samples of an unrelated PCR evaluation, not discussed here.
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Large scale purification of Pfu

Even though the peak activity of the home-made Pfu remained below that of
Promega Pfu, it was decided to carry on with the purification. The idea was to scale up the
purification protocol as to produce a large batch of home-made Pfu which could be optimised

for performance and used throughout the whole project as such.

The purification protocol was in principle the same as above, but the culture being
induced for expression had a volume of 1000ml (2X500ml). In figure 3-37 the elution profiles
of the Phosphocellulose step is illustrated. The final yield was about 7mg purified Pfu. This
batch of Pfu was called “LSPfu”.

Performance of Large Scale purified Pfu (LSPfu)

The performance and optimal concentration of LSPfu was tested by dilution rows
and comparison to Promega Pfu (figure 3-38). The amplification was done on the plasmid
pSP72 (Promega) with the primer pair 72F and 72R (see Material and Methods).The highest
activity was obtained at a dilution of 1:20; and 0.8 to 1.6ul volume. About 10% of the activity
of Promega Pfu (0.5ul; 1.5U) was obtained. Therefore the activity of the original stock
(before 1:20 dilution) was about 5U/pl,. this means that altogether around 25 000U of LSPfu
could be purified (total Volume of batch: Sml).

The activity for LSPfu was also compared to that of Promega Pfu for the LNC-PCR
system, using the primer pairs LNCV/LNCK and NLNCV/NLNCK (see Materials and
Methods and figure 3-28). As can be seen in figure 3-38 still the activity was about a factor 10

lower than for the Promega Pfu.

It was tested whether the storage buffer , which was used for the Pfu's purified in this
lab (1 X Pfu-storage buffer: 25mM Tris/HCI pH8.2; 1mM DTT; 0.1% v/v IGEPAL; 0.1% v/v
Tween20; 45%w/v Glycerol) has an inhibitory effect on the PCR activity. Therefore PCRs
with Turbo Pfu (Stratagene), to which increasing amounts of Pfu storage buffer were added
(figure 3-39). Only at high concentrations of Storage buffer, the PCR is inhibited (from 2ul
on, which is equivalent to 4% v/v end concentration, compared to 0.1% v/v if 1ul of 1:20
dilution of LSPfu is used for the PCR). In fact apparently at low concentrations the addition

of storage buffer has a rather “stimulatory” effect.
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Tunning conditions
matric: phosphocellulose (12ml)
A) buffer A: 50mM Tris/HCI pHS.0; 1mM EDTA B)
bufferB S0mM Tris/HCI, IM KCI; 1mM EDTA
flow rate: 0.5ml/min
fraction size: 1 5ml

— AU — conductivity [mS] — l;lecr]; [kDa]
205 —
=
8= -
66 — ,
55 — .=
-
e
g —
2. 5. MW FT P Pfu

store

Figure 3-37. (BiocFPLC) Large scale purification of Pfu. A) Shown is the FPLC elution profiles of the phosphocellulose purification step. In B) a
12.5% Coomassie stained gel is depicted on which the purified samples have been loaded (8ul of the polled samples FT; 8pul of the pooled samples P;
1ul of Pfu store). In short, after treatment with Dnasel (Roche) and sonication the raw extract (20ml Volume) was centrifuged at 100 000g for 30 min-
utes and immediately loaded onto a preequilibrated Phosphocellulose column (Volume: 12ml), The FPLC run was performed as indicated in A). Four
fractions (each 1,5ml) were pooled (indicated in A) as P), and the volume decreased to 2ml (Amicon Centriplus 30 spin column). After centrifugation
at 100 000g for 30 minutes the supernatant was loaded onto a preequilibrated Sephadex G-50 column (10ml volume; S0mM Tris/HCI pH8.2; 0.1mM
EDTA). The condition were as in figure 3-35B. Four fractions were collected (each 1.5ml volume) and the volume decreased to 2.3ml (Amicon Cen-
triplus 30 spin column). The sample was transferred into storage buffer and stored at -20°C. The purity of the home-made Pfu was at least 90% as esti-
mated from the Coomassie stained gel depicted in B). FT: flow through. P: fractions belonging to peak area of Pfu. Pfu store: Pfu after transfer into
storage buffer. MW: Wide Range (Sigma)

l\)')=I th-

LSPfu (1:20) Promega KBL Turbo Promega LSPfu (1: 20) . ‘I(J;(;uolcc.llxlcf 110;(“‘“““1“1;' - :o\tmmjclulf Iﬁ;mml[m\: ll”\)

0. 02 040 16 2 22 05H0 0.5 0.5H,0 1 L T LSPR(120; 1) 'mz
Figure 3-38. Performance of LSPfu. Depicted are agarose gels (1%, 1 XTAE; staining: 0.01% Ethidiumbromide; 20ul loading volume).

A) 107 molecules of pSP72 (Promega),amplified with LSPfu (diluted 1:20 in H,0) and Promega Pfu. Amounts of polymerase as indicated. In all cases
the PCR was performed as follows: 50pl; number of target molecule pSP72 (Promega) as indicated; the expected amplicon length is 234bp; 0.2mM
dNTP; 5pmol psp72F; 5pmol psp72R; 1XPromega Pfu Buffer; Pfu polymerase as indicated; PCR: 2min., 95°C; 25X[30s, 95°C; 30s, 60°C; 30s 75°C];
10min. 75°C; o 4°C.

B) comparison of 1ul LS Pfu (1:20) to 1pl (2.5U) Turbo Pfu (Stratagene) and 0.5ul Promega Pfu (1.5U).

C) Depicted is a positive image of an agarose gel (1%; 1XTAE; staining: 0.01% Ethidiumbromide; 20l loading volume). Either 107 or 103 molecules
of pBKb were amplified for 25 cycles with 1ul LSPfu (1:20 in H,O) or 0.5ul Promega Pfu. The primer pairs used were LNCV/LNCK and

NLNCV/NLNCK (see Materials and Methods). LNC-PCR in 50yl as before.

ul storage buffer 0 02505 1 2 4 8 16 0025051 2 4 8 16HO
2

10% molecules 105 molecules
Figure 3-39. Influence of Pfu storage buffer on PCR performance. Depicted is an agarose gel (1%; 1XTAE; staining: 0.01% Ethidiumbromide;
20ul loading volume). 104, 10° molecules were amplified with 2.5 Units of Turbo Pfu (Stratagene) for 25cycles in the presence of increasing amounts
of storage buffer (25mM Tris/HCI pH8.2; ImM DTT; 0.1% v/v IGEPAL; 0.1% v/v Tween20; 45%w/v Glycerol), amounts as indicated in gel). Target
was the plasmid pSP72, which was amplified as in Figure 3-38 A).
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PCR performance of LSPfu on cells

The original purpose was to use the home-made Pfu in PCRs on cells. For this
reason, even though the overall performance of the purified Pfu was unsatisfactory in PCRs
performed on plasmids compared to commercially available Pfu-Polymerases, PCR tests were
done on aliquoted cells. This was done also because it was observed that PCRs performed on
cells in general work more efficiently than PCRs on pure plasmid DNA. In first experiments
pools of 10% to 10* cells were lysed and than a PCR, consisting of two rounds directly
performed on these pools. The first round implied 28 cycles and was executed either with
Turbo Pfu, or with home-made Pfu. For the second round 1/ 10" volume of round I was taken
and amplified further for 14 cycles with 2.5U of Taq. Figure 3-40 depicts a typical result of a
series of three of such PCRs which showed very similar outcomes. Under these conditions the
LSPfu did not show any activity, while clearly visible signals appeared for Turbo Pfu already
in the first round for 10° cells. Stratagene claims that Turbo Pfu shows a higher efficiency,
compared to "normal" Pfu's (Bornes ef al. 1998). In my experience this is only true to a very
limited degree (see for example figure 3-38 B)). In the LNC-Cell PCR system this is not the
case as shown below in a comparison of Turbo Pfu to the Promega Pfu (figure 3-44).
Interestingly the PCR efficiency on cells peaks at 10° cells and shows a sharp efficiency
decline at 10" cells. This was observed in every PCR performed on cells under these
conditions. It indicates that the system is balanced in an optimal way (Pfu amount; cell
amount; volume) at 10° cells under these conditions (see also below - LNC-PCR on cells:
final protocol). In parallel it was tested whether hot start, that is the addition of the
Polymerase only after the sample reached a temperature of 95°C, is advantageous to a 95°C
start (addition of PCR tube to pre-heated PCR-machine block). As can be seen in figure 3-40

this is not the case. 95°C starts were as good in terms of efficiency and specificity.

In later experiments the cycle number was increased to 35 cycles and a second round
of PCR with Taq omitted. In figure 3-41 a comparison of Pful210S to Promega Pfu is shown
under such conditions. Even though at 10’ cells the yield of PCR-product generated with
Pful210S is quite satisfactory, at 10* cells it lies clearly below that of the samples being
processed with Promega Pfu. Also the primer dimer formation and general background smear

was considerably increased in the samples amplified with Pful210S.

In the same way Pful210S was compared to LSPfu (figure 3-42). Surprisingly while
for 10% cells no amplification occurred with LSPfu, very strong signals appeared for 10* cells,

which was not observed with any of the used Pfus before under these conditions. This might
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indicate that optimal PCR-amplification on cells is very sensitive to a balanced environment
concerning cell amount, Pfu amount, volume, buffer composition. Again excessive Primer

dimer formation was observed.

To this moment it is not obvious why the Pfu isolated in this laboratory does not
perform as well, and not as reliably as the commercially available counterparts. Evidently the
activity of the polymerase produced in this laboratory remains consistently at a 10% level of
the Pfu sold by Promega and Stratagene. It might be that the growth conditions during the
expression of Pfu could be further optimised. However Lu and Erickson (1997) report in their
publication that the activity and performance of the Pfu expressed in E.coli was similar to
that of other available Pfu's. In later experiments the LNC-PCR on cells was done with
Promega Pfu, since the results were impressively consistent (see below). No further analysis
has been done on the Pfu purified in this laboratory, due to time limitations. Further
optimisation should be carried out at later stages.

A) round I: Pfu (28 cycles) B) round II: Taq (14 cycles)

LSPfu

LSPfu/Taq
LNC28.28 141 LNC28.28 141
102 103 104 103 102 103 10% 103

KBL _hs _hs 95 95 hs _hs 95 95 hs _hs 95 095 h

KBL hs hs 95 95 hs hs 95 95 hs

95 95 hs hs

[kbp]

bl <€ PD

PD
1710t vor kop
>

A $9

e s S e

KBL hs hs 95 95 hs hs 95 95 hs hs 95 95 hs
102 104

KBL hs hs 95 95 hs hs 95 95 hs hs 95 95 hs

103 103 102 103 104 103
LNC28.28 14. LNC28.28 14.1
Turbo Pfu

Turbo Pfu/Taq
Figure 3-40. Pfu based PCR on cells: comparison of LSPfu to Turbo Pfu (Stratagene). Depicted are agarose gels (1%; 1XTAE; staining: 0.01%

Ethidiumbromide; 201 loading volume). A) 10%; 103, or 10* of aliquoted cells were lysed in 1 X Promega reaction buffer in the presence of 5ug Protein-
ase K (Merck). After inactivation (95°C; 10 minutes), a PCR with the primer pair LNCK/LNCV was performed under the standard conditions, with the
exception that either "traditional" hot starts (hs) or 95°C starts (95; see text) were applied. PCR: 28 cycles; 0.5ul of LSPfu (1:20); 2.5U Turbo Pfu
(Stratagene). B) 5ul of A) went into another 14 cycles of PCR with 2.5U Taq (expressed and purified in this laboratory). 14.1: ES cells, negative control;
hs: hot start: the samples were heated to 95°C before Pfu was added. 95: the heating block was heated to 95°C before placing the PCR on the heating
block. PD: signal at height of pimer dimer formation: A: signal of amplicon.

LSPfu
Tl INC2828

Pful210S
T 10 LNC28.28

" 102 LNC28.28 T 10 LNC28.28 10 102 LNC28.28 104 LNC28.28  10° 14.1

KBL

<A

< PD

A

< PD

KBL  102LNC2828 10LNC2828  10'LNC28.28 103141, KBL _ 102LNC28.28  103LNC28.28  10°LNC28.8  10%14.1,

Promega Pfu
Figure 3-41. Pfu based PCR on cells: comparison of Pful210S to
Promega Pfu. Depicted is a picture of an agarose gel (1%; 1XTAE;
staining: 0.01% Ethidiumbromide; 20pl loading volume). A 35 cycle
LNC-PCR on the indicated amount of lysed cells was performed with
either Pful210S (0.55ul/sample) or Promega Pfu (0.5ul/sample). PD: sig-
nal at height of pimer dimer formation: A: signal of amplicon.

Pful210S
Figure 3-42. Pfu based PCR on cells: comparison of Pful210S to
LSPfu. Depicted is a picture of an agarose gel (1%; 1XTAE; staining:
0.01% Ethidiumbromide; 20ul loading volume). A 35 cycle LNC-PCR on
the indicated amount of lysed cells was performed with either Pful210S
(0.55pl/sample) or LSPfu (1pl of a 1:20 dilution/sample).
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Test of HEPES buffer for Pfu based PCR amplification

The standard buffer used in most applications in molecular biology is Tris
(Tris(hydroxymethyl)-aminomethane). This is due to its buffering range (pKa=8.06), which
covers well the optimum for most enzymes (BRENDA - Enzyme and Metabolic database

(www.brenda.uni-koeln.de)), as well as the fact that it is uncomplicated to handle (unlike

Phosphate buffers (Beynon et al. 1996), and comparably inexpensive. However, some
neglected, still rather adverse characteristics are connected to this buffer. R.J. Beynon and J.S.
Easteby (1996) comment on Tris in their book “Buffer solutions™ : “A ubiquitous buffer, that
has several problems, including a high temperature sensitivity, reactivity as a primary amine,
the need for Tris-competent pH electrodes and some undesirable effects on some biological
systems. Its continued use may be more to do with familiarity and to published recipes than to

scientific justification”.

In particular the temperature sensitivity (i.e. lowering pH with increasing
temperature) obviously sets a dilemma in the context of PCR, as a low pH leads to increased
hydrolysis of DNA (Friedberg et al. 1995). Also DNA-directed DNA Polymerases often show
a distinct activity optimum in dependence of pH (BRENDA - Enzyme and Metabolic

database (www.brenda.uni-koeln.de)) On the other hand there exist buffers which are much

less temperature sensitive. One of those is HEPES (4-(2-Hydroxyethyl)piperazine-I-
ethanesulphonic acid). In table 3-7 some features of Tris and Hepes are contrasted. Dr. Ana
Sousa (2000) showed that DNA is much more protected from heat (as detectable by
degradation) in HEPES buffered solutions than in Tris buffered solutions. In table 3-8 pH
values which would be expected during typical PCR reactions are listed. It is obvious that

HEPES represents a more suitable buffer for PCR reactions, when it comes to temperature

dependence.
Tris (Tris(hydroxymethyl)- | HEPES (4-(2-
aminomethane) Hydroxyethyl)piperazine-I-
ethanesulphonic acid)
pKa 8.06 7.66
Temperature sensitivity [dpKa/dT] |-0.028/°C -0.014/°C
MW 121.14 (free base) 238.3 (free acid)

Table 3-7. Comparison of Tris and HEPES: general features.
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Temperature Tris HEPES HEPES
4°C 9.4 9.1 8.6
25°C 8.8 8.8 8.3
72°C 7.5 8.1 7.6
75°C 7.4 8.1 7.6
95°C 6.8 7.8 7.3

Table 3-8. Temperature dependence of Tris and Hepes. The pH of Pfu 1Xreaction buffer is 8.8 at 25°C (Promega and Stratagene).

We tested whether in principle HEPES is compatible with PCR carried out with the
Pfu polymerase. Either 10° or 10’ molecules template were amplified in increasing
concentrations of HEPES. The other components of the PCR-reaction buffer were the same as
in the Promega Pfu buffer. It could be shown that the PCR works as well as in a HEPES- as in
a Tris-buffered system (figure 3-43). The optimal concentration for HEPES is between 15 and
30mM. This shows clearly that HEPES represents an attractive alternative to Tris as the
buffer of choice in PCR reactions. Further, more refined analysis on the influence of HEPES

on the performance of DNA polymerases should be done.

Promega Pfu [1.5U]

106 molecules H,0 107 molecules H,0 10° 107
KB mM HEPES KBL mM HEPES KBL

Promega B.
510 15 20 25 30 35 40 45 50 20 5 10 15 20 25 30 35 40 45 50

L Y
Figure 3-43. PCR performance in HEPES buffered systems. Depicted are pictures of agarose gels (1%; 1XTAE; staining: 0.01% Ethidiumbromide).
Loading volume: 25ul. 106 or 107 molecules of pBKb (see Materials and Methods) were amplified for 30 cycles (50pul; 0.2mM dNTP; 5pmol LNCV;
Spmol LNCK; 0.5pl Promega Pfu; PCR: 3min., 95°C; 30 X [30s, 95°C; 30s, 64°C; 90s 75°C]; 10min. 75°C; « 4°C). 1 X Reaction buffer: 10mM KCI;
2mM MgSOy; 10mM (NHy4),SO,; 0.1% Triton-100; 0.1mg/ml BSA. HEPES: pH 8.3 at 25°C. Concentration as indicated in figure legend. Promega 1 X
reaction buffer: 20mM Tris/HCI pH 8.8 at 25°C.
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LNC-PCR on cells: final protocol

Since the final mutation detection protocol should be starting on pooled cells (see
introductory section to this chapter), a PCR step had to be set up which efficiently amplifies
target sequences from aliquoted cells. The basic protocol consists of a lysis step with
ProteinaseK in the presence of the PCR buffer, which precedes the actual PCR. After
inactivation of Proteinase K by heat supply the samples are immediately further processed by
the PCR step. For reasons of simplicity and processing speed lysis and PCR were done on
each sample in the same well of a 96-well plate (see also Materials and Methods). The aim
was to produce clearly detectable signals of the amplicon in agarose gels after amplification
on pools of 50 and 100 cells. The pool size of 50 and 100 cells was chosen as finally the
detection limit of the SSOP assay should be at least at 1 mutant molecule in 99 wildtype
molecules. If in one cell of a given pool one allele of K M€ is mutant than the frequency (with
respect to amplicon) is 1:100 for KPENC/PENE homozygous cells with 50 cells and, with 100
cells for haploid K" C/K? cells. Based on the results obtained in tests of the SSOP dot blot
system (see 3.2.3.), it was assumed that this would allow for a reliable detection of a mutation
occurring in a frequency of 107 in a given pools of cells. The PCR should be performed in
96-well plates as to ensure a high throughput during the mutation screen. As has been shown
in figure 3-40 in first tests two rounds of PCR were employed. The first round consisted of 28
cycles with either Promega or Turbo Pfu, the second one consisted of 14 cycles on 1/10th of
the material of the first round, and was carried out with Taq. At the beginning test PCRs had
been done with Pfu that has been isolated in this laboratory (see also figure 3-41). However
the feeling was that using this PCR was neither reliable nor efficient enough at this stage (see
above), and therefore it was decided to proceed with either Turbo Pfu from Stratagene or Pfu
obtained from Promega. As can be seen in figure 3-44 A) and B) both polymerases work
equally well on the cells. Finally it was decided to use Promega Pfu. At later stages the
second PCR round was omitted and only one round of 35 cycles was used. This led to
extremely consistent and efficient PCRs. In figure 3-45 typical outcomes of such PCR's are

depicted.
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A) Pfu: 28 cycles B) 1/10th of A): 14 cycles
Promega Pfu Promega Pfu/Taq
LNC28.28 El4.1 LNC28.28 El4.1
KBL 102 103 104 103 KBL oot e s 104 103

[kbp]

e T8
L e T e e 10° e B 1 L o e 103
LNC28.28 El4.1 LNC28.28 E14.1
Turbo Pfu Turbo Pfu/Taq

Figure 3-44. Comparison of Promega and Turbo Pfu. Depicted are pictures of agarose gels (1%; 1XTAE; staining: 0.01% Ethidiumbromide). Load-
ing volume: 20ul.

