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PREFACE AND OUTLINE 

 
A decisive quantum leap in our understanding of molecular biology occurred with the 

discovery of the right handed B-DNA double helix by James Watson and Francis Crick in 1953. This 

structure was both simple and elegant in its appearance, and it immediately offered an attractive 

mechanistic model for inheritance of the genetic information.1,2 Nucleic acid research had come a 

long way until then, from the first discovery of the substance by Friedrich Miescher in 1869 at 

Tübingen University. In particular on the occasion of the recent 50 year anniversary of Watson and 

Crick’s hallmark contribution, the exciting road and the many breakthroughs leading to the discovery 

of the double helix have been reviewed in detail in a series of interesting reports.3 

 

Early on after the first isolation of nucleic acids, it was debated whether the function of this 

new substance may be inheritance. However, a few years before the B-DNA double helix, the view 

prevailed that nucleic acids were unlikely candidates for constituting the hereditary material. Rather, 

nucleic acids were thought to consist of blocks of tetranucleotides4 and therefore not being able to 

carry the vast amount of information to act as genes. It is evident that, seen in this light, Watson and 

Crick’s seminal papers in 1953, with so many almost clairvoyant speculations about inheritance, 

mutation and recognition, mean for modern life sciences probably as much as Darwin’s “Origin of 

Species” meant to life science a century before.5 

 

Already at the time when the B-DNA double helix was discovered, it was clear that DNA 

could exist in at least two different conformations. Polynucleotide fibers that were exposed to X-ray 

radiation gave rise to two different diffraction patterns (A and B), depending on their relative 

humidity. For a long time, it was assumed that B-DNA represented the conformation of DNA in the 

living cell. The existence of the A conformation of DNA fibers, nevertheless, already hinted at the 

possibility that DNA could adopt a variety of shapes, possibly also in biological systems. The 

development of powerful chemical methods to produce pure, synthetic DNA molecules with a defined 

sequence opened in the 1970s the road to atomic resolution studies of single crystals grown from 

DNA oligonucleotides. The first crystal structure of a synthetic DNA fragment, however, solved at 
                                                 
1 Watson, J.D., Crick, F.H.C. Nature 171, 737-738 (1953) 
2 Watson, J.D., Crick, F.H.C. Nature 171, 964-967 (1953) 
3 e.g. web focus http://www.nature.com/nature/dna50/index.html 
4 Levene, P.A., Bass, L.W. Nucleic Acids, Chemical Catalogue Co. New York (1931) 
5 Semenza, G. FEBS Let. 544, 1-3 (2003) 
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atomic resolution by X-ray diffraction methods, showed a left-handed double helix, Z-DNA, thus 

providing a striking and provocative example for the conformational variability of the DNA 

molecule.6  

 

Single crystal X-ray analysis and later on also nuclear magnetic resonance spectroscopy 

contributed enormously to our knowledge of the fine structure of DNA and its intricate array of intra- 

and intermolecular interactions. Structural analysis of a very large number of DNA sequences 

forming B-form double helices, complemented by analysis of DNA in complex with many cognate 

proteins, now provide a fairly concise picture of the molecular details of the hereditary material. DNA 

in the cell of eukaryotes exists as chromatin. The recent crystal structure of the fundamental unit of 

chromatin, the nucleosome core particle, containing the longest piece of DNA (147 base pairs) 

analyzed at near atomic resolution to date, provided an intriguing host of structural detail of the 

conformation that B-DNA adopts in this environment.7 

 

The discovery of left-handed Z-DNA profoundly altered the way how we think about DNA.8,9 

Until then, DNA was largely thought of being a conformationally more or less rigid molecule. This 

view changed considerably and provoked intensive research efforts; on the one hand towards the 

discovery of other, unusual, non B-DNA conformations, and on the other hand towards assigning a 

physiologically meaningful role for Z-DNA and other alternative conformations in a biological 

context. A flurry of unusual DNA conformations was discovered in the ensuing years, including also 

numerous multi-stranded structures. For instance, it was shown that DNA containing stretches of 

guanine residues can adopt a structure that is four-stranded.10 This structure, the guanine-quadruplex, 

is stabilized by cyclically hydrogen bonded planar quartets of guanine residues and is of particular 

interest since guanine-rich sequences capable of forming guanine-quadruplexes are present for 

example at the ends of chromosomes.11 Another example of a four-stranded DNA assembly is the 

intercalated quadruplex called the i-motif, formed by cytosine-rich DNA.12 Both four-stranded DNA 

conformations, the molecular interactions stabilizing them, and the occurrence in cell nuclei are a 

subject of this thesis. 

 

                                                 
6 Wang A.H. et al. Nature 282, 680-686 (1979) 
7 Richmond, T.J., Davey, C.A. Nature 423, 145-150 (2003) 
8 Rich, A. Gene 135, 99-109 (1993) 
9 Rich, A. Ann. N.Y. Acad. Sci. 758, 97-142 (1995) 
10 Wiliamson, J.R. et al. Cell 59, 871-880 (1989) 
11 Parkinson, G.N. et al. Nature.417, 876-880 (2002) 
12 Gehring, K. et al., Nature 363, 561-565 (1993) 
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The second half of the 20th century has witnessed dramatic technological advances in DNA 

research, providing efficient techniques to elucidate and amass the entire sequence information 

present on the DNA level in organisms. A breakthrough culmination of these efforts was the recent 

completion of the Human Genome Project, providing the framework for deciphering the human 

condition in its entire complexity.13 At present, the function of already around half of the genes in 

humans is known. It can be expected that, as the project advances, understanding of the genes, their 

readout and the encoded gene products will improve dramatically, with manifold consequences for 

biological research, as well as for pharmaceutical development and the cure of disease.  

 

The deciphering of the information present in entire genomes set the stage for addressing the 

proteome, that is the entire gene product repertoire of a given organism. It was found, that proteins in 

the cell generally do not exist as individual, isolated entities. Rather, in the case of baker’s yeast for 

instance, they are present in assemblies of on average five to eight proteins that are associated in 

multisubunit complexes. The concept of the cell as a collection of multicomponent protein machines 

for nearly every major process has thereby emerged.14 A prerequisite for a future, concise 

understanding of the genome and its encoded proteins, is therefore the elucidation of the structural 

and functional principles of their interdependence and supramolecular organization into multisubunit 

machines. This poses significant challenges in scope in particular for protein production technologies 

aimed at detailed studies especially of eukaryotic multisubunit complexes with intracellular quantities 

refractory to large-scale extraction from source, and calls for the development of improved enabling 

tools for studying their structure and function at the molecular level. Our current contributions 

towards this effort are illustrated in this thesis. 

 

The general motivation for the present work stems from the desire to understand the principles 

governing the supramolecular organization of DNA and proteins, as well as their interactions and 

regulation in the context of the eukaryotic nucleus.  Aspects of many different disciplines have to be 

considered for this goal, and only a multi-faceted approach can lead to actual progress.  This thesis is 

organized in three main parts. Part I has as its theme the organization of particular DNA sequence 

motifs into four-stranded assemblies, namely the guanine- and cytosine-rich quadruplexes. Chapter 1 

gives a brief introduction into the structural diversity of DNA. Building on high resolution structural 

analyses, Chapters 2 to 4 present unusual intra- and intermolecular interactions that we observed in 

crystals of four-stranded cytosine-rich DNA and a discussion of these observations in a broader 
                                                 
13 For information see http://www.doegenomes.org 
14 Alberts, B. Cell 92, 291-294 (1998) 
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context. Our discovery of a sugar-phosphate zipper in these DNA molecules prompted us to 

investigate the underlying molecular interactions from a theoretical point of view. The respective 

analyses and results, as well as similar calculations for guanine-quadruplex molecules and the 

implications, are presented in Chapters 5 to 7.  Analysis in vitro, even if yielding noteworthy results 

per se, is inherently unsatisfactory if evidence is lacking for the biological significance of the object 

studied. We approached this challenge in a multi-disciplinary setup culminating in first experimental 

evidence for the existence of quadruplex DNA in eukaryotic nuclei, as illustrated and discussed in 

Chapters 8 and 9.  

 

In Part II of this thesis, two examples highlight our effort to elucidate principles governing 

readout control of the genetic code in the cell nucleus. Chapter 10 bridges the gap between unusual 

DNA structures and proteins interacting with the hereditary material by presenting the 

characterization of a DNA binding domain from an editing enzyme, double-stranded RNA adenosine 

deaminase (ADAR1), assumed to bind the prototypical alternative DNA conformation, namely left-

handed Z-DNA. Our work provided first direct evidence that the DNA conformation in the protein-

DNA complex studied was indeed left-handed Z-DNA, substantiating the biological significance of 

this interaction. Chapter 11 describes a mechanism controlling expression of myogenic genes by a 

repressor protein, histone deacetylase (HDAC5). This mechanism involves HDAC5 association with a 

myocyte enhancer factor (MEF2a) bound to the cognate gene promoter region, which can be 

abrogated by direct interaction of Ca2+ activated calmodulin binding to HDAC5. 

 

Both ADAR1 and HDAC5, are present in the nucleus of the living cell as members of 

multisubunit assemblies, not unlike most other proteins involved in the readout of the genetic code, 

such as for example RNA polymerases and the general transcription factors. Many of these 

multisubunit complexes necessitate the development of powerful recombinant expression 

technologies, as a prerequisite towards providing material of sufficient abundance and quality for high 

resolution structural and functional studies in a physiologically meaningful context. Consequently, we 

have developed MultiBac, a baculovirus based system specifically tailored for the production of 

eukaryotic multisubunit complexes. MultiBac, its application for the production and functional 

characterization of eukaryotic gene regulatory complexes, and its potential for multigene transfer 

applications are highlighted in Part III of this work. 

