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Abstract 

Metal ion interaction with nucleic acids plays an important role in different 

biological processes, e.g., genetic expression, metallo-enzymatic processes, mutagenesis, 

carcinogenesis. Metal ions can induce or prevent conformational transitions of nucleic 

acids. Multivalent metal ions can facilitate DNA1 condensation into a very compact state 

necessary for DNA packing in living cells. Although much has been done towards 

elucidating metal ion interaction with nucleic acids, many aspects of this process are still 

not clear. 

VCD spectroscopy being a relatively novel technique in this field and possessing 

some advantages over the traditional techniques can bring new insights on metal 

interaction with DNA and on nucleic acid structural changes and conformational 

transitions accompanying this interaction. Based on IR absorption, VCD can offer more 

detailed information than ECD, while possessing the advantage of stereospecificity at the 

same time. 

Different aspects of metal ion interaction with nucleic acids and accompanying 

structural changes of the macromolecules were studied by VCD in this work. 

Investigations of divalent metal ion induced right- to left-handed (B-to-Z) conformational 

transition of synthetic (dG-dC)2o as well as double- to triple-stranded conformational 

transition of synthetic pofy(rA)*poly(rU) (latter at elevated temperatures) were 

performed. Some detailed features of these conformational changes were demonstrated. 

VCD was shown to be most useful in studies of conformational transitions of nucleic acids 

involving changes of the helical sense or modification of base stacking and hydrogen 

bonding. 

Application of VCD spectroscopy was extended from studies of synthetic nucleic 

acids to systematic studies of natural DNA. Sensitivity of VCD to DNA condensation and 

1 For definition of abbreviations see page xviii. 

in 



aggregation as well as VCD ability to distinguish between these two processes were 

demonstrated. The general ability of divalent metal ions to induce DNA condensation at 

elevated temperatures was confirmed. VCD was shown to be a useful tool for elucidating 

the general idea about three-dimensional structure of DNA complexes with metal ions in 

some cases. Thus, VCD data favored base-phosphate chelation and "sandwich" complex 

models over the others for DNA - Cu2+ binding. Due to the large variety of experimental 

conditions and types of nucleic acids employed in the study, assignments of many VCD 

features were established or improved. 
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1 

Introduction 

Metal ions play an important role in nucleic acid structure and function. 

Depending on the type of metal ion, its charge, concentration, nucleic acid concentration, 

molecular weight and sequence, temperature, polarity of a solvent and other factors, metal 

ions may affect nucleic acids differently. The main structural changes induced by metal 

ions can be summarized as follows: 

• stabilization of nucleic acid structure; 

• destabilization and denaturation of nucleic acid native conformation (helix-coil 

transition); 

• right- to left-handed helical transition of alternating GC sequences; 

• double- to triple-strand transitions; 

• nucleic acid condensation; and 

• nucleic acid aggregation. 

All of these structural changes can drastically influence nucleic acid functioning in 

living cells. 

It has been shown recently that application of a relatively new spectroscopic tool, 

Vibrational Circular Dichroism (VCD) spectroscopy can provide new and rich information 

about nucleic acid structure and structural changes. VCD is the infrared (IR) analog of 

the more familiar Electronic Circular Dichroism (ECD) spectroscopy, extensively used for 

characterizing nucleic acid structure and conformations. Based on IR absorption, VCD 

can offer much more detailed information than ECD, while possessing the advantage of 

stereospecificity at the same time. 

How the idea of this research emerged 

I have been working as an undergraduate and later as a Ph.D. student for several 

years on the investigation of DNA interaction with divalent metal ions in one of the 

research groups supervised by Prof. Yu.P.Blagoi in Department of Molecular Biophysics 
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at the Institute for Low Temperature Physics and Engineering (TLTPE) in Kharkov, 

Ukraine. The main interest of that research group was the investigation of nucleic acid 

structural changes as well as nucleic acid aggregation and condensation induced by 

divalent and trivalent metal ions under the influence of different factors (variable 

hydration, elevated temperatures, different solvent polarity, etc.) (Kornilova et al, 1993; 

Kornilova et al, 1994; Kornilova et al, 1995; Kornilova et al, 1997; Andrushchenko et 

al, 1997; Hackl et al, 1997; Kornilova et al, 1998; Andrushchenko et al, 1998). The 

research has been performed mainly by means of IR spectroscopy, first in films and later in 

solutions. However, we have been looking for possibilities to apply other techniques to 

pursue our research. VCD spectroscopy was one of the new progressive methods, which 

we would have liked to use for our studies. Unfortunately, there was no VCD instrument 

available in the Ukraine. 

At the same time, VCD spectroscopy has been successfully applied to study 

nucleic acid structure in the research group of Prof. H.Wieser in the Department of 

Chemistry at the University of Calgary in Canada. The main research interest was directed 

to elucidating the dependence of VCD spectra on nucleic acid sequences as well as on 

changes in the VCD spectra upon drug intercalation (Maharaj, 1996). These studies have 

been performed on selected deoxyoctanucleotides. 

Upon meeting each other, we decided to run a joint project, the main idea of which 

would be a VCD investigation of nucleic acid interaction with divalent and trivalent metal 

ions at various temperatures. Such a project was thought to be beneficial for both 

research groups. From one side, we could obtain new detailed information about nucleic 

acid interaction with metal ions and different structural changes accompanying this 

interaction. We were also hoping to explore whether VCD can be used to determine 

unambiguously DNA condensation and aggregation and distinguish between them to shed 

light on some unanswered questions that emerged during investigations of these metal ion 

induced processes. From another side, it was important to extend the VCD research of 

nucleic acids to a larger variety of conditions, which could lead to a better understanding 
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of the underlying processes and improved assignments of VCD features for nucleic acids. 

Although the VCD capability for studying natural DNA has been demonstrated earlier 

(Wang & Keiderling, 1992; Wang et al, 1994b), most VCD studies of nucleic acids 

performed in two laboratories (see, for example, publications of the groups of 

T.Keiderling and M.Diem) dealt mostly with synthetic nucleic acids. Therefore, the 

important point was also to extend VCD investigations beyond these boundaries, begin the 

systematic studies of natural DNA in different environments, and determine whether any 

new information can be deduced from such measurements. 

Objectives of the dissertation 

The main objectives of the study can be summarized as follows: 

• to study nucleic acid conformational transitions induced by metal ions (if 

necessary, in combination with other factors) and to determine whether VCD 

spectroscopy can provide any new or more precise information about these 

transitions; 

• to study nucleic acid complexes with metal ions and determine whether VCD 

spectroscopy can provide any new information about the structure of the 

complexes; 

• to determine whether VCD spectroscopy can be used to detect DNA 

condensation and/or aggregation induced by metal ions and whether VCD can 

distinguish between these two processes; 

• to check if possible whether divalent metal ions can induce DNA condensation 

at room temperature and at elevated temperatures; 

• to extend systematically VCD studies from synthetic to natural DNA; 

• to determine whether VCD spectroscopy can provide any new information in 

studies of natural DNA (with random base sequence) in contrast to synthetic 

nucleic acids (with known predefined base sequence) in various conditions; and 
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• to establish and improve assignments of VCD features including those for 

natural DNA. 

Organization of the dissertation 

The dissertation is divided into 5 major chapters: 

Chapter 1 provides a general introduction to the main principles of nucleic acid 

structure and metal ion interaction with nucleic acids. The process of DNA 

condensation at different conditions and spectroscopic evidence of DNA 

condensation are explained. Provided also are the general principles of IR 

absorption and VCD spectroscopy and their application to nucleic acid structural 

studies. 

Chapter 2 describes the materials, methods and experimental procedures used in 

this research. 

Chapter 3 describes in two sections the VCD investigations of structural 

transitions of synthetic nucleic acids induced by divalent metal ions. In the first 

section, the VCD results of the B-Z transition of the synthetic 

deoxyoligonucleotide (dG-dC)2o induced by Mn2+ ions are presented. The second 

section details the VCD study of the double- to triple-strand transition of the 

synthetic ribonucleotide poly(rA)*poly(rU) induced by Ni2+ ions at elevated 

temperature. 

Chapter 4 consists of 3 sections devoted to VCD investigations of interactions of 

natural calf thymus DNA with divalent and trivalent metal ions. The first section 

describes the VCD study of DNA interaction with Cr3+ ions and VCD 

characterization of DNA condensation. The second section describes the VCD 

investigation of DNA interaction with Mn2+ ions at elevated temperatures and 

VCD characterization of DNA aggregation. The third section deals with VCD of 

DNA interaction with Cu2+ ions, provides suggestions about the structure of DNA 



5 

in complexes with Cu + ions, and compares them with existing models of DNA-

Cu2+ complexes. 

Chapter 5 summarizes the findings of this work and projects opportunities for 

future investigations in terms of exploring other systems and refining current 

methods. 
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1. Background and literature overview 

1.1 Main concepts of nucleic acid structure and conformations 

There are two types of nucleic acids (NA): ribonucleic acid (RNA) and 

deoxyribonucleic acid (DNA). They both consist of three main structural elements. These 

are nucleobases (or nitrogen bases, NB), ribose or deoxyribose and phosphate groups 

(PO) (Saenger, 1984). 

H T H 't H T H jf it 

H H A i J, i 
Adenine Guanine Cytosine Uracil Thymine 

Figure 1.1.1. Nucleobases generally occuring in DNA and RNA (Saenger, 1984) 

The nucleobases present in nucleic acids are either purine or pyrimidine ring 

aromatics. There are 4 main types of nucleobases, which can be found in DNA: guanine 

(G), adenine (A), thymine (T) and cytosine (C) (Figure 1.1.1). Thymine is replaced by 

uracil (U) in RNA. Ribose represents a five-membered sugar ring and is found in RNA. 

Deoxyribose differs from ribose by the absence of one oxygen at the C? position (for 

consistency it is customary to designate atoms in nucleobases with numbers, while atoms 

in the sugar ring and the phosphate group with primed numbers). The sugar ring is usually 

not flat and one or two ring atoms deviate from the ring plane forming the so called sugar 

puckering, for example, Ci-endo or Cy-endo conformations of sugar. Nucleobases are 

covalently connected to the d< position of the sugar ring (purines at N9 base position, 
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pyrimidines at Ni base position) via a glycosidic bond. There can be two different 

orientations of the sugar about the glycosidic bond with respect to the base: anti (when 

the bulky 6-membered ring of purine or 0 2 of pyrimidine points away from the sugar) and 

syn (when the bulky part of the base points toward the sugar). The sugar ring is 

covalently connected to the phosphate group via the hydroxyl oxygen at the C5' sugar 

position. A nucleobase with a sugar and a phosphate group is called a nucleotide. 