A) First round of PCR: 28 cycles; Pfu

B) Second round of PCR: 1/10th volume of first PCR; 14 cycles; Taq. Lysis of cells: 30pul; 0.5ul Proteinase K (Merck; 10mg/ml) in respective 1 XPCR
buffer; 50°C, 1h; 95°C, 10min.; PCR conditions of first cycle: 50ul; 0.5ul Promega Pfu (ca. 2U); Promega buffer; 1ul Turbo Pfu (2.5U); Stratagene Pfu
buffer; 5Spmol LNCV/LNCK. PCR conditions of second cycle: 50ul; 1ul Taq (ca. 5U); 2.5mM MgCI2; 5pmol of LNCV/LNCK. PD: signal at height of
pimer dimer formation: A: signal of amplicon.

A) 50 cells LNC28.28 LNC28.28 El4.1
Al B2 C3 D4 E5 F6 G7 HS BI B2 B3 B4 B5 B6 B7 FI F2 F3 F4 L BeDS BE EIG0 MR Oy 0 Bod G DBl B Gl
BL KBL 1212 12

< A
<& PD

<€ A
< PD

F5F6 F7F8 A B C D EF G HB D F H KBLF) F3 F4 F5 F6 F7 F8 F9 FI0 FI1 C1C2 C3 C4C5 C6 E G H
10 10 10 10 10 10 10 10 12 12 12 12 2121
LNC28.28 E14.1 LNC28.28 E14.1
B) 100 cells )
LNC28.28 E14.1
Al B2 C3 D4E5SF6 GTH8 DI D2 D3D4 DS D6D7 D D F
KBL 1112 12
200304 5016 i 8 119 011 il 2
[kbp]
1.6—
10— itk

< PD

I ® Mmoo w >

Figure 3-45. LNC-PCR on cells. Depicted are pictures of agarose gels (1%; 1XTAE; staining: 0.01% Ethidiumbromide). Loading volume: Sul.

A) LNC-PCR performed on 50 cells. Shown are two exemplary results .

B) LNC-PCR performed on 100 cells. Shown is an exemplary result. All PCR's were performed in 96-well plates. Procedure: Lysis of cells. 30ul; 0.2pl
Proteinase K (Merck; 10mg/ml); 50°C, 1h; 95°C, 10min. in 1 X PCR buffer (20mM Tris/HCI pH8.8 (25°C); 10mM KCI; 10mM (NH,),SOy4; 2mM
MgSO,; 0.025% Tx-100; 0.1mg/ml BSA). PCR: 50ul; 0.5ul Promega Pfu (ca. 1U); 1 X PCR buffer (see above); Spmol LNCV/LNCK; 35 cycles. PD:
signal at height of pimer dimer formation: A: signal of amplicon.

C) scheme of a 96 well plate for identification of samples loaded onto the gels.
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3.2.3. Development of a bg specific SSOP-dot blot assay

In the initial proposal to detect and analyse gene conversion like events in the
germline of mice, a protocol should be developed and established in which a target
enrichment (M450%-lacOp rescue) precedes a mutation enrichment (tube-DGGE; (Sousa
2000)). As already pointed out (see above and introduction) it became apparent during this
project, that the development of such a protocol was highly ambitious and imposed by many
obstacles. Therefore it was decided to branch off into a second avenue, which would allow to
effectively enrich for mutations, and which could be coupled to the target rescue and the

tube-DGGE based mutation enrichment.

It was decided to develop a Sequence Specific Oligonucleotide Probing assay
(SSOP) focussing on the detection of the most prevalent A2 mutation bg (see introduction —
table 1-1). This step should be preceded by a PCR (discussed above in 3.2.2.), covering the
area which contains the bg characteristic base exchanges. Advantage was taken of the
availablility of KPENC transgenic mice and a KNG transgenic ES-cell line (LNC28.28; see

introduction). This PCR should bring mutations to detectable levels.

The SSOP assay should be carried out in a 96-well dot blot system. This would allow
for high throughput since the products from the PCR preceding the SSOP, which is done in
96-well plates, can directly be transferred onto filters in this dot blot system. Two
oligonucleotides, "BGOT" and "BGOC", each of which is specific for one of the two base
exchanges characterising the bg-series of H2 mutations (see also figure 3-28), are employed
in the bg-specific SSOP assay. It was decided to use a non-radioactive oligonucleotide
labelling system, the 3'-oligolabelling and CDP-Star detection system from Amersham (see
Material and Methods). We anticipated that the handling of these probes would be easier than
that of radioactively labelled probes (for example long-term storage of labelled
oligonucleotides is possible, which allows the preparation of large batches of "standardized"
labelled probes), and also the sensitivity was, according to the manufacturers
information about as good as radioactive labels

(http://www.apbiotech.com/technical/technical index.html). First optimisation tests were

done using plasmid DNA, which either contained K? sequence (pBKb) and served as the
wildtype species, or Q4 sequence(pBQ4). The latter was used as to imitate the "bg" mutant
(see Introduction and Materials and Methods and figure 3-28). At later stages the adaptability
of the SSOP to PCR products was tested, where more background was anticipated. As already

mentioned a mutation detection limit of 10 was aimed at for the SSOP assay, the reason

- 103 -



Results

being that this would in theory allow to cover 10 000 cells (about one gonad to be analysed)
with one to two 96-well plates. This section will introduce the oligonucleotides BGOT and
BGOC and describe the power of the bg-specific SSOP under the respective conditions
employed.

Optimisation of the oligonucleotidesBGOT and BGOC

Both the oligonucleotides BGOT and BGOC are 18-mers. BGOT covers the A to T
transversion at aminoacid position 116 of Kb (leading to Y—F; see table 1-1), while BGOC
covers the T to C transition at aminoacid position 121 (leading to C—R; see table 1-1). Their

position within the third exon of K’ is depicted in figure 3-28. The calculated melting
temperatures (4X[GC]+2X[AT]) are 56°C for BGOT and 58°C for BGOC (see figure 3-46).

BGOT
5'-TAC CAG CAG TTC GCC TAC-3" T,(4X[GC]+2X[AT])=56°C
BGOC
5'-ACG ACG GCC GCG ATT ACA-3" T,(4X[GC]+2X[AT])=58°C

Figure 3-46. Base composition and theoretical melting temperatures of BGOT and BGOC. In red: bases exchanged in the bg-mutation.

We tested, whether for the high stringency washes during the blotting procedure, the
same temperature could be used. This would facilitate the handling during the assay. As can
be seen in figure 3-47 only slight differences in the sensitivity can be observed in a
56°C/58°C interval of the washing steps. As 56°C seems to be slightly advantageous for
BGOT, and 58°C for BGOC it was decided to carry out the high stringency washes at these
respective temperatures. The specificity is very high (down to 1:125) even at an input of such
a high number of background molecules. Interestingly once pBQ4 was diluted into a constant

amount of pBKb the detection limit lowered from 1/125 to 1/625.

It was suspected that this “background effect” promoting the sensitivity of the assay
is due to the general DNA content present in the system, which is here provided by the
pBluescript. A test series was performed in which pBQ4 was either blotted alone, or diluted
into pBKb or/and pBluescript (figure 3-48). This blot demonstrates that the background

created in the system is directly related to the amount of DNA present.

It could be shown that under ideal conditions, the detection limit for pBQ4, diluted
into pBKb can go down to 1/800, compared to pBkB alone (figure 3-49). In the blot presented
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this is only visible for BGOC at a molecule amount of 10'* copies, and 25 minutes exposure.
This stresses that the detection limit in this dot blot system depends on multiple factors, such
as total DNA amount and exposure time. However detection limits greater than 1:100, mutant

sequence to wildtype were reached repeatedly for both BGOC and BGOT.

BGOT BGOC
56°C 58°C 56°C 58°C
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Figure 3-47. High stringency washes during the bg-specific SSOP. Depicted is the image of a DNA-dot blot. Starting from 5X10'% molecules either
the plasmid pBKb (K; background) or pBQ4 (Q, target) or pBQ4 diluted into pBKb (Q/K; here pBQ4 was diluted into pBKb, and the total plasmid copy
number was held constant) was blotted in a fivefold dilution series, and probed with BGOT or BGOC. High stringency washes were performed at 56°C
and 58°C. The temperature was controlled in boxes identical to those used for the filters, containing the washing buffers. The dot blot assay was carried
out under standard conditions as described in Material and Methods. The plasmids are linearised with Sca I. Exposure: 20 minutes.
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Figure 3-48. Effect of background DNA on sensitivity and specificity of the bg specific SSOP. Depicted is the image of a DNA-dot blot. Starting
from 10'3 molecules plasmids (target or background) were diluted in a fivefold series into each others, and probed with either BGOT or BGOC. A) Pipet-
ting scheme of the blot. K: pBKb alone, starting from 10'> molecules. K/B: pBKb diluted into pBluescript (constant 10'3 molecules), starting from 10'3
molecules pBKb. Q: pBQ4 alone starting from 10'3 molecules. Q/B: pBQ4 diluted into pBluescript (constant 10'*molecules) starting from 10! molecules
pBQ4. Q/K+B: pBQ4 diluted into pBKb (constant amount 10'3 molecules), and pBluescript (constant amount of 10'3 molecules), starting from 2X10'2
molecules pBQ4. B) pBluescript (10'3 molecules) alone. The dot blot assay was carried out under standard conditions as described in Material and
Methods. The plasmids are linearised with Scal (pBQ4, pBKb) or Eco RI (pBluescript). Exposure: 30 minutes.

A) exposure 25 minutes B) exposure 75 minutes
BGOC BGOT BGOC BGOT
10'2 molecules
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Figure 3-49. Detection limit for pBQ4 in the bg-specific SSOP. Either starting from 10'2 or 10'° molecules the plasmid pBQ4 (Q4) was diluted into
pBKb (K). The dot blot assay was carried out under standard conditions as described in Material and Methods. The plasmids are linearised with Sca I
(pBQ4, pBKb). Probe (BGOC;BGOT) as indicated. A) exposure time 25 minutes. B) exposure time 75 minutes.
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SSOP on PCR-products: Triton X-100 effect

The bg-specific SSOP was supposed to be performed with PCR products. In first
attempts it became obvious that the efficiency of blotting PCR products which derived from
Pfu-amplified material was by far below that of blotting plasmid DNA or Taq derived PCR
products. In figure 3-50 some examples are depicted. In figure 3-50 A) and B) Pfu amplified
PCR products are depicted in parallel to plasmid DNA (A)) or Taq amplified material (B)).
As soon as PCR products which have been amplified with Pfu are blotted, the signals get
dispersed and show a "corona-like" outer ring. It turned out that this "dispersion effect" of the
signal, is caused by the detergent Triton X-100. As can be seen in figure 3-50, as soon as
Plasmid DNA is blotted in the presence of Triton X-100, the Pfu-PCR effect appears to an
impressive extent. The signals basically disappear. Clearly under these conditions the SSOP
assay is dramatically handicapped. At the same time figure 3-50 C) illustrates how it is
possible to reinstate the vanishing signals. After purification of the PCR product (in this case
with the High-Pure PCR-Product Purification Kit (Roche)), the signal "reappears" without
any corona effect. As we wanted to avoid any further step in the LNC-PCR/bgSSOP assay,
we decided to test whether we can simply lower the concentration of Triton X-100 in the
Pfu-PCR buffer, instead of introducing a post-PCR purification step. The result is shown in
figure 3-51. A standard LNC-PCR on cells was performed with Pfu-PCR reaction buffer
containing decreasing amounts of the detergent. The original 10 X Pfu reaction buffers,
supplied by Promega and Stratagene (see respective catalogues) contain 1% Triton X-100.
Already by lowering the detergent content by a factor of 2 to 0.5% brings back the normal
signal strength, apparently without lowering the PCR-efficiency. Based on this result we
decided to prepare and use for all subsequent PCR reactions employing Pfu, a 10X reaction

buffer containing 0.25% Triton X-100.
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Figure 3-50. Triton X-100 effect on blotted PCR products in the bg-specific SSOP.

A) shown is a dot blot SSOP onto which a dilution series, starting with 10'° molecules, of the plasmid pbKb has been blotted. In parallel three LNC-
PCR products (template pBKb), which are also depicted on the lower picture of the agarose gel have been blotted. The SSOP assay was done under
standard conditions (see Materials and Methods). As a probe the 3'-fluorescein dUTP labelled oligonucleotid KB-oligo was used. PCR: Two rounds (25
and 28 cycles on 1/10th volume of first round) of LNC-PCR on 10? molecules of pBKb. 20ul of the PCR product went into the SSOP assay, 20ul were
loaded onto the agarose gel depicted (1%; 1x TAE, 0.01% Ethidiumbromide).

B) dot blot SSOP of PCR products, either amplified with Pfu or Taq. 20 pl of a LNC-PCR reaction, consisting of two rounds (27 and 28 cycles on
1/10th volume of first round; template 103 molecules pBKb were blotted and probed as in A).

C) Comparison of plasmid DNA blotted in presence of 0.1% Triton X-100 (A2; A3; B2), or in H2O (Al; B1), and of PCR product of a Taq amplifica-
tion (B3) to a Pfu amplification (C2), as well as to a purified Pfu-PCR product (C1; High-Pure PCR-Product Purification Kit; Hoffmann La Roche).
Blotted were either 10'° molecules of the plasmid pBKb, or 10ul of a LNC-PCR reaction performed as in B). Blotting and probing as in A).

A) B) 103 50
LNC28.28 LNC28.28

10° X LNC28.28 % Tx100 ‘
|]<BL A B KBL| HyO | Pro 01

% Tx100| Pro 1% 1% 0.5% | 025% | 0.125% 0.0625% | 0% Pro -
[kbp] il e
1.0 1% ‘, ‘ |
0.5% o0

o 0-25% & @

il 0.125% @ o &
TTTRI00 0.0625% @ O

A B HyO
il 50 X LNC28.28 i 0% @ | N

Figure 3-51. Blotting efficiency in dependence of Triton X-100 concentration in the bg-specific SSOP.

A) Depicted is an agarose gel (1%; 1XTAE; 0.01% Ethidiumbromide), onto which 5ul of a cell LNC-PCR product performed in a twofold dilution
series of Triton X-100 was loaded. Indicated are the concentrations of Triton X-100 of the respective 10XPCR reaction buffers used.

B) SSOP dot blot of the PCR products presented in A). PCR: Standard LNC-PCR performed on either 10° or 50 LNC28.28 cells (negative control: 10
El14.1 cells; see Material and Methods), in the presence of the indicated concentration of Triton X-100 (10XPfu PCR reaction buffer). The Lysis of the
cells was performed in the same buffer conditions. SSOP: 25ul of the PCR product was blotted, and probed under standard conditions with the 3'-
fluorescein dUTP labelled oligonucleotid KB-oligo (see Materials and Methods). Each test was performed and is depicted in duplicates. Pro: Promega
PCR-reaction buffer. A; B: two Pfu buffers, prepared independently.
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Results

SSOP: signal intensity dependence on exposure time in the CDP-Star™ detection system

From Amersham no information about the signal saturation behaviour of
3’-flourescein-dUTP labelled oligonucleotides and CDP-star detection (see Materials and
Methods) in dependence of exposure time was available (personal communication). Therefore
in one experiment the saturation behaviour was tested by exposing a filter which had been
probed with 3’-flourescein-dUTP labelled Kb-oligo and developed with the CDP-star
detection kit, for different time intervals (see figure 3-52). In this case between 30 seconds
and 20 minutes exposure the signal strength increased exponentially. At some stage beyond
20 minutes exposure the background of the film is too high as to detect any signal. It has to be
said that in my experience the “efficiency” of the flourolabelled oligonucleotides varies
considerably. As will be seen in section 3.2.5. different batches of oligonucleotides need very
different exposure times to get to the same signal intensities. Still it is probably true that the
time interval were one can expect an unsaturated signal strength upon probing with a

flouresceinlabelled oligonucleotoide stay more or less the same.

Both the K"™“-PCR and the SSOP part of the mutation detection assay presented
here were promising with respect to identify mutations in the germline of mice. Still, facing
the low expected frequency of these mutations we felt that an experiment had to be designed
which would come closer to the ultimate conditions that we had to expect. Such an
"evaluation-experiment" should enable us to conclude how powerful the detection assay

finally will. This attempt will be described in the next chapters.

Figure 3-52. SSOP using flourescein-dUTP labelled probes and
CDP-star detection (Amersham): Signal intensities against exposure
time. Shown is a semi logarithmically scaled graph, into which the signal
intensities obtained for a flourescein-labelled Kb-oligonucleotide probed
filter are plotted against exposure times. In short 50 cells went into a
standard LNC-PCR/SSOP assay (see Material and Methods). The filter was
first probed with BGOC and after stripping with Kb-oligo. The
oligonucleotides had been labelled freshly. Evaluation: The measured od of

each sample per time point (sum:88 samples) was collected and the

a0 T arithmetic mean plus standard deviation (error bars) calculated. Note:

/i/ measurements were taken until 2400s exposure time. At later time points
200 than 1200s the general background increases to such an extent that the signal
/ are no longer detectable.

15 2 25 3 35
log10(time) [s]
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3.2.4. Design and cloning of the evaluation plasmid pPBbgMCB

The SSOP experiments using plasmid DNA were very promising in terms of
specificity. As shown in figure 3-49 a detection limit greater than 107 for mutant diluted into
wildtype sequence could be envisioned. However the PCR step preceding the dot blot assay
turned out to be a weaker element of the mutation detection procedure, mainly due to
statistical fluctuation. The PCR serves to elevate mutations to a level at which they can be
detected with SSOP. At a theoretical 100% efficiency of the PCR reactions the distribution of
mutations should follow a Poisson distribution due to the rareness with which they occur
(Sokal et al. 1998). Additionally to the introduction of statistical fluctuation it is also expected
that PCR introduces a higher degree of background into the SSOP system, due to impurities
of the PCR products. In order to evaluate the power of the LNC-PCR/SSOP mutation
detection system it was decided to clone a plasmid which would enable us to closely imitate
the ultimate bg-detection assay. This plasmid should carry the two base exchanges
characterising the bg-mutation embedded in K? sequence. Also it should be amplifiable with
the primer pair LNCV/LNCK. Still the amplification product resulting from this plasmid
should be unambiguously distinguishable from any real mutation occurring in the K° gene.

This plasmid was called pPBbgMCB, and its design and cloning will be described here.

The design of the plasmid pBbgMCB is outlined in figure 3-53. It is based on the
plasmid pBKb (see Material and Methods). A synthesized insert should be created by
annealing and ligation of 12 oligonucleotides. This insert covers the region of the third exon
of K’, and harbour the bg-characteristic base exchanges. Additionally it is framed by two
sequence stretches of 20bp length, which derive from the chlorophyll a/b-binding gene
(CAB2) of the common ice plant Mesembryanthemum crystallinum (Michalowsky and
Bohnert; EMBL Genbank accession number AF003128). These “buffer sequences” should
ensure that the artificial mutant cannot be mistaken for a real mutation in later mutation
detection experiments carried out in this laboratory. The insert should replace a PpuM I/Bcl 1
fragment cut out of pBKb. In the fragment of Kb being integrated into pBluescript three
PpuM I-sites are present (position 1206; 1307 and 1419). The PpuM I-site at position 1206
should be transformed into a Nla V site by site directed mutagenesis. Subsequently the
created bg-carrying insert should be integrated into the PpuM 1 /Bcl 1 restricted plasmid. The
resulting LNC/LNCV amplicon is 112bp shorter than the endogenous amplicon, which
additionally facilitates the identification of this artificial mutant. The plasmid pBKb is based

on the plasmid pBluescript KS (Stratagene), which is no longer commercially available, while
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the pBluescript part of the replacement vector K€ is based on the plasmid pBluescript II KS
(Guethlein and Vopper, unpublished data). The anchor site of the primer LNCV covers a
BssH 1I site (see figure 3-28) which is available in pBluescript II but not in pBluescript (see
Stratagene catalogue). Therefore this site had to be inserted as to ensure an efficient PCR.