 

The thesis is then concluded with a summary and an outlook on future projects and 

perspectives of the ongoing work.   
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PART I: FOUR-STRANDED  DNA: IN VITRO, IN SILICO, IN VIVO 
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Chapter 1:  Structural diversity of DNA# 

         

Imre Berger 

 

 

                                                 
#  Translated from Berger, I. “Strukturelle Vielfalt von DNA” in BIOspektrum Vol. 1/99, 23-26, Spektrum Akademischer 

Verlag Heidelberg (1999) 
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Structural diversity of DNA 

 

Imre Berger 

Insitute for Molecular Biology and Biophysics, ETH Zürich 

Hönggerberg HPK CH 8093 Zürich, Switzerland. 

iberger@mol.biol.ethz.ch 

 

Introduction. DNA can adopt a large variety of molecular conformations in addition 

to the B-DNA double helix (Fig. 1). An impressive example for the structural diversity of 

DNA is the occurrence of Z-DNA, a left-handed double helix. Guanine-rich DNA sequences 

can form four-stranded structures, which are stabilized by quartets of guanine bases. A 

different DNA quadruplex is formed by cytosine-rich DNA, with two parallel stranded double 

helices intercalated into each other. Guanine- and cytosine-rich sequences are often found in 

the genome of higher eukaryotes, in gene regulatory domains and other specialized 

chromosomal regions such as the telomeres. Unusual structures in these regions can be used as 

targets for the development of drugs for therapy of disease. Novel experimental approaches of 

single DNA molecules under torsional stress lead to the observation of an entirely different 

DNA, with unpaired bases and the sugar-phosphate backbone in the center. 

 

More than forty years ago, James Watson and Francis Crick described for the first time 

the right-handed B-DNA double helix. They had correctly interpreted X-ray diffraction data 

from DNA fibers. Already in these early years of DNA structure analysis it was clear that the 

same DNA could exist in at least two different conformations: Depending on their relative 

humidity, the fibers gave rise to clearly different patterns in the diffraction experiments. The 

development of powerful synthesis methods for DNA oligonucleotides in the seventies made 

possible the visualization of DNA conformations at atomic resolution by single crystal 

analysis and later also by NMR spectroscopy (NMR: nuclear magnetic resonance). Today, a 

host of data exists about DNA structure, and it became evident that DNA can adopt forms with 

geometries entirely different from the B-DNA parameters. In fact, the first single crystal 

analysis of a synthetic oligonucleotide with the sequence d(CG)3 led entirely unexpectedly to 

the discovery of the left-handed Z-DNA double helix. In this DNA structure, the glycosidic 

bonds between the ribose sugars and bases alternate between the syn and anti orientation, thus 

the sugar-phosphate backbone adopts a zig-zag shaped left-handed path. In contrast, all 
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residues in B-DNA adopt the anti conformation, and the phosphate groups are arranged in a 

smooth, right-handed arc (Fig. 1).  

 

 
 

Figure 1: (A) Right-handed and left-handed DNA double helices (bases are 

colored light gray, backbone green, phosphorus atoms yellow). (B) Domain 

structure of the enzyme double-stranded RNA adenosine deaminase (ADAR1). 

ADAR1 is the first naturally occurring protein containing a domain (Zα) with 

nanomolar affinity to left-handed Z-DNA. 

 

The occurrence of a structure, which was that different from the B form, completely changed 

the way we think about DNA, and provoked intensive research on other, alternative DNA 

conformations. Today, the picture emerges of DNA as a flexible, geometrically highly variable 

molecule. Now, the actual challenge is to deduce the physiological significance of alternative, non-B-

DNA conformations such as Z-DNA, triplex and quadruplex DNA. In the following, several recent 

developments and examples in the field of unusual DNA structure research are outlined. 

 

A physiological role for Z-DNA. It is comparatively simple to analyze the chemical and 

physical conditions required to turn a B-DNA double helix into the left-handed Z conformation. It is 



_________________________________________________________________________________    

 

17

much more difficult, to define the biological function of this process in vivo. Early on, there were 

hints that Z-DNA may exist in vivo. One example are auto immune diseases: In particular in systemic 

Lupus erythematosus, a significant titer of Z-DNA specific antibodies develops in the course of the 

disease. The most important factor stabilizing Z-DNA in vivo is negative supercoiling, a force which 

unwinds DNA. This happens for example in the wake of RNA polymerase during transcription. It was 

shown, that a Z-DNA specific antibody diffused into the nucleus binds nuclear DNA while 

transcription occurs . Is transcription inhibited, antibody binding ceases. Apparently, if torsional stress 

is abrogated, regions that existed in the Z-form during transcription return to the B-DNA 

conformation again.1 

 

 Z-DNA was discovered more than 20 years ago, yet only recently could a protein be isolated 

with at least in vitro nanomolar affinity for the left-handed Z conformation.2,3 This protein was 

purified from chicken lung tissue and identified as the enzyme double-stranded RNA adenosine 

deaminase ADAR1 (Fig. 1b). The homologous human protein (hADAR1) is ubiquitously expressed 

in all tissues tested and catalyzes the hydrolytic deamination of adenosine at the C6 position in 

double-stranded regions of pre-mRNA (pre-mRNA: unspliced messenger RNA precursor). Thus, 

inosine is formed, which is translated as guanine. This editing process occurs for example during 

processing of pre-mRNA from a glutamate receptor, GluR-B. A CAG base triplet (glutamine) is 

changed to CGG (arginine), drastically altering the electrophysiological properties of the GluR-B 

receptor.4 The Z-DNA binding region Zα of hADAR1 is located at the N-terminus and encompasses 

78 amino acids. The primary sequence of Zα shows homology to certain DNA binding helix-turn-

helix transcription factors.5 The discovery of an RNA editing enzyme with nanomolar affinity to Z-

DNA in vitro is of interest, although the physiological consequences are not known at the moment. 

Nevertheless, the Z-DNA binding domain can be used to detect Z-DNA in physiological systems. 

Thus, by fusing Zα to the catalytic domain of FokI restriction enzyme, an artificial endonuclease was 

created which cleaves a DNA double-strand outside of the recognition sequence. Indeed, this first 

conformation rather than sequence specific chimera cleaves DNA selectively next to Z-DNA forming 

regions and is potentially a useful tool for elucidating the biology of Z-DNA.6 

 

                                                 
1 Wittig, B., Dorbic, T., Rich, A. Proc. Natl Acad. Sci. USA 88, 2259-2263 (1991) 
2 Herbert, A. et al. Proc. Natl. Acad. Sci. USA 92, 7550-7554 (1995) 
3 Berger, I. et al. Biochemistry 37, 13313-13321 (1998) 
4 Sommer, B. et al. Cell 67, 11-19 (1991) 
5 Herbert, A. et al. Proc. Natl. Acad. Sci. USA 94, 8421-8426 (1997)  
6 Kim, Y.G. et al. Proc. Natl. Acad. Sci. USA 94, 12975-12879 (1997) 
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Quadruplex DNA and telomeres. One of the unusual characteristics of chromosome 

structure in eukaryotes is the occurrence of a defined DNA sequence at the chromosome ends.7 These 

sequences (telomeres) are of particular importance for the stability and integrity of chromosomes. 

Evidence exists linking telomeres to programmed cell death and the development of cancer.8 

Telomeres generally contain a strand with repetitions of a guanine-rich DNA motif (Table 1). This 

strand is paired to a complementary cytosine-rich strand. The guanine-rich strand contains at its 3’ 

terminus an overhang. In 1992, crystallographic analyses and NMR experiments revealed the three 

dimensional structure of guanine-rich DNA from the ciliate Oxytricha with the sequence d(G4T4G4) at 

near atomic resolution.9,10 The structures showed a quadruplex stabilized by quartets of cyclically 

hydrogen bonded guanine bases. The thymines formed loops at the ends of the quadruplex (Fig. 2).  

 
 

Figure 1: Guanine-quadruplex DNA. Telomeric DNA from Oxytricha can form 

a four-stranded structure that is stabilized by cyclically hydrogen bonded 

guanine bases (left). The crystal structure shows four guanine quartets that are 

stacked on top of each other. The thymines are arranged in loops at the ends of 

the quadruplex. This structure is shown schematically in the center and on the 

right in a space filling representation (color code as in Fig. 1A). 

 

Since then, many quadruplex structures were solved of telomeric and also other guanine-rich 

sequences. It became evident, that the single-strands could associate in a parallel and antiparallel 

fashion. It is likely, that guanine-quadruplexes can occur not only in telomeres, but also in other 

regions of chromosomal DNA. For example in meiosis, a model was proposed with guanine quartets 

                                                 
7 Cech, T.R. Nature 332, 777-778 (1988) 
8 Zakian, V.A. Science 270, 1601-1607 (1995) 
9 Kang, C.H. et al. Nature 356, 126-131 (1992) 
10 Smith, F.W., Feigon, J. Nature 356, 164-167 (1992) 
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facilitating the recognition of sister chromatids.11 Also, a guanine-rich sequence was detected in the 

genome of HIV, the virus that causes AIDS. It is possible, that the association of two HIV RNA 

genomes in mature virus particles is stabilized by intermolecular quadruplex formation of this 

sequence.12 

 
Table 1: Guanine- and cytosine-rich telomeric DNA. (The guanine-rich strand 

contains an unpaired overhang.) 