Normally, nucleotides are connected with each other via formation of a covalent bond 

between a hydroxyl oxygen at the C3' position of the sugar ring of one nucleotide and the 

phosphate group of the other nucleotide. Such a nucleotide covalent connection forms a 

polynucleotide chain and represents the nucleic acid primary structure. This chain is called 

a single-stranded nucleic acid. Sugar-phosphate residues of such a chain are called the 

sugar-phosphate backbone of the nucleic acid. 

RNA exists largely in a single-stranded conformation (from now on we will 

consider only the messenger type of RNA). However, the normal state for DNA is a 

double-stranded form. It is formed by establishing hydrogen bonds between bases of two 

single stranded DNA molecules. Usually, hydrogen bonds can be formed between 

complementary bases (A and T, G and C) thus forming AT and GC base pairs. Such type 

of base hydrogen bonding is called Watson-Crick basepairing. Usually, in order to enable 

such a basepairing, two DNA strands go in antiparallel direction. RNA molecules can also 

form double-stranded conformation with another RNA (or DNA) strand. 

NAs in double-stranded conformation form a helical structure, when two strands 

are wrapped around each other. The bases in the helix are stacked upon one another. The 

main forces stabilizing the double helix are hydrogen bonds between complementary bases 

and stacking interaction between the bases (Saenger, 1984). The stacking interaction 

depends greatly on the base sequence. Thus, purine-purine stacking is more favorable 

than purine-pyrimidine stacking, which in turn is more stable than pyrimidine-pyrimidine 

interactions (Marzilli et al, 1980). There are a variety of NA helical conformations. 

Different conformations can be formed in different experimental conditions (pH, 
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temperature, humidity etc.). Various conformations differ in certain helical parameters 

(helix pitch, twist, base tilt, handedness of a helix etc.). 

Native double helical DNA exists in natural conditions in living cells in the B-

conformation. There are several variations of the DNA B-form and, therefore, it is said 

that there is a B-form family of conformations. The main characteristic features of the B-

form are Cy-endo sugar puckering and the anti orientation of bases about a glycosidic 

bond. The B conformation is a right-handed helix. Lowering relative humidity results in 

DNA transition from the B-form to the A-form. In distinction to the B-form, sugar 

puckering in the A-form adopts the Cy-endo conformation. In contrast to the DNA 

polymorphism, RNA can exist only in the A-form in normal and dehydrated conditions. 

RNA-DNA hybrids also adopt the A-form. There are several other double helical 

conformations, which natural or synthetic DNA can adopt (Saenger, 1984). Most of them 

resemble a right-handed helix. However, there is a special nucleic acid family, which 

adopts a left-handed helix. It is called the Z-form. 

It has been found that synthetic polynucleotides poly(dG-dC) undergo a highly 

cooperative salt-induced (Pohl & Jovin, 1972) and ethanol-induced (Pohl, 1976) transition 

from the right-handed B-form to the left-handed Z-form. The most prominent evidence of 

such a transition is inversion of electronic circular dichroism (ECD) spectra (Pohl & Jovin, 

1972). Originally, the Z-form was obtained with high NaCl concentration, but later it was 

shown that a number of monovalent, divalent and multivalent ions can induce B-Z 

transition of poly(dG-dC) (van de Sande et al, 1982b; Keller & Hartman, 1986; Loprete 

& Hartman, 1993; Rossetto & Nieboer, 1994). Concentrations of Na+ ions necessary to 

induce B-Z transition are much higher than those of most multivalent metal ions (Rossetto 

& Nieboer, 1994). Synergistic action of metal ions and ethanol or elevated temperature 

has also been reported (van de Sande et al, 1982a; van de Sande et al, 1982b). 

In addition to the left-handed direction of the double helix, the main structural 

difference from all other NA structures, there are several other distinguishing structural 

features of Z-DNA. While the sugar pucker of deoxycytidine (dC) is in a standard Cr-
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endo conformation and the base is in the anti orientation about the glycosidic bond, the 

sugar pucker of deoxyguanosine (dG) adopts the Cy-endo conformation and the base 

adopts the syn orientation (Saenger, 1984). While in right-handed DNA and RNA 

duplexes phosphate groups along the polynucleotide chain are located at the same helical 

radius, in left-handed helix the phosphates in d(CpG) sequence (where "p" stands for a 

phosphate linkage between C and G) are located at a smaller radius than the ones in 

d(GpC) sequence (Saenger, 1984). Thus, they are nonequivalent, i.e. they experience a 

different chemical environment. As a result of different phosphate radii, the line 

connecting phosphorous atoms looks like a zig-zag, which gave the name for this nucleic 

acid conformation. In contrast to right-handed helices, N7 (G) is much more exposed to 

the environment in the Z-form (van de Sande et al., 1982b; Saenger, 1984). DNA 

conversion from B- to Z-form does not require complete strand separation (Saenger, 

1984). However, an initial separation of base pairs (formation of Z-form nucleus), is 

required for dG to flip from the anti to the syn orientation. After the Z-form nucleus has 

been formed, the B-Z transformation travels along the helix like a bubble (Saenger, 1984). 

Several variations of the Z-form have been found and, therefore, Z-form represents a 

family of Z-conformations rather than just a single conformation. 

The left-handed Z-form of DNA plays an important role in DNA functioning in 

living cells. Left-handed sequences have been found in natural DNA (Nordheim et al., 

1981; Saenger, 1984). They are believed to play a significant role in a number of 

important life processes, such as gene regulation and DNA replication (Nordheim & Rich, 

1983; Bullock et al., 1986). B-Z conversion can effectively regulate the degree of 

supercoiling of circularly closed DNA (Saenger, 1984). Very recently, a protein has been 

isolated in vitro and from several mammalian tissues, which specifically recognizes Z-DNA 

(Melcher et al., 1990; Herbert et al., 1995; Herbert, 1996; Herbert et al., 1996; Berger et 

al., 1998). 

In addition to double-helical structures, nucleic acids are also able to form triple-

stranded helices (Saenger, 1984; Cheng & Pettitt, 1992). Usually during the triple-helix 
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Figure 1.1.2. Structure of UAU triplex 

(a): third strand binding with formation of Hoogsteen base pair; 

(b): third strand binding with formation of reverse Hoogsteen base pair. 

A - adenine, U - uracile, R - sugar-phosphate group, WC - Watson-Crick base pair, H -

Hoogsteen base pair, rH - reverse Hoogsteen base pair. 
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formation a single strand is accommodated in the major groove of the double-stranded 

helix forming Hoogsteen or reversed Hoogsteen-type hydrogen bonding with the duplex 

(Figure 1.1.2) (Saenger, 1984; Cheng & Pettitt, 1992). Hydrogen bonding in the original 

duplex remains of Watson-Crick type. Triplexes can be usually formed from 

homopolymer strands (Cheng & Pettitt, 1992). There are two main types of 

homopolymer triplexes according to the base type of the triplex forming strand, 

pyrimidine*(purine*pyrimidine) (py*(pu*py)) and pu*(pu*py) (Cheng & Pettitt, 1992). 

Presence of monovalent and often divalent metal ions is required for triplex formation. 

The importance of triple helical structures in different processes of DNA 

functioning and regulation generated great interest in investigating these structures (Pilch 

et al, 1990; Cheng & Pettitt, 1992). A potential biological role of triple helical nucleic 

acids as regulators of eukariotic gene expression has been shown (Wells et al, 1988). 

Homo(pu)*homo(py) sequences are frequently located at the 5' end of many eukariotic 

genes and sites involved in genetic recombination (Wells et al, 1988; Bernues et al, 

1989). Formation of triple helices at these sites may be necessary for optimal gene 

expression (Pilch et al, 1990). A protein capable of binding to dT*(dA*dT) triplex has 

been discovered (Kiyama & Camerini-Otero, 1991). This protein has a much higher 

affinity of binding to triplex than to duplex dA*dT or to single-stranded dA or dT. 

Recently, sequence-specific DNA and RNA recognition by specially designed 

oligonucleotides focused attention on the possible use of such oligonucleotides as a 

potential new class of pharmacologically active compounds, which may allow for the 

efficient treatment of different diseases with minimal side affects (Zhou-Sun et al, 1997). 

Homopyrimidine deoxyoligonucleotides covalently linked to DNA cleaving agents, which 

cut duplex DNA in a sequence specific fashion via triplex formation have been synthesized 

(Moser & Dervan, 1987; Perrouault et al, 1990). These studies establish the usefulness 

of such sequences as probes for chromosome mapping and as antisense DNA for 

chemotherapeutic applications, in which gene expression is regulated by triplex formation. 
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This application has been addressed in studies on the inhibition of c-myc oncogene 

expression in vitro by a triplex formation (Cooney et al, 1988). 

A number of other triplexes have been obtained and studied up to date (Cheng & 

Pettitt, 1992). The first triple helical structure was discovered for polyU*(polyA*polyU) 

(Felsenfeld et al, 1957). Poly(A)*poly(U) duplex disproportionates into a 

poly(U)*poly(A)*poly(U) triple helix and a single poly(A) strand as the salt concentration 

is raised (Saenger, 1984). The extra poly(U) strand fits into the major groove of this 

double helix. It is widely accepted that the third strand forms a Hoogsteen-type base pair 

with the poly(A) chain of the duplex (Saenger, 1984; Ohms & Ackermann, 1990). In this 

case the two strands of the Hoogsteen poly(U)*poly(A) double helix run parallel to each 

other. However, it has been suggested that formation of a reverse Hoogsteen-type base 

pair is possible and can better explain many of the experimental spectroscopic results and 

theoretical calculations (Miles, 1964; Wang et al, 1994a). Formation of the reverse 

Hoogsteen base pairing will require that the strands of Hoogsteen poly(U)*poly(A) duplex 

run antiparallel to each other (Cheng & Pettitt, 1992). In either case, all three strands 

have nearly the same configuration, which is slightly modified from the standard A-form 

geometry (Saenger, 1984). The sugar pucker is in the Cy-endo conformation and the 

glycosidic bond adopts the anti orientation for all three strands. Formation and stability of 

the poly(U)*poly(A)*pory(U) triple helix depends largely on the type of cations present in 

the solution and the temperature (Krakauer & Sturtevant, 1968). For example, triple helix 

stability at certain temperature increases as the cations change from Na+ to K+ and to Mg2+ 

(Krakauer & Sturtevant, 1968). In general, divalent cations stabilize the triple helix 

formation more than monovalent cations (Cheng & Pettitt, 1992). 