This was also done by site directed mutagenesis.
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design of the marked evaluation plasmid
pBKbgMCB

Sea(3805)

B-lactamse

the synthesized insert:

f1 (+) origin

pBKb

4236 bp KP )exon I

‘exon 111

EcoR 1

lacOP/ (1987)

1 Mesembryanthemum crystallinum
5'-GTCCCAGTGGTGA TAGAACTATA
PpuMI GGTCACCACT ATCTTGATAT

"Kbg"-sequence

GTCCCGCZ—\GG

CGATTACATC

GCTAATGTAG

TGGCGGCGCT
ACCGCCGCGA

CTCTCACACT
GTGTGA

ATTCAGGTGA
TAAGTCCACT

-J_~ 7;

Bel 1(1579)

replacing by
synthesized insert

Sac 1(658)
BamH 1(690)

PpuM 1(1206)
PpuM 1(1307)
PpuM 1 (1419)

TCTCTGGCTG TGAAGTGGGG
AGAGACCGAC ACTTCACCCC

BGOT

CGGGTACCAG
GCCCATGGTC

GACTCCTCCG

CTGAGGAGGC

GCCCTGAACG
CGGGACTTGC

Z—\AGACCTGAA
TTCTC CTT

GATCIGAGTGT CATATTACCA
CTAGCTCACA GTATAATGGT

CAGTTCGCCT ACGACGGCCG
GTCAAGCGGA TGCTGCCGGC

AACGTGGACG GCGGCGGACA

N aelalad Valehlale e lalelalalale
TTGCACCTGC CGCCGCC

207
GTTC
CAAGACTAG

Mesembryanthemum crystallinum

Figure 3-53. Creation of the mutation detection evaluation plasmid pBbgMCB. Depicted is a drawing of the plasmid pBKb (see
Material and Methods) containing the first three exons of the mouse H2 gene Kb, which had been integrated as a blunted Nru 1 /Nco |
fragment into the Sma I site of the multiple cloning site of pBluescript KS(+). A 0.3kbp fragment including parts of the second intron
and third exon should be replaced by a 0.2kbp long PpuM 1/Bcl 1 insert ("bgMCB"). This insert contains the two bg base exchanges,
as well as two framing sequences derived from the cytochrome C gene of the common ice plant (Mesembryantemum crystallinum). It
is assembled of 12 oligonucleotides, each of which is depicted in a different colour. BGOT; BGOC: oligonucleotides used in bg-
SSOP. BGOT: covering the A—>T transversion (depicted in turquoise) of the bg mutation. BGOC: covering the T—C transition
(depicted in turquoise) of the bg mutation.
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Assembly of the insert bgMCB

Twelve oligonucleotides as depicted in figure 3-54 were ordered (ABI) with the 5’
ends already phosphorylated. They were annealed, and all six resulting double stranded
fragments ligated (either first fragments [1+2+3] and [4+5+6], or immediately all six
fragments at once [1-6]). As can be seen in figure 3-55 this ligation approach not one distinct
200bp fragment was created but apparently a mixture of fragments of different sizes. The
ligation sample in which all six fragments were put together ([1-6]), was taken and amplified
with the oligonucleotides 1s and 6a. A distinct fragment of the expected size of 200bp could
be recovered successfully by this means (figure 3-56). In order to create PpuM I/Bcl 1
overhangs, PCRs with the primers O1sPpu and O6aBcl2, were performed on a fraction of the
ligated DNA fragments (figure 3-57). The oligo O6aBcl2 additionally reintroduced a Bcl 1 site
which, due to the original oligonucleotide-design, had been transformed into a Mbo 1 site (see
figure 3-53). The resulting material was digested with PpuM 1 and Bcl/1 in succession,

purified, and used in the following cloning steps (figure 3-58).

-112 -



Results

1sa
GTCCCAGTGGTGATAGAACTATAGTCCCGCAG

2sa

GCTCTCACACTATTCAGGTGATCTCTGGCTGTGAA S
a

TGTGATAAGTCCACTAGAGACCGACACTTCACCCC

3sa

GTGGGGTCCGACGGGCGACTCCTCCGCGGGTACCA IS

T

4sa

GCAGTACGCCTACGACGGCTGCGATTACATCGCCC S
a

GCGGATGCTGCCGACGCTAATGTAGCGGGACTTGC

5sa

TGAACGAAGACCTGAAAACGTGGACGGCGGCGGAC S

T

6sa

ATGGCGGCGCTGATCGAGTGTCATATTACCAGTTC S
a

CGCGACTAGCTCACAGTATAATGGTCAAGCTAG

Figure 3-54. The six fragments created upon annealing of twelve oligonucleotides for the insert
"bgMCB". Depicted are for each fragment the two sense (s) / antisense (a) oligonucleotides after
annealing. Note: Oligonucleotides 6s and 6a create upon annealing a Mbo I overhang. This was later cor-
rected into a Bel 1 overhang by a PCR-based approach (see text and Figure 3-57).

100 1s 1la 1sa 2sa 3sa 4sa S5sa 6sa 123 456 [1-6]
bpl  oligo annealed ligated

Figure 3-55. Annealing and Ligation of bgMCB-insert elements. Depicted is an Agarosegel (2%,
1XTAE; 0.01% Ethidiumbromide). Fractions of the annealing and ligation steps were loaded for analyti-
cal purpose. oligo: oligonucleotides; annealed: annealed oligonucleotides. ligated: ligated samples, [123]:
fragments 1 to 3; [456]: fragments 4 to 6, [1-6]: all six fragments at once. Annealing of oligonucleotides:
60ul volume; 3nmol of each oligonucleotide; 20minutes, 80°C, in 300ml water bath, cooling down to
room temperature. Ligation: 40pl volume; 100pmol of each annealed fragment ; 18 Weiss units of T4
ligase (BioLabs). Loaded were: oligonucleotid: 1ul of a 1:10 dilution. annealed fragments: 1ul of a 1:10
dilution. ligated samples: 0.5ul, undiluted. Marker: 100bp ladder from Gibco BRL.
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[1-6] [123] [456]
1:100 1:1000 1:1
50bplT—2 3 45 61 2345612045 6

[bp]
200
50

[bp]
200 . -

50—

L1

ey W R M T
bp 1.10

[128] [456]

Figure 3-56. PCR rescue of "bgMCB" ligation products. Depicted is an Agarosegel (2%; 1XTAE; 0.01% Ethidiumbromide). Loading
volume: 20pl. The ligation samples were diluted as indicated and 1ul was amplified with olils and oli6a (see figure3-54) for 30 cycles
(Biometra Tgradient™; 50ul; 1pl template; 2.5U Taq; 2.5mM MgCl,; Spmol of each primer; Typpealing: 1572.3°C; 2=73.1°C; 3=73.8°C;
4=74.4°C; 5=74.8°C; 6=75°C. PCR cycles: 95°C, 155;29X[95°C, 158; Tannealing: 158; 75°C; 30s]; 75°C, Sminutes; 4°C, o. [1-6]: ligation [1-6]
of figure 3-55; [123] [456]: ligations [123] and [456] (figure 3-55) ligated to each others.

A) B)

[12] [56] H,0 50bpl

[bp]
1 -
GTC p———"

Olngu Cz G - 200
5'-CCAGGCAAGTGAAAGGTCCCAGTGGTGATAGAACTATAG >

50

0O6aBc

< GCTCACAGTATAATGGTCARGACTAGGCAAGAAGTLAATG-5"
CTGATCGAGTGTCATATTACCAGTTC

- - =2 ;CCGCGACTAGCTCACAGTATAATGGTCAAGCTAG

b
20 C) S [12] [56] H,0 50bpl
+PCR(Pfu)

[bp]

PpuMI 1

5'-CCAGGCAAGTGARAG |GTC
GGACCGTTCACTTTCCAG

350

Bcl |
AGTGTCATATTACCAGTTC EGATCCGTTCTTCAGTTAC
;CTCACAGTATAATGGTCAAG GCAAGAAGTCAATG-5"

207

50

Figure 3-57. PCR rescue of ""bgMCB'' ligation products and and recovery of the PpuMI and Bell site. A) sketch of annealing of O1sPpu
and O6aBcl to the opposite ends of the insert bgMCB, and outcome of the PCR. The mismatched nucleotide A in O6aBcl creating the Bcl I site
is depicted in red. B) Depicted is an Agarosegel (3%; 1XTAE; 0.01% Ethidiumbromide). Loading volume: 10pl. Short run of products of the
PCR performed o ligation samples. Shown are the PCRs on two independent ligations of fragments 1 to 6 ([1-6] a and b; see also figure 3-55
[12] and [56] are samples of fragment 1 ligated to 2 and 5 to 6, and serve in addition to the water control (H,O) as negative controls. C) long
run of B). PCR: 50ul; Template: 1pul of a 1:100 dilution of the ligation samples; 1.5U Pfu (Promega); Spmol O1sPpu/O6aBcl; 0.2mM dNTP;
(95°C, 15"; 30X[95°C, 15"; 60°C, 15"; 75°C, 30"]; 75°C, 5'; 4°C, ). Marker: 50bp ladder (Gibco BRL).

a 123
PCR P PB S bpl PCR P PB S

Figure 3-58. Recovery of '""bgMCB" ligation product after PpuMI/Bel I digest. Depicted is an Agarosegel (3%; 1XTAE; 0.01%
Ethidiumbromide). Loading volume: 6pul. The PCR rescued "bgMMCB" ligation products (samples a and b of Figure 30) were successively
digested with PpuM I and Bcl 1 and purified by running through a Sephadex G-50 column (Pharmacia; DNA-grade). PCR: sample after PCR of
Figure 3-57. P: sample after PpuM I digest. P/B: sample after digest with Bc/ 1. S: sample after running through Sephadex column.
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Cloning of the plasmid pBbgMCB

Starting material was the plasmid pBKb (see Material and Methods). A PpuM I site
at position 1206 (figure 3-59) was transformed into a Nlal V site, following the Stratagene
“Quick Change™ Site directed Mutagenesis Kit” instructions (protocol see Material and

Methods and www.stratagene.com/mutagenesis/quikchngxl.htm). The primers used are

depicted in (figure 3-59). The resulting material (figure 3-60) was used to transform a dam-
methylation negative E.coli strain (SCS110, Stratagene). One of the resulting clones was used
to produce plasmid DNA and digested successively with PpuM I and Bc/ 1. The gel purified
plasmid was used for the ligation step with the insert bgMMCB. The ligated material was
transformed into E.coli strain DH5a and minipreps with resulting clones tested in SSOP dot
blots with the oligonucleotides BGOC and BGOT (figure 3-61). Clone 4, was used to
introduce a BssH II site like before to create the LNCV primer anchor region via site directed
Mutagenesis (figure 3-62 A) to C)). The success of this operation was confirmed with an
BssH I digest (figure 3-62 D)) on several clones and sequencing (see Appendix). Clone 1 was
finally chosen for all later experiments as plasmid pBbgMCB.

Test of pPBbgMCB in the LNC-PCR system

The effect of converting pBKb into pBbgMCB on the LNC-PCR was tested in
comparison to the plasmid pBKb, both with or without the presence of cells, and in
comparison to the PCR carried out directly on LNC28.28 cells (figure 3-63). The LNC-PCR
performed on pBbgMCB is about 100 times as efficient as being performed on pBKb. The
successful cloning of pBbgMCB resulted in the availability of a valuable tool to evaluate the
combined KbLLNC/bgSSOP assay. Its characterisation with respect to the power with which it

1s able to unravel bg mutations will be described in the following section.

- 115 -



Results

Sca 1(3805)

B-lactamase

lacOP

PpuMI ( 1206

5' CAGAGTTTCCGAGTGGACCTG‘ C
GTCTCAAAGGCTCACCTGGAC

CCTGGAC

5 —CAGAGTTTCCGAGTGGACCTG»
Nlaup

5 —GGACCTG'

GTCTCAAAGGCTCACCTGGACTCC

980
5'-CAGAGTTTCCGAGTGGACCTGAGGAGCC

GTCTCAAAGGCTCACCTGGACTCC

f1 (+) origin

pBKSKb
4236 bp

Sac 1(658)
Bam HI (690)

Kb exon II

Ppu MI (1206)
PpuMI (1307)

PpuMI (1419)
Bel 1(1579)

Eco RI
(1987)

CTGCTCGGCTACTACAACCAGAGCAAGGGC GGT
ACGAGCCGATGATGTTGGTCTCGTTCCCGCCA-5'

CCTGCTCGGCTAC
ACGAGCCGATGATGTTGGTCTCGTTCCCGCCA-5'

v (1207) *postPCR

+PCR
Nlado
SACGAGCCGATG-5"

“TGCTCGGCTACTACAACCAGAGCAAGGGCGGT

1243

243
TGCTCGGCTACTACAACCAGAGCAAGGGC GGT
GACGAGCCGATGATGTTGGTCTCGTTCCCGCCA-5"

Figure 3.61 Elimination of the Ppu MI site at position 1206 of pBKb. Depicted is a drawing of
the plasmid pBkb (see Material and Methods) containing the first three exons of the mouse H-2 gene
Kb. The Ppu MI site (position 1206) was eliminated by using a PCR-based site directed mutagenesis
protocol (see text) employing the primers Nlado and Nlaup.

KBL pBKbpBKb pBKb
Dpnl Dpnl
Pfu
Figure 3.62 Elimination of the Ppu MI site at position 1206 of pBKb.
Depicted is an Agarosegel (1%; 1XTAE; 0.01% Ethidiumbromide). Loading
volume: 15pl. A site directed mutageneis protocol was carried out as suggest-
ed by Stratagene. 15pul of the treated product (total volume: 50ul) were loaded
onto an agarose gel for control purposes. pBKb: untreated sample. Amount of
plasmid pBKSKb that went into the site directed mutagenesis protocol. pPBKb
Dpnl: As pBKb, but treatment with Dpn I. pBKb Dpn I Pfu: sample after site
directed mutagenesis protocol. Site directed mutagenesis (in short, see also
Quick ChangeTM XL Site-directed Mutagenesis Kit at
www.stratagene.com/mutagenesis/quikchngxl.htm) PCR: 50ul; 25ng
pBKSKb; 2.5U Turbo Pfu (Stratagene); 16pmol Nlaup; 16pmol Nlado;
0.2mM dNTP; (95°C, 30"; 12X[95°C, 30"; 55°C, 1'; 68°C, 8'40"]; 4°C,0)

BGOC BGOT
-
§ A A
g
3B B
C c
D D
wn
53
OF E
B
EF F
EG ¢
H H

Figure 3.63 Test of Minipreps for clones of pBbgMCB. 2l of each mini-
prep were blotted onto a Nylon Membrane (Amershan; Hybond N+), in 50ul
total volume. The blots were probed with the oligonucleotiodes BGOC and
BGOT. The clone C4 was chosen for further steps. C1 to H4: samples of
Minipreps. Al, A2, Bl, B2: controls. Al: pBKSKb (100ng); A2: pBQ4
(100ng); B1. B2: PCR product of Figure 30 samples [1-6] a (B1) and b (B2)
(10ul). The SSOP dot-blot was done under standard conditions as described
in Material and Methods.
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Figure 3-62. Introduction of the BssH II site into pBKSKb. Depicted is a drawing of the plasmids pBluescript KS II (+) (in A)) and pBluescript
KS (+) (in B)). In pBluescript I a BssH I site is present (Position 793), which is part of the LNCV-anchor site, and which is absent in pBluescript
(see Stratagene Catalogue). C) drawing of pBKb which is based on pBluescript KS (see Materials and Methods). Therefore the BSS HII site at posi-
tion 2072 which is part of the LNCV anchor site is lacking. It was introduced by PCR-based site directed mutagenesis (as described in figure 3-60)
with the primer pair pB2r and pB2f. D) Control of the successful integration of a BssH I site into pPBbgMCB. Depicted is an agarose gel of BssH 11
control digests (1%; 1XTAE; 20ul loading volume). Expected are fragments of 1.1kb and 3.1kb length (see C)). pBbg: clones that derived from site
directed mutagenis to introduce BssH 1II site. pBK: In parallel to the plasmid that should be transformed into pBbgMCB, the into the plasmids
pBKb, and pBQ4 the BssH II site was also introduced. Only one clone of pBKb is shown here, which derives from this attempt. n.d.: samples
(pBbg, clone 1; pBKb, clonel) which were not digested with BssH I. Clone 1 of pBbg (indicated by the arrow) was chosen for all later experiments.
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Figure 3-63. PCR on pBbgMCB, pBKb, and LNC28.28 cells. Depicted is an agarose gel (1%;
1XTAE; loading volume: 10ul). All samples were amplified on a 96-well plate. Samples contain-
ing cells underwent Protein lysis before PCR. A standard LNC-PCR was performed as described
in Materials and Methods. E14.1: E14.1 stem cells, negative controls, umbers indicate cell number
that went into PCR. LNC28.28: numbers indicate cell numbers. pBKb/E14.1 [50 cells]: plasmid
pBKSKb amplified in presence of 50 E14.1 cells. numbers indicate plasmid copie number.
pBbgMCB/E14.1 [50 cells]: plasmid pBbgMCB amplified in presence of 50 E14.1 cells. numbers
indicate plasmid copie number. pBKb: plasmid pBKb amplified. numbers indicate plasmid copie
number. pBKb: plasmid pBbgMCB amplified. numbers indicate plasmid copie number.
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3.2.5. Evaluation of the power of the K" C_PCR/SSOP based bg mutation detection
assay

With the successful cloning of pBbgMCB, and an established protocol for a K*V-
specific PCR on LNC28.28 cells, it became possible to design an experiment which would
allow us to estimate the mutation detection power of the KN “_PCR/bgSSOP assay. To design
and execute such an experiment was necessary, as it had become apparent that despite the fact
that the components of the detection assay were described fairly well, it was not clear how
effectively the assay would finally be able to discover bg-like mutations occurring in mouse
cells. The major handicap concerning this enterprise is the low expected frequency with
which such mutations are suspected to occur, combined with the high potential risk of
creating in vitro artefacts as discussed in the introduction. The low frequency implies a
considerable degree of statistical fluctuation, rendering the analysis complicated. Furthermore
our mutation frequency estimate is based on published data on in vivo mutations mainly
derived from C57BL/6 mice (Martinsohn et al. 1999). In fact the sample size is not big
enough to allow for reliable predictions, weakening the working hypothesis of an expected
frequency in the range of 10™. Additionally the assay is made up of elements which are
themselves vulnerable to variation. For the SSOP this concerns background, even though it
proved to be a generally reliable and robust method. The PCR-step serves to elevate
mutations to detectable levels. If one assumes that the occurrence of mutations follows a
binomial distribution, and that the overall frequency is indeed 10, than in average 1% of all
pools containing 100 cells should harbour at least one mutation (Sokal et al. 1998). In other
words in average per 96-well plate to analyse one mutation should be detectable. This is of
course only true if the PCR is 100% efficient, i.e. each mutation is indeed elevated to a
detectable level by the PCR. It has been shown that the PCR conditions used here on cells
lead to a very reliable and robust amplification of the target (see figure 3-47). However since
the mutation itself presents a rare event in the cell pool to be analysed, again statistical
fluctuation is to be expected. It is for example of importance in which cycle during the

amplification process the mutation is picked up by the PCR.

For this reason it was our feeling that to leap directly into the analysis of germline
derived cells of mice, for analytical purposes would not be advisable. Beforehand it would be
helpful to get an estimate of the effort that would have to be put forward to find at least one
mutation at a starting frequency of 10™. So starting from a known mutation frequency, being
above 10'4, a deduction should be drawn about what effort has to be made to detect mutations.

Also only this evaluation would enable us later to estimate mutation frequencies from real
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observed events, as we are able to include the observed efficiency of the assay into our

estimate.

For this purpose the plasmid pBbgMCB was utilized as a representative for a
"bg-mutant" KNG sequence, and mixed at different dilutions steps with LNC28.28 cells.
These mixtures went through the LNC-PCR/SSOP based mutation detection procedure. The
number of cell pools carrying pBbgMCB (potentially mutant pools) was estimated upon
transferring the PCR products of the LNC-PCR into the SSOP-assay (Materials and Methods)
and probing with either the oligonucleotide BGOC or BGOT. Two series of this kind of
experiment were carried out. In the first case pools of 50 cells were analysed harbouring
pBbgMCB at dilutions of 1/50; 1/150, and 1/450 (note: the dilutions refer to the number of
cells and therefore to the number of LNC-PCR amplifiable target sequences as the LNC28.28
cells are haploid for KbLNC). Secondly pools of 100 cells were examined, harbouring

pBbgMCB at dilutions of 1/100, 1/200, 1/400, and 1/800.