 

During cell division, telomeric DNA is replicated through a particular mechanism by the 

enzyme telomerase. Telomerase is a specialized reverse transcriptase, which contains endogenous 

RNA with a sequence complementary to telomeres. Telomerase adds tandem repeats of the guanine-

rich motif to the chromosomes and thus maintains telomere length in the process of replication.13 Due 

to the requirement of an RNA primer for the replication machinery, the chromosomes would 

otherwise loose end sequences at every replication cycle. In human cells, telomerase activity is lost in 

most tissues during differentiation, and chromosomes progressively loose their terminal sequences. It 

was found that in most tumor cells, which replicate at high rate, telomerase is reactivated. Telomerase 

activity could therefore be a prerequisite for the development of tumors. Evidence exists, that 

telomerase only recognizes its guanine-rich telomeric target sequence if present in the single-stranded 

conformation, while quadruplex formation inactivates telomerase. Consequently, intensive research 

efforts are directed towards isolating high affinity ligands that bind to and stabilize telomeric 

                                                 
11 Sen, D., Gilbert, W. Nature 334, 364-366 (1988) 
12 Sundquist, W.I., Heaphy, S. Proc. Natl. Acad. Sci. USA 90, 3393-3397 (1993) 
13 Greider, C.W., Blackburn, E.H. Sci. Amer. 274, 92-97 (1996) 
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quadruplex structures.14 Such ligands could lead to a new generation of anti-cancer agents, which 

exert their anti-neoplastic activity by indirectly inhibiting telomerase (Fig. 3). 

 
Figure 3: Possible mechanism for telomerase inhibition. Ligands specifically 

stabilizing the guanine-quadruplex inhibit binding of the enzyme to telomeric 

DNA. As a consequence, elongation ceases. 

 

Research on the cytosine-rich sequence motif in the complementary strand of telomeres (Table 1) lead 

to the interesting discovery that they can also adopt a quadruplex structure, albeit with a geometry 

completely different from the guanine-quadruplex. Cytosine-rich DNA can self associate and form 

parallel  double-strands, which are stabilized by hemiprotonated cytosine•cytosine+ (C•C+) base pairs. 

In these base pairs, two bases each share a proton between the N3 nitrogens of cytosine, giving rise to 

base pairs with three hydrogen bonds (Fig. 4). Isolated cytosines form C•C+ base pairs at acidic pH, 

due to the pKa of cytosine being 4.5. Cytosines in longer  DNA chains, on the other hand, can self 

associate also at higher, up to physiological pH. Two parallel duplexes stabilized by  C•C+ base pairs 

can then come together in a way that a C•C+ base pair from one parallel duplex is intercalated 

between two C•C+ base pairs from the other duplex and vice versa. The quadruplex that is thus 

formed, consists of two duplexes intercalated into each other with opposite polarity (Fig. 4). NMR- 

and single crystal analyses showed many geometrical details of this unusual DNA structure.15,16,17 

One of the unusual features of the intercalated cytosine-quadruplex, which sets it apart from other 
                                                 
14 Mergny, J.L., Helene, C. Nature Medicine 4, 1366-1367 (1998) 
15 Gehring, K., Leroy, J.L., Gueron, M. Nature 363, 561-565 (1993) 
16 Kang, C.H. et al. Proc. Natl. Acad. Sci. USA 92, 3874-3878 (1995) 
17 Berger I. et al. Nature Struct. Biol. 2, 416-425 (1995) 
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DNA structures including Z-DNA and the guanine-quadruplex, is the lack of stabilizing interactions 

between adjacent base pairs. Quantum chemical calculations actually revealed that the vertical 

interactions in this structure are repulsive, due to close proximity of the positively charged 

hemiprotonated C•C+ base pairs.18 Attractive interaction between stacked base pairs is generally 

regarded as one of the major stabilizing forces of DNA conformation. The existence of a DNA form 

with repulsive base stacking energy raises intriguing questions about the actual sources of DNA 

structure stability. 

 
Figure 4: Cytosine-quadruplex DNA. Cytosine-rich telomeric DNA can also 

adopt a four-stranded structure which is stabilized by hemiprotonated C•C+ base 

pairs (left). Two parallel double-strand segments intercalate into each other 

giving rise to a quadruplex (center). The crystal structure of four-stranded 

d(C3T) was solved at atomic (1.4 Å) resolution. Parallel duplexes are shown in 

green and white, respectively, phosphorus atoms are yellow. The duplexes 

intercalate into each other with opposite polarity. Thymine residues (on top and 

bottom) do not participate in the intercalation motif. 

 

Pauling DNA. A rapidly growing recent research area investigates the characteristics of single 

DNA molecules under the influence of external forces such as torsional stress. In these experiments, a 

polystyrene beadlet or a magnetic bead is attached to one end of a DNA molecule. By enlisting laser 

beams as optical tweezers or small magnets, this end of the DNA can be fixed, and it is also possible 

to apply and measure forces acting on the DNA. In this way, the force exerted by an immobilized 

RNA polymerase acting on DNA was measured and found to be around 14 pN.19  This technique can 

also be used to investigate structural changes in a DNA molecule under torsional stress. The 

experimental setup is shown schematically in Figure 5. A magnetic bead is attached to one end of a λ-

                                                 
18 Spackova, N. et al. J. Amer. Chem. Soc. 120, 6147-6151 (1998) 
19 Yin, H. et al. Science 270,1653-1656 (1995) 
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DNA molecule (17 kb). The other end is attached to a glass surface. By vertical movement or rotation 

by using a small magnet, the DNA can be stretched or contorted. If the molecule is slightly twisted, it 

forms supercoils. Slight pull with a comparatively small force can then lead to large conformational 

changes. In such an experiment, a novel duplex structure was recently discovered in slightly contorted 

DNA that was pulled with a force of approximately 3 pN.20 in contrast to the B-DNA double helix, 

with a pitch of 10 to 11 base pairs, this novel structure appears considerably stretched and has only 

around 2.6 base pairs per helical turn. Labeling experiments and modeling studies indicated that the 

bases are unpaired in this conformation. The sugar-phosphate backbone of the single-strands are 

located at the center, and the bases are pointing towards the outside (Fig. 5).  

 
Figure 5: DNA under torsional stress. A streptavidin-magnetobead, which is 

attached to DNA, can be moved vertically and also rotated by a little magnet. 

The DNA molecule, which is attached to a glass surface, can thus be stretched 

and twisted (left, adapted from Ref. 20). On the right, a novel DNA 

conformation is shown which was discovered in micromanipulation experiments 

of this kind. Under torsional stress of a magnitude that is also present in 

physiological systems, DNA is twisted until the sugar-phosphate backbone 

finally is located in the center. Bases are unpaired and point towards the outside.  

 

In reminiscence to Linus Pauling, who had proposed a similar, inside-out conformation for DNA 

before the discovery of the B-DNA double helix by Watson and Crick, this new conformation was 

termed P-DNA (P for “Pauling-like” DNA). It is interesting that this structure is formed readily under 

                                                 
20 Allemand, J.F. et al. Proc. Natl. Acad. Sci. USA 95, 14152-14157 (1998)  
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moderate torsional stress and the application of a small force. Transcribing RNA polymerase 

generates negative supercoiling in its wake, which can denature DNA or also stabilize alternative 

conformations such as Z-DNA. Ahead of the polymerase, positive supercoiling occurs which 

overwinds DNA and could stabilize P-DNA under physiological conditions. It is possible that 

proteins exist which interact with this structure. In fact, the circular single-stranded DNA genome of 

the bacteriophage Pf1 appears to adopt a P-DNA like conformation, which is bound by the phage coat 

protein.21 

 

Synopsis and Outlook. The knowledge of DNA structural diversity has multiplied in the past 

decades. Several of the numerous structures that DNA can adopt were described in this contribution. 

It is likely, that the development of new techniques in DNA research – as in the case of P-DNA – will 

lead to the discovery of further, unusual structures. The actual challenge now, is to assign and explore 

the physiological roles of this host of structural motifs.  

                                                 
21 Liu, D.J., Day, L.A. Science 265, 671-674 (1994) 
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Introduction. The hereditary material, DNA, exists in the nuclei of eukaryotic cells 

predominantly as an antiparallel, right-handed double helix, which is held together by reciprocal 

pairing between the complementary bases adenine and thymine, as well as guanine and cytosine. This 

structure, termed B-DNA, was described for the first time 1953 by James Watson and Francis Crick 

based on X-ray diffraction data from DNA fibers. Already then, there was evidence that DNA can 

exist in several conformations – the same DNA molecules yielded clearly distinct diffraction patterns 

depending on the relative humidity of the fiber. Since then, our knowledge of the impressive 

structural variability of DNA has multiplied. In particular by high resolution X-ray diffraction 

analyses of single crystals made from synthetic DNA oligonucleotides and their complexes with 

DNA, later complemented by high resolution nuclear magnetic resonance (NMR) spectroscopy, a 

host of information was gained about the atomic structure of the hereditary substance. It is now 

increasingly clear, that DNA can exist not only as a right-handed double helix, but rather can adopt a 

large number of structural motifs. Left-handed Z-DNA, or the guanine-quadruplex formed by 

guanine-rich DNA, are only examples for structures with geometries considerably different from the 

B-DNA double helix (Fig. 1).  