1.2 General overview of metal ion interaction with nucleic acids 

Metal ions are present in practically all biological systems and participate in many 

biological processes. They can participate in both stabilization and destabilization of 

numerous biological structures. Many metal ions are found in intimate association with 
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nucleic acids in their natural environment. It is known that metal ions together with water 

molecules of the nucleic acid hydration shell determine NA conformation (Saenger, 1984; 

Semenov etal, 1994). Metal ion interaction with nucleic acids has been shown to play an 

important role in different biological processes, e.g. genetic expression, metallo-enzymatic 

processes, mutagenesis, carcinogenesis, DNA packing in a living cell (Izatt et al, 1966; 

Sissoeffefa/., 1976; Bloomfield, 1998;Lerman, 1973). 

One of the most important actions of metal ions on NA is neutralizing negative 

charges of NA phosphates (Saenger, 1984). It is known that each NA phosphate bears a 

negative charge equal to -1. When NA forms a double helical configuration, the 

negatively charged phosphate groups appear in close vicinity to each other. This approach 

of the phosphate groups results in a significant increase of electrostatic repulsion between 

them, which destabilizes the double helix. The presence of cations in the DNA solution 

and their binding to the phosphate groups reduces the electrostatic repulsion and enables 

the formation of a double helix. In the absence of any cations, the native double-helical B-

conformation of DNA cannot be formed and, consequently, DNA cannot perform its 

functions (Sissoeffe/ al, 1976). 

All metal ions surrounding a DNA molecule may be divided in two main classes 

(Blagoi et al, 1991). The first class consists of the ions, which form relatively stable 

complexes with DNA by means of specific binding to the DNA molecule. These ions are 

at relatively small distances from DNA binding sites (~3 A), which enables the formation of 

chelates and strong electrostatic complexes between metal ions and DNA. The lifetime of 

such complexes is 10"7 s and more (Blagoi et al, 1991). The second class consists of the 

ions forming the ionic atmosphere around the DNA molecule. This ionic atmosphere can 

spread out hundreds of angstroms around the DNA. The ions contained in the ionic 

atmosphere do not loose their hydration shells and participate only in electrostatic 

interaction with DNA (nonspecific binding). The lifetime of such binding is 10"9 - 10"11 s 

(Blagoi et al, 1991). 
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One of the most successful theoretical approaches describing DNA interaction 

with counterions is so called "counterion condensation theory" developed by G. Manning 

(Manning, 1978). According to this model, a DNA molecule can be imagined as an 

infinitely long rod with negative charges equally spaced along its surface. Electrostatic 

properties of this rod can be characterized by the linear charge density £,, which depends 

on the charge spacing along the rod, dielectric constant, temperature and other 

parameters. Manning has shown that in case of £>1 (strongly charged polyanion) 

counterions surrounding the DNA polyanion will "condense" on the polyanion surface, 

thus neutralizing the strong negative charge until the linear charge density of the polyanion 

reduces to the critical value corresponding to £,=1. One of the interesting and important 

results of the theory is that the condensed fraction of counterions depends only on the 

linear charge density of the polyanion and the valence of the counterion and does not 

depend in wide limits on the concentration of counterions. For example, DNA in the B-

conformation has linear charge density ^=4.2 and, therefore, represents a strongly charged 

polyanion with high linear charge density. Thus, if DNA in the B-form is placed in a 

cationic solution, cations will condense on the DNA surface until a certain portion of the 

DNA linear charge density will be neutralized (up to £=1 in the limiting case). The degree 

of neutralization will depend only on the cation charge. Hence, monovalent ions are able 

to neutralize 76% of negative charges of B-form DNA phosphates, whereas divalent ions 

can neutralize up to 88% and trivalent ions up to 92% of phosphate charges. It follows 

from Manning's theory that cations, surrounding the polyanion, split into two phases: 

cations of one phase are condensed on the DNA polyanion while cations of the other 

phase form an ionic cloud (ionic atmosphere) spread out far from the polyanion. Such a 

theoretical description of the cation interaction with DNA closely resembles the real 

nature of the process of DNA charge neutralization by metal ions. However, the theory 

describes only the electrostatic side of the process without any specifications of the modes 

of metal ion binding to DNA. 
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As a result of numerous X-ray, NMR, IR and UV studies it has been established 

that nucleic acids contain four different potential sites for binding of metal ions: the 

negatively charged phosphate oxygen atoms, the hydroxyl groups of ribose, the base ring 

nitrogens, and the exocyclic base keto groups (Figure 1.2.1) (Sletten, 1971; Sissoeff er al, 

1976; Marzilli eta!., 1980; Granot et al, 1982b; Saenger, 1984; Albiser & Premilat, 1985; 

Blagoi et al, 1991, and references therein; Froystein et al, 1993; Tajmir-Riahi et al, 

1993b; Sorokin et al, 1996; Kornilova et al, 1998; Arakawa et al, 2000). All binding 

sites have localized negative charge, which enables metal ion interaction at these sites. 

Figure 1.2.1. Schematic description of metal ion coordination sites on a nucleotide 

(After Saenger, 1984, page 202) 



16 

Binding to phosphate groups is accomplished by formation of complexes between 

positively charged metal ions and negatively charged phosphate oxygens. In sugars, metal 

ion complexes the hydroxyl group through the lone electron pair of the oxygen (Saenger, 

1984). 

The main binding sites on the bases in the presence of Watson-Crick hydrogen 

bonding can be seen from Figure 1.2.2. 

adenine thymine 

Figure 1.2.2. Watson-Crick hydrogen bonded GC and AT basepairs 

R stands for deoxyribose; star (*) indicates the most active binding sites available upon 

formation of basepairs. Adapted from SissoefFe? al. (1976). 



17 

Heterocyclic nitrogens of the bases carry lone electron pairs and, therefore, are 

very good ligands for metal ions (Saenger, 1984). In nucleotides or in single stranded NA, 

purine N9 and pyrimidine Ni positions form the glycosidic link and are not accessible for 

metal ions. Binding to N7 is preferred over that to Ni and over N3 in both purines 

(Saenger, 1984). However, in most cases the presence of the sugar moiety at the N9 

position in purine nucleosides and nucleotides will sterically discourage metal binding at 

the N3 position. Therefore, this binding site does not need to be taken into account 

(Marzilli et al, 1980). In pyrimidines, only cytosine can offer N3 for metal ion 

complexation, while U and T have no ring nitrogen atoms available. In pyrimidines, direct 

metal ion binding to O2 (C) and to O2 and 0 4 (U,T) can take place (Saenger, 1984). In 

contrast, 0 6 (G) is generally not involved in direct metal binding, probably because N7 is a 

better ligand and simultaneous coordination to N7 and 06 would lead to an unfavorable 

geometry (Sletten, 1971; Saenger, 1984). However, 06 (G) can participate in indirect 

binding via a water molecule of the hydration shell of the metal ion directly coordinated to 

N7 (G) (Figure 1.2.3) (Sletten, 1971; Saenger, 1984; Marzilli et al, 1980). Similar 

complexation utilizing direct chelation of a metal ion to N7 (A) and indirect binding via a 

water molecule to NH2 of A is also possible (Marzilli et al, 1980). Another type of metal 

complex involving both direct metal ion complexation with N7 (G) and indirect water-

mediated binding to 0 6 (G) and to the oxygens of the phosphate group is possible (Figure 

1.2.3). However, it has not been observed that N7 of guanine or adenine and the 

phosphate group of the same nucleotide are directly coordinated to the same metal center 

(Marzilli ef al, 1980). 

As can be seen from Figure 1.2.2, upon forming Watson-Crick base pairing, Ni 

(A), N3 and O2 (C) and O4 (U, T) become engaged in hydrogen bonding and thus 

inaccessible for metal ions. Significant metal complexation to these sites may be possible 

only upon distortion of hydrogen bonding (Alex & Dupuis, 1988; Tajmir-Riahi et al, 

1993b). 
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Figure 1.2.3. Example of direct metal ion chelation to N7 (G) and indirect water-

mediated binding to 06 (G) and phosphate oxygens 

Molecular structure of (guanosine-5'-monophosphate)penta(aquo)cadmium(II) (Aoki, 

1976). 
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However, some insignificant metal ion binding to the sites engaged in hydrogen bonding is 

still possible due to fluctuational openings of the base pairs (Blagoi et al, 1991). In 

summary, only N7 (G, A) and O2 (T or U) are readily available in double stranded DNA 

for metal ion complexation (Sissoeff et al, 1976). Numerous experimental studies, 

including solution NMR, indicate that the main binding site on the bases of native DNA is 

N7 (G) (Alex & Dupuis, 1988; Tajmir-Riahi et al, 1988; Langlais et al, 1990; Blagoi et 

al, 1991; Jia et al, 1991; Froystein & Sletten, 1991; Froystein et al, 1993; Tajmir-Riahi 

et al, 1993b; Duguid et al, 1995). It was shown that divalent metal ion binding affinity 

to N7 of adenine is smaller than that of guanine by approximately an order of magnitude 

(Froystein & Sletten, 1991). According to theoretical calculations, N7 (G) has the highest 

negative electrostatic potential and is one of the most reactive binding centers on DNA 

bases (Perathia et al, 1977; Pullman & Pullman, 1981; Sponer et al, 1998; Zhanpeisov & 

Leszczynski, 1998; Gorb & Leszczynski, 1998). It should be noted that both experimental 

and theoretical results indicate that metal binding to N7 site of purines can strengthen base 

pairing (Marzilli et al, 1980; Alex & Dupuis, 1988; Sponer et al, 1998). According to 

X-ray data, binding to O2 of T and U can occur weakly in the solid state, but no evidence 

in solution exists for participation of these groups in metal binding that is not controversial 

(Marzilli et al, 1980). However, some data indicate the possibility of divalent metal ion 

complexation with 0 2 (U) (Blagoi et al, 1991). Protonation can also influence the 

availability of base binding sites for metal ion complexation, however, protonation of the 

most reactive centers occurs at pH < 5 and therefore may not be considered for the neutral 

state (pH ~ 7) (Saenger, 1984; Marzilli et al, 1980). Several possible models of metal ion 

binding are shown in Figure 1.2.4. It is important to note that in solution several different 

complexes may coexist (Marzilli et al, 1980). 
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Figure 1.2.4. Probable binding sites for metal ions on DNA 

(a) electrostatic binding to negatively charged phosphate groups; 

(b) mixed chelate between N7 of purine base and phosphate group of the same strand; 

(c) internal chelate between N7 and 06 or N6 of the same purine base; 

(d) interstrand complex between guanine base, rotated around glycosidic bond, and its 

corresponding cytosine base (specific for G-C base pairs); 

(e) interstrand cross-link between Nj of purine base on one strand and N3 of pyrimidine 

base on the opposite strand; 

(f) "sandwich" complex between successive guanine bases located on the same strand 

involving N7 and 06 (specific for the GpG sequence). 