The evaluation is based on the assumption that the distribution of mutants follows the
binomial or Poisson distribution (Sokal and Rohlf 1995). This means that if the PCR step
during the assay works with 100% efficiency, at a dilution of 1/100 about 60% of all
examined wells should be positive (i.e. containing AT LEAST one mutant molecule). The
number of detected potential mutants along the dilution series should be compared to the
expected frequencies, and a trend for higher dilutions deduced, which finally should lead to an
estimation, about how many plates would have to be analysed to detect at least one mutation

at a given frequency of 1/10 000.

We also examined the general characteristics of the combined LNC-PCR/bg-specific
SSOP assay. This included a comparison of the performance of the two oligonucleotides
BGOT and BGOC. We furthermore used the assay to estimate the LNC-PCR efficiency, an
important point with respect to detection of rare mutation events. This efficiency test
stimulated us to follow the fate of rare specimen in PCR assays in computer simulations. That
is to say we were interested to know whether, starting a PCR on two specimen of molecules at
given ratio, this ratio is maintained throughout the amplification or shifted towards or away

from the rare specimen.

Detection of pBbgMCB diluted into pools of 50 cells

Starting from mastermixes, 96-well plates were prepared which contained 50 cells

per well, into which pBbgMCB had been diluted at steps of 1/50, 1/150, and 1/450. As

-119 -



Results

negative controls each plate contained two pools of E14.1 ES cells, which do not provide the
LNC-amplicon. (see figure 3-64). The cells were lysed and the LNC-PCR was performed as
described in Material and Methods. Two aliquots of each PCR-sample were transferred onto
separate nylon membranes in a dot blot system. At this stage a positive control for the blotting
and detection efficiency was introduced by transferring 10'® molecules pBbgMCB onto each
filter (sample 96; see figure 3-64). The filters were first probed for the “mutant molecule”
pBbgMCB with either BGOC or BGOT, and (after stripping) subsequently with KBO58
which recognises as well the Kb-wildtype sequence, as pBbgMCB. Examples of developed
blots are depicted in figure 3-65.

L2 3 4 o 6 T 8 2 10 Il 12 igure 3- umbering of samples in
ALl 9@@@@@@ :l:(l)gtflblof G:y:iem.b Sanglpl:s 94{),1 95:
000000000000 KN
90090 DIIOOOD PBLGMCE)
HO®D DB OO DOD,
HOBDDD OO DO DO,

HO 0D DD DD DD OV
6 (7 KXo )G XaHa e He)o X6 )63
HO DD OO OTDBD DT

The intensity of each dot was measured by densitometry. In figure 3-66 examples of
obtained values at different exposure times for the oligonucleotides BGOT and KBOS58 are
plotted against each others in a two-dimensional X-Y coordinate system. Based on these plots
certain dots were considered to represent possible candidates of cell pools containing the
plasmid pPBbgMCB as a mutant. The choice of such candidates was based on visual inspection
judging the degree with which points in the coordinate system stuck out of the bulk
population. In parallel, cluster analysis was applied as an independent heuristic measure
(program used: SPSS9.0). This also served for the purpose of determining if, and to what
degree the whole procedure could be automated. As can be seen in the overview in the scatter
plots (figure 3-67), the resolution of potential mutant cell pools seems to be favoured at
exposures of 5 minutes in contrast to 90 seconds for the mutant specific oligonucleotide
BGOT and 20 minutes exposures in contrast to 5 minutes exposures for KBOS58 (see also
section Comparison of BGOT to BGOC). However it is also evident that finding the optimal
exposure time is a “va banque” game. At 5 minutes exposure time for BGOT the od-values of
the bulk population start to “stretch out” along the y-axis (od: BGOT), and ultimately the

resolution for the potential mutant candidates would get lost. This suggests that it is advisable
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to work with some "explorative mock filters", to test out a certain batch of fluorolabelled
oligonucleotides with respect to optimal exposure time before treating the experimental filters

(see also 3.2.3. - SSOP: signal intensities in dependence of exposure time in the CDP-Star™

detection system).
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Figure 3-65. pBbgMCB/LNC28.28 (50 cells) - examples of SSOP dot blots. Depicted are examples of filters derived from the 50 cell experi-
ment which were probed with BGOT (left panel) and subsequently to stripping with the oligonucleotide KBOS58 (right panel). Each well represents
20ul of a LNC-PCR, being transferred onto the filter. A) 1:50 dilution; BGOT (exposure 90 seconds); KBO58 (exposure 20 minutes). B) 1:150
dilution; plate 1; BGOT (exposure 90 seconds); KBOS58 (exposure 5 minutes). C) 1:450 dilution; plate 1; BGOT (exposure 90 seconds); KBO58

(exposure 20 minutes).
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A)

pBbgMCB/LNC28.28: 50 cells; 1:50; BGOT (5m); KBO58 (20m)
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Figure 3-66. pPBbgMCB/LNC28.28 (50 cells) - examples of od-data plotted into X-Y coordinate systems. Depicted are examples of the
signal intensity data obtained from the Program TINA4.0, after scanning filters which had been probed with BGOT and subsequently with
KBOS5S, plotted into X-Y coordinate systems. A) 1:50 dilution; BGOT (exposure 5 minutes); KBOS58 (exposure 20 minutes). B) 1:150
dilution; plate 1; BGOT (exposure 90 seconds); KBOS8 (exposure 20 minutes). C) 1:450 dilution; plate 1; BGOT (exposure 90 seconds);
KBOS58 (exposure 20 minutes).
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Figure 3-67 Overlayed scatter diagrams of SSOP-filters probed with either BGOT/KBO58, or BGOC/KBOS58. Depicted are
combinations of od-values for BGOT with KBOS58 obtained for different exposure times of the films. The respective exposure times are
indicated in the legend (e.g.: P1_10T10m: plate number 1, probe: BGOT, exposure: 10 minutes; P1_1KB20m: plate number 1, probe:
KBOS58, exposure: 20 minutes). The perspective dilutions are given in the headings in brackets.
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Initially a two dimensional cluster analysis was performed, taking the od-values for
BGOT and KBOS5S8 into account. However it became obvious that the results were very
similar to identical to a one dimensional cluster analysis, only taking the od-values for BGOT
into account. A typical result of a cluster analysis protocol is shown in figure 3-68 for plate 1
of the 1/150 dilution. In table 3-9 and figure 3-69 the number of selected candidates per plate
are listed. Since overall the differences between the evaluation by visual inspection (i.e.
choosing potential candidates from the X-Y coordinate system plots), and per cluster analysis

are not very large, all values were taken into the subsequent evaluation.

lJLate 1 (1/50) plate 1 (1/150) plate 2 (1/150) plate 3 (1/150)
visual inspectiol cluster analysis visual inspectio: S visual inspection cluster analysis visual inspectiol cluster analysis
exposure Sm/5m | 10m/|5m/20] 10m/2| BGOT | BGOT | 90s/5m |5m/5|90s/20|5m/20f BGOT | BGOT |90s/5|5m/5{90s/20|5m/20| BGOT | BGOT | 90s/5m |5m/5[90s/20|5m/20| BGOT | BGOT
(BGOT/KBOS58) Sm | m Om Sm) (10m) m m m (90s) (5m) m m m m (90s) | (5m) m m m (90s) (5m) |
8 8| 8| 8| 13 8] 24| 24 24 24 24] 24 32] 32 32] 32] 4 4 4 4 4
10 10 10} 10 10 43] 43 43] 43 43] 43 43] 43] 43 42] 42 42] 42 42] 42]
13 13 13 13 13 60] 60 60 60| 60 60] 71 71 71 71 491 49 49] 49]
19 19 19 19 19| 64] 64 64} 64 64] 64] 50] 50, 50] 50] 50}
20 20] 76] 76 76 76| 76 76| 68
22| 22 22| 22| 22| 22 791 79 79 79] 79 79
30 30 30] 30| 30] 82
33
34| 34 34 34 34 34
35| 35 35] 35 35 35
38| 38 38 38 38
52| 52 52 52 52] 52
60 60 60
66 66) 66| 66| 66|
67| 67| 67]
68 68 68| 68| 68| 68
69] 69, 69| 69| 69| 69|
76| 76| 76 76 76|
77| 77| 77 77 77|
fsum of candidates 16 16 15 18 9 17| 5| 5 5| 5 5| SE.m. n.m. 3| 3| 2| 3 5| 5 5| 4 3| 7|
|plate 1 (1/450) plate 2 (1/450) plate 3 P1/450)
visual inspectiol cluster analysis visual inspectiol cluster analysis visual inspection cluster analysis
exposure 90s/5m | 5m/5]90s/2| 5m/20f BGOT | BGOT | 90s/5m [5m/5|90s/20|5m/20| BGOT | BGOT |90s/5|5m/5{90s/20{5m/20| BGOT | BGOT
(BGOT/KBOS58) m | Om m (90s) | (5m) m m m (90s) (5m) m m m m (90s) | (Sm
27, 27| 27| 27] 37 37, 37, 37] 17] 17, 17 17 34 17]
33 33 33 33 34] 34 34 34 34
45] 45 45 74] 74 74] 74§ 74] 74)
73 73
sum of candidates Jn.m. n.m. 4 4] 2] 3n.m. n.m. 1 1 1 1 3 3 3 3 2 3

Table 3-9. Number and identity of potential mutant candidate pools found through analysis of X-Y coordinate system plotting or
cluster analysis. Indicated is the Plate analysed per dilution, as well as the exposure times examined either by visual inspection of the X-Y
coordinate systems (visual inspection) or cluster analysis (CA). The numbers indicate the well numbers of the examined 96-well plate (see
figure 3-64)
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Figure 3-69. Number of potential mutant candidate pools found through visual inspection of X-Y coordinate system plotting or
cluster analysis. Depicted are the number of potential mutant candidates which were found either through visual inspection (VI) of plotting
of the through densitometry obtained values for the dot blots, or through cluster analysis (CA). 1/x (Px): dilution, (number of plate); x/y: on
top of the bars: exposure time BGOT/KBOS58 (only BGOT for cluster analysis); VI: analysis through visual inspection of X-Y coordinate
system plotting; CA: analysis through cluster analysis (SPSS9.0).

- 125 -



Results

Taking the numbers of potential candidates carrying pBbgMCB as a mutant, a
nonlinear regression analysis per plate and evaluation method (visual inspection; cluster
analyis) was performed (an example of a resulting file is given for the 100 cell experiment —
see below). As the model formula served: f(x)= C*93*(1-(1-1/dilution)’®). The term
(1-1/dilution)™ describes the probability, of having zero mutant candidates in a pool of 50
cells at a given dilution. Therefore (1-(1-1/dilution)™®) describes the probability of finding at
least 1 mutant candidate in a pool of 50 cells. The factor 93 derives from the fact that per plate
93 wells are examined (in each plate three wells (94; 95; 96) served as controls (figure 3-64).
The term 93*(1-(1-1/diluti0n)50) builds the expected value for the number of mutant cell
pools. The constant C was introduced to be able to calculate deviations from the expected
value. At 100% efficiency (i.e. wildtype (KbLNC) and mutant (pBbgMCB) molecules have an
equal chance of being lifted to a detectable level), C is equal to 1. Nonlinear regression
analysis based on the observed values leads to an estimate of C, which can subsequently be

used to calculate expected numbers of mutant candidates at any dilution (table 3-10 and

figure 3-70).

visual inspection cluster analysis
KBO5m) coossom | xnossoom | xwossoom | BOOTO =GO

plate | dilution | observed | predicted: | observed | predicted: | observed | predicted: | observed | predicted: | observed | predicted: | observed | predicted: | mean of
(C=0,248; (C=0,203; (C=0,222; (C=0,248; (C=0,144; (C=0,25; predicted

R’=0,934) R’=0,681) R’=0,874) R’=0,831) R’=0,879) R’=0,884) ] (C=0.219)
1 50 16 14,69 16 12,00 15 13,16 18 14,67 9 8.5 17 14,784 12,95
1 150 S 6.57 S 5.36 S 5.88 5 6.56 S 3.8 S 6.61 5.79
2] 150In.m. 6,57In.m. 5.36 3 5.88 3 6,56 2 3 % 3 6,61 5.79
3 150 5 6,57 5 5.36 5 5,88 4 6.56 3 3.8 7 6,61 5.79
1 450In.m. 2.43In.m. 1,99 4 2,18 4 243 2 1,41 3 2.45) 2,14
2 450In.m. 2.43In.m. 1,99 1 2,18 1 243 1 1.41 1 2.45 2,14
3 450) 3 243 3 1,99 3 2,18 3 243 2 1.41 3 2.45 2,14
10000fn.m. 0,12fn.m. 0,09In.m. 0,1fn.m. 0,12Jn.m. 0,07|n.m. 0,12] 0,10

Table 3-10. Nonlinear regression : pBbgMCB in LNC28.28 (50 cells). Listed are the number of potential mutant candidates observed, and
the number of potential mutant candidates predicted after nonlinear regression analysis. Used were the values obtained for the
oligonucleotides indicated at distinct exposure times (in brackets). Visual inspection: candidates chosen from X-Y coordinate system plots
(see figure 3-66). Cluster analysis: candidates chosen by cluster anlysis (SPSS9.0). Plate: plate number of respective dilution step. N.m.: not
measured. Mean of predicted: constant C derived from the mean of all C’s obtained by nonlinear regression. Nonlinear regression analysis
(SPSS9.0): Used was the equation f(x)=C*93*(1-(1-1/dilution)*"). For the nonlinear regression analysis the startig value C for the iterations
during the calculation process was 1 (Sokal and Rohlf 1995).
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pBbgMCB/LNC28.28: 50 cells; predicted number of mutant candidates (nonlinear regression)
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Figure 3-70. Nonlinear regression : pBbgMCB in LNC28.28 (50 cells). Depicted are the curves which result from the equation
f(x)=C*93*(1-(1-1/dilution)*"), for C=1 and C=0.219.

The value of C was calculated to be 0.219. This means that the detection of mutant
candidates is 5 times less efficient than predicted for C=1. In other words: For C=1 in
average the analysis of about two 96-well plates (x=93*(1-(1-1/10 000)°°)=0,46) would lead
to the detection of one mutant candidate pool of 50 cells at an overall mutant frequency of
10*.  For C=0.219 in average about 10 plates would be needed
(x=0.219*93*(1-(1-1/10 000)°")=0,10).

Detection of pPBbgMCB diluted into pools of 100 cells

In this experiment pools of 100 LNC28.28 cells were analysed, with the
LNC-PCR/SSOP approach. The plasmid pBbgMCB was diluted at steps of 1/100 (one
96-well plate), 1/200 (three 96-well plates), 1/400 (four 96-well plates), and 1/800 (four
96-well plates) into LNC28.28 cells. Examples of resulting filters of dot blots, probed with
BGOT, which derived from this experiment are depicted in figure 3-71. The resulting
densitometry data was transferred into X-Y coordinate systems (for examples see
figure 3-72). A summary of the identity and number of potential mutant candidates obtained
per plate and method (visual evaluation by plotting the data into X-Y coordinate systems and

cluster analysis) is given in table 311 and figure 3-73.
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Figure 3-71. pBbgMCB/LNC28.28 (100 cells) - examples of SSOP dot blots. Depicted are examples of filters derived from the
100 cell experiment which were probed with BGOT (left panel) and subsequently to stripping with the oligonucleotide KBO58.
Each well represents 20ul of a LNC-PCR, being transferred onto the filter. A) 1:100 dilution; BGOT (exposure 30 seconds);
KBO58 (exposure 5 minutes). B) 1:200 dilution; plate 1; BGOT (exposure 30 seconds); KBOS58 (exposure 10 minutes). C) 1:400
dilution; plate 1; BGOT (exposure 30 seconds); KBOS58 (exposure 5 minutes). D) 1:800 dilution; plate 4; BGOT (exposure 30
seconds); KBO58 (exposure 5 minutes).
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Figure 3-72. pBbgMCB/LNC28.28 (100 cells) - examples of od-data plotted into X-Y coordinate systems. Depicted are examples of the
signal intensity data obtained from the Program TINA4.0, after scanning filters which had been probed with BGOT and subsequently with
KBOSS, plotted into X-Y coordinate systems. A) 1:100 dilution; BGOT (exposure 30 seconds); KBOS58 (exposure 5 minutes), this plate did
not contain pBbgMCB in well 96. . B) 1:200 dilution; plate 1; BGOT (exposure 30 seconds); KBO58 (exposure 10 minutes). C) 1:400
dilution; plate 3; BGOT (exposure 30 seconds); KBO58 (exposure 5 minutes). D) 1:800 dilution; plate 4; BGOT (exposure 30 seconds);
KBOS8 (exposure 5 minutes).
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Figure3-73. Number of mutant candidate pools per plate and evaluation method. Depicted is the total number of potential mutant
candidate pools per dilution step and plate. The analysis was either performed by visual inspection of the od-values for each pool, being
plotted into an X-Y coordinate system, or by cluster analysis. For the visual inspection of the X-Y coordinate systems the probing with the
two oligonucleotides BGOT (detection of mutant) and KBO58 (detection of wildtype) were taken into account. For BGOT the od-values
obtained from the exposure times 30 seconds (30s) and 60 seconds(60s) were used, for KBO58 5 minutes (5m) and 10 minutes (10m). For
the cluster analysis only the od-values obtained with the oligonucleotide BGOT at 30 seconds and 60 seconds were used.

As in the 50 cell experiment above the numbers of potential mutant candidate pools
was taken to perform a nonlinear regression analysis with SPSS9.0. An example for a

resulting viewer file is given in figure 3-74. This time the equation employed is as follows:

f(x)= C*93*(1-(1-1/dilution)*100).

All the derivatives will be calculated numerically.