 

Figure 1: (A) Right-handed B-DNA double helix (left) and four-stranded 

guanine-quadruplex DNA (right) in a space filling representation. Bases are 

shown in light gray, sugar-phosphate backbone in green. Phosphorus atoms are 

yellow. (B) Guanine-quadruplex molecules. DNA with the sequence d(G4T4G4) 
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can form four-stranded structures stabilized by cyclically hydrogen bonded 

guanine bases (center). DNA strands in these quadruplexes can be oriented either 

in a parallel fashion (left) or form antiparallel loops (right). This antiparallel 

quadruplex is shown in (A). 

 

Often, the same DNA nucleotide sequence, depending on the conditions present, can switch 

over from one to the other conformation. Thus, a pictures evolves of the hereditary material as a 

highly flexible, geometrically polymorphous molecule.  

 

Considering the structural variability of DNA, the obvious question arises whether these 

structural motifs, which are almost entirely based on elucidation of in vitro data, also occur in a 

physiological environment, and whether they have a biological function. Consequently, significant 

effort is directed towards uncovering the existence of alternative, non-B-DNA conformations, such as 

for instance guanine-quadruplex DNA, in the cell. This poses a considerable challenge, in particular 

also due to the difficulty to obtain highly specific probes – for example antibodies – for the DNA 

motifs investigated. In contrast to protein fragments or peptide motifs, the immunogeneicity of DNA 

molecules is apart from few exceptions, not sufficient to obtain by immunization methods antibody 

probes of sufficient affinity or specificity. In the following, the production of a specific, recombinant, 

antibody-based probe against guanine-quadruplex DNA by a novel method is outlined, and the use of 

this probes for providing first evidence of this structure in eukaryotic nuclei by immuno-fluorescence 

microscopy is illustrated.1  

 

Guanine-rich DNA and the ends of eukaryotic chromosomes. Telomeres are highly 

specialized DNA-protein complexes at the ends of eukaryotic chromosomes.2  They protect 

chromosome ends from recombination, fusion and from being mistaken for double-strand breaks. 

Telomeric DNA consists of repetitions of a short DNA sequence motif. Telomeres can be as short as 

36 nucleotides (in ciliates) but they can also reach a length of more than 50.000 nucleotides (in 

mammals). One strand generally consists of repeats of guanines, which are separated by thymines. 

This strand is almost entirely paired to a complementary, cytosine-rich strand, but has an extension at 

the 3’ end of the telomeric duplex region. Experiments carried out in vitro showed that guanine-rich 

telomeric DNA can adopt four-stranded conformations stabilized by cyclically hydrogen bonded 

guanine bases, by association of single-strands in a parallel fashion or by antiparallel dimerisation of 
                                                 
1 Schaffitzel, C. et al. Proc. Natl. Acad.Sci. USA 98, 8572-8577 (2001) 
2 MacEachern, M.J., Krauskopf, A., Blackburn, E.H. Annu. Rev. Genet. 34, 331-358 (2000) 
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DNA loops (Fig. 1B). This four-stranded DNA motif was intensively characterized by biophysical 

and structural analysis of synthetic oligonucleotides.3 Particularly impressive is the high degree of 

evolutionary conservation of telomeric DNA; the telomeric repeat of ciliates, for example, is 

d(TTTTGGGG), of human chromosomes it is d(TTAGGG). The apparently obligatory presence of 

guanine-rich repeats in the 3’ overhangs immediately led to speculation, that the phylogenetic 

conservation of the guanine-rich sequence motif of telomeres could have a structural reason. 

Consequently, the existence of four-stranded DNA at the ends of chromosomes was proposed, also 

because of the quadruplex structure being an attractive and simple mechanistic model for the 

protection of chromosome ends. 

 

Telomeric DNA: Ciliates as a eukaryotic model system. Ciliates are a particularly well 

suited model system for telomere research, and first molecular level information about structure and 

function of telomeres was gained from the ciliates Tetrahymena, Oxytricha and Stylonychia. The 

enzyme telomerase, a specialized polymerase replicating telomeric DNA, was also discovered in 

ciliates. Ciliates are excellent candidates for structural studies of telomeres because of their unique 

mechanism of gene amplification.4 Ciliates have to kinds of nuclei, micronuclei for sexual 

conjugation and vegetative macronuclei (Fig. 2).  

 
 

Figure 2. Electron micrographs of a ciliate (top). These ciliates contain two 

kinds of nuclei (right), macronuclei (Ma) and micronuclei (mi). A 

minichromosome of Stylonychia with the linear sequence of telomeric DNA at 

its end is shown schematically. The guanine-rich strand contains a 3’ overhang 

of 16 nucleotides. 
                                                 
3 Williamson, J.R., Raghuraman, M.K., Chech, T.R. Cell 59, 871-880 (1989) 
4 Prescott, D.M. Nat. Rev. Genet. 1, 191-198 (2000) 
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When a macronucleus is formed from a micronucleus after sexual conjugation, micronuclear 

chromosomes are fragmented into small DNA molecules containing one gene each. These DNA 

molecules are amplified to functional minichromosomes, each having at its ends complete telomeric 

DNA including the 3’ overhang (Fig. 2). Minichromosomes are amplified up to 15.000 fold. Ciliate 

macronuclei thus contain around 107 chromosomes with functional telomeres (human nuclei contain 

only 46 chromosomes). Based on the high density of telomeres, macronuclei provide a virtually 

optimal model system for studying their structure and function. 

 

Macronuclear telomeres of the ciliate Stylonychia have the nucleotide sequence 

d(G4T4G4T4G4) paired to d(C4A4C4A4C4) in a double-strand, and a 16 nucleotide 3’ overhang 

d(T4G4T4G4). Early electron microscopic investigations of Stylonychia macronuclear 

minichromosomes showed that the chromosome ends have special properties.5 Following gentle lysis 

of the nuclei, the minichromosomes did not exist as isolated entities but rather formed long coherent 

end-to-end aggregates (Fig. 3).  

 
 

Figure 3. Minichromosomes from Stylonychia lemnae macronuclei form 

coherent aggregates (left) linked at chromosome ends (box). Model of the end-

to-end interaction of chromosomes in the macronucleus of Stylonychia. Guanine-

rich 3’ overhangs of two chromosomes form hairpin loops that are stabilized by 

guanine quartets. 

 

Later, the discovery of guanine-quadruplex DNA, formed by synthetic DNA molecules containing the 

sequence of the 3’ overhang, led to the proposal that the 3’ overhangs could contribute to the 

                                                 
5 Lipps, H.J., Gruissem, W., Prescott, D.M. Proc. Natl. Acad. Sci. USA 79, 2495-2499 (1982) 
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observed end-to-end aggregation by forming guanine-quadruplex structures.6 To demonstrate the 

actual presence of guanine-quadruplex DNA in the macronucleus of Stylonychia, in particular 

considering the relatively low abundance of telomeric sequences as compared to total chromosomal 

DNA, a high affinity probe would be required, which specifically recognizes the quadruplex 

conformation of telomeric DNA.  

 

 High affinity, structure specific probes for four-stranded telomeric DNA. Starting from a 

synthetic antibody library with a very high diversity (2 x 109), ribosome display was used to generate 

scFv (single-chain Fv) proteins specific for guanine-quadruplex DNA formed by the Stylonychia 

sequence.  ScFv fragments are small, recombinant antibodies, which contain only one binding pocket 

of the variable Fv domain. Ribosome display is a novel, selection and evolution method carried out 

entirely in vitro, without the need for any living organism at any step to produce protein.7 By using 

ribosome display, a specific antibody (or scFv fragment) can be obtained, entirely independent from 

the immunogeneicity of the antigen used (here telomeric quadruplex DNA). In ribosome display, 

ternary complexes are formed by in vitro translation that consist of mRNA, ribosome and protein. The 

complexes are stable and do not dissociate due to elimination of the stop codon from the library 

translated. Antibodies that bind biotinylated antigen are separated from non-binding complexes by 

using streptavidin coated magnetic beads. As the mRNA (i.e. the gene sequence encoding for the 

specific binder) remains bound to the mRNA-ribosome-antibody ternary complex, the encoding genes 

can be obtained by reverse transcription and polymerase chain reaction (PCR). By iteratively applying 

ribosome display and diversification of the selected genes by PCR mutagenesis, antibodies can be 

evolved towards higher affinity.8 

 

 For obtaining guanine-quadruplex specific probes, six rounds of ribosome display were 

carried out. The resulting gene pool was subcloned and the binding of the individual antibody 

fragments to guanine-quadruplex DNA with the sequence of the Stylonychia 3’ overhang was 

measured. Two antibody fragments were identified, which did not show any cross reactivity to other 

molecules or DNA structures, while simultaneously  recognizing telomeric guanine-quadruplex DNA 

with high affinity. The two antibody probes differed regarding selectivity for the two conformations 

this telomeric guanine-quadruplex DNA can adopt (Fig. 1B): one family of antibodies recognized 

only the parallel quadruplex with high affinity (125 pM), while the other bound both parallel and 

                                                 
6 Kang, C.H. et al., Nature 356, 126-131 (1992) 
7 Hanes, J., Plückthun, A. Proc. Natl. Acad. Sci. USA 94, 4937-4942 (1997) 
8 Hanes, J. et al. Nature Biotechnol. 18, 1287-1292 (2000) 
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antiparallel conformations with similar affinity (2-5 nM). These antibody fragments could now be 

used as structure specific probes for immunofluorescence microscopy of macronuclei from 

Stylonychia.  