After Sissoeff etal., (1976). 
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Different metal ions have different sites and modes of binding and, thus, differently 

influence DNA structure and stability (Izatt et al, 1966; Sissoeff et al, 1976). Na+ ions do 

not bind to specific sites in DNA and remain close to the DNA chains as counterions 

(Sissoeff et al, 1976). Alkaline metal ions (Li+, Na+, K+, Rb+, Cs+) generally bind 

exclusively to the phosphate groups of DNA (Sissoeff et al, 1976). Alkaline earth metal 

ions (Ca2+, Mg2+, Sr2+, Ba2+), while they can bind to the bases, have much higher affinity 

for the phosphate groups and can be considered as preferring binding to DNA phosphates 

(Sissoeff et al, 1976). A general model of binding of these two types of ions is shown in 

Figure 1.2.4 (a). Transition metal ions (Mn2+, Cu2+, Ni2+, Co2+, Zn2+, Cd2+, etc.) can bind 

to the phosphate groups and to the bases at the same time (Sissoeff et al, 1976). These 

metal ions can be arranged according to increasing affinity for the base relative to the 

phosphate sites (Sissoeff etal, 1976): 

Co2+ = Ni2+ < Zn2+ < Mn2+ < Cd2+ < Cu2+ 

Some metal ions, e.g. Ag+, Hg2+, bind preferentially to the bases (Sissoeff et al, 1976). 

Binding models depicted in Figure 1.2.4 (a) - (c) are the most probable for many of 

transition metal ions, however for some (e.g. Cu2+) all models in Figure 1.2.4 can be 

realized (Blagoi ef al, 1991). 

Binding of alkaline and alkaline earth metal ions leads to the neutralization of 

negative charge on the phosphate groups and thus stabilizes DNA structure in solution 

(Izatt et al, 1966; Sissoeff et al, 1976). Divalent ions of the transition metals have a more 

complicated behavior. At low concentrations, these ions bind preferentially to the 

phosphate groups thereby stabilizing the structure of DNA. At intermediate and high 

concentrations they start to bind to the bases. Usually and depending on the type of the 

ion, binding to the bases may disrupt Watson-Crick hydrogen bonding and thus destabilize 

the structure of the macromolecule. In general, the destabilization ability of metal ions is 

directly proportional to their affinity for the bases (Sissoeff et al, 1976). 

The following discussion focuses on possible models of binding of the multivalent 

metal ions employed in the present study, namely Cu2+, Mn2+, Ni2+ and Cr3+. 
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Due to the significance of Cu + in biological processes, its interaction with nucleic 

acids has been studied extensively during several decades using different methods and 

techniques (Eichhorn et al, 1966; Venner & Zimmer, 1966; Minchenkova & Ivanov, 

1967;Fritzsche&Zimmer, 1968; Zimmer et al, 1971; Sletten, 1971; Richard et al, 1973; 

Theophanides & Tajmir-Riahi, 1984; Tajmir-Riahi et al, 1988; Pawlowski et al, 1988; 

Tajmir-Riahi et al, 1993b; Duguid et al, 1993; Kornilova et al, 1994; Sorokin et al, 

1996; Kornilova et al, 1998; also see Sissoeff et al, 1976; Marzilli et al, 1980; and 

Blagoi et al, 1991 for other references). Cu2+ - DNA binding is a highly cooperative 

process and is related to DNA denaturation, similar to acid denaturation (Sissoeff et al, 

1976). At very low metal concentration, Cu2+, like most of the other ions, binds non-

specifically to phosphate groups of DNA (Sissoeff et al, 1976; Tajmir-Riahi et al, 

1993b). With increasing concentration, Cu2+ ions bind to the phosphate groups and to the 

nitrogen bases though with much higher affinity for the latter (Zimmer et al, 1971; 

Sissoeff et al, 1976; Blagoi et al, 1991; Tajmir-Riahi et al, 1993b). Stronger 

destabilization observed after addition of Cu2+ to GC rich DNA compared to AT rich 

DNA suggests that Cu2+ binds to guanine and possibly cytosine sites in DNA (Venner & 

Zimmer, 1966; Minchenkova & Ivanov, 1967; Fritzsche & Zimmer, 1968; Zimmer & 

Venner, 1970; Zimmer et al, 1971; Richard et al, 1973; Sissoeff et al, 1976; Marzilli et 

al, 1980; Blagoi et al, 1991). The main binding sites on DNA bases are N7 and 0 6 of G 

and N3 and 0 2 of C (Marzilli et al, 1980). Several models of Cu2+ binding to DNA have 

been proposed. The most widely accepted model is chelation of Cu2+ with N7 (G) and an 

oxygen of the closest phosphate group of the same strand ( Figure 1.2.4 (b)) (Zimmer et 

al, 1971; Richard et al, 1973; Sissoeff et al, 1976). However, it is necessary that the 

phosphate and the base are not on the same nucleotide (Daune, 1969). This type of 

binding induces distortion of the hydrogen bonds, thus destabilizing DNA (Richard et al, 

1973). Another possible model, the "sandwich complex", involves two adjacent G of the 

same strand bound by a Cu2+ ion and forming a structure like G-Cu2+-G (Figure 1.2.4 (f)) 

(Richard et al, 1973; Sissoeff et al, 1976). This model is supported by studies on model 
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dG-dC polynucleotides, which present a regular array of binding sites for Cu + ions 

(Richard et al, 1973). The saturation of binding corresponds to one bound Cu2+ per 4 

nucleotides, as predicted by the model. One other possibility is that Cu2+ binds to G and C 

of different strands (Figure 1.2.4 (d)) (Zimmer et al, 1971; Sissoeff et al, 1976; 

Kornilova et al, 1994; Sorokin et al, 1996). In this model, Cu2+ chelates with N7 and 0 6 

of G on one strand, and N3 and O2 of C on the opposite strand. Formation of this 

complex requires significant changes in geometry. It is thought that this interstrand 

complex affects the angle of the glycosidic bond of G from the anti to the syn 

conformation thereby switching the type of hydrogen bonding between G and C from 

Watson-Crick to Hoogsteen (Zimmer et al, 1971; Sorokin et al, 1996). Although these 

structural modifications should alter the CD spectra significantly, such spectral changes 

were not confirmed (Richard et al, 1973; Sissoeff et al, 1976). Possibilities of Cu2+ 

chelate formation with N3 and 0 2 of cytosine have been shown for crystal and solution 

structures of metal complexes with cytidine (Marzilli et al, 1980; Blagoi et al, 1991). 

Interbase Cu2+ coordination between N3 (C) and 06 (G) in native DNA due to 

fluctuational openings of the base pairs has also been suggested (Blagoi et al, 1991). In 

general, all hypothetical binding models, depicted in Figure 1.2.4 are possible for Cu2+ 

ions (Blagoi et al, 1991). This variety of binding possibilities is connected with the ability 

of Cu2+ to bind to different DNA functional groups (Blagoi et al, 1991). 

Mn2+ and Ni2+ ions have similar behavior when binding to DNA. Both have much 

lower affinity to the DNA bases than Cu2+ ions (Sissoeff et al, 1976). The main binding 

site for Mn2+ is N? (G) due to the high activity and relatively exposed location of this site 

(Sissoeff et al, 1976; Marzilli et al, 1980; Saenger, 1984). Coordination to other 

possible sites are either less favorable, e.g., N7 (A), or sterically restricted due to the large 

octahedral coordination sphere of the ion, e.g., N3 (C) (Saenger, 1984; Marzilli et al, 

1980; Blagoi et al, 1991). In the case of binding to cytosine, preference of Mn2+ ions to 

complex with O2 (C) was noted because of the sterical constraint for binding to N3 (Blagoi 

et al, 1991). Despite the general preference for N7 (G), some extent of Mn2+ binding to 
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N7 (A) has also been suggested (Blagoi et al, 1991). Mn ions in addition to direct 

chelation to N7 (G) may simultaneously form indirect water-mediated bridges to 06 (G) 

and/or to phosphate oxygens (Figure 1.2.3) (Sissoeff e/ al, 1976; Marzilli et al, 1980; 

Komilova et al, 1993). Formation of the direct chelate between N7 (G) and a phosphate 

group, resulting in Mn2+ destabilizing the double helix, has also been proposed (Sissoeff er 

al, 1976). Due to the relatively low affinity to the bases, Ni2+ ions preferably bind to 

phosphate groups, but strong direct metal coordination to N7 (G) and formation of water-

mediated hydrogen bonds with 06 (G) and phosphate oxygens is also possible (Marzilli et 

al, 1980). The possibility of Ni2+ as well as Mn2+ coordination with O4 (U) has been 

suggested (Blagoi et al., 1991). Models, depicted in Figure 1.2.4 (a) - (c), are 

characteristic for both Mn2+ and Ni2+ ions (Blagoi et al., 1991). 

Cr3+ ions have been shown to bind to DNA phosphate groups and N7 (G) 

(MontreP et al, 1993; Arakawa et al, 2000). Chelation of Cr3+ ions via guanine N7 and 

the nearest phosphate group has been suggested (Arakawa et al, 2000). No direct Cr3+ 

binding to A or T has been reported, although indirect binding via water molecules cannot 

be excluded (Arakawa et al, 2000). 

Metal ion binding to NA can induce different changes in macromolecular structure 

and functions (Sissoeff et al, 1976; Marzilli et al, 1980; Duguid et al, 1993). The 

necessity of cations being present for maintaining the native B-conformation of DNA was 

emphasized above. However, metal ions can not only stabilize, but also destabilize DNA 

native conformation. The ability of Cu2+ ions to denature DNA was mentioned above. 

Cu2+ can induce DNA helix-to-coil transition (DNA melting). Binding to nucleobases, 

Cu can induce errors during transcription and translation of genetic information thereby 

initiating mutations. Binding of Mn2+ ions favors the opening of the DNA secondary 

structure and induces at least local conformational changes in the vicinity of a GC-pair 

(Sissoeff et al, 1976), with the result that the specific recognition process of the GC-pair 

is modified. Furthermore, involvement of N7 of guanine in Mn2+ (or other ions) binding 

can modify the affinity of this and neighboring sites to other potential ligands (Sissoeff et 
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al, 1976). Mutagenic action of Cu2+ and Mn2+ on phage and bacterial DNA has been 

demonstrated (Sissoeff ef al, 1976). Along with some other metal ions, Cu2+ can induce 

conformational changes in DNA that make a substrate-DNA-Cu2+ complex recognizable 

by enzymes when it shouldn't be recognized, or the complex could make a substrate 

unrecognizable when it should be recognized by an enzyme (Sissoeff et al, 1976). For 

example, it has been shown that Cu2+ and Hg2+ can inhibit RNA-dependent DNA 

polymerase of the Rous sarcoma virus by interacting with DNA sequences and, 

consequently, inactivating its ability for transformation (Sissoeff et al, 1976). Finally, it 

has been shown that Cu2+ ions can initiate tumors in animal tissues (Sissoeff et al, 1976). 