Iteration Residual SS C
1 6301,689283 1,00000000
1.1 29,15530380 ,195166874
2 29,15530380 ,195166874
2.1 29,15530380 ,195166873

Run stopped after 4 model evaluations and 2 derivative evaluations.
Iterations have been stopped because the relative reduction between
successive residual sums of squares is at most SSCON = 1,000E-08

Nonlinear Regression Summary Statistics Dependent Variable ET3K10

Source DEF Sum of Squares Mean Square

Regression 1 368,84470 368,84470

Residual 11 29,15530 2,65048

Uncorrected Total 12 398,00000

(Corrected Total) 11 136,66667

R squared = 1 - Residual SS / Corrected SS = , 78667

Asymptotic 95 %

Asymptotic Confidence Interval

Parameter Estimate Std. Error Lower Upper

C ;195166873 ;016544238 ,158753250 ,231580496

Figure 3.74. Result (viewer file) of nonlinear regression analysis performed by SPSS9.0. Depicted is an example of a nonlinear
regression analysis performed with the values for numbers of potential mutant candidate pools obtained by visual inspection at 30 seconds
exposure for BGOT and 10 minutes exposure for KBOS58. Used was the equation f(x)=C*93*(1-(1-1/dilution)'®). The starting value for C
was 1. The resulting value for C is 0.195166873; R? is 0.78667 (compare to table 3-12; column [observed; VI BGOT(30s) KBOT(10m)]).
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observed predicted observed predicted observed predicted observed predicted | observed predicted | observed predicted

VI regression VI regression VI regression VI regression | CA BGOT | regression | CA BGOT | regression

BGOT(30s) | (C=0.195; | BGOT(60s) | (C=0.207; | BGOT(30s) | (C=0.195; | BGOT(60s) | (C=0.207; (30s) (C=0.187; (60s) (C=0.205;

Plate_|dilution | KBOT(m) | R?=0.787) | KBOT(Sm) | R*-0.787) | KBOT(10m) | R?~0.787) | KBOT(10m) | R’~0.787) R’=0.191) R’=0.214)
1P1__ §1/100 12 11.51 12 12.2 12| 11.51 12 12.2 11 11,02 11 12.11
2P1  11/200 8 7.16 8 7.59 8 7.16) 8 7.59 4 6.85) 7 7.53]
2P2  11/200 6 7.16 7 7.59 (:I 7.16] 7 7.59 5 6.85) 4 7.53]
2P3  11/200 8 7.16 9 7.59 éﬂ 7.16) 9 7.59 6l 6.85) 8] 7.53]
4P1__}1/400 3 4.02 3 4.26 3 4,02 3 4.26 17 3.85) 17, 4.23)
4P2  }1/400 5 4.02 6 4.26] 5 4.02 6| 4.26] 4 3.85) 5 4.23)
4P3  11/400 3 4.02 4 4.26 3 4,02 4 4.26 2 3.85) 2] 4.23)
4P4  ]1/400 3 4.02 3 4.26] 3 4.02 3 4.26] 3 3.85) 3 4.23)
8P1__ 11/800 [1) 2,13 [1) 2.26 [ 2.13 [1) 2.26 [1) 2,04 0l 2.25
8P2  11/800 6 2.13 6 2.26 6 2,13 6 2.26 5 2.04 6 2.2
8P3  ]1/800 1 2.13 1 2.26 1 2.13 1 2.26 1 2.04 1 2.25)
8P4 11/800 1 2.13 1 2.26 1 2,13 1 2.26 1 2.04 1 2.2
1/10000__Jn.m. 0.18n.m. 0.19In.m. 0.18)n.m. 0.19In.m. 0.17|n.m. 0.19)

Table 3-12. Nonlinear regression : pPBbgMCB in LNC28.28 (100 cells). Listed are the number of potential mutant candidates observed ,
and the number of potential mutant candidates predicted after nonlinear regression analysis. Used were the values obtained for the
oligonucleotides indicated at distinct exposure times (in brackets). Visual inspection: candidates chosen from X-Y coordinate system plots
(see figure 3-72). Cluster analysis (CA): candidates chosen by cluster analysis (SPSS9.0). Plate: plate number of respective dilution step
(e.g.. 1P1:1/100 plate number 1). N.m.: not measured. Used was the equation f(x)=C*93*(1-(1-1/dilution)'®®). The starting value C for the
iterations during the calculation process was 1. n.m.: not measured.

sample VI VI VI VI CA BGOT|CA BGOT | mean of C
OT(30s)KB(5m) | OT(60s)KB(5m) | OT(30s)KB(10m) | OT(60s)KB(10m) | (30s) (60s)
C 0.195 0.207 0.195 0.207 0.187 0.205 0.201

Table 3-13. Mean value of calculated C per sample. Listed are the individual constants C of table 3-12, obtained through nonlinear
regression analysis, and their arithmetic mean.

pBbgMCB/LNC28.28: 100 cells; predicted number of candidates (C=1; C=0.201)

100
90 1\

f(x)=C*93*(1-(1-1/dilution)"100)

80 -
70

60

" N\
o AN

predicted number of candidates

30 1
20 1
C=0.201
10
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800

dilution

Figure 3-75. Nonlinear regression : pBbgMCB in LNC28.28 (100 cells). Depicted are the curves which result from the equation
f(x)=C*93*(1-(1-1/dilution)'*), for C=1 and C=0.201.

predicted number of candidates (C=1)

predicted number of candidates C=0.201 ‘

The value of C for this experiment, using 100 cells, was calculated to be 0.201 (see
table 3-12 and for mean of C table 3-13). The resulting curves for the predicted number of
mutant candidate pools in dependence of the dilution (from 1:10 down to 1:800) for C=1 and
C=0.201 are depicted in figure 3-75. The result means that the detection of mutant candidates
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is 5 times less efficient than predicted for C=1. In other words: At a mutant frequency of 10,
for C=1 in average the analysis of about one 96-well plate with pools of 100 cells would lead
to the detection of one mutant candidate pool (x=93*(1-(1-1/10 000)'°*)=0,93). For C=0.201
in average about 5 plates would be needed (x=0.201*93*(1-(1-1/10 000)'°*)=0,19).

The k>2 problem

As mentioned in the introduction to this chapter, we assume that the distribution of
mutants in vivo, as well as in the test experiments presented here, follow a binomial
distribution, or to a good approximation the Poisson distribution (Sokal et al. 1998). This
would mean that if we look at a 1/100 dilution of mutant in wildtype sequence, for a 96-well
plate onto which pools of 100 cells have been aliquoted, 37% of all pools (36 wells) should
not contain a mutation and appear in the SSOP-assay negative, while 63% (60 wells) should
AT LEAST contain one mutation and therefore appear positive. The data presented here show
the actual detection efficiency lies a factor 5 below expectation both in the 50 cell and 100
cell experiment. A priori it is not possible to know whether the detected positive pools contain
one or more mutant molecules. Following the binomial distribution, of the 63% of all positive
cell pools; about half contain EXACTLY one mutant molecule, and half two or more mutant
molecules. Therefore the observed numbers for positive pools could as such be explained by
the presence of two or more molecules, i.e. detection is only possible if at the starting point of
the assay, before the LNC-PCR, two or more mutant molecules are available. For the result of
the evaluation of the LNC-PCR/SSOP assay presented above this is of no significance.
Independently of the actual number of mutant molecules present in the cell pools the result is
that the efficiency of mutation detection lies 5 fold underneath expectation. Possible reasons
will be discussed (see Discussion). However in the context of the low expected mutation
frequency of in vivo mutations, which lies in the range of 10, it has to be certain that a
starting copy number of one mutant molecule is sufficient to reliably detect the mutant with
the mutation detection assay. If one assumes strict stochastic behavior of the mutants, the
occurrence of two or more mutants in the same cell pool is basically nil (following the
binomial distribution the probability of finding exactly one mutant at a dilution of 107 is 1%,
and of finding two or more mutants is about 0.005%.). The data on PCR and SSOP presented
above and in section - An estimate of the LNC-PCR efficiency - does strongly indicate that
one mutant molecule can be detected in the KbLNC/SSOP assay. However we were still
interested in assessing which of the models a) detection of one or more molecules, or b)

detection of two or more molecules does better fit to the data collected. A nonlinear
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regression analysis was performed on the number of positive pools detected in the 100 cell

experiment, upon probing with BGOT, whereby the equations used either described the

presence of at least one mutant molecule, or the presence of two or more mutant molecules.

The term "R squared", which describes the "goodness of fit" (Sokal et al. 1998) gives an

indication, which of the two models fit better to the data observed. For the calculations two

exposure time combinations for BGOT and KBOS58 were taken into account: (1) 30 seconds

for BGOT, 10 minutes for KBOS58 and (2) 60 seconds for BGOT, 10 minutes for KBOS58. The

results are presented in table 3-14 to figure 3-76. The values for R? indicate that the goodness

of fit after the nonlinear regression is better for k>1 (R*=0.79 for (1) and (2)) than for k>2
(R*=0.43 (1) and 0.32 (2)). This is also reflected by the degree of correspondence of the

respective curves deduced from the observed values (visual inspection; BGOT (60s),

KBOS58 (10m)) and the predicted values based on C = 0.207 (k>1; R* = 0.787) and C = 0.634

(k>2; R* = 0.324). This suggests that the model k>1 is more likely to be true than the model

k>2.
VI BGOT(30s) KBOT(10m) VI BGOT(60s) KBOT(10m)
observed predicted observed predicted
k>=1 k>=2 k>=1 k>=2

regression regression regression regression

(C=0.195; (C=0.618; (C=0.207; (C=0.634;
Plate dilution R?=0.787) R?=0.430) R?=0.787) | R?=0.324)
1P1 1/100 12 11,51 15,18 12 12,2] 15,81
2P1 1/200 8 7,16 5,16 8 7,59 5,38
2P2 1/200 6 7,16 5,16 7 7,59 5,38
2P3 1/200 8 7,16 5,16 9 7,59 5,38
|mean 2P(1-3) 1/200 7,3 7,16 5,16 8 7,59 5,38
4P1 1/400 3 4,02 1,51 3 4,26 1,57
4P2 1/400 5 4,02 1,51 6 4,26] 1,57
4P3 1/400 3 4,02 1,51 4 4,26 1,57
4P4 1/400 3 4,02 1,51 3 4,26 1,57
|mean 4P(1-4) 1/400 3,5 4,02] 1,51 4 4,26 1,57
8P1 1/800 0 2,13 0,41 0 2,26 0,43
8P2 1/800 6 2,13 0,41 6 2,26 0,43
8P3 1/800 1 2,13 0,41 1 2,26 0,43
8P4 1/800 1 2,13 0,41 1 2,26 0,43
|mean 8P(1-4) 1/800 2 2,13 0,41 2 2,26 0,43
| 1/10000 n.m. 0,18 0,00n.m. 0,19 0,00

Table 3-14. Observed and predicted values (nonlinear regression) for potential mutant candidate pools: 100 cells. Listed are the
observed numbers of potential mutant pools (visual inspection; see also table 3-11) at an exposure time of 30 seconds for BGOT and 10
minutes for KBO58 (VI BGOT(30s) KBOT(10m)) as well as 60 seconds for BGOT and 10 minutes for KBO58 (VI BGOT(60s)
KBOT(10m)). Included are for each exposure time combination the predicted number of mutant candidate pools for k>1 and k>2. The
nonlinear regression analysis was performed as in table 3-12. For k>1 the equation f(x)=C*93*(1-(1-1/dilution)'*®) was employed. For k>2
the equation f(x)=C*93*(1-((1-[1/dil.]*100+([100/dil.]*(1-[1/dil.])"99))) was used. Starting value for C in the nonlinear regression process
(SPSS9.0) was in both cases 1. the calculated C was used to calculate the predicted values per dilution step.
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Figure 3-76. Observed and predicted values (nonlinear regression) for potential mutant candidate pools: 100 cells. (Semi logarithmic
scale.) The graph depicts the mean (see table 3-14) along with the actual number of observed potential mutant pools as well as the predicted
number for k>1 and k>2 per dilution step. The values for C were taken from table 3-14. X-axis (dilution): -log,(dilution). The values were
taken for VI BGOT(60s) KBOT(10m) (see table 3-14).

Comparison of the bg-mutation detection oligonucleotides BGOT and BGOC

The above evaluations have been performed with the data obtained for the
oligonucleotide BGOT. As to access whether the oligonucleotide BGOC is equally efficient
in the LNC-PCR/SSOP assay, the number and identity of potential mutant pools was

compared for the two oligonucleotides.

The overlayed scatter diagrams (see figure 3-77); here for the exposure times
90 seconds for BGOT and BGOC, and 20 minutes for KBO58), show a very good fit of
distribution of signals for the two oligonucleotides. In table 3-15 the results for 50 cells are
summarized in further detail. In principle the number and identity of oligonucleotides is the
about the same. Especially for the cluster analysis, longer exposure times (here 5 minutes as
to compared to 90 seconds) seem to result in higher numbers of identified potential mutant
pools, and more consistency as well between the two oligonucleotides as to the results
obtained by visual inspection of the X-Y coordinate systems plots. This is explained by better
resolution of potential positive pools at longer exposure times as already seen in figure 3-67.
However generally the fit of data between BGOT and BGOT is sufficiently good to confirm
the results obtained with BGOT before.
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Figure 3-77. pBbgMCB/LNC28.28 (50 cells): overlayed scatter diagrams. Depicted are the od-values obtained per dilution and plate for
the blots being probed with BGOT (90 seconds exposure) and KBO58 (20 minutes exposure), green dots, and with BGOC (90 seconds
exposure) and KBO58 (20 minutes exposure), red dots).
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Results

For the 100 cell dilution series the obtained od-values for BGOT and BGOC are
depicted in figure 3-78. The resolution of the BGOC signals is not as good as that of the
BGOT signals. This is reflected in the summary in table 3-16. The results obtained by visual
inspection of the od-values plotted into X-Y coordinate systems differ more than for the 50
cell dilution series. For BGOC the cluster analysis is in some cases not able to identify
unambiguously candidates pools (1:200, plate 3; 1:400, plate 2; 1:800 plate 3). A good
example illustrating the loss of resolution with BGOC in figure 3-78 is plate 3 of the 1:200
dilution. For both oligonucleotides BGOT and BGOC the exposure time was 60 seconds, and
the range of od-values is the same. Yet the bulk population of the samples derived from the
filter probed with BGOC shows a scattered distribution, while the bulk population of the
BGOT-samples is quite distinct, making it easy to identify outliers. As can also be seen from
the original blots figure 3-79 for BGOC the general background is very high. This leads to the
identification of potential mutant candidate pools which are clearly negative for the filters
probed with BGOT (1:200, plate3, sample 72 and 84; table 3-16 and figure 3-79). The reason
for the unspecific behaviour of BGOC is unclear. As has been shown for the 50 cell dilution
experiment, as well as in model experiments before (see e.g. figure 3-49) BGOC behaves
normally as specific as BGOT. Possibly during the incubation of the filters with BGOC, or
during the high stringency washing step, the temperature control was not exact. However this
i1s unlikely because the temperature of the water baths was controlled by independent
measurements regularly and proved to be very exact in every case. As for every 96-well plate
the PCR samples were transferred onto the filters, which later should be probed with either
BGOT or BGOC, in parallel, and as the lack of resolution effect for BGOC is visible for the
whole dilution series, the filters as such cannot be the source of this effect. It is a possibility
that the flourolabelled oligonucleotide BGOC itself leads to this effect. For every dilution
series being examined, a new batch of flourolabelled oligonucleotide was used. It is not clear
what the origin of such unspecific behaviour of a batch of a flourolabelled oligonucleotide
could be (technical service — Amersham) more so even because purposely the labeling
conditions were held constant. Since a hybridization solution, containing a flourolabelled
oligonucleotide can be used several times, in future it is advisable to first test a reference filter
with a newly probe as to ensure a good resolution. This would also be useful with respect to
calibrating exposure times as discussed in 3.2.3. - SSOP: signal intensities in dependence of

exposure time in the CDP-Star™ detection system.
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Figure 3-78. pPBbgMCB/LNC28.28 (50 cells): overlayed scatter diagrams. Depicted are overlayed scatter plots of the od-values obtained
for the filters probed with either BGOT (exposure 60 seconds) and KBO58 (exposure 10 minutes), red dots, or BGOC (exposure 60 seconds)
and KBOS58 (exposure 10 minutes), green dots.
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100 cells; 1:200; plate 3; BGOC; exp.: 60s
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Figure 3-79. pBbgMCB/LNC28.28 (100 cells) - loss of resolution for BGOC (example).
Depicted are the filters derived from the 100 cell experiment (dilution 1:200; plate 3) which
were probed with BGOC (upper picture) and BGOT (lower picture). Exposure time was in
both cases 60 seconds.
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plate (dilution) fplate 1 (1/100) plate 1 (1/200) plate 2 (1/200) plate 3 (1/200)
method of visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis
analysis
probe BGOC (60s) | BGOT (60s) | 1P20C (60s) | 1P20T (60s) | BGOC (60s) | BGOT (60s) | 2P1OC (60s) | 2P1OT (60s) | BGOC (60s) | BGOT (60s) | 2P20C (60s) | 2P20T (60s) | BGOC (60s) | BGOT (60s) | 2P30C (60s) | 2P3OT (60s)
(exposure) | KBOSS (60s) | KBOS8(10m) KBOSS (605) | KBOS8(10m) KBOS8 (60s) | KBO38(10m) KBOS8 (60s) | KBO38(10m)
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plate (dilution) fplate 1 (1/400) plate 2 (1/400) plate 3 (17400) plate 4 (17400)
method of visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis
analysis
probe BGOC (60s) | BGOT (60s) | 4P10OC (60s) | 4P1OT (60s) | BGOC (60s) | BGOT (60s) | 4P20C (60s) | 4P20T (60s) | BGOC (60s) | BGOT (60s) | 4P30C (60s) | 4P3OT (60s) | BGOC (60s) | BGOT (60s) | 4P4OC (60s) | 4P4OT (60s)
(exposure) | KBOS8 (60s) | KBOS8(10m) KBOSS (60s) | KBOS8(10m) KBOSS (60s) | KBOS8(10m) KBOSS (60s) | KBOS8(10m)
sample sample sample [sample [sample sample sample [sample [sample sample sample [sample [sample sample sample [sample
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=
2
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fum 4 3 o B 3 o 43 B 3 4 16 ) 0 3 o
plate (dilution) [plate 1 (1/800) plate 2 (1/800) plate 3 (1/800) plate 4 (1/800)
method of visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis visual inspection cluster analysis
analysis
probe BGOC (60s) | BGOT (605) | 8PIOC (60s) | 8PIOT (60s) | BGOC (60s) | BGOT (60s) | 8P20C (60s) | 8P20T (60s) | BGOC (60s) | BGOT (60s) | 8P30C (60s) | 8P3OT (60s) | BGOC (60s) | BGOT (60s) | SPAOC (60s) | 8PAOT (60s)
(exposure) | KBOSS (60s) | KBOS8(10m) KBOS8 (60s) | KBO38(10m) KBOS8 (60s) | KBO38(10m) KBOS8 (60s) | KBO38(10m)
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1 1 | 6] ) e |
2 2
50] 50[ 50}
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| 0 0 0 (| 0 6 | of 0 | 4] | 0 | 34

Table 3-16. Number and identity of potential mutant candidate pools per plate and evaluation method for 100 cells: comparison of
BGOT to BGOC. Listed are per dilution step and plate the number and identity of potential mutant candidate pools detected upon probing
with BGOT or BGOC. The analysis was either performed by visual inspection of the od-values for each pool, being plotted into an X-Y
coordinate system, or by cluster analysis (SPSS9.0). For the visual inspection of the X-Y coordinate systems the probing with the two
oligonucleotides BGOT and BGOC (detection of mutant) as well as KBO58 (detection of wildtype) were taken into account. For BGOT and
BGOC the od-values obtained from the exposure times 60 seconds (60s), for KBO58 10 minutes (10m). For the cluster analysis only the
od-values obtained with the oligonucleotide BGOT at 60 seconds. Each candidate is listed by its well number (see figure 3-64), except in the
cases where the cluster analysis was unable to resolute outliers from a bulk population unambiguously (number greater than 30 in table). In
that case just the number of the smaller population was listed.

An estimate of the LNC-PCR efficiency

For all considerations raised up to this point it is important to have an estimate of the
efficiency of the LNC-PCR. At a 100% efficiency of a PCR, after 35 cycles an amplification
factor of 2*° =3.4 X 10" is expected. Therefore, starting from one molecule, 10" molecules
should be generated, a number detectable by SSOP (see also below — Efficiency of
amplification). Even though the SSOP-blots presented here look nice to the eye, suggesting
that the PCR performs in an efficient way, it would still be desirable to estimate whether the
PCR in principle is powerful enough to lift the rare specimen (here the "mutant" pBbgMCB)

to detectable levels, even if it is only available as a single copy at the onset of the PCR.

Additionally it is expected that the amplification of rare mutant molecules with PCR
in a bulk population of wildtype target molecules is subject to statistical fluctuations (see

below - Computer simulations). This raises the question whether a certain ratio of mutant to
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wildtype molecule which is set before the PCR, is on average maintained during the
PCR-cycles. or whether biases in favour or to the disadvantage of the rare specimen are

introduced.

Both questions about the general amplification power of the LNC-PCR as well as the

expected fate of rare mutants in such a PCR are addressed in the following two sections.