 

Telomeric quadruplex DNA in Stylonychia lemnae macronuclei. Fluorescence microscopy 

is a well established method for example to analyze the organization of chromosomal DNA in the 

nucleus. A prerequisite is the existence of specific probes, which only react with the structures to be 

identified in the nuclei under investigation. Following incubation of the nuclear preparations, bound 

probes are detected by applying secondary fluorescent antibodies. In case of specific binding, a 

staining is observed in the fluorescence microscope. 

 

The recombinant antibody probes generated by using ribosome display were applied to gently 

prepared macronuclei of the ciliate Stylonychia lemnae. When the antibody probe was used that 

recognizes both the antiparallel and parallel conformation of telomeric guanine-quadruplex DNA with 

nanomolar affinity, a specific staining was observed. In contrast, the antibody which recognizes 

exclusively the parallel conformation, did not yield a staining of the macronuclei (Fig. 4), in 

agreement with the proposed model for the observed end-to-end interaction.  

 

 
Figure 4. Fluorescence microscopy of Stylonychia lemnae macronuclei. Binding 

of antibody probes specific for the telomeric guanine-quadruplex gives rise to a 

green color in indirect immuno-staining experiments (left). Replicating 

macronuclei contain a replication band, where the minichromosomes are not 

end-to-end aggregated. This replication band is not stained by the probe (center, 

arrow), in spite of the total concentration of DNA and therefore of (linear) 

telomeres being highest here, as shown by hybridization of a complementary 

oligonucleotide (right), Red fluorescent algae were added in the experiments as 

an internal control. 
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The specificity of the staining was substantiated by carrying out a number of control experiments. 

Thus, the chromosomes present in micronuclei, with their telomeric DNA structured entirely 

differently, were not stained by either of the probes. Ciliates offer for these experiments a further, 

important internal control. It is known that in the macronuclei, replication of the chromosomes occurs 

in a defined region that can easily be recognized – namely the replication band. Here, the 

chromosomes are not present as end-to-end aggregates, but exist as linear entities with unstructured 

ends accessible to polymerases. The formation of guanine-quadruplexes by telomeric DNA of the 

minichromosomes can therefore not be expected in the replication band. Indeed, no staining was 

observed in the replication band of macronuclei by the quadruplex specific probes, notwithstanding 

the fact that the density of minichromosomes and therefore the total concentration of DNA in the 

replication band is significantly higher that in other regions of the macronucleus (Fig. 4). 

 

Outlook.  Guanine-rich DNA sequences capable of forming guanine-quadruplex structures 

exist not only at the end of eukaryotic chromosomes, but also in numerous other regions in the 

genome, with many interesting biological and pharmacological implications.9 Gene regulatory 

elements in the promoters of oncogenes, in immunoglobulin-switch regions, and certain sequences for 

example in the insulin gene can form four-stranded DNA structures in vitro.  Similar experimental 

approaches as shown here, enlisting modern display methodologies for obtaining structure and 

sequence specific probes, could be applied to provide evidence for the existence of these or other 

unusual nucleic acid conformations, and thus contribute to the elucidation of the structural 

polymorphism of DNA. 

 

                                                 
9 Han, H., Hurley, L.H. Trends Pharmacol. Sci. 21, 136-142 (2000) 
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PART IV: SUMMARY AND PERSPECTIVES 

DNA turns four-stranded. More than thirty years ago, X-ray diffractions studies of 

polyinosinic acid fibers led to models of three- or four-stranded molecules with cyclic hydrogen 

bonds between the bases.1 Later, evidence suggested that polyinosinic acid indeed formed a four-

stranded helix. Experiments on guanine-rich DNA oligonucleotide sequences led to the proposal that 

they also adopt four-stranded structures held together by four guanine bases assembled in a cyclic 

fashion. The high resolution structure of the molecule formed by the guanine-rich oligonucleotide 

d(G4T4G4), was determined by NMR and X-ray crystallography, confirming the guanine quartet 

model. This sequence is found in ciliates at the chromosome ends, the telomeres. In addition to the 

quadruplex stem, four-thymidine loops were observed in the structure. Since then, numerous further 

structures of guanine-rich oligonucleotides were determined, with different stem as well as loop sizes 

and geometries. It became evident, that the guanine-quadruplex in itself is a rather variable molecule 

which can accommodate other bases besides guanines and thymines in a host of structural motifs with 

the guanine quartet stacks as the central theme. A recent example highlighting this variability is the 

crystal structure from Stephen Neidle’s group of repeats of the human guanine-rich telomere, 

d(T2AG3), showing a molecule resembling a propeller (Fig. 1).2  

 
Figure 1: Crystal structure of a human telomeric guanine-rich quadruplex.2 The 

molecule is viewed along the helix axis of the quartet stem. Connecting –TAA- 

loops are arranged on the outside in a propeller-like fashion.  Bases are blue, 

backbone is green, and potassium ions are yellow. 
                                                 
1 Thiele, D.,  Guschlbauer, W. Biophysik 9, 261-277 (1973)  
2 Parkinson, G.M., Lee, M.P.H., Neidle, S. Nature 417, 876 (2002) 
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A further striking example of a multi-stranded DNA molecule is the occurrence of a four-stranded 

intercalated assembly in DNA containing stretches of cytosine residues. These findings originate in 

experiments that were performed on polycytidylic acid. This polymer showed a structural transition 

upon binding one proton per two cytidines, as detected by measuring pH titration curves. X-ray fiber 

diffraction experiments led to a model having two parallel strands held together by hemiprotonated 

C•C+ base pairs with three hydrogen bonds each.3 High resolution studies of cytidine-rich DNA 

oligonucleotides finally revealed that there were in fact two parallel duplexes of cytosine residues 

held together by hemi-protonated C•C+  base pairs that formed a four-stranded structure by 

intercalation. This unusual arrangement was termed i-motif DNA. NMR and X-ray studies of 

cytosine-rich DNA sequences revealed many interesting topological details of this conformation, and 

numerous new intra- and intermolecular interactions in i-motif DNA. The human cytosine-rich 

telomeric repeat has the sequence d(TA2C3). We had solved the structure showing an intercalated 

quadruplex capped by apical loops (Fig. 2).4 

 
Figure 2: Crystal structure of four-stranded human telomeric cytosine-rich 

DNA.4 The molecule is viewed perpendicular to the helix axis of the intercalated 

duplexes. Connecting –TAA- loops are arranged on top and bottom of the four-

stranded stem.4 Bases are blue, the backbone of the intercalated duplexes is 

colored magenta and green, respectively. 
                                                 
3 Langridge, R., Rich, A. Nature 198, 725-727 (1963) 
4 Kang, C.H. et al. Proc. Natl. Acad. Sci. USA , 92, 3874-3878 (1995) 
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Interactions stabilizing four-stranded DNA molecules, their geometries and energetics were presented 

and discussed in Part I of this thesis, as well as the first evidence for the occurrence of quadruplex 

DNA in a physiological environment. Our findings are summarized and put into perspective in the 

following. 

 
Quadruplex DNA chemistry. The formation of both four-stranded DNA molecules that were 

described in this thesis, the guanine-quadruplex and i-motif DNA, have in common an interesting 

feature that sets them apart from most if not all other DNA shapes known to date. They require the 

capture of cations by the bases forming the DNA stem, giving rise to a “cation spine” at the molecule 

center. In case of the guanine DNA quadruplex, alkali cations (> 50 mM K+ or Na+) are required for 

quadruplex association. The cations are located in the central cavity lined by the O6 keto oxygens of 

the stacked guanine quartets. Eight O6 keto oxygens from two adjacent quartet layers leave a central 

void van-der-Waals radius of 0.88 Å. One cation each is located between two stacked quartets in a 

way that a string of cations is formed along the central axis of the quadruplex stem. Thus, the cations 

neutralize the electronegative repulsion that would otherwise be present between the closely spaced 

O6 keto oxygens at the center of this structure. The ionic radii of Li+ (0.68  Å), Na+ (0.97 Å), K+ (1.33 

Å), Rb+ (1.47 Å) and Cs+ (1.67 Å) suggest that Li+ is too small to fill out the central cavity. Na+, K+ 

and Rb+, in contrast, have the right size either to penetrate or to position themselves between adjacent 

quartet layers, coordinating to all eight O6 keto oxygen atoms in their circumference in a square-anti-

prismatic mode. Those are indeed the cations shown to stabilize guanine-quadruplex structures most 

efficiently. This mode of specific cation complex formation is not unparalleled in nature. A whole 

group of ionophores and also synthetically available crown ethers provide ether or keto oxygen atoms 

as ligands for specific cation coordination, the selection being largely due to spatial effects. Further, it 

has been pointed out that ion conducting channels that span biological membranes show a comparable 

coordination geometry in the cavity were ion passage occurs, providing an interesting and noteworthy 

example of convergence on the molecular level of proteins and DNA (Fig. 3).5 In the KcsA potassium 

channel, for example, the hydration shell of the alkaline ion is also replaced by eight coordinating 

oxygens, in this case from peptide backbone carbonyl groups.6 The intercalated cytosine-rich 

quadruplex also features a string of positive charges at the molecule center, albeit of a different kind. 