It has been suggested that by changing the concentration of Cu2+ together with 

other divalent metal ions, like Mg2+ or Ca2+, living cells can regulate normal processes of 

DNA replication and transcription (Richard et al, 1973). During this process, Cu2+ ions 

can induce opening of short segments of DNA to make them available for reading the 

information, while Mg2+ or Ca2+ close them after the information has been transferred. 

Another yet not less important aspect of divalent metal ion interaction with nucleic 

acids is the ability of metal ions to induce or prevent nucleic acid conformational 

transitions. It has been shown that such metals as Ca2+, Mn2+, and Cu2+ at certain 

concentrations can prevent DNA transition from B- to A-form while lowering DNA 

hydration (Kornilova et al, 1993; Kornilova et al, 1994; Kornilova et al, 1995; 

Andrushchenko et al, 1997). In contrast, addition of a number of metal ions, including 

Mn2+, can induce transition of poly- or oligo(dG-dC) in left-handed Z-conformation (Pohl 

& Jovin, 1972; van de Sande et al, 1982b; Rossetto & Nieboer, 1994; Andrushchenko et 

al, 1999). 

One more conformational transition which can be induced by metal ions is double-

to triple-strand transition and formation of triple helical structures of nucleic acids 

(Krakauer and Sturtevant, 1968; Cheng & Pettitt, 1992; Yang and Keiderling, 1993). 

Divalent metal ions can induce DNA aggregation (Shibata & Schurr, 1981; Knoll 

et al, 1988; Duguid et al, 1993; Duguid et al, 1995). Trivalent and higher valence ions 
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as well as divalent ions acting synergestically with other factors can induce DNA 

condensation into highly condensed particles in vitro (Bloomfield, 1991; Bloomfield, 

1998). The condensation process plays a very important role in DNA packing in living 

cells (Bloomfield, 1998). 

1.3 DNA condensation and y/-type structure 

Genomic DNA is a very long molecule. The length of DNA may exceed up to 105 

times the length of the cell (Ono & Spain, 1999). At the same time, DNA must fit into a 

very small space inside a cell nucleus, virus particle, or chromosome of a higher organism, 

where it must occupy 104 - 106 times less volume than it does when free in solutions 

(Arscott et ah, 1990). For example, T4 phage DNA must reduce its volume as much as 

-6900 fold (Bloomfield, 1998). In order to achieve such a high level of compaction, a 

DNA molecule transforms (or several molecules assemble) into higher ordered three-

dimensional structures (tertiary, quaternary and so on) instead of existing in a simple, 

relaxed, worm-like double-helical secondary structure. Considering the obvious energetic 

barriers for such a tight packaging due to tight bending of stiff double-helices and 

electrostatic repulsion of the negatively charged phosphates, it is surprising that highly 

cooperative condensation can occur spontaneously upon adding multivalent cations in low 

concentration (Bloomfield, 1998, and references therein; Blagoi et al, 1991). 

Condensation is defined as a decrease in the volume occupied by a DNA molecule 

or molecules (Bloomfield, 1998). In the condensed state, DNA molecules may be 

separated by just one or two layers of water. While condensation of single molecules has 

been observed, it is more common that several molecules are incorporated into the 

condensed structure. Thus, condensation is difficult to distinguish from aggregation. The 

use of the term "condensation" is generally confined to a situation in which the aggregate 

is of finite size and has ordered morphology, while "aggregation" is connected to the 

formation of more amorphous accumulations of molecules (Bloomfield, 1991; Bloomfield, 

1998). 
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DNA condensation can be induced by the addition of various condensing agents or 

their combinations. One of the most widely studied types of condensation is the one 

induced by naturally occurring polyamines (spermine and spermidine) and cobalt hexamine 

(Widom & Baldwin, 1980; Bloomfield, 1991; Bloomfield, 1998, and references therein). 

Addition of neutral polymers (e.g. polyethylene oxide, PEO) and high concentrations of 

monovalent salt (e.g. NaCl) can produce so called ^-DNA, where y/ is the acronym for 

Polymer-and-Salt-/nduced, which describes the condensation process (Lerman, 1971). 

Addition of trivalent (or higher valence) metal ions to DNA solutions is known to induce 

DNA condensation as well (Osterberg et al, 1984; Gersanovski et al, 1985; Tajmir-Riahi 

et al, 1993a; Arakawa et al, 2000; Bloomfield, 1998, and references therein). Finally, 

DNA condensation can be induced by synergestic action of divalent metal ions and other 

factors (Bloomfield, 1998, and references therein). 

Despite the strong thermodynamic forces, which oppose the condensation of DNA 

into compact structures, it was shown by Wilson and Bloomfield (1979) based on the 

calculations in the frame of Manning's counterion condensation theory (Manning, 1978), 

and by Post and Zimm (1982a) that condensation of a polymer can become 

thermodynamically favorable under certain polymer-solvent conditions. In order to 

achieve such conditions, it is necessary to make solvent-DNA interactions less favorable, 

or, which is essentially the same, DNA-DNA interactions more favorable (Widom & 

Baldwin, 1980). The main force opposing condensation is a high negative charge on the 

phosphates. Therefore, the negative charge should be neutralized in the first instance, 

which will reduce repelling interactions, and at a certain degree of neutralization of 

negative phosphate charges DNA-DNA interactions will become more favorable than 

DNA-solvent interactions. Wilson and Bloomfield (1979) have shown that this degree of 

neutralization is 89-90%. According to Manning's theory (Manning, 1978), only trivalent 

(or higher valence) ions are able to induce this degree of phosphate charge neutralization. 

Monovalent and divalent ions can neutralize only 76% and 88% of the negative charge, 
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respectively. This means that in principle any trivalent ion can induce DNA condensation 

(Widom & Baldwin, 1980). 

Divalent ions can not perform this task by themselves. However, they can if they 

act synergestically with other factors, which can increase favorability of DNA-DNA 

interactions or decrease favorability of DNA-solvent interactions. For example, such a 

factor can be an addition of alcohol in aqueous DNA solutions. Wilson and Bloomfield 

(1979) have demonstrated that in 50% methanol DNA condensation can be induced by 

Mg2+. They reason that 50% methanol lowers the dielectric constant of the bulk solution, 

which in turn increases the value of DNA linear charge density £, and allows neutralization 

of 91% of the negative charge on DNA by Mg2+. They calculated that the midpoint of the 

Mg2+ induced transition occurs at 89 to 90% charge neutralization, as for polyamine-

induced condensation in water. 

Concentrations of different trivalent ions, necessary to induce DNA condensation, 

can differ by as much as 5-fold (Widom & Baldwin, 1980). These specific ion effects are 

not included in Manning's theory, which predicts that ion binding to DNA should depend 

only on the charge of the cation and not on its structure (Manning, 1978). Calculations 

have shown that charge neutralization alone is not enough to overcome the forces 

opposing condensation (Bloomfield et al, 1980). It has been suggested that additional 

attractive forces between DNA molecules should take place (Bloomfield et al, 1980; 

Widom & Baldwin, 1980; Widom & Baldwin, 1983a). One of the suggestions about the 

origin of these forces was that they may arise from the formation of condensing agent-

mediated crosslinks between different parts of the DNA molecule (molecules) (Yurgaitis 

& Lazurkin, 1981; Widom & Baldwin, 1983a; Schellman & Parthasarathy, 1984; Knoll et 

al, 1988). It may be possible, that only ions with 3+ valence or greater can bind with 

sufficient energy to overcome the segment-segment repulsive force from the remaining 

unneutralized phosphate charge (Widom & Baldwin, 1983a). Therefore, site-specific 

interactions of metal ions with DNA can be important in the DNA condensation process 

(Gersanovski et al, 1985; Arakawa et al, 2000). 
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When studied in very dilute aqueous solutions (~1 ug/mL), where extensive 

intermolecular aggregation is minimized, DNA usually condenses with formation of 

relatively uniform particles (Widom & Baldwin, 1980; Bloomfield, 1998). These particles 

have very similar morphology and size. Toroids and rods are the structures most 

commonly observed at such conditions. A striking feature of this type of DNA 

condensation is that the dimensions and morphology of condensed DNA particles are 

largely independent of the size of the DNA (Widom & Baldwin, 1980; Bloomfield, 1998). 

However, the minimal length of the DNA necessary to form toroids and rods is about 400 

basepairs (Widom & Baldwin, 1980). This indicates that attractive interactions per base 

pair are very small and at least several hundred base pairs must interact either inter- or 

intramolecularly in order to form a stable condensed particle (Bloomfield, 1998). DNA 

stiffness also plays an important role in limiting the minimal length of macromolecules able 

to form toroids or rods. The main fraction of the particles usually consists of toroids. 

Rod-like particles are occasionally seen among the toroids, but they are rarely in high 

proportion unless the solvent or the condensing agent is somewhat nonpolar (Bloomfield, 

1998). The toroids are formed by circumferentially wrapped DNA molecules with a well 

defined hole in the middle (Marx & Ruben, 1983). The typical diameter of the toroid is 

between 500 and 1000 angstroms (Evdokimov et al, 1972b; Widom & Baldwin, 1980, 

1983a; Marx & Ruben, 1983; Chaires & Sturtevant, 1988; Arscott et al, 1990; 

Bloomfield, 1991). Other dimensions have also been reported, e.g., 1850 angstroms 

(Allison et al, 1981). Rod-like particles have a similar structure. They can consist of 

either one single molecule bent many times or several molecules aligned parallel to each 

other. The size of rods is similar to that of straightened toroids. Thus, the most typical 

length of rods reported is -2000 angstroms (Arscott et al, 1990). The preference for 

toroidal conformation of condensed DNA over the other possible types of aggregates 

(spherical globules, rods or random aggregates) results from the stiffness of DNA, the 

weak attractive force between DNA segments, and very low DNA concentrations 
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(Bloomfield, 1998). Manning (1980) has developed a theory explaining the toroidal shape 

of the condensed particles. 

The kinetics of the DNA condensation is relatively slow (Bloomfield, 1998; He et 

al, 2000). Experiments carried out in dilute solutions typically show two phases of 

condensation. The first phase is relatively fast. It is completed within a few minutes and 

is attributed to a collapse of individual DNA molecules and their association in the 

condensing particle. The second phase is slow and may continue even for several hours 

(typically 30-120 min) and is connected with secondary aggregation of toroids and rods 

into larger particles. 