Efficiency of amplification of its target region by LNC-PCR

To gain insight into the power of the LNC-PCR, the filters of the 50 and 100 cell
experiments which have been probed with KBO58 were used. The oligonucleotide KBOS58
detects both the amplicon generated by amplification on pBbgMCB as on LNC28.28 cells
(see figure 3-28), and can therefore be used as a tool to obtain a readout of the PCR
efficiency. On each filter of the dot-blots, dot number 96 represents 10'° molecules of
pBbgMCB as a positive control for blotting efficiency (see figure 3-64). The measured signal
intensity derived upon probing with KBO58 of sample number 96 was compared to the mean
of signal intensities of the other samples (except 94 and 95, which are negative controls). The
evaluation was performed with the data obtained from the 100 cell experiment. As a control
for consistency also part of the data obtained for the 50 cell experiment was evaluated. For
each evaluation exposure times for KBOS58 were taken for which the obtained signal
intensities were not yet in the saturated range (as judged by eye and see also figure 3-80). The
results are summarized in table 3-17 to 3-19. Based on this evaluation, about 10" molecules
are produced after 35 cycles of the LNC-PCR, compared to an expected amount of 10"
molecules at 100% efficiency of the PCR (table 3-19). As shown in table 3-20 this result is
very consistent with the 50 cell experiment. This estimated number of produced copy
numbers can be used to calculate the PCR efficiency per cycle. Therefore the equation
N=Ny(1+Y)" can be used, whereby Ny is the final copy number; Ny the initial copy number, Y
the efficiency of primer extension per cycle, and n the number of cycles (Dieffenbach et al.
1995). Transformed for Y the equation reads:

Y= -1
n
INg
Y is for the LNC-PCR on cells presented here 0.7. This value fits very well to other
published values on PCR efficiencies (Hermann et al. (1997); and (Dieffenbach et al. 1995)),

and is actually above a reported value of 0.6 for Pfu (P. Andre, unpublished results, cited in

_ 143 -



Results

Dieffenbach (1995)). Therefore it can be assumed that the conditions for the LNC-PCR on

cells are well chosen.

For the mutant, if present as a single copy at the beginning of the assay, the
calculated efficiency means that the SSOP should be able to detect 10° molecules (20pg of a
1200bp fragment). This sensitivity is to be expected from data on plasmid DNA

being  blotted, and  also due to the  manufacturers claim  (see

http://www.apbiotech.com/technical/technical _index.html). Additionally it has been shown

that starting from 10 molecules of target sequence a signal is easily detectable in the SSOP
after 35 cycles of LNC PCR (figure 3-81). Finally it has to be said the this estimate presented
here is rather conservative, since the 10" molecules pBbgMCB of sample 96 blotted onto the
filters are compared to less than half of the PCR product blotted (20ul of 50ul total PCR
volume). Also the detection limit of DNA in agarose gels stained with ethidium bromide lies
about 10ng (Maniatis et al. 1989). As can be seen in figure 3-45, 5ul of the product of the 35
cycle LNC-PCR on LNC28.28 cells is easily detectable in ethidium bromide stained agarose
gels, and the yield is remarkably constant. If one assumes that the bands represent in average
between 10to 100ng DNA, than about 40ng to 400ng (20ul were loaded pere sample per
filter) would in average go into the bg-SSOP assay. This is equivalent to 3 X 10'° to 3 X 10"

molecules, which fits very well to the above estimate.

100 cells: BGOT/KBOS58 (10m) 100 cells: BGOC/KBOS8 (60s)
Fille 908 Fille 11

00,
Mittelwert 2566,3204|Mittelwert 3014,0432
Standardfehler 4,5320|Standardfehler 5,9126
95% Konfidenzintervall des |[Untergrenze 2557,4261|95% Konfidenzintervall des [Untergrenze 3002,4420
Mittelwerts Obergrenze 2575,2148Mittelwerts Obergrenze 3025,6444
Median 2589,0900|Median 3057,8910
[Varianz 18649,210|Varianz 38454,172
Standardabweichung 136,562 1|Standardabweichung 196,0974
Minimum 2000,80[Minimum 1234,34
Maximum 2819,43[Maximum 3368,61
Spannweite 818,63|Spannweite 2134,27

Table 3-17. Mean of od obtained upon probing with KBO58. Evaluated were the od measurements of the 100 cell experiment. The
filters had been probed either first with BGOT and afterwards with KBO58 (exposure time: 10 minutes; BGOT/KBO58 (10m)), or first with
BGOC and afterwards with KBO58 (exposure time 60 seconds; BGOC/KBOS58 (60s)). Evaluation procedure: The od values per filter were
collected and compared to the negative controls (samples 94 and 95). The lowest values were regarded as “failed PCR’s” and taken out of the
evaluation (2% of all cases for BGOT/KBOS58 and BGOC/KBOS58). The remaining values were pooled and the mean was calculated. Note:
For BGOT/KBOS58 (10m) the 1/400 dilution, plate 1 and 1/800 dilution, plate 1 were taken out entirely as the od--values of the samples lied
consistently significantly beneath those of the rest of the series. Computing done with SPSS9.0.
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S96 (BGOT/KBOS58) S96 (BGOC/KBO58)

Félle 9 Fille 11

[Mittelwert 2484,1022|Mittelwert 3037,0397
Standardfehler 68,0658|Standardfehler 30,4032
95% Konfidenzintervall des [Untergrenze 2327,1422195% Konfidenzintervall des [Untergrenze 2969,2971
Mittelwerts Obergrenze 2641,0623Mittelwerts Obergrenze 3104,7823
Median 2504,6500Median 3071,5290,
[Varianz 41696,598|Varianz 10167,919
Standardabweichung 204,1974{Standardabweichung 100,8361
Minimum 2010,93Minimum 2803,42
Maximum 2759,28Maximum 3173,46
Spannweite 748,35|Spannweite 370,05

Table 3-18. Mean od-values of samples 96 obtained upon probing with KBOS8. Sample 96 serves as a positive control and represents
10" molecules. The filters had been probed either first with BGOT and afterwards with KBOS58 (exposure time: 10 minutes;
BGOT/KBOS58), or first with BGOC and afterwards with KBOS58 (exposure time 60 seconds; BGOC/KBOS5S). Evaluation procedure: The
od-values obtained for sample 96 per filter were pooled and the mean value calculated. This mean value was subsequently compared to the
mean value obtained for the LNC-PCR products (see table 3-18). Computing done with SPSS9.0.

sample mean od molecules Table 3-19. Calculated number of molecules produced after 35
cycles of LNC-PCR. The mean values of sample 96 (table 3-19)

BGOT/KBOS8 2566.3204 1O3E+10 representing 10'° molecules were used to calculate the molecule

S96 (BGOT/KBOSS) 2484.1022 1,00E+10 [ number of the means obtained in table 3-18 for the filter series

BGOC/KBOS5S8 3014.0432 9,92E+(9 | BGOT/KBO58 and BGOC/KBO58 (depicted in bold).

596 (BGOC/KBO58) | 3037.0397 1,00E+10

50 cells: BGOT/KBOS58 (S5m) S96 (BGOT/KBOS5S8)

Fille 356 Fille 4

[Mittelwert 2474,5208 Mittelwert 3109,8550
32,9048 Standardfehler 51,3210

95% [Untergrenze 2409,8079 95% [Untergrenze 2946,5287

Konfidenzintervall — (Obergrenze 2539,2337 Konfidenzintervall |Obergrenze 3273,1813

des Mittelwerts des Mittelwerts

Median 2620,0850 Median 3110,6950

[Varianz 385451,058 [Varianz 10535,378

Standardabweichung 620,8470 Standardabweichung 102,6420

Minimum 1006,94 Minimum 2983,95

Maximum 3332,23 Maximum 3234,08

Spannweite 2325,29 Spannweite 250,13

Table 3-20. Mean of od obtained upon probing with KBOS8. Evaluated were the od measurements of the 50 cell experiment. The
filters had been probed first with BGOT and afterwards with KBOS58 (exposure time: 5 minutes; BGOT/KBOS8 (5m)). Evaluation
procedure: The od values per filter were collected and compared to the negative controls (samples 94 and 95). The lowest values were
regarded as “failed PCR’s” and taken out of the evaluation (4% of all cases). The remaining values were pooled and the mean was calculated.
Right panels: mean of od-values obtained for sample 96 (10'° molecules pPBbgMCB). Computing done with SPSS9.0.
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od-frequency distribution: BGOT/KBO58(10m)
od-frequency distribution: BGOC/KBOS8(60s)
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Figure 3-80. Distribution of the od-values for BGOT/KBO58(10m) and BGOC/KBO58(60s). The Histograms depict the distribution of
the od-values that went into the calculation of the means for the 100-cell experiment (see table 3-18).
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Figure 3-81. LNC-PCR on pBbgMCB. Evaluation by SSOP. Depicted are the images of
filters, onto which 20pul of the PCR products of a 35cycle LNC-PCR on pBbgMCB have
been transferred. A) the plasmid pBbgMCB was amplified in the presence of 50 E14.1 cells.
Template copy number as indicated. B) Amplification on indicated number of E14.1 cells. as
negative control. The LNC-PCR and SSOP procedure was done under standard conditions as
described in Material and Methods. Probe: BGOC (exposure time: 60 seconds). All PCR's
have been done in doublets for A) and four times for B).
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Following the fate of rare specimen in PCRs with computer simulations

(This work was done in collaboration with Gert Osterburg)

Ultimately we would like to amplify on pools of 100 copies the K”“* target region.
In a fraction of these pools, which size depends on the ultimate frequency of the mutants, we
expect the presence of a mutant molecule at a ratio of 1/100. We wanted to know to what
extent the starting ratio of the rare mutant molecule will be maintained during the PCR.
Therefore we initiated computer simulations of the PCR-amplification process (16 cycles),
assuming different efficiencies Y of the PCR ((Dieffenbach et al. 1995); note: for the
calculations presented here the value q representing the ‘“PCR-inefficiency” (q=1-Y) was
used!). The PCR simulations show that with decreasing PCR-efficiencies the probability to
shift the ratio of mutant to wildtype molecule towards the wildtype molecule increases (see
table 3-21). In other words, the less efficient a PCR is, the more likely it becomes to loose a
rare molecule (mutant). At our assumed efficiency of Y=0.7 for the LNC-PCR (see above:
PCR efficiency) in about 50% of all sampled cases the final frequency will be lower than the
starting frequency of 107, This means that if the detection limit of the SSOP lies exactly at
1:100 (mutant to wildtype molecule) 50% of all mutant molecules would get lost due to
failure of detection. Examples for distributions of observed values for the end ratio after 16
cycles of PCR are shown in figure 3-82. It is noteworthy that with decreasing PCR efficiency
the distributions get skewed to the right. It seems that lower PCR efficiencies lead more often
to end-ratios favouring the wildtype, but that this effect is accompanied by the (rare)
occurrence of end ratios in favour of the mutant molecule. This is also visible in table 3-21
(see column “max”). Since we could not exceed 16 PCR-cycles (computational limits), we
finally tested whether the number of cycles has an influence on this effect (table 3-22). In
simulations we assumed a constant PCR-efficiency of f=0.9, and employed increasing

numbers of cycles (10 to 16 ). No effect on the distribution of end ratios could be detected.

A B) e)

Std.abw. =00 10
Mittel =,0100

Std.abw. =,00
Mittel =,0100
=1000,00

Std.abw. = 01
Mittel =,0099
N =1000,00

9y 105 05 10

%, D, B D U Y U, O, O
R R R R A N
A A I

observed v (q=0.1) observed v (q=0.3) observed v (q=0.5)

Figure 3-82. Histograms of distributions of end ratios rare: common molecule in dependence of PCR-efficiency. Depicted are the
frequency distributions of end ratios rare:common molecule after 16 cycles of PCR (1000 PCR -simulations). A) g=0.1; f(PCR
efficiency)=0.9. B) q=0.3; =0.7. C) q=0.5; =0.5.
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q \4 mean stddev min Q25 median Q75 max max|f L]

0.025| 0.01 0.0101 0.0010 0.0041 0.0099 0.0104{ 0.0107 0.0112 0.7240
0.050, 0.01 0.0101 0.0017 0.0027|  0.0096 0.0105 0.0111 0.0123 0.6570
0.075| 0.01 0.0101 0.0020 0.0016|  0.0093 0.0107 0.0115 0.0132 0.6520
0.100, 0.01 0.0100 0.0024 0.0015 0.0086 0.0106] 0.0118 0.0143 0.5910
0.125| 0.01 0.0101 0.0026 0.0014|  0.0085 0.0106] 0.0120] 0.0151 0.5810
0.150| 0.01 0.0101 0.0029 0.0014{  0.0080 0.0105 0.0123 0.0161 0.5650
0.175| 0.01 0.0102 0.0031 0.0005 0.0079 0.0106] 0.0126] 0.0177 0.5630
0.200, 0.01 0.0100 0.0034 0.0017 0.0075 0.0103 0.0127 0.0189 0.5330
0.225| 0.01 0.0102 0.0036 0.0007|  0.0076 0.0106] 0.0129] 0.0190 0.5580
0.250/ 0.01 0.0101 0.0038 0.0006|  0.0071 0.0101 0.0130] 0.0202 0.5140
0.275 0.01 0.0102 0.0040 0.0006 0.0071 0.0104{ 0.0131 0.0223 0.5340
0.300, 0.01 0.0103 0.0043 0.0007|  0.0070 0.0101 0.0135]  0.0227 0.5160
0.325| 0.01 0.0100 0.0045 0.0004|  0.0065 0.0097 0.0132 0.0236 0.4670
0.350, 0.01 0.0101 0.0048 0.0004| 0.0064 0.0099] 0.0132 0.0271 0.4870
0.375| 0.01 0.0102 0.0049 0.0001 0.0064 0.0097 0.0137 0.0247 0.4780
0.400, 0.01 0.0102 0.0052 0.0002 0.0060 0.0098 0.0135] 0.0274 0.4870
0.425| 0.01 0.0100 0.0053 0.0003 0.0060 0.0093 0.0133 0.0269 0.4470
0.450, 0.01 0.0102 0.0056 0.0001 0.0059 0.0094| 0.0138 0.0274 0.4630
0.475 0.01 0.0102 0.0055 0.0003 0.0061 0.0095 0.0135 0.0302 0.4610
0.500/ 0.01 0.0102 0.0061 0.0001 0.0052 0.0097 0.0139]  0.0345 0.4850

Table 3-21. End ratio rare:common molecule in dependence of PCR efficiency (16 cycles; 1000 PCR-simulations per experiment).
Listed is the value for the frequency with which the starting ratio of V=0.01 or greater (max[f L]) appears for a given q (“PCR-inefficiency”;
g=1-Y (Y: PCR efficiency, Dieffenbach (1995))). Computation: To start with Ny mutant and M, wildtype molecules are given. The term
No/(No+M,) describes the ratio of mutant molecules N to the total amount of molecules. Iterations: steps of k+1; each step k is equivalent to
one amplification cycle in a PCR. At each step k of the [kN+kM] molecules a portion of the size F*(kN+kM) is chosen randomly and
doubled. Since the choice is random, it is knot known how many of the mutant and how many of the wildtype molecules are taken up at each
k. F describes the fraction size and is equivalent to the PCR efficiency constant Y. The remaining “nonchosen” molecules go into the next
amplification cycle without duplication. Present are therefore (k+1)N mutant and (k+1)M wildtype molecules. The total molecules calculates
as follows: = (k+1)N+(k+1)M = (kKN+kM)*(1+F). After n cycles as described above (in the simulation presented here 16) the total number
of molecules calculates as follows: (Ng+M,)*(1+F)". At the same time a distinct end-ratio of mutant molecules to total amount of molecules
No/(Ny+M,) is built up by chance. q: (1-[PCR-efficiency]). V: starting ratio (mutant : wildtype). Mean: arithmetic mean of computed end
ratios. stddev: standard deviation. Min: minimum of computed end ratios. Q25: first quartile. Median: Median of computed end ratios. Q75:
third quartile. Max: maximum of computed end ratios. max[f L]: fraction of the starting ratio of V=0.01 or greater. In bold: values for q=0.3
which is equivalent to our calculated efficiency of f=0.7 for the LNC-PCR (see section 3.2.5. - An estimate of the LNC-PCR efficiency), and
for q=0.4 which is equivalent to an estimated PCR efficiency for Pfu (Dieffenbach, 1995).

cycles q \4 mean | stddev min 25% median 75% max |Max|[F(L)]

10 0.100 0.01) 0.0100{0.00241] 0.00288] 0.00888 0.01037| 0.01187] 0.01386] 0.56333

11 0.100 0.01) 0.0101{0.00233] 0.00301] 0.00869] 0.01069] 0.01175| 0.01389] 0.62000,

12 0.100 0.01) 0.0102{0.00220] 0.00310] 0.00859] 0.01075] 0.01184] 0.01389] 0.60333

13 0.100 0.01) 0.0101{0.00236] 0.00250] 0.00907] 0.01050] 0.01182] 0.01392] 0.61333

14 0.100 0.01) 0.0102{0.00227] 0.00307 0.00907] 0.01084] 0.01186] 0.01449 0.63667

15 0.100 0.01] 0.0103{0.00222] 0.00229] 0.00924] 0.01081| 0.01180] 0.01390] 0.64000,

16 0.100 0.01) 0.0101{0.00241] 0.00240] 0.00877] 0.01083| 0.01192] 0.01355 0.60000,

Table 3.22 End ratio rare:common molecule in dependence of PCR cycle number (q=0.1; 300 PCR simulations per experiment).
Listed is the value for the frequency with which the starting ratio of V=0.01 or greater (max[f L]) appears for a given number of PCR cycles
(cycles). Computation as in table 3.23. Cycles: number of PCR cycles. q: (1-[PCR-efficiency]). V: starting ratio. Mean: arithmetic mean of
computed end ratios. stddev: standard deviation. Min: minimum of computed end ratios. Q25: first quartile. Median. Median of computed
end ratios. Q75: third quartile. Max: maximum of computed end ratios. max[f L]: fraction of the starting ratio of V=0.01 or greater.
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4. DISCUSSION

We set out to examine gene conversion as a possible molecular mechanism
underlying the polymorphism observed for MHC genes. It is tempting to think of gene
conversion as an efficient process to generate optimised sequence variability in the MHC. It
would represent a mutational process contributing to the resistance against fast evolving
pathogens, in accordance with the hypothesis that natural selection in host-pathogen systems
favours the protrusion of elevated mutation rates in resistance genes as put forward by
Haldane ((Haldane 1949), and see also introduction). Gene conversion could be of high
significance for the adaptation of the vertebrate immune system to a threatening and
constantly changing environment, and it could itself be the target of adaptive regulatory
mechanisms (it would than follow the “strong form” of the gene conversion hypothesis of
MHC evolution as described in the introduction). It was our intention to develop an assay to
detect germline H2 K’ mutations to light, at a frequency allowing an answer to questions

concerning the molecular mechanism behind it as well as the adaptive significance of it

The major driving force, motivating us to pursue this path, was certainly the 40 in
vivo H2 mutants that had been recorded (see table 1-1). They were a stimulus for the
exposure of many theories, ideas and vivid discussions around the evolution of the MHC (e.g.
(Loh et al. 1984; Geliebter et al. 1986; Klein 1986; Pease 1986; Howard 1995)). The gene
conversion hypothesis of MHC evolution found much support from indirect evidence such as
the phylogenetic analysis of sequence patterns in MHC genes (e.g. (Parham ef al. 1989;
Parham et al. 1991; Yuhki et al. 1994)), as well as direct experimental approaches (e.g.
(Hogstrand and Bohme 1994; Huang et al. 1995)). However it was our feeling that due to a
lack of tools which would make MHC genes more “accessible”, a systematic analysis with
respect to mutations was still in need. Most of the questions which surround the hypothesis of
gene conversion in MHC genes, such as the targeting of such events within the genes, a
potential sex bias, onset during development, and whether it is a meiotic or mitotic event
remain unanswered (see also introduction). We wanted to clear away the major obstacles (the
low frequency combined with the presence of an array of highly homologous genes (see
introduction) believing that this would finally open the portal to a more systematic view on
gene conversion in the MHC. Obviously we did not yet manage to open the portal. The
question remains, whether our approach did get as anywhere near our goal, and which steps

could be taken next. This will be discussed in this final section.
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4.1. Views on a multiple component gene conversion detector

In its original form the protocol which we planned to assemble consisted of a target
gene enrichment step, the M450"“-lacOp rescue (section 3.1.), and as a mutation enrichment
step, Denaturing Gradient Gel Electrophoresis (DGGE, (Sousa 2000)). Starting with the
transgenic KN mice (see Materials and Methods) pools of primordial germ cells should
have been isolated and the M450%-lacOp rescue lead to enrichment of the KNG gene. After a
PCR step, the material should be further enriched for mutations by the tube DGGE. Finally
analysis of the mutants should be done by cloning steps and sequencing. As explained in
section 3.2. we altered the course slightly during the continuation of this project, by
introducing a combined PCR/Sequence Specific Oligonucleotide Probing (SSOP) assay. This
was supposed to add flexibility into the overall approach. The components of the gene
conversion detection assay (with the exception of the DGGE) will be discussed in the

following paragraphs.