Here, a proton is captured between two cytosine bases in a layer thus giving rise to hemiprotonated 

cytosine●cytosine+ base pairs (Fig. 3). Based on our high resolution X-ray analyses, we noted that the 

vertical separation between the C●C+ base pairs in this structure is only around 3.1 Å. This is due to 

                                                 
5 Phillips, K., Luisi, B. Science 281, 883 (1998) 
6 Doyle, D.A. et al. Science 280, 69-77 (1998) 



_________________________________________________________________________________    

 

166 

the lack of stacking between the aromatic heterocycles of the bases in i-motif DNA. Thus, the positive 

charges in i-DNA approach each other even closer than in the guanine-quadruplex, where the quartet 

layers and therefore also the ions are spaced at approximately 3.4 Å stemming from extensive overlap 

between the aromatic rings of stacked guanine residues. 

 

Figure 3: Cations in charge. The ligands are specifically bound and form a string of 

positive charges along the molecule axis both in the guanine-quadruplex molecule 

(left; alkali ions are colored yellow) and four-stranded i-motif DNA (center; protons 

are colored blue). Selectivity by coordination geometry is likewise achieved in 

certain ion conducting transmembrane proteins such as potassium channels (right; 

potassium ion positions are colored orange; adjacent peptide backbone segments are 

shown as sticks). 

 
Aromatic stacking of bases is thought of as a key player in determining the structure and 

dynamics of nucleic acids, and recent advances in computer hardware have allowed for a fairly 

concise treatment of base stacking also by quantum mechanical approaches.7 The lack of stacking 

between the aromatic rings of the bases in four-stranded intercalated DNA, accompanied by the close 

approach of the shared protons distinguishes this structure from other DNA conformations including 

also triplexes and the guanine-quadruplex. In i-motif DNA, stacking is restricted to the exocyclic keto 

and amino groups. We showed by theoretical calculations that the net effect of this geometrical 

arrangement is a stacking configuration that is repulsive. One important result of our i-DNA 

simulation is that solvated DNA is in fact capable of adopting a conformation with repulsive base 

stacking interaction and underscores the necessity to include solvent interactions in the theoretical 

rationalization of DNA structure and stability. Interestingly, our molecular dynamics simulations 

showed a close agreement between experimental coordinates derived from high resolution 

crystallographic analyses and our averaged MD structures, notwithstanding the fact that the force 

field we used had not been parameterized for this unusual DNA. The observed stability of i-DNA, 
                                                 
7 reviewed in Sponer, J. et al., Biomol. Struct. 11th Conv. Vol. 2, 383-389, Adenine Press, New York (2000) 
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originating from consecutively stacked hemiprotonated C●C+ base pairs, contrasts with the effect of 

protonated cytosines in a different multi-stranded DNA structure, the pyrimidine-purine-pyrimidine 

(Py●Pu●Py) triplex. In triplexes of this type, consecutive protonated cytosines actually lead to a 

destabilization of the structure, as evidenced both by experimental and also theoretical approaches.7 It 

is noteworthy, that the same interaction can apparently destabilize one DNA conformation while 

stabilizing another. While at first thought in apparent contradiction, these findings probably reflect the 

fact that the energetic components of base stacking interactions (dispersion attraction, electrostatic 

interaction, short-range repulsion) contribute to a different degree relative to each other to the stability 

of a system, playing a more or less dominant role depending on the molecular environment and the 

conditions studied. The finding that the same force field can be used to correctly reproduce the 

experimentally verified effect of the presence of protonated cytosines in conformationally rather 

divergent nucleic acids such as triplexes and i-motif DNA, emphasizes the potential of current 

molecular dynamics simulations to provide a qualitatively correct picture of DNA dynamics both in 

established and also novel DNA conformations.  

A further puzzling feature of i-DNA is the close approach of the negatively charged sugar-

phosphate backbones of the interdigitated parallel duplexes resulting in a sugar-phosphate zipper as 

detailed and discussed in this thesis. Based on geometrical considerations, we had proposed a 

systematic network of CH…O hydrogen bonds giving rise to attractive interactions in the narrow 

grooves of the molecule. More recently, the attractive effect of the sugar-phosphate zipper has been 

confirmed experimentally, although the exact nature of the attraction remains elusive.8 In the future, 

in an extension of our collaborative effort with Jiri Sponer and his group, we will endeavor to 

quantitatively investigate these attractive interactions and their contribution to i-DNA structural 

stability by enlisting state-of-the-art quantum mechanical calculation methods.  

Similar to i-DNA, the four-stranded stems of guanine-quadruplex molecules are also 

exceptionally rigid with unique mechanical properties. Our theoretical investigation of a series of 

guanine-quadruplex molecules including large scale molecular dynamics simulations, showed that, in 

contrast to i-DNA, guanine-quadruplex stems have an attractive net vertical interaction along the 

helical axis. Our calculations confirmed that monovalent cations are an integral part of guanine-

quadruplexes, as simulations lacking ions invariably lead to a destabilization of the structures. Our 

studies illustrate the potential, but also the limitations of current molecular dynamics simulations and 

the force fields utilized. On the one hand, our simulations predicted the presence of essentially 

symmetrical guanine quartet layers in the antiparallel hairpin fold quadruplex formed by two strands 
                                                 
8 Malliavin, T.E. et al. Biophys. J. 84, 3838-3847, (2003) 
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with the ciliate telomere sequence d(G4T4G4). This finding was at variance with the original 

intermediate resolution crystal structure as well as solution NMR structures of this molecule. Our 

simulations also indicated the presence of steric strains within the original crystal structure, which 

was more recently corrected by an atomic resolution (1.49 Å) crystallographic analysis of this DNA, 

thus resolving some of the erstwhile controversy regarding the overall fold of the molecule.9  The 

atomic resolution structure showed guanine quartets which were indeed virtually symmetric, thus 

confirming our prediction. On the other hand, our calculations predicted that a coordination of five 

consecutive potassium ions to stem and loops of the structure is highly unstable, and three were 

expelled during the simulation, in particular those which interacted with the loops. In contrast, in the 

atomic resolution crystal structure, all independent quadruplex molecules (three in two crystal forms) 

contained a highly defined five-potassium coordination system. This contradiction between 

experiment and theory probably originates from an incorrect parameterization, for example of the 

potassium values, which need to be further modified in the future for producing more realistic 

simulations. The most obvious limitation of our simulations is the time scale extending only to 

nanoseconds. We approached this problem by carrying out sets of nanosecond scale simulations to 

record statistically more significant observations. However, with computer time getting ‘cheaper’ at a 

fast rate, the extension of our simulations to a biologically more meaningful time span, ideally also 

covering aspects of the folding process of the molecule, should become possible in the near future.   

  

Quadruplex DNA biology. The discovery of guanine-rich repeats and their cytosine-rich 

counterparts in the telomeric region of the chromosome, their evolutionary conservation and in 

particular the existence of an unpaired 3’overhang, immediately provokes the speculation that the 

underlying reason may be found in the unusual structures that are readily formed by these sequences. 

It is appealing to extrapolate, that quadruplex formation either in the single-stranded overhang or also 

in transiently melted telomeric duplex regions could play a role in telomere structure and function. 

Today, prolific literature accumulated describing the properties of DNA quadruplex structures and 

proposing their occurrence in biological systems. For example, DNA quadruplexes were implicated in 

processes including telomere end protection and chromosome alignment, recombination, 

transcriptional regulation and replication arrest or slippage, in each of which local duplex separation 

may occur allowing the guanine-rich strand and possibly also its cytosine-rich counterpart to adopt a 

four-stranded structure.10 In the case of the guanine-quadruplex, a number of proteins have been 

isolated that interact with this structure in vitro: among these are the β-subunit of the Oxytricha nova 
                                                 
9 Haider, S., Parkinson, G.N., Neidle, S. J. Mol. Biol. 320, 189-200 (2002)  
10 reviewed in Han, H., Hurley, L.H. Trends Pharmacol. Sci. 21, 136-142 (2000) 
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telomere binding protein, the Tetrahymena guanine-quadruplex DNA binding protein TGP1, and also 

several helicases such as the human Bloom’s and Werner syndrome helicases.10 More recently, there 

has been growing interest in quadruplex-forming sequences in diverse regions of the genome 

including the nuclease-hypersensitive element of the c-myc promoter, the fragile X syndrome repeat 

and the Cystatin B promoter involved in epilepsy, and a search algorithm was developed to detect 

such sequences in genomic DNA.11 It was found that the formation of quadruplex DNA inhibited the 

action of telomerase, a reverse transcriptase responsible for maintaining telomeric DNA length. 