DNA condensation has been shown to be a highly cooperative process and occurs 

over a small concentration range of condensing agent (Bloomfield, 1991). 

Decondensation can be easily induced by dilution of the condensing agent. In 

contrast to the condensation it is very rapid, being completed within a few seconds 

(Bloomfield, 1998). The addition of high concentrations of monovalent or divalent 

cations has also been shown to reverse the DNA condensation due to cation competition 

with condensing agents (Widom & Baldwin, 1980). Several intercalating dyes have been 

shown to inhibit Co(NH3)63+ induced condensation of DNA into toroidal particles (Widom 

& Baldwin, 1983b). All intercalators studied acted as competing cations in displacing the 

condensing cation from the DNA. The secondary structure of DNA molecules that 

constitute toroids and rods has been shown to correspond to a standard B-form geometry 

(Widom & Baldwin, 1980). 

Changes in the experimental conditions, especially in the DNA concentration, may 

influence the shape and size of the resulting particles considerably (Bloomfield, 1998). 

For example, toroids are seen at low Co(NH3)6
3+ concentration, but spherical globules 

become predominant as the concentration of the condensing agent increases (Bloomfield, 

1998). Irregular globular structures, flower-like structures, spools and amorphous shapes, 

have also been reported (Allison et al, 1981; Ono & Spain, 1999; Keller & Bustamante, 

1986b). 
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Lerman (1971) has discovered another type of DNA condensation, producing so 

called y/-DNA. j n contrast to the polycation-induced DNA condensation, y/-type 

condensation could be induced in the absence of multivalent cations, but instead in the 

presence of neutral polymers (for example, polyethylene oxide (PEO) or polyethylene 

glycol (PEG)) in high salt conditions and at significantly higher DNA concentrations 

(Lerman, 1971). X-ray data suggest that DNA double-helices in the y/-form are oriented 

more or less parallel to each other with the interhelical distance varying between 25-40 

angstroms depending on the experimental conditions (Maniatis et al, 1974). The 

secondary structure of ^-DNA has been shown by X-ray to resemble most closely the B-

conformation (Maniatis et al, 1974). The possibility of DNA supercoiling during y/-

condensation has been ruled out (Maniatis et al, 1974). 

One of the most pronounced characteristics of y/-DNA is its enormously large 

electronic CD (ECD) spectrum. CD intensity increases up to several orders of magnitude 

compared to normal ECD of B-DNA have been obtained (Jordan et al, 1972; Cheng & 

Mohr, 1974; Cheng & Mohr, 1975; Potaman & Shlyakhtenko, 1982; Shin & Eichhorn, 

1984). The CD spectrum can exhibit either positive or negative maxima called (//(+) and 

y/(-), respectively (Shin & Eichhorn, 1984). 

It was found later that ^-type ECD spectra can be obtained not only in polymer-

and-salt induced DNA condensation but in rather different conditions, with different 

condensing agents, at different DNA concentrations, and with both natural DNA and 

synthetic polynucleotides. Thus, it has been shown that DNA can form ^-structure in the 

presence of polylysine and metal ions (Shin & Eichhorn, 1977). Both yA+) and y^-) forms 

of natural DNA have been obtained in water-salt-ethanol mixtures at certain 

concentrations of salt (NaCl) and ethanol (Potaman & Shlyakhtenko, 1982). Different 

DNA-histone complexes induce mostly y(+), but sometimes also y4r) spectra (Shin & 

Eichhorn, 1984). Both poly(dG-dC) and poly(dA-dT) readily form yAr) structures with 

polylysine (Brunner & Maestre, 1974; Shin & Eichhorn, 1984). Not only DNA but also 

double- and triple- stranded RNA has been shown to adopt ^-form in PEG and salt 
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solutions (Cheng & Mohr, 1974; Evdokimov et al, 1976). Finally, y/-type ECD spectra 

have been obtained upon addition of trivalent metal ions to aqueous DNA solutions at 

room temperature (Shin & Eichhora, 1984; Gersanovski et al, 1985). Gersanovski et al 

(1985) have shown in experiments with ^-type structures induced by Tb3+ ions that 89-

90% charge neutralization is necessary to obtain the ECD spectra typical for the DNA y/-

form. These results are in good agreement with results of Wilson and Bloomfield (1979). 

The anomalous ECD signals are observed not only in proper experimental conditions in 

vitro, but also in the condensed chromatin of various systems in vivo, such as in the helical 

sperm cells of the Mediterranean octopus Eledone cirrhosa, in suspensions of Drosophila 

melanogaster egg nuclei, etc. (Keller & Bustamante, (1986b). 

Although ifAr) DNA structure is generally preferred, (//(-) and (//(+) structures are 

interconvertible and reversible (Shin & Eichhorn, 1984). It has been shown that 

conditions, which can be used to convert the B-structure of poly(dG-dC)*poly(dG-dC) to 

the Z-structure, can induce further transitions that eventually lead to DNA condensed in 

yA+) form (Eichhorn et al, 1983; Zacharias et al, 1983). 

Intercalation of ethidium or proflavine can prevent DNA transition to the (//-form 

(Cheng & Mohr, 1975). Considering the stiffening effect of intercalating drugs on DNA 

this suggests that significant flexibility of the double-helix must be a prerequisite for the 

formation of the (//-form (Cheng & Mohr, 1975). 

It was noted that DNA with a thermally denatured secondary structure did not 

produce large ECD spectra, indicating the inability of thermally denatured single stranded 

DNA to form the ^/-structure (Evdokimov et al, 1972b). Similarly, only double stranded 

but not single stranded RNA was shown to produce characteristic (//-type ECD spectra 

(Evdokimov et al, 1976). Other data also indicate that double- and even triple-stranded 

polyribonucleotides can adopt (//-like conformations, whereas single-stranded ones do not 

(Cheng & Mohr, 1974). It was shown that (//-type condensation is readily reversible and 

large ECD spectra return to their normal B-form values upon dilution of the condensing 

agent (Evdokimov et al, 1972b; Cheng & Mohr, 1974). Thermal melting of the 
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structures corresponding to the ^-form occurs at temperatures below the Tm of the DNA 

secondary structure (Cheng & Mohr, 1974). The rather sharp melting transition of the y/-

form (within 5-10°C) strongly suggests an ordered structure (Cheng & Mohr, 1974). y/-

structure renaturation upon cooling confirms that ^-type condensation does not involve 

complete disruption of the double helix (Cheng & Mohr, 1974). 

It was suggested that wfermolecular interactions dominate the arrangement of the 

molecules in the condensed particle (Cheng & Mohr, 1975). Studies of DNA, sonicated 

for varying periods of time, have shown that ^/-type ECD spectra can be obtained for 

DNA with molecular weight ranging from 1.5* 105 to 3.3* 106 Da (-230 to -5000 base 

pair, respectively) (Cheng & Mohr, 1975). The optimum DNA size for ^-structure 

formation has been estimated around 106 Da (1600 basepairs or a contour length of 540 

nm) (Cheng & Mohr, 1975). Other data also indicate the ability of sonicated DNA to 

form stable /̂-form particles (Lerman, 1973; Gersanovski et ah, 1985). 

It has been shown in numerous studies that the ^-structure of DNA can form in a 

wide range of DNA concentrations ranging from -lO^M to 0.5 M (P) adopting different 

morphologies depending on the experimental conditions. Electron microscopy data have 

shown compact bundle-like particles (Laemmli, 1975). Other data at a DNA 

concentration of about 0.5 mg/mL indicate formation of compact microscopic globules 

ranging in diameter from a few u,m to 30 u,m or more, depending on the conditions 

(Lerman, 1973). Evdokimov has obtained y-type ECD spectra for toroidal particles 

formed by DNA with PEG at -10 u.g/mL DNA concentration (Evdokimov et ah, 1972a; 

Evdokimov et ah, 1972b). He determined that condensed DNA particles at these 

conditions can have either a more compact toroidal shape with the outer diameter ranging 

between 80 and 140 nm (800-1400 angstroms), or a less compact globular shape with 

diameter 150-200 nm (1500-2000 angstroms) depending on the concentration of the 

condensing agent (higher concentrations of PEG produced more compact toroidal 

particles) (Evdokimov et ah, 1972a; Evdokimov et ah, 1972b). The toroid dimensions 

obtained by Evdokimov are slightly larger than those obtained by other authors who 
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studied polycation-induced DNA condensation (Bloomfield, 1998; Widom & Baldwin, 

1980). However, in contrast to the ECD results obtained by Evdokimov, Widom and 

Baldwin (1980) indicate that toroidal particles, produced in the presence of polycations, 

retain the normal B-form ECD spectra. In addition, ^-type ECD spectra have been 

obtained in DNA and polynucleotide films at different relative humidities (Brunner & 

Maestre, 1974; Maestre & Reich, 1980). 

Maestre and Reich (1980) produced either a y4+) or ^(-) CD spectrum by 

mechanically twisting DNA film between two quartz plates in one direction or another. 

They concluded that an extremely large CD signal, reported for films, nucleohistones and 

certain types of condensed DNA, reflects a certain long-range order of helical nature. The 

sign of the maximum in the CD spectrum of ^-DNA (+ or -) is related to the twist sense 

of the intermolecular organization of the DNA molecules (Maestre & Reich, 1980). It is 

important to note that it is the tertiary helical ordering of the DNA molecules that 

produces the large CD values. Any random packing of nucleic acids will not produce any 

changes in CD except those produced by changes in secondary structure, which are 

significantly smaller in amplitude (Maestre & Reich, 1980). Furthermore, any changes in 

ECD that might occur as a result of changes in the secondary structure of DNA in the y-

state will be obscured by the much stronger ECD of the ^-form (Brunner & Maestre, 

1974). This imposes certain difficulties for monitoring the DNA secondary structure when 

it condenses into the ^-state. The inability of ECD to do this requires additional 

techniques, like X-ray or Raman spectroscopy (Maniatis et ah, 1974; Zacharias et al, 

1983). This is a drawback because different techniques usually require different 

experimental conditions, which can significantly alter the formation of the ^-state 

(Brunner & Maestre, 1974; Keller & Bustamante, 1986b). 

In addition to the anomalous intensity, ECD spectra of the y-form possess several 

other characteristic features. Usually, these spectra have long "tails" in non-absorbing 

regions (Cheng & Mohr, 1974; Brunner & Maestre, 1974; Maestre & Reich, 1980). 