4.1.1. Enrichment of target sequences through the M450'“-lacOp rescue

Since the H2 K’ gene represents an element of a multigene family, with several
highly homologous members, we had to find a way to suppress the risk of creating in vitro
artefacts arising during PCR steps of the mutation detection assay. We showed that the
enrichment of target sequences via extraction of E.coli lac-operator tagged DNA fragments
has a very high potential. The system is based on a protocol published by Gossen et al., in
which transgenic mice have been generated carrying about 40 lac-operator containing
plasmid copies integrated into their genome (Gossen et al. 1993). In their case the rescue was
evaluated by recirculisation of the plasmids coupled with estimates of the transformation
efficiency of E.coli. Due to the design of the rescue in their case enrichment was not only
achieved through the exploitation of the high affinity of /ac-operator to the Lac repressor and
specific elution with IPTG, but also through the transformation step of E.coli. Since we
wanted to work with minimally changed endogenous gene sequences we had to adapt the
assay for our purposes, relying solely on the lac-operator/Lacl binding, and the specific
elution with IPTG. Therefore direct ways to assess the enrichment power such as capillary
electrophoresis, southern blotting and comparative PCR, were employed to monitor the
efficiency of the assay during optimisation. We wanted to show that the presence of
contaminating /acOp-negative sequences can be reduced so that the occurrence of in vitro

artefacts resembling gene conversion events could be largely excluded. An important step is
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the successful affinity based purification of LaclZ, using lac-operator charged NHS-columns.
This procedure enriches for active protein, since it is based on the proper function of specific
binding as well as effective IPTG elution of the LaclZ protein. Activity losses of Lacl and
Lacl/LacZ chimeric proteins during purification have been observed by me and others ((Kania
1976; Fried et al. 1981), Dynal cooperation Oslo (personal communication) and discussed in
(Martinsohn 1996)). Also, which in the context of our project is more significant, during the
characterisation of Lacl/LacZ chimeras higher molecular weight aggregates were found which
showed unspecific binding to DNA, but no Lac repressor activity (Kania et al. 1974). The
affinity based purification of LaclZ proved to be an efficient and economic method which can

yield high amounts of active LaclZ.

The purification of active LaclZ allowed us to further characterise further the
M450%-lacOp rescue with regard to efficient enrichment of lacOp-tagged genes or fragments
out of the genome of mice. While the original protocol led to impressive enrichment factors in
the plasmid system based on pBluescript (section 3.1.2.), it had to be optimised for the
ultimate goal. This was achieved through a test series on samples containing genomic DNA
which had been experimentally contaminated with the plasmid NKrQ as the target sequence,
and appropriate lac-operator negative plasmids. The optimisation of the rescue assay

ultimately allowed us to assess its value working with cells.

The LNC28.28 ES-cells that served to create the K”“¥¢ transgenic mice (see Material
and Methods), were ideally suited to assess the power of the M450%-lacOp rescue assay in
the context of the isolation of single copy lacOp tagged genes out of whole genomes from
tissues of transgenic mice. In the mouse MHC about 30 class I genes are present which could
potentially represent exactly the class of homologous sequences which lead to the danger of
introducing in vitro artefacts (Klein et al. 1986; Trowsdale 1995). By employing the 18S
rDNA genes as standards for contaminating DNA-sequences we were able to show that we
can get rid of such sequences to an impressive degree. To what extent the actual risk of
introducing in vitro artefacts during the mutation detection assay is suppressed can not be
answered precisely yet. Future experiments will attempt to assess this risk and its suppression
by the M450%-lacOp rescue more directly. In principle one could also attempt to assess the
reduction of introduction of in vitro artefacts in a plasmid based system, by using two
plasmids containing homologous sequences. One of the plasmids does, the other one does not
contain the lac-operator sequence. The two plasmids could be mixed at different ratios and

the M450%-lacOp rescue performed on a fraction of the mixtures. After PCR the degree of
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introduced mutated molecules per assay could be assessed. However it would be impossible
to transfer any obtained result directly to the situation we encounter by analysis of members
of the mouse MHC and naturally the more one attempts to imitate this system the more one
risks to contaminate the working environment with exactly the class of artefacts one attempts
to suppress. Also future experiments aiming at the detection of mutations in MHC genes will
be accompanied by appropriate controls, such as the comparative detection of mutations in the
same tissue with and without the M450%-lacOp rescue assay. A further control is the
comparison of germline derived cells to somatic cells where we do not expect gene

conversion to occur (see also (Hogstrand et al. 1994)).

Finally we will also explore whether we can reduce the sample size of the M450"-
lacOp rescue assay. We decided to work on samples representing 10° genomes, since we were
confident that pools of 10° cells are a suitable size for the rescue assay. However by day
13 p.c. approximately 25 000 primordial germ cells (PGC) have colonized each gonad
primordium of the mouse (Hogan ef al. 1994). Depending on the nature of question we ask in
future experiments it can be of more value to work on a gonad by gonad basis, instead of
having to pool a number of gonads. In this respect, concerning the isolation and purity of
PGC’s it is noteworthy that recently a monoclonal antibody (TG-1) has become available
which allows the specific purification of PGC’s with the help of paramagnetic beads (Pesce et
al. 1995).

In summary it is reasonable to say that the M450"“-lacOp rescue as such has proven
to possess a high potential to enrich for lac-operator tagged DNA sequences with an
impressive power. It can in principle be combined with any other component of a gene
conversion detection protocol. Further exploration will show how robust the assay is, and also

of what value it is when it comes to the detection of gene conversion events in the KNG gene.

4.1.2. Enrichment and detection of mutations through the K" C_PCR coupled to a bg
specific Sequence Specific Oligonucleotide Probing Assay

The decision to introduce an assay consisting of a PCR step which is directly
performed on pools of cells and targeted to the KPENC transgene, combined with a sequence
specific oligonucleotide probing assay (SSOP) for the hg mutations meant at the same time to
economise on effort to bring MHC mutations to light and abandoning the original intention to
screen for unknown sequence variants. This needs to be put in context. In our gene conversion

detection project, we started out attempting to combine the M4501Z-lacOp rescue with
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Denaturant Gradient Gel Electrophoresis. Our intention was to employ DGGE exactly
because we wanted to detect unknown sequence variants. However it turned out that even
though DGGE is definitely a valuable tool in the mutation detection field, for our purposes
(high throughput) it was considerably laborious and also that intrinsic characteristics to the
method lower the mutation detection power noticeably (discussed in Sousa (2000) and see
below). The bg-specific SSOP on the other hand is restricted to the detection of a particular
documented mutation event, the bg-series, but allows to be carried out in a streamlined way in
multiarray systems. The assay is still dependent on the availability of the KNG transgene, but
can be employed independently of the M450%“-lacOp rescue and of the mutation enriching
DGGE step originally foreseen to be part of the whole gene conversion detection assay (Sousa
2000). However it could be combined with one or all of the other components if desired. A
major advantage of this assay lies in its potential for high throughput and automation. A major
drawback is the focus on one historical mutation. This eliminates immediately the question of
whether gene conversion events in the MHC are targeted preferentially to certain regions
within the MHC genes (but see below). Furthermore statements about frequencies would be
restricted to the mutation in question. However other issues such as a sex bias, or the onset of
the gene conversion process during development, meiosis versus mitotic process remain

unaffected.

When the tools of the combined PCR/SSOP assay, the KN C-mice; the LNC-PCR on
cells; and the bg specific oligonucleotide probing were available or else established in model
systems, we decided not to attempt directly to bring gene conversion events to light in our
laboratory, but rather to cautiously approach this intention. We had good reasons to follow
this reserved strategy. We were confident about the general reliability of the LNC-PCR on
cells, but not so much about the stochastic characteristics inherent to it. Sequence specific
oligonucleotide probing assays are routinely employed to assess heterozygote states in clinical
research, but it was not clear to us whether a detection limit of 1/100 mutant to wildtype
sequence was within a reasonable range with the bg-specific oligonucleotides, most of all
since we were looking for single base substitutions, and not for mutations leaving more
prominent marks. We aimed at this detection limit of 10 due to the expected rareness of the
bg-like mutations. As explained in the results (section 3.2.2) the reason was that strictly
speaking the SSOP serves as mutation enrichment step. Any pool of cells showing up positive
in the SSOP assay would have to be further analysed by batch cloning techniques and

sequencing to finally uncover the detected mutation. A detection limit of 10 means to a first
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approximation that 10 000 cells could be analysed with one 96-well plate, which seemed at
that time to be a reasonable number relative to our expected mutation frequency of 10™*. This
detection limit was reached. So the components of the PCR/SSOP based mutation detection
were at our disposition, and we could have searched for mutations in germline derived cells
from 129**™¢ mice. Our hesitation to do so was again founded on the low frequency we
expected to encounter and all uncertainties which go along with it. Without further
characterisation of the assay under conditions very similar to the ultimate experiment
involving germline derived cells from mice, strong statements about the frequency with which
such mutations occur would not have been possible. This motivated us to set up the
experiment using pBbgMCB as a mutant molecule which we diluted at different steps into
LNC28.28 cells. The results enabled us to extrapolate an expectation of what effort we would
have to make as to detect mutations which occur at a frequency in the range of 10™. It will
also allow us at later time points to deduce based on an observed mutation frequency in
experiments with germline derived mouse cells, the real frequency which probably underlies
the phenomenon. We had to be very careful not to contaminate the working environment with
molecules which possess sequence characteristics resembling the events we are looking for,
and on the other hand we wanted to come as close as possible to the actual analysis. This led
to the cloning the plasmid pBbgMCB, which represents a valuable tool in the context of this

project.

The assay as such turned out to be remarkably robust. In the 50 cell experiment 651
pools of cells were screened for pBbgMCB, in the 100 cell experiment altogether 1116 pools.
The PCR proved to be extraordinarily consistent and also efficient (see in 3.2.5.- An
estimate of the LNC-PCR efficiency). Also in none of the examined plates the negative
controls were contaminated which stresses the feasibility of the set-up using 96-well plates.
The SSOP part of the assay is in principle a very practicable approach and it worked well.
There is a slight reservation to this statement, which concerns the consistency of signal
strength in relation to exposure time of filters. In most cases the data obtained in the SSOP
assay were quite consistent. However it occurs that in some cases the exposure time to signal
strength ratios for the same oligonucleotide (but different batches of labelled oligonucleotide),
were quite different. Also, as discussed in 3.2.5. (Comparison of the bg-mutation detection
oligonucleotides BGOT and BGOC) in the 100 cell experiment the probing with BGOC led to
unsatisfactory resolution of the filter images. I suspect that these inconsistencies have their

origin in the labelling efficiency of the oligonucleotides, since within one probed filter series
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the obtained values are quite similar (one filter series represents all 96-well plates of either the
100 cell or 50 cell experiment and was either probed with BGOC or BGOT and subsequently
with KBOS58 (see also Materials and Methods). For each filter series, a new batch of labelled
oligonucleotide was used. We initially thought that this would ensure a stable sensitivity of
the assay. It is uncertain what the actual reason for the suspected variable labelling efficiency
is, since the labelling conditions were held purposely very constant. However this potential
drawback of the SSOP assay can in future be dealt with by testing a batch of labelled
oligonucleotides with a testfilter. This would also allow to adjust for the most appropriate

exposure time.

4.1.3. The mutation detection efficiency of the LNC-PCR/bgSSOP assay

The two experimental test series presented in section 3.2.5. were mainly
accomplished to assess the power of the mutation detection assay which is based on a
LNC-PCR combined with the bg specific SSOP. Both series involving the 50 or 100 cells,
represent two independent experiments. The detection of potential mutant cell pools lied
consistently a factor five below the prediction for a 100% efficiency of the assay. This
consistency concerning the power of the assay indicates that inherent characteristics of the
assay, or the way the experiment was set up underlie the factor five. A remarkable result in
this respect is the observation in computer simulations that inefficient PCRs on mixtures of
abundant and rare molecules tend to lead to the loss of the rare specimen (see in 3.2.5. -
Following the fate of rare specimen in PCRs with Computer simulations). Interestingly this
phenomenon is distinct enough to contribute to the lower than expected efficiency by a factor
of two (due to the way the computer simulations were initiated this of course is only true, if
any final mutation/wildtype ratio lower than 1/100 is not detectable any more). Other factors
lowering the power of the proposed assay have to be speculative at present. One feature of the
way the experiment is set up and which might be suboptimal is the fact that the rare mutant
was added as “naked” plasmid DNA to the abundant wildtype molecule which was put into
the assay as LNC28.28 cells. The protocol starts with the lysis of cells which takes place for
one hour at an elevated temperature of 55°C in a Tris buffered system (1X Pfu Polymerase
buffer). As discussed in 3.2.2 (Test of HEPES buffer for Pfu based amplification) heat supply
in aqueous solution leads to degradation of DNA. Furthermore the amounts of material that
went into the assay were estimated by different measures (pBbgMCB: photospectrometric
measurement. cells: counting with a hemocytometer). While the “loss of rare specimen” effect

1s intrinsic to the assay, it is possible that other factors which diminish the power of the assay
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could be removed. However in my opinion the remaining factor of 2.5 is not of major
importance. Concerning the frequency estimate of mutations that could be derived from the
detection of mutants, a factor of three is negligible in the context of magnitudes which are
discussed here. If it is true that this factor is only inherent to the way the explorative
experiments described here were set up, this would mean that the effort that goes along with
detection of real mutants at a frequency of 10 would be three times less than expected. This
has to be put into the context of the general feasibility of the assay, and the question whether

there are (meanwhile) reasonable alternatives for our aim available.

4.1.4. Hunting for gene conversion events in germline MHC genes of Mice: The
perspectives in the year 2001

Where do we stand with the mutation detection assay discussed here with respect to
the uncovering of germline mutations in the H2 of mice? — This has to remain a rather
hypothetical question since no attempt was undertaken yet to use it for the discovery of bg
mutations in the germline of mice. Still it is possible to appraise its value with regard to our
aim, and to compare it to other methods to detect mutations. It is probably true that the
M450%-lacOp rescue assay is of great value when it comes to the enrichment of target
sequences derived from the MHC. Yet it must be considered that we look for very rare events,
but ultimately ask for high numbers of those since we would like to deduce conclusive
answers to the questions raised in the introduction of this thesis. Every step in this assay is
carried out manually. The volumes that are employed during the assay are small and every
sample has to be treated with care and in a concentrated way to avoid contamination and great
losses of the magnetic beads and therefore the target sequence. I estimate that for a person
familiar with the assay it is possible to treat maximally ten samples in parallel, and at
maximum to perform one assay in one day, starting from the lysis of cells. Since the protocol
suggests to use pools containing 10° cells, this would be equivalent to the treatment of 10°
cells at once. This is in the light of an expected frequency of mutants of 10™ an acceptable

number even considering the estimated yield of 10%.

The LNC-PCR/bg-specific SSOP assay is performed in 96-well plates. Per day two
of these plates can be processed starting from the cell-lysis step until the transfer onto filters.
The probing could be done over night and the development of the filters the next day.
Nevertheless it would probably be more advisable to split up the analysis into a “period” of
amplification and blotting and a period of filter development, each time involving a series of

96-well plates or filters respectively. This would economise on effort and minimise variation
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of the conditions under which the assay is performed (in fact the 50 cell and 100 cell
experiment presented here were executed like this). I estimate that this way per month about

30 plates could be processed.

Up to now three attempts to unravel gene conversion in germline genes of mammals
using modern analytical methods stand out. These are the PCR based mouse class II gene 4b
approach of Hogstrand and Béhme (Hogstrand et al. 1994), the PCR/sequencing approach of
Huang et al. (Huang et al. 1995) and the allele specific PCR/differential oligonucleotide
typing approach of Zangenberg et al (Zangenberg et al. 1995). All three approaches were
presented in the introduction. These experiments were of great value for the discussion around
gene conversion taking place in the MHC of mammals. Since the “classical” skin grafting
experiments no new data had been produced which looked directly at mammalian genes.
However this data stands out like a beacon until today, confirming that gene conversion takes
place in the germline of mammals, but not allowing any strong claims about its significance
or the molecular mechanisms being involved. This stresses that it is still justified and
necessary to design a gene conversion detection assay which could be employed on a routine
basis, with high throughput and in a reliable way. The approach discussed here represents a
step into this direction. This is because, due to the availability of the KPNCE transgenic mice,
for the first time we are able to look at a mouse MHC I gene in a systematic way. We are able
to suppress the risk of introducing in vitro artefacts by employing either the M450“-lacOp
rescue, or the LNC-specific PCR. This is an important point since up to today it is the data of
MHC class I genes obtained in the mutation screen of mice which has the highest significance
in terms of numbers and stimulus around gene conversion in MHC genes (see Introduction
and table 1-1). Also due to the region that the LNC-PCR amplicon covers (see figure 3-28)
we are not solely restricted to the two base pair exchanges characterising the bg-series of
mutations when it comes to the outcome of gene conversion events. Due to the
oligonucleotides we employ we do rely on at least one of the two bases being exchanged.
However the amplicon spans upstream and downstream of the bg marker region an area
which shows a high number of non-homologous base positions leaving room for the detection
of gene conversion events which show different features as the bg series. In fact since the
amplicon covers the second intron as well as parts of the third intron even the question about

the targeting of gene conversions (see introduction) could be adressed.
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One important concern remains the throughput of the assay. It is worthwhile to look
at other mutation detection methods with respect to their feasibility in the context of our

project and the potential to combine them with our approach.

4.1.5. Features of mutation detection methods presently available

Generally one can divide mutation screening assays into physical methods, chemical
methods, methods based on enzymatic recognition of mismatches, PCR based methods, and
methods which are based on differential hybridisation techniques (Cotton et al. 1998). Often

these methods overlap or are combined.

Physical methods of mutation detection

Denaturing Gradient Gel Electrophoresis (DGGE) separates DNA fragments on the
basis of their melting properties (Fischer et al. 1983). DNA fragments run through a gradient
of denaturant agents at elevated temperatures. Upon melting of the DNA strands these build
forklike structures and are retarded. This can be exploited for analytical purposes
(confirmation of the presence of mutant sequences) as well as for preparative purposes
(enrichment of mutant sequences). DGGE is a very widely used method for the detection of
mutant sequences. This is due to its wide range of applications, since native melting
properties of DNA molecules can be manipulated by attachment of artificial clamps by PCR
(Skopek 1991), and also because the detection rates of mutants are close to 100% (Lerman et
al. 1998). In principle DGGE is ideally suited in the context of our project. Roberto Lorenzi
attempted to employ DGGE to enrich for mutations in a particular fragment of the H2 K” gene
(Lorenzi 1994). He came to the conclusion that under his conditions the enrichment power
would not be sufficiently high to detect gene conversion events which occur at a frequency of
10 on a reliable basis. Lorenzi attributed this mainly to a lack of stringency in temperature
control. Later Ana Sousa in our laboratory established a tube-DGGE and characterised
thoroughly its properties (Sousa 2000). Despite very stringent temperature control she
concluded that the mutation enriching of the DGGE system is not great enough to enrich
sufficiently for mutations in the context of our project. This was mainly due to background
factors inherent to the approach, which could not be suppressed. A related method which was
also tested in our laboratory is constant denaturing capillary electrophoresis (CDCE; Kirstin
Hebenbrock — unpublished data). At that time H2 class I test sequences were used in order to
optimise the separation of mutant from wildtype DNA sequences, but the resolution remained

suboptimal. This was mainly attributed to disadvantageous melting properties, due to the high
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GC content of the sequences. A major advantage of CE is that due to the beneficial surface to
volume ratio of the capillaries, very high excitation voltages can be applied, ensuring short
running times in the minute range. Also the detection limit of DNA is much lower than in
traditional flat bed gel systems (Landers 1993). Furthermore the collection of samples to be
further processed (in our case the enriched mutant fraction) is easy and straight forward (the
samples of interest can just be collected by letting them run into a PCR tube which serves at
the same time as the anode). This is of very great value for us. However at that time we were
working with a self assembled CE system, which only allowed to run one sample at a time
taking away the advantage of short running times. This was one of the reasons why later the
tube-DGGE system was introduced by Ana Sousa (see above), since it allowed the parallel
processing of up to twelve samples. It is worth having another look at a CE system in the
context of our project. Meanwhile multiarray systems (96 samples!) are available and using
CE in mutation research is established (Gao et al. 2000; Larsen et al. 2000; Ren 2000). CE
has been linked to modern highly sophisticated methods in order to improve the sensitivity
(Mitchelson 2001). It should also be looked at again in the context of DNA damage due to
heating, since Ana Sousa could show that this effect contributes significantly to the
background which lowers the enrichment power of her tube-DGGE system (Sousa 2000).
While in DGGE the samples are exposed several hours to elevated temperatures, this is only
the case for several minutes in CE-systems. This should have a major effect on the integrity of

the DNA and therefore lower the background considerably.