Telomerase is inactive in somatic cells but is reactivated in over 85% of cancer cells. Consequently, 

telomeric quadruplex DNA became a focus of intensive research efforts aimed at developing small 

molecules stabilizing this structure, thus inhibiting telomerase.12 Although the formation of DNA 

quadruplexes in vitro is well established, direct indications for their existence in vivo have just begun 

to appear. We have provided first evidence for telomeric quadruplex DNA in eukaryotic nuclei by our 

experiments using in vitro generated antibody probes, substantiating the proposed role of this 

structure in telomere function as a third alternative besides t-loops and complex formation with 

telomere binding proteins. Since then, the detection of quadruplex DNA structures in human 

telomeres by a fluorescent carbazole derivative was described.13 Furthermore, it was shown that 

intracellular transcription of G-rich DNAs induces formation of so called G-loops, which are novel 

structures containing guanine-quadruplex DNA.14 

 
Guanine-quadruplex structures are readily formed under physiological conditions. The 

situation concerning four-stranded intercalated i-DNA is more complicated. A physical prerequisite 

for the formation of i-motif DNA is the presence of a proton shared by self-paired cytosine bases that 

are stabilized by three hydrogen bonds. Protonation of isolated cytosine bases requires low pH due to 

the pKa of cytosine (4.5). In longer stretches of DNA containing cytosine bases, however, C•C+ base 

pairs are already formed at higher pH values of 6.0-6.5, e.g. up to 2 units above the pKa of cytidine, 

rendering their occurrence in a physiological context somewhat more likely. In fact, single crystals of 

cytosine-rich DNA sequences could be grown at pH values up to 7, and it could be shown in solution, 

that a detectable fraction of cytosine-rich DNA strands is present in the i-motif quadruplex 

conformation at physiological pH, even though the majority of the respective DNA molecules exists 

as single-strands.  Apparently, in the crystals, additional stabilizing forces were derived from lattice 

packing – forces which in the cell nucleus could be provided by cognate proteins binding to this DNA 

                                                 
11 Huppert, J.L., Balasubramanian, S. Nucleic Acids Res. 33, 2908-2916 (2005) 
12 Neidle, S., Read, M.A. Biopolymers 56, 195-208 (2001) 
13 Chang, C.C. et al. Anal. Chem. 76, 4490-4494 (2004) 
14 Duquette, M.L. et al. Genes Dev. 18, 1618-1629 (2004) 
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conformation. In principle, i-motif DNA could occur, for example, when the telomeric duplex region 

transiently separates, for instance under the influence of torsional stress provided by supercoiling or 

the action of DNA processive proteins. However, evidence for the presence of i-motif DNA in cell 

nuclei is lacking to date, one reason being the absence of specific high affinity probes.  

Quadruplex DNA specific probes by Ribosome Display. The generation of specific 

antibody probes against guanine-quadruplex DNA as a target, and their use for providing first 

evidence for telomeric quadruplex DNA in eukaryotic cell nuclei as described in the present work, 

illustrates a successful multi-disciplinary approach in DNA structure research. It also exemplifies in 

an impressive fashion the superiority of current in vitro selection and evolution technologies for this 

purpose as compared to classical approaches involving immunization of animals. It is illuminating to 

reflect on the mechanisms why this may be the case.  Ribosome display is a methodology that 

recapitulates the natural principle of selection and maturation of antibodies in the test tube (Fig. 4).  

 

Figure 4: Ribosome Display.15 The principle of this in vitro selection and evolution 

method is illustrated on the left. Stable ternary complexes of ribosome, mRNA and 

protein are formed due to deletion of the stop codon from the in vitro transcribed 

DNA pool. Binders are isolated by panning against immobilized target. 

Diversification of the library is achieved by using error-prone polymerases in the 

RT-PCR step. The process is iterative. The immobilized antigen used in our 

experiment is shown schematically on the right. 
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In our case, aiming at guanine-quadruplex specific probes, monoclonal antibody fragments were 

gained from a highly diverse synthetic library in a comparatively short time, after six rounds only of 

ribosome display carried out entirely in vitro. In contrast, previous attempts by immunization of 

animals with the DNA antigen did not result in useful probes. This is probably partly due to the low 

immunogeneicity of the target antigen. However, the immunization of so called “viable moth eaten 

mice”, animals that suffer from severe autoimmune disease and therefore often produce high titers of 

antibodies even against such antigens, did not result in useful probes either. The antibodies isolated in 

those experiments cross-reacted with B-DNA as well as single-stranded DNA. They lacked sufficient 

specificity and also affinity to be applied to cell nuclei, taking into consideration the rather low 

abundance of potential quadruplex forming sequences relative to total DNA concentration. Evidently, 

the absence of selection pressure once the target is injected into an animal can be utterly detrimental 

to the prospects of success in an immunization experiment. In contrast, if an in vitro technology such 

as ribosome display is used, selective pressure can be applied with ease during selection and evolution 

due to the test-tube format of the methodology. In our case, the presence of large amounts of 

competitor nucleic acids such as the amplified genes encoding for the library, as well as in vitro 

transcribed messenger RNA molecules, further protein competitors present in the E.coli extract used 

and also small molecule additives such as heparin, proved to be sufficient to generate specific probes 

with up to picomolar affinity. It is clear that many further competitors could have been added to the in 

vitro reactions with ease, if required. Physical parameters have also been varied successfully in 

ribosome display experiments.15 It is likely, that appropriate protocols could be developed for 

ribosome display experiments at pH values where four-stranded i-motif DNA is stably formed or 

sufficiently abundant to be used as a target. If so, ribosome display could be used to generate specific 

probes for i-motif DNA, a task which is probably exceedingly difficult to approach by in vivo 

immunization methods. These probes could then be utilized for similar experiments as described for 

guanine-quadruplex DNA. Ribosome display is one prominent example in an entire array of modern 

technologies tailored for generating specific high-affinity binders against a variety of targets by 

selection and evolution, each with its own merits.16 We anticipate, that state-of-the-art protein-

engineering technologies such as these, will be rather useful in the future to further elucidate the 

biological functions and consequences of DNA structure polymorphism. 

 

                                                 
15 Schaffitzel, C. et al. In: Protein-Protein Interactions: A molecular cloning manual. (2nd Ed.) Cold Spring Harbor 

Laboratory Press, New York (2005) 
16 Schaffitzel, C., Pluckthun, A. Trends Biochem. Sci. 26, 577-579 (2001) 
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DNA nanotools. In recent years, DNA has attracted considerable interest not only for its role 

as the hereditary material, but also as a highly versatile biomaterial for nanotechnology applications. 

Tiny self-replicative systems, enzymes and also molecular machines have been engineered and built 

from DNA, including even geometrical artwork such as DNA cubes and borromean rings.17,18 In 

addition, efforts were made towards the design of so-called “artificial lattices” built from nucleic 

acids.19 One reason for this is the desire to provide defined carrier systems into which for example 

large supramolecular assemblies such as multisubunit protein complexes could be placed in a defined, 

controlled fashion. To date, the generation of ordered crystalline lattices remains a decisive 

prerequisite and more often than not a troublesome bottleneck for high resolution structural and 

functional study of such systems by X-ray crystallographic techniques. The approach is largely 

empirical and to a disturbing degree governed by chance. Consequently, high-throughput methods in 

conjunction with robotics were more recently enlisted with considerable success to enhance the 

prospects and reduce the time frame of crystallization experiments. Nonetheless, it would be very 

helpful indeed, if a modular tool-box could be provided, which allows for building variable three-

dimensional networks thus providing for a properly chosen “mesh-size” to fit in the objects of study 

in a defined orientation. In several cases, B-form DNA containing overhanging bases that could reach 

over and specifically pair with neighboring DNA molecules in the respective crystal systems, were 

employed for building the three-dimensional lattices leading to success in structure determination. 

The discovery of unusual DNA structure motifs, including for example molecular four-way junctions 

formed by DNA quadruplex stems, could be very useful in this context. In crystals of i-DNA 

quadruplex molecules, we also found several hitherto unobserved modes by thymine and adenine 

residues used to build a three-dimensional lattice.  Knowledge of the exact nature of the intricate 

intra- and intermolecular interactions of these DNAs, as presented and discussed in the present work, 

will increase the repertoire of useful modules in the lattice engineering tool-box.    

DNA to proteins – genome to interactome. The paramount biological role of DNA is to 

carry genetic information, and a key question is how the readout of this information, that is the 

transcription of genes, is achieved and regulated. In eukaryotes, transcription occurs in the nucleus, 

and a host of protein machines including polymerases and transcription factors interact with each 

other and the DNA template in transcribing and regulating the genetic information. In Part II of this 

thesis, we discussed two examples for gene regulation in the nucleus. One of these interactions 

involved a DNA binding domain, Zα, from the editing enzyme ADAR1. ADAR1 was isolated as the 
                                                 
17 Liao, S., Seeman, N.C. Science 306, 2072-2074 (2004) 
18 Seeman N.C. Trends Biochem. Sci.30, 119-125 (2005) 
19 Paukstelis, P.J. et al. Chem Biol. 11, 1119-1126 (2004) 
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first naturally occurring protein specifically recognizing and binding to the prototypical unusual DNA 

conformation, namely left-handed Z-DNA. The identification of a protein recognizing left-handed 

DNA constitutes a definitive highlight on the long road from the discovery of this structure to 

biological function, which started in 1979 and is still ongoing today.20 We measured vibrational 

modes of the DNA molecules in the complex formed by Zα and an alternating purine/pyrimidine 

sequence with high propensity to adopt the left-handed Z-DNA conformation. When the protein was 

added, we observed in the recorded Laser Raman spectra the appearance of signals characteristic for 

the left-handed duplex, providing first direct evidence that the DNA conformation in the complex was 

indeed Z-DNA. Z-DNA is stabilized by negative supercoiling generated by transcription. This 

indicates a transient, localized conformational change, which may explain some of the difficulties 

encountered in uncovering the physiological consequences of this DNA shape. The interaction of Zα,  

and later also of other proteins containing a similar domain, has been substantiated by a number of 

high resolution structures of the respective protein-DNA complexes.21 ADAR1 acts on double-

stranded segments of pre-mRNA, selectively deaminating adenines to inosines which are then 

translated as guanines.  This mode of post-transcriptional gene regulation can have pronounced 

consequences, for example in the case of the glutamate receptor in the central nervous system. While 

the physical features of the protein-DNA interaction are firmly established, the potential link between 