These "tails" are connected with light scattered by condensed particles (Cheng & Mohr, 
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1974; Maestre & Reich, 1980). While the shape of the spectra is relatively reproducible 

for the same system, the magnitude varies from preparation to preparation (Brunner & 

Maestre, 1974). This sensitivity of the magnitude is an indicator that the y/-type spectra 

are dependent on the supramolecular structure of the condensed particles rather than on 

any intrinsic property of the constituent materials (Keller & Bustamante, 1986b). 

Different approaches have been proposed attempting to explain these anomalous 

ECD spectra (Cheng & Mohr, 1974; Brunner & Maestre, 1974, and references therein; 

Maestre & Reich, 1980; Weinberger et al, 1988). Several authors have proposed that the 

^-type spectra result from liquid crystal-type structure (Shapiro et al, 1969, Haynes et 

al, 1970; Cheng & Mohr, 1974; Brunner & Maestre, 1974). This suggestion has been 

supported by a theory that explains strong CD spectra appearing within absorption bands 

of liquid crystals (Holzwarth & Holzwarth, 1973). Some of the features of ^-type ECD 

were explained by contributions of light scattering (Cheng & Mohr, 1974; Keller & 

Bustamante, 1986a; Keller & Bustamante, 1986b). Furthermore, an attempt has been 

made to attribute the appearance of the large ECD spectra entirely to light scattering 

(Maestre & Reich, 1980). However, experiments that allow correction for scattering 

artifacts have shown that only a relatively small part of the anomalous CD signal inside the 

absorption bands can be accounted for by scattering (Cheng & Mohr, 1974; Keller & 

Bustamante, 1986b). Only the "tails" outside the absorption regions were completely 

eliminated in these experiments, which indicates that the "tails" are introduced mostly by 

scattering effects (Cheng & Mohr, 1974; Keller & Bustamante, 1986b). 

The most complete theory of the interaction of light with large inhomogeneous 

molecular aggregates has been developed by Keller and Bustamante (Keller & 

Bustamante, 1986a; Keller & Bustamante, 1986b; Kim et al, 1986). The key idea of the 

theory is the explanation of light interaction with large aggregates and anomalously large 

CD spectra, characteristic for the f-form, by long-range coupling of chromophores. In 

order for such a long-range coupling to take place, three criteria should be satisfied: a) the 

size of a particle should be at least one-quarter the wavelength at the absorption 
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maximum; b) particle density should be higher than a certain limiting value; and c) particle 

should have more or less a three-dimensional packing arrangement (Keller & Bustamante, 

1986a). An additional fourth criterion should be satisfied in order to induce anomalously 

large CD spectra: the particle should have a large-scale chiral structure which could 

interact differently with right and left circularly polarized light. It was suggested that 

when the dimensions of a chiral object are similar to the wavelength of the incident light, 

the large scale handedness of the object will have a much greater effect in enhancing or 

suppressing the absorption of circularly polarized light than when the chiral object is small 

compared to the wavelength (Keller & Bustamante, 1986b). The distinguishing concept 

of Keller and Bustamante's theory from the previous theories is that just the presence of 

the chirality in the condensed particle is not enough. There should be significant coupling 

between all chromophores in the particle. In other words, a particle should satisfy not 

only the last requirement (as it was suggested in the previous models and theories), but 

also the first three. 

The theory developed by Keller and Bustamante explains satisfactorily most of the 

properties of the anomalous ^-type ECD spectra obtained for different types of DNA 

condensation. For example, the discrepancy between the results of Evdokimov and other 

authors (Evdokimov et al, 1972a; Evdokimov et al, 1972b; Widom & Baldwin, 1980) 

about presence or absence of the ^-type ECD spectra in toroidal DNA condensates can be 

explained by the different size and/or density of the particles due to different experimental 

conditions, which may enable or disable the long-range coupling in the particles. It has 

been shown in the frame of Keller and Bustamante's theory that the magnitude of the y-

type CD spectrum is controlled by the volume, the chromophore density, and the helical 

pitch of the aggregate, while the shape of the ^-type spectrum is determined mostly by the 

pitch and the handedness of the aggregate (Kim et ah, 1986). Although the theory has 

been developed for UV and visible wavelengths, it applies to any wavelength with some 

minor modifications (Keller & Bustamante, 1986a). 
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1.4 Infrared (IR) and vibrational circular dichroism (VCD) techniques as 

methods for nucleic acid structural investigations 

1.4.1 IR spectroscopy 

1.4.1.1 Theoretical background 

Infrared (IR) spectroscopy is based on the absorption of infrared light, and 

involves measuring the amount of radiation that is transmitted through a sample compared 

to the amount of incident radiation from the IR source. A plot of the relative transmitted 

radiation as a function of wavenumber is referred to as the infrared spectrum. The relative 

intensity and wavenumber at which the resulting absorption bands or peaks occur provides 

information about the molecular structure. 

Usually, vibrating atoms that form a chemical bond in a molecule may be 

represented as oscillating dipoles. When a molecule is exposed to electromagnetic 

radiation of frequency v, the molecule may undergo a vibrational transition. Several 

requirements must be satisfied in order for a molecule to undergo a vibrational transition. 

First, the energy difference between two molecular vibrational levels must correspond to 

the energy of the incident radiation, i.e. frequency of absorption of oscillating molecular 

dipoles must be equal to the frequency of the incident light. Second, the oscillation of a 

dipole must be accompanied by a change in the dipole moment. If both conditions are 

satisfied, a molecule will absorb the light at a particular energy corresponding to the 

energy difference in the molecular vibrational levels. 

The unit commonly used for measuring vibrational frequencies is the wavenumber 

(V), measured in reciprocal centimeters (cm"1). It is connected to the wavelength and the 

frequency by the relations 

v=-, E-h*v- (1.4.1) 
k X 

where X is the wavelength, v is the frequency, h is Plank's constant, c is the speed of light 

and E is the energy difference between two levels. 
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The wavenumber shows the number of wavelengths in 1 cm. The range of 

molecular vibrations of nucleic acids of interest in this dissertation lies between 1800 and 

700 cm'1. 

The intensity of the absorbed light measured in absorbance, A, is directly 

proportional to dipole strength D, which is proportional to the square of the change of the 

electric dipole transition moment along the normal coordinate Q: 

imdyXD 
0 v 

where fi is the electric dipole transition moment. The dipole strength is related to the 

intensity of an IR absorption band through the extinction coefficient s: 

£> = 9.185*10-39 f ^Xiv (1.4.3) 
•" v 

band 

and the extinction coefficient, s, is related to the absorbance by Lambert-Bouguer-Beer's 

law: 
A=s*/*c (1-4.4) 

where / is the path length (cm), and c is the molar concentration of the sample (mol/L). 

1.4.1.2 IR spectroscopy application to investigations of nucleic acid structure and 

interaction with metal ions 

It is known that vibrations of groups of atoms in a molecule can occur in a certain 

relatively narrow wavenumber range independently of the molecule where these groups 

appear (Parker, 1971). An example is the stretching vibration of carbonyl ( O O ) bonds, 

which usually occurs roughly between 1600 and 1800 cm"1. This wavenumber is a 

characteristic for a given molecular group and the absorption band appearing at that 

wavenumber is called a characteristic band of the molecular group. There are several 

molecular groups in nucleic acids, which have distinct characteristic vibrations. These are, 

for example, carbonyl groups, rings of the bases, as well as various bonds of the phosphate 

(1.4.2) 
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groups and sugars. The existence of characteristic bands led to characterizations of 

nucleic acid spectra and assignment of certain IR bands to certain nucleic acid groups. 

The separation of ER bands characteristic for different NA groups is a significant 

advantage of IR spectroscopy over UV, where only one broad absorption band occurs 

arising from electronic transitions of the bases. Conformational and other structural 

changes of NA as well as NA interactions with various substances result in changes of the 

molecular environment around different NA groups. Certain characteristic IR bands are 

very sensitive to changes in the environment. Due to this sensitivity, IR spectroscopy has 

been extensively used for characterizing NA structure and conformations, conformational 

transitions, and interaction with other molecules and ions in a wide variety of conditions 

including solutions, films, and crystals. Although IR studies of DNA in aqueous solutions 

represent the most interest since experimental conditions are similar to those encountered 

in vivo, they are significantly obscured by strong absorptions of the H2O deformation 

modes occurring in the same spectral range as many informative vibrations of NA bases. 

Until recently, it was difficult to perform solution measurements and most of the work was 

done on NA films. However, the Fourier-Transform IR technique (FT-IR) with its 

significantly higher sensitivity and signal-to-noise ratio compared to dispersive 

instruments, enabled researchers to study aqueous solutions with higher quality and 

reliability (Griffiths & de Haseth, 1986). Using D20 as a solvent instead of H20 shifts the 

solvent deformation band to lower wavenumber and gives a "transparent window" in the 

absorption region of the nitrogen bases. 

A significant amount of information has been gathered about the IR assignments of 

NA bands by experimental studies and theoretical calculations (Tsuboi et al, 1962; Tsuboi, 

1969; Tsuboi et al, 1973; Tsuboi, 1974; Hartman et al, 1973; Taillandier et al., 1985; 

Taillandier, 1990; Taillandier and Liquier, 1992; Maharaj, 1996, and references therein). 

Absorptions in the 1750-1620 cm"1 range are mainly due to C=0 stretching vibrations of 

the bases. These bands shift to lower wavenumbers and change in shape upon changing 

the solvent from H20 to D20. Being very sensitive to the formation of H-bonds, C=0 
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absorption bands can be used to monitor the double to single or to triple strand transitions 

of nucleic acids. Bands around 1620-1500 cm"1 are assigned mostly to C=C and C=N in-

plane ring vibrations of the bases. Strong bands at about 1223 and 1087 cm"1 result from 

asymmetric and symmetric P-0 stretching vibrations of the phosphate groups. Bands at 

about 1135 cm"1 (for RNA only), 1053 cm'1, and a number of bands between 900 and 700 

cm"1 were assigned largely to different sugar vibrations. They are very sensitive to DNA 

conformation. For example, bands at 810, 865, and 898 cm"1 are characteristic for the A-

form of DNA and RNA while bands at 836 and 896 cm"1 are characteristic for the DNA 

B-form (Taillandier et al, 1985; Taillandier, 1990; Taillandier & Liquier, 1992). The 

sensitivity of sugar absorptions to B-A transition is understandable because of major 

structural changes of the sugar ring during this transition, viz. change from C2-endo to 

Cy-endo sugar conformation (Saenger, 1984). The asymmetric PO2" stretching mode of 

the phosphates also shifts from 1223 to 1230 cm"1 during the B-A transition (Taillandier et 

al, 1985). IR bands in both the sugar-phosphate and the base regions are very sensitive 

to DNA B-Z transition. Absorption intensities as well as wavenumbers and band shapes 

change significantly during this transition (Taillandier et al, 1985). Several IR bands are 

sensitive to the transition of DNA from double to single strands and to DNA denaturation, 

and are thus used to test the DNA native double stranded conformation (Tsuboi, 1974; 

Parker, 1971). In addition to the shift of the carbonyl band at about 1715 cm"1 in H20 or 

1680 cm"1 in D20, the sugar band at 1053 cm"1 shifts to -1064 cm"1 and the band intensity 

and shape in both regions become significantly altered. Despite the large amount of 

information accumulated to date, detailed assignments for some ER bands are still 

unknown or doubtful. This is especially true if one decides to assign certain bands to 

particular vibrations in particular NA bases. Often it may be difficult or impossible to do 

this because of significant coupling between similar groups in different bases. For 

example, it is often quite difficult to distinguish C=0 vibrations of guanine, cytosine and 

thymine in native DNA due to their strong coupling to one another (Tsuboi, 1974). 