Both DGGE and CDGE belong to physical methods of mutation detection since
physical properties of DNA lead to different running behaviour in gel systems, which serve to
separate mutant from wildtype molecules. Another mutation detection method belonging to
this category is single strand conformation analysis (SSCA; (Nataraj et al. 1999)). In SSCA
electrophoretic mobility differences between wildtype and mutant DNA-strands are due to
different folding of single strands in nondenaturing gels. A major disadvantage is that the
detection rate is low compared to DGGE and that the running behaviour of unknown mutant

strands is unpredictable (Hayashi et al. 1993).

Chemical cleavage of mismatch

Chemical Cleavage of Mismatch (CCM) is based on the reaction of certain chemicals
with mismatched bases in heteroduplexes. This reaction makes these sites vulnerable to

cleavage by piperidine, which can subsequently be detected by electrophoresis. Despite a
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detection rate of 100% and high sensitivity the assay as such is very demanding and therefore

not widely used (Cotton 1999).

Enzymatic detection of mutations

MutS based mutation detection

In recent years there has been growing interest in DNA repair mechanisms since the
enzymes involved in it take part in a variety of biological phenomenon (Cleaver 1994;
Koshland 1994; Koshland et al. 1994; Rosenberg 1997; Cummings et al. 1998; Diaz et al.
1998). This boost of interest in repair mechanisms resulted also in the attempt to exploit the
capability of some elements of the repair machinery to recognise and bind to DNA base
mismatches. Especially the MutHLS system of E.coli has been evaluated in this respect
(Smith et al. 1996). An assay was proposed using MutS in an immobilised form to bind to
mismatched bases, and to enrich thereby for mutations (Wagner et al. 1995). A major
disadvantage of this assay lies in the fact that MutS shows a strong preference for certain
mismatches. However work is in progress looking for MutS mutants which show much higher
affinity for mismatched bases, combined with a lack of the disadvantageous preference for
bases observed for the wildtype MutS (Miroslav Radman — personal communication).
Another interesting approach combining the mismatch recognition characteristics of MutS

with PCR will be described below.

T4 endonuclease VII based mutation detection

The characterisation of T4 endonuclease VII has a long history (Kemper et al. 1973).
It is the product of gene 49 (gp49) of bacteriophage T4. This endonuclease is a Holliday-
structure resolvase (X-solvase) responsible for clearing branched replicative DNA prior to
packaging and therefore an integral part of the packaging machine of phage T4 (Golz et al.
1999). Its properties and involvement in repair mechanisms (Kleff e al. 1988; Solaro et al.
1993) prompted the attempt to use it as a mutation screening tool (Youil ef al. 1995). Now
this resolvase is used in enzyme mismatch cleavage (EMC), a technique capable of rapidly
scanning DNA fragments for mutations. It relies on the ability of the bacteriophage T4
endonuclease VII, to cleave DNA at single base pair mismatches and small heteroduplex
loops. Originally the process was performed using radioactively labeled DNA and the results
analysed after denaturing polyacrylamide gel electrophoresis and autoradiography. Access to

systems capable of detecting fluorescent species migrating through a gel and the widespread
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availability of fluorescently tagged primers have improved upon the original technique.
Fluorescent EMC detected the presence, position and number of mutations in DNA fragments
as large as 1 kbp. It is claimed that the use of fluorescent tagged primers improves the original
method with respect ease of use, increase in signal-to-noise ratio and the ability to multiplex
samples by labelling DNA fragments with different fluorophores. It appears that this
technique provides a sensitive, robust way for mutation detection (Babon, 1999). Recently the
use of resolvases T4 endonuclease VII was combined with T7 endonuclease I in mutation

detection to further improve on the sensitivity (Babon et al. 2000).

DNA amplification based detection of mutants

PCR

The polymerase chain reaction is extensively used to enrich for particular DNA
sequences relative to homologous sequences by taking advantage of the fact that the PCR
efficiency can be greatly inhibited due to one or a few mismatches in one of the primers
(Parsons and Heflich refer to enrichment based of a particular DNA sequence relative to
another closely-related DNA sequence based only on a change of one or a few bases as
“genotypic selection methods* (Parsons et al. 1997)). Also, in the case of the restriction
fragment length polymorphism polymerase chain reaction (RFLP/PCR) the usage of
restriction sites which are available in the amplicon of the wildtype sequence but absent in the
mutant sequence can lead to impressive detection levels (down to 10®), once combined with
other techniques such as cloning and oligonucleotide probing (Felley-Bosco et al. 1991;
Parsons et al. 1997). A very effective Method with respect to sensitivity is the mismatch
Amplification Mutation Assay (MAMA; (Cha et al. 1992)). In this assay a mutant specific
primer is employed which contains one mismatch to the mutant allele but two mismatches to
the wildtype allele. It was claimed that detection limits can go down to 10°. Another method
combines the MutS approach with a mutation enriching PCR step. In a series of pioneering
experiments Parsons and Heflich achieve detection limits down to 107 for a particular
mutation by combining MutEx (see below) enrichment and allele-specific competitive blocker
PCR (ACB-PCR) (Parsons et al. 1998; Parsons et al. 1998b). In the MutEx enrichment
heteroduplex formation between the abundant wildtype and rare mutant sequences is initiated.
MutS recognises and binds to the mismatches, thereby protecting those from subsequent
exonuecleolytic treatment. Afterwards the ACB-PCR is employed. So called blocker primers

are designed which hybridise within the wildtype sequence to the region of base exchange of
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the mutant sequence. They prevent elongation of the wildtype sequence throughout the PCR.
At the same time normal primers are used which frame the region of interest in the mutant

sequence, so that normal amplification occurs.

Mutation detection based on differential hybridisation combined with PCR

In the recent years techniques were developed which allow the detection of mutant
molecules due to the usage of mutant specific fluorescent labelled oligonucleotide probes
which emit signals only upon successful amplification of the targets. For the time being two
major systems are available. They are of interest to us because they are quite sensitive, allow
for online detection of mutants and are suitable for very high throughput.
The first system is based on the TagMan® probes (ABIL;

www.appliedbiosystems.com/molecularbiology/about/pcr/sds/). These are oligonucleotides

specific for the mutant sequence. In their “native” state a flourescent label (reporter dye) is
attached to the 5'end of the probe, while a quencher at the 3' end. Due to the spatial proximity
of quencher to reporter, no signal is emitted. During the PCR the probe binds to the
complementary sequence. During the elongation cycle the 5'-3'exonucleolytic activity
(Holland et al. 1991)of Taq destroys the TagMan® probe, upon which a signal is emitted.
With each cycle the signal intensity increases proportinal to the amount of amplicon
produced. In certain PCR machines (e.g. ABIPrism™7700 and the Lightcycler® (Roche)) the
signal emission can be followed by online monitoring. Another similar system is using so
called “molecular beacons” (Tyagi et al. 1996). Again oligonucleotide probes are labelled
with a fluorescent dye at one end and a quencher at the other end. Additionally the
oligonucleotide is designed in such a way that it does not only specifically hybridise to the
sequence looked at (the mutant) but also that at both ends there is a short region of
complementarity so that a stem- like structure is formed (they resemble in this respect a little
bit the tRNA molecules (Alberts et al. 1994), which brings the fluorescent label and the
quencher into close proximity. Unless the probe binds to its target sequence no signal is
emitted. Upon binding to the target sequence the “molecular beacon” gets spread out and the
flourescent label starts to emit its signal. Both the TagqMan® probes and the molecular beacons
are used on a routine basis in clinical research, but, as for SSOP in almost all the cases for the
examination of heterozygote states. The use of one of the two methods presented in our
context would ask for at least as much optimisation as the bg specific SSOP assay described

here (Héseler (ABI-technical service) - personal communication).
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Rolling circle amplification

Rolling circle amplification (RCA) is another very promising approach for the
detection of mutations (Baner 1998; Lizardi 1998). It is also a further example (like the usage
of certain enzymes, see above) for the introduction of strategies provided by nature, into the
mutation detection field. The rolling-circle mechanism of DNA replication is used by small
prokaryotic genomes, such as single-stranded phages and plasmids. However, phages and
plasmids have adapted the rolling-circle mechanism differently to suit their contrasting
biological needs. Over the past several years, there has been a revival in studies on RC
replication as a result of the discovery that many plasmids replicate by this mechanism and
major advances have recently been made in the understanding of plasmid RC replication,
including the characterisation of the biochemical activities of the plasmid initiator proteins
and their interaction with the double-strand origin, the domain structure of the initiator
proteins and the molecular basis for the function of single-strand origins in plasmid lagging
strand synthesis (Novick 1998; Khan 2000). Interestingly in a recent report a link between
DNA -repair and RCA was found in E.coli (Bruand et al. 2000).

RCA driven by DNA polymerase can replicate circularized oligonucleotide probes with either
linear or geometric kinetics under isothermal conditions. In the presence of two primers, one
hybridizing to the (+)-strand, and the other to the (-)-strand of DNA, a complex pattern of
DNA strand displacement ensues that generates 10° or more copies of each circle in 90
minutes, enabling detection of point mutations in human genomic DNA. Using a single
primer, RCA generates hundreds of tandemly linked copies of a covalently closed circle in a
few minutes. If matrix-associated, the DNA product remains bound at the site of synthesis,
where it may be tagged, condensed and imaged as a point light source. Linear oligonucleotide
probes bound covalently on a glass surface can generate RCA signals, the colour of which
indicates the allele status of the target, depending on the outcome of specific, target-directed
ligation events. As RCA permits millions of individual probe molecules to be counted and
sorted using colour codes, it is particularly amenable for the analysis of rare somatic
mutations. RCA also shows promise for the detection of padlock probes bound to single-copy

genes in cytological preparations (Baner ef al. 1998; Lizardi et al. 1998; Hatch et al. 1999).

Lately major advances of RCA in the application range and in the context of

microarrays have been made (Schweitzer et al. 2001). In a new report RCA was combined in
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a very sophisticated way with allele-discriminating oligonucleotide probes. It was shown that
signal amplification by RCA can be coupled to nucleic acid hybridization and multicolor
fluorescence imaging to detect single nucleotide changes in DNA within a cytological context
or in single DNA molecules. The authors claim that their approach provides a means for
direct physical haplotyping and the analysis of somatic mutations on a cell-by- cell basis

(Zhong et al. 2001), which is of course of great interest to us!

DNA chip technology

The microarray began as a way of looking at gene expression patterns in a given
organism. The first arrays were made by spotting the cDNA or complementary mRNA of a
number of genes onto a membrane in fixed locations and then hybridising it with the
radiolabelled mRNA of the target organism. By exposing the membrane to x-ray film, a
pattern of dots can be seen which correspond to the locations of the genes which are being
expressed. From this it is possible to see which genes are being expressed. By quantifying the
signal strengths it is possible to determine the level of mRNA expression of each gene relative
to the other genes. Another method of making microarrays was later developed. This method
involved spotting cDNA onto a glass slide and labelling samples with fluorescent dyes and
has several advantages over the previous method. It uses non toxic fluorescent dyes instead of
radioactivity therefore is much safer to use, glass slides are also easier to handle than
membranes. DNA chips were the next step in microarrays. Like the glass slide microarrays,
DNA chips have the advantage of being able to be used with two different samples at once. In
addition to this, DNA chips can contain > 60 000 genes. The concept behind DNA chip or
microarray technology is similar to that underlying northern and Southern blots. A machine
known as an "arrayer" can robotically spot cDNAs or ESTs onto a glass slide so that each
sequence has a known well arrayed onto a thumb-nail-sized glass chip, at a rate of 800 spots a
minute. Alternative methods for creating a DNA array include photolithography, fragment-
based DNA printing, and an ink-jet-based method, which are currently being refined (Cheung
et al. 1999; Kurian et al. 1999). Meanwhile there are instructions available which help to
build and set up a microarray facility (see e.g.: Stanford Medical School;

www.cmgm.stanford.edu/pbrown/index.html). DNA chip techniques are also used in

mutational research (Hacia 1999; Hacia ef al. 1999; Wilgenbus ef al. 1999) and a very high
throughput of samples can be reached(Buetow er al. 2001). In future the DNA chip
technology will certainly be of great value for projects as ours. The principle applied is the

same as for the SSOP (specific hybridisation to target sequences) but naturally the big
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advantage lies in the high sensitivity of the approach, the great amount of samples that can be
screened at the same time and the fact that at the same time mutant and wildtype signal can be

monitored making a standardization easier.

The royal road to mutation detection: Sequencing

In the context of the human genome project, sequencing has become a routine
method. Meanwhile machines are available which allow the sequencing of samples with an
impressive efficiency and processing speed . An example are systems based on capillary
electrophoresis (Kheterpal et al. 1999). I would like to draw the attention on a very creative
approach which was invented a few years ago by a young Swedish group, and which they
presented at the Fourth International Workshop on Mutation Detection in Brno (1997). They
called their approach “Pyrosequencing” (Ronaghi ef al. 1996). This sequencing technique is
based on the detection of DNA polymerase activity by an enzymatic luminometric inorganic
pyrophosphate (PPi) detection assay (ELIDA; (Nyren 1987)). It allows for real-time

sequencing, without the need for electrophoresis. The assay consists of five steps:

e Stepl
A sequencing primer is hybridized to a single stranded DNA template, and incubated
with the enzymes, DNA polymerase, ATP sulfurylase, luciferase and apyrase, and the
substrates, adenosine 5" phosphosulfate (APS) and luciferin.

e Step?2
The first of four deoxynucleotide triphosphates (ANTP) is added to the reaction.
DNA polymerase catalyzes the incorporation of the deoxynucleotide triphos-phate into the
DNA strand, if it is complementary to the base in the template strand. Each incorporation
event is accompanied by release of pyrophosphate (PP1) in a quantity equimolar to the amount
of incorporated nucleotide.

e Step3
ATP sulfurylase quantitatively converts PPi to ATP in the presence of adenosine 5°
phosphosulfate. This ATP drives the luciferase mediated conversion of luciferin to
oxyluciferin that generates visible light in amounts that are proportional to the amount of
ATP. The light produced in the luciferase-catalyzed reaction is detected by a charge coupled
device (CCD) camera. The height of each peak (light signal) is proportional to the number of
nucleotides incorporated.

o Step4
Apyrase, a nucleotide degrading enzyme, continuously degrades ATP and
unincorporated dNTPs. This switches off the light and regenerates the reaction solution. The
next dANTP is then added.

e StepS
Addition of dNTPs is performed one at a time. Deoxyadenosine alfa-thio
triphosphate (dATPaS) is used as a substitute for the natural deoxyadenosine triphosphate
(dATP) since it is efficiently used by the DNA polymerase, but not recognized by the
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luciferase. As the process continues, the complementary DNA strand is built up and the
nucleotide sequence is determined from the signal peaks. (Ronaghi et al. 1998)

Meanwhile pyrosequencing is an established method. While in 1997 the assay only
allowed to read up to 15 bases ((Ronaghi et al. 1996) and Fourth International Workshop on
Mutation Detection in Brno (1997)), now readouts up to 200bp are possible, and also a high
throughput system has been developed ((Ronaghi 2001) and; - the producers claim that 96
samples can be analysed in less than an hour, and due to the set-up
of  the assay the sequencing can be monitored online (see

www.pyrosequencing.com/pages/products_sa.html). The assay 1is constantly improved

(Nordstrom et al. 2000; Ronaghi 2000). Pyrosequencing is widely used for SNP analysis and
found its way into mutation analysis (Ahmadian et al. 2000; Garcia et al. 2000). It is to my
opinion a method of great promise also for project like ours. I am confident that soon it will
become feasible even for laboratories in the academic field of research (in contrast to
industrial laboratories) to perform sequencing on a large scale. In the context of our gene
conversion project this means that we might at the same stage be able to do without a
mutation enrichment step. Theoretically it would be possible to sequence directly starting
from PCR's with single (haploid) cells such as sperm cells. We would probably still have to
rely on the M450%-lacOp rescue as a target enrichment step. It could be envisioned that pools
of cells go through the target enrichment protocol, and after a subsequent batch cloning step

directly into sequence analysis.

Some of the techniques for mutation detection presented here would be worth
considering for our project. In my opinion this is especially true for the TagMan®/molecular
beacon approach, as well as the usage of DNA chip technology, since they are amenable for
the very high throughput of samples, and also since it was shown that the PCR used here is
remarkably stable. Of course a major disadvantage is the fact that these techniques are not
suitable for the detection of unknown mutations. To search for these probably CDCE should
be worth to be (re)considered, even though to achieve high throughput with this technique one
would probably have to rely on a commercially available multiarray machine because

otherwise the assay gets too tedious.
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4.2. And still not all converted yet!

We look back on more than 60 years of research on the major histocompatibility
complex (reviewed in (Klein 1986)), and about 20 years passed by since the gene conversion

hypothesis of MHC evolution loiters the scientific world (see introduction).

It is no longer necessary to convince anyone about the occurrence of gene conversion
in the mammalian genome (see Schimenti 1994), and it seems to me that this holds true for
the MHC, even in the community of people being interested in MHC evolution'. This in
combination with the absence of sufficient new and exciting data about the matter is probably
responsible for a certain lack of emotion and productivity in the field, which is in sharp
contrast to the lively debates of the early days (Klein 1986; Pease 1986), a “Brouhaha” as

Lawlor and his colleagues put it once nicely (Lawlor et al. 1990).

This is astonishing, since none of the questions raised in the introduction to this

thesis is answered conclusively yet:

e With what frequency occur gene conversion events finally in the mouse MHC
germline genes?

Are there differences between the inbred mouse strains (and outbred wildtype mice!)?
At which time point of the development is the onset of gene conversion?

Is there a sex bias of gene conversion?

Are gene conversion events preferentially targeted to certain regions within MHC
genes?

e [s gene conversion directional with regard to usage of donor and acceptor sequences?

And ultimately:

e Does the “strong hypothesis of the gene conversion hypothesis of MHC evolution”
apply? - is gene conversion an adaptive mutator under selection, or is it just a process
which happens due to the organization of the MHC, with no special adaptive
significance?

On the other hand this calm might just reflect that many scientists felt overwhelmed by
the obstacles that the exploration of this phenomenon poses. Perhaps now, at times when high
throughput screening methods and automation have become very fashionable, there is another
chance to push the MHC-gene conversion question back, closer into the sphere of interest of

the scientific community. Maybe these new techniques will initiate a renaissance of research

on gene conversion in the MHC of mammals. It would be a pity to miss this chance, since

i An exception to this might be found in some of the pioneers of the “dawning days” of MHC research who, probably also for nostalgic
reasons still can get quite excited about the sloppy usage of the term “gene conversion” in this context... (Walter Bodmer — personal
communication at the VIII" CEPH Annual Conference (2000) in Paris)
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clearly the question of gene conversion taking place in the MHC of mammals potentially
harbours answers (and questions!) which imply a wide radius of scientific fields of biological
and philosophical nature. Hopefully soon the gene conversion hypothesis of MHC evolution
will step out of its undeserved wall-flower existence. - And who knows may be one day one

could say: It was a long and winding road, but it was worth it....
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