Z-DNA binding by ADAR1 and its pre-mRNA editing activity is still not known to date and awaits 

further study. A second example for the intricate interplay between proteins and DNA in gene 

regulation concerns the differentiation of cardiac and skeletal muscle cells controlled by myocyte 

enhancer factor 2 proteins. Myocyte enhancer factors are regulated by class II histone deacetylase 

enzymes such as histone deacetylase 5 which in turn is responsive to Ca2+ signaling mediated by the 

intracellular calcium sensor calmodulin. The deacetylase is thought to repress expression of the 

myogenic genes by deacetylating the tails of histone molecules associated with the corresponding 

DNA. Calmodulin, when activated by Ca2+ cations under certain conditions, binds to and activates 

calmodulin dependent kinases which phosphorylate the deacetylase at specific residues, marking it for 

removal from the nucleus by 14-3-3 protein. Our experiments demonstrated the existence of an 

additional, direct interaction between Ca2+/calmodulin and the deacetylase which inhibits association 

of enzyme and enhancer factor in the presence of Ca2+ ions, suggesting a dual functionality of 

Ca2+/calmodulin in this gene regulatory network. The underlying interactions in the respective protein 

complexes are of especial interest since class II human histone deacetylases are linked to 

                                                 
20 reviewed in Rich, A., Zhang, S. Nature Rev. Genet. 4, 566-672 (2003)  
21 Ha, S.C. et al. Proc. Natl. Acad. Sci. USA 101, 14367-14372 (2004) 
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cardiomyopathy, osteodystrophy, neurodegenerative disorders and cancer, making these chromatin-

modifying factors exciting targets for pharmacological treatment.22,23 

Advances in DNA sequencing technology revealed the entire genome of many organisms 

including humans. Currently, an intense focus of biological research efforts in the post-genomic era is 

the elucidation of protein interaction networks (interactome). Many multiprotein complexes were 

identified, which in particular in higher eukaryotes are not present in sufficient quantities in their 

native cells for detailed molecular biological analysis. One illustrative example for a human 

multiprotein complex in gene regulation, is the general transcription factor TFIID involved in 

formation of the transcription preinitiation complex. It comprises up to twenty-four subunits of an 

ensemble of 14 different polypeptides with many functions and exists in numerous, also tissue-

specific isoforms (Fig. 5).  

 
Figure 5: Human TFIID and its subunits. Human TFIID exists in several, also 

tissue-specific isoforms (left). The holoenzyme is made up of 18 to 24 subunits of an 

ensemble of 14 polypeptides with numerous functions (right).24 

Detailed structural and functional study of multisubunit complexes such as human TFIID or 

functionally meaningful subcomplexes is dependent on recombinant technologies for large-scale 

heterologous protein production. We recognized the need for more powerful expression tools for this 

task than were available. The creation of such a system, MultiBac, and some of its applications were 

discussed in Part III of the present work. Further development of this expression system for the 

production of such large gene regulatory multisubunit complexes, and their structural and functional 

analysis are our foremost present and future research directions. 

                                                 
22 Yang, X.J., Gregoire, S. Mol. Cell. Biol.  25, 2873-2884 (2005) 
23 McKinsey, T.A., Olson, E.N. Trends Genet. 20 206-213 (2004) 
24 Müller, F., Tora, L. EMBO J. 23, 2-8 (2004) 
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 Baculovirus system for multiprotein applications. A particularly useful system for the 

expression of eukaryotic proteins utilizes recombinant baculoviruses to infect insect cells.25 For large-

scale production of eukaryotic multiprotein complexes, we have introduced MultiBac, a modular, 

baculovirus-based expression system, and we have demonstrated its usefulness for purifying 

milligram amounts of eukaryotic regulatory complexes. The basic logic that lead us to create the 

MultiBac system was as follows:  

1. Many proteins exist in large, multisubunit assemblies and often show compromised folding or 

activity in isolation.  

2. Protein complexes in eukaryotes can contain ten or more subunits with individual polypeptide sizes 

ranging in size up to several hundred kDa, severely restricting the applicability of conventional 

cloning strategies and largely ruling out E.coli as an expression host.  

3. Modern molecular biology and in particular structural analysis depends often on modifying 

heterologous gene products, for example, to define protein functional domains and to reduce 

heterogeneity by eliminating regions of low complexity. Current recombinant expression methods, 

however, require a disproportionate investment in both labor and materials prior to multiprotein 

expression, and subsequent to expression and biochemical analysis (e.g. limited proteolysis) do not 

provide flexibility for rapidly altering the multiprotein components for revised expression studies. 

MultiBac meets these demands by a baculovirus containing two independent sites for integrating 

transfer vectors by site-specific recombination.  This baculovirus has been engineered for improved 

protein production characteristics by elimination of specific viral genes. The transfer vectors contain a 

multiplication module permitting assembly of genes in a non-sequential, modular manner in order to 

alleviate the requirements for compatible restriction sites occurring in a collection of long coding 

sequences. As presented in this thesis, we have developed reagents and protocols for researchers 

interested in our MultiBac system, and compiled these in a MultiBac user manual that will be made 

available on-line shortly.  

We described that our system can be used not only to transfect insect cells but also for 

transducing mammalian cells with recombinant MultiBac virus carrying multigene expression 

cassettes. This is noteworthy, since baculoviruses are currently emerging as a versatile tool for 

transfer in gene therapy applications.26 Interestingly, it has been shown that in many cases, multiple 

gene transfer can lead to superior results as compared to transfection of single genes only. This limits 

                                                 
25 Kost, T.A., Condreay, J.P., Jarvis, D.L. Nature Biotechnol. 23, 567-575 (2005)  
26 Kost, T.A., Condreay, J.P. Trends Biotechnol. 20, 173-180 (2002) 
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the applicability for such approaches of viruses which have crystalline capsids constricting the 

amount of recombinant DNA cargo that can be fit into the envelope. Baculovirus, in contrast, has a 

flexible envelope and can therefore accommodate large DNA insertions into its genome. It was also 

demonstrated that for gene transfer in vivo, it is often necessary to include modified (e.g. humanized) 

viral proteins for display on the virus surface, which are expressed as the virus is produced in insect 

cells. This approach can be used to avoid interference for instance by the complement system when 

the virus is administered. Our system, which can be utilized to assemble several genes encoding for 

modified viral enevelope proteins as well as a multigene DNA cargo for transfer, is clearly adaptable 

to generate useful vectors for such multigene transfer applications (Fig. 6). 

 

Figure 6: MultiBac applications. MultiBac can be used to integrate polycistronic 

cassettes into baculoviral DNA. Genes for expression in insect cells (‘Bac.’), for example 

of humanized baculoviral envelope proteins, are under control of promoters active in 

insect cells, for example baculoviral late promoters polh or p10, or others. Genes destined 

for expression in mammalian cells (‘Mam.’), for example DNA cargo in gene transfer 

applications, are placed under control of mammalian cell active promoters. Virus 

produced in insect cells can be used for expression, functional characterization and 

structural analysis of multiprotein complexes. Expression in mammalian cells can be 

achieved by transducing with virus generated in insect cells either transiently or by 

generating stable expressing clones involving genomic integration of transferred DNA.  
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By using MultiBac, we succeeded in expressing and purifying large multiprotein assemblies 

including a ~700 kDa subassembly of human TFIID consisting of ten subunits. Several of these 

multiprotein assemblies were subjected to biochemical characterization and functional assays as 

exemplified in the present work for a yeast chromatin remodeling enzyme complex. Functional 

analyses involve also domain definition by limited proteolysis and adjusting the encoding genes 

accordingly for revised expression studies. We iteratively repeat this process to generate stable 

complex cores of the specimens investigated that can be further characterized and even crystallized, 

thus validating our approach for multiprotein complex production by MultiBac. We also noted using 

fluorescent proteins as internal standards that the copy number in which a gene was present in the 

baculovirus apparently had a linear effect on the amount of protein produced.  Co-expression of a 

fluorescent protein with the multiprotein complexes we study further indicated that the expression 

system was not yet saturated in our experiments, suggesting that even larger multiprotein complexes 

with more subunits could be produced. We are currently experimentally verifying and evaluating 

these hypotheses. 

The modular logic of assembly in the transfer vectors in the MultiBac system theoretically 

allows for combining a very large number of genes. Nevertheless, we found that assembly of more 

than five or six expression cassettes on a single transfer vector again limited the flexibility of the 

system due to the disproportionate investment required to revise expression studies. Consequently, we 

will extend MultiBac by incorporating further site specific recombination sequences in addition to 

those currently used into our transfer vectors and/or the MultiBac baculoviral DNA such that 

multiprotein complexes with ten and more subunits can be produced and analyzed with comparative 

ease. Ultimately, we will aim to enlist robotics for cloning and high-throughput sequencing, to 

facilitate construction of multigene transfer vector libraries. We will apply our technology to gene 

regulatory multiprotein complexes, for example human general transcription factor TFIID, in a 

combined approach including purification of physiologically meaningful subcomplexes as well as 

holoenzymes and tissue-specific isoforms, for biophysical characterization, functional studies and 

crystallization of the specimens, integrating the analytic facilities at the Functional Genomics Center 

Zürich as well as the synchrotron source at SLS in our effort.    
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