Another problem arises because of significant overlapping of absorption bands even with 
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high resolution FT-IR instruments. Because of the natural band width it can often be quite 

difficult to separate bands as arising from different vibrations. Although several 

computational techniques exist to "increase" spectral resolution (Fourier self-

deconvolution, nonlinear curve fitting, second derivative technique), they all introduce a 

certain degree of subjective information and may lead to erroneous spectral features. 

However, sometimes careful application of these techniques (or, even better, their 

combination) can bring about some additional spectral information (Mantsch et al, 1986). 

Isotope or chemical substitution can be a more reliable technique to improve the 

assignments, but it is not always readily available (Taillandier et al, 1985). A new 

promising 2-dimensional (2D) correlation method for improving assignments and 

extracting other additional data from the spectra, analogous of 2D NMR COSY 

spectroscopy, has been recently developed for ER and other spectroscopic techniques 

(Noda, 1993; Noda et al, 2000, and references therein). The method proposed by Noda 

is based on a 2D correlation analysis of the spectral changes induced by various 

perturbations of the system under study. Other approaches to 2D spectroscopy in the ER 

region have also been reported (Asplund etal, 2000). 

Due to the relatively high sensitivity of infrared bands of DNA to changes in local 

environments, ER spectroscopy has been widely used for investigations of metal ion 

interaction with nucleosides, nucleotides, oligo- and polynucleotides and DNA (see, for 

example, Fritzsche & Zimmer, 1968; Theophanides & Tajmir-Riahi, 1984; Keller & 

Hartman, 1986; Alex & Dupuis, 1988; Tajmir-Riahi et al, 1993a; Montrel' et al, 1993; 

Kornilova et al, 1998; see also references therein and other papers by the same authors). 

Conformational changes of NA, which can be induced by metal ions, can be often easily 

monitored (e.g. B-Z transition, helix-coil transition, double-triple-single strand transitions 

etc.). Direct chelation of metal ions to DNA binding centers can induce relatively 

significant changes in the spectra even in the absence of conformational transitions. The 

main spectral changes due to metal coordination are wavenumber shifts and intensity 

variations of absorption bands. Wavenumber shifts may appear either due to direct 
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changes of the chemical bond lengths upon metal coordination or due to binding-mediated 

effects. For example, experimental results and theoretical calculations show that metal ion 

binding to N7 (G) will enforce Watson-Crick hydrogen bonding and induce wavenumber 

shifts of the bonds involved in the hydrogen bonding, although there is no direct metal 

complexation to these bonds (Marzilli et al, 1980; Alex & Dupuis, 1988; Sponer et al, 

1998). Thus, the main spectral changes in the base carbonyl region during metal ion 

complexation have been attributed to direct metal binding to N7 of guanine (Alex & 

Dupuis, 1988). Another spectral change, viz. intensity variation of absorption bands, can 

also appear due to the direct effect of metal ion binding and to binding-mediated 

processes. In the first case, direct metal complexation to a certain atom may induce 

significant charge redistribution in the bond containing this atom. This will induce changes 

of the dipole moment and, consequently, significant variations in the band intensity. In the 

second case, metal ion binding may induce some changes in NA stability, for example, 

increase or decrease of the base stacking. This will lead to changes in hypochromicity 

and, accordingly, variations of absorption intensities in the base region. In contrast to 

direct metal complexation, metal ion binding to NA via water molecules can only slightly 

change IR spectra (Arakawa et al, 2000). 

Despite the sensitivity of IR spectra to metal ion binding to NA it is often the case 

that spectral changes due to metal binding and due to NA conformational changes induced 

by metal binding are of the same character. For example, both metal binding and DNA 

denaturation may shift the carbonyl bands in the same direction (Tajmir-Riahi et al, 

1988). Furthermore, because spectral variations due to conformational changes can be 

more significant than the changes due to metal binding, the former can obscure the latter. 

These difficulties may impede separation of the spectral changes due to one or the other 

effect and should be kept in mind when interpreting the spectra. 
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1.4.2 VCD spectroscopy 

1.4.2.1 Introduction to VCD spectroscopy 

Vibrational circular dichroism (VCD) is a relatively new field of molecular 

spectroscopy applicable to structural studies of chiral molecules. Chiral molecules are not 

superimposable on their mirror images. They exhibit a differential interaction with left and 

right circularly polarized radiation and, thus, are optically active. Optical activity 

originates as a consequence of the three-dimensional arrangement of molecular 

constituents, hence the spectroscopic results correlate directly to the structures of the 

molecules, e.g. enantiomeric (mirror-image pair) molecules display circular dichroism 

spectra of equal intensity and opposite sign (Maharaj, 1996). 

According to a formal definition, circular dichroism (CD) is a difference in 

absorbance of left versus right circularly polarized light. Such a difference may be 

obtained if the incident light is decomposed into its left and right circularly polarized 

components. The plot of the difference in absorbance versus frequency (or 

wavenumber) of the incident radiation will give a CD spectrum. The most familiar CD 

application, electronic circular dichroism (ECD), occurring in the UV region, has been 

used extensively for structural studies of proteins and nucleic acids (Bush, 1974; 

Sprecher & Johnson, 1977; Sheardy, 1991, and references therein). Despite the fact that 

ECD spectra typically provide only a few independent, poorly resolved spectral features 

in these molecules, much useful structural information has been extracted from them. 

This success of ECD spectroscopy was possible due to the exquisite structural sensitivity 

of this chiroptical technique (Keiderling, 1996). However, there is a limited number of 

allowed UV transitions which correspond to relatively delocalized excitations of the 

molecules, often resulting in broad and overlapping UV and ECD spectral bands 

(Keiderling, 1996). UV and ECD spectra arise predominantly from electronic transitions 

of the nucleic acid bases and, therefore, provide information mostly about the nucleotide 

base stacking. However, information about other parts of the molecule is more difficult 

to obtain. 
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VCD is analogous to electronic CD, but refers to the IR spectral region and arises 

from vibrational rather than electronic transitions in the molecule. The vibrational region 

of the spectrum is rich in well resolved transitions, which are characteristic for localized 

parts of the molecule. The chromophores needed in the molecule for VCD 

measurements are simply the bonds themselves by virtue of the stretching and bond 

deformation excitations (Keiderling, 1996). Furthermore, these excitations are part of 

the ground state of the molecule, hence the stereochemical insights gained from analysis 

of the spectra are not complicated by geometrical changes resulted from excitations to 

states composed of antibonding orbitals, as is typical of ECD. VCD has the usual 

spectral advantages found in IR and Raman spectroscopy of a large number of 

moderately resolved, relatively localized transitions, but these are given the three-

dimensional structural sensitivity characteristic of ECD (Keiderling, 1996). In other 

words, in addition to the information contained in the parent IR spectra, VCD provides 

additional information regarding the conformation and absolute molecular configuration 

(Nafie & Freedman, 1987). However, this benefit comes at a cost. CD arises from 

dipolar interactions where the intensity of a CD band depends on the magnitudes and 

relative orientations of the dipole transition moments. The dipole strengths of electronic 

transitions may be an order of magnitude greater than those of vibrational transitions 

and, as a result, their interactions are much stronger (Maharaj, 1996). Low intensity of 

VCD spectra (and, consequently, requirements of high sample concentrations), low 

signal-to-noise ratio, relatively long measurement time and some difficulty in theoretical 

interpretation of the spectra as compared to IR are the price to be paid for the additional 

information gained by the VCD technique. Developments of theoretical interpretations 

are bringing the theoretical capability for prediction of VCD spectra for small molecules 

and sometimes even for polymers to a level that is demonstrably superior to that for 

ECD spectra (Gulotta et al, 1989; Bour & Keiderling, 1992; Xiang et al, 1993; McCann 

et al, 1996; Self & Moore, 1997; Self & Moore, 1998; Bour et al, 1998; McCann, 

1998; Keiderling, 1996, and references therein). Experimentally, instrumentation has 
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reached a stage where VCD spectra for most systems of interest (including polymers and 

natural DNA molecules of molecular weight up to 106 Da and sometimes even higher) 

can be successfully measured. 

1.4.2.2 Theoretical background 

The theoretical basis for VCD is discussed comprehensively elsewhere (Deutsche 

& Moscowitz, 1968; Deutsche & Moscowitz, 1970; Holzwarth & Chabay, 1972; Chabay 

& Holzwarth, 1975; Nafie & Freedman, 1987; Rauk, 1991). Experimentally one measures 

the difference in absorption (AA) of an optically active molecule as a function of 

wavenumber: 

M(v) = AL(v)-AR(v) (1.4.5) 

where AL and AR are the absorbance of the left and right circularly polarized infrared 

radiation, respectively. The VCD measurement is fairly difficult to perform since the 

difference signal, AA is approximately three to five orders of magnitude lower than either 

AL or AR. 

The intensity of a VCD band is proportional to the rotational strength, R: 

]*mdyXR (1.4.6) 
^ V 
0 V 

or, employing Beer's law, 

i? = 2.29*l(T39 f ^Xiv (1.4.7) 
band 

Rotational strength is determined as the imaginary part of the scalar product of the electric 

transition dipole moment, Jl, and magnetic transition dipole moment, m : 

R = lm(ju*m) (1.4.8) 

Because VCD intensities are derived from the scalar product of the electric and magnetic 

dipole transition moments, positive VCD features will result when the two transition 



46 

moments form angles less than 90°, whereas angles greater than 90° will result in negative 

VCD features. Graphically this can be represented as following: 

L (s, 
m 

H 

-*• m 

A 
s ^ m 

It is clearly seen from the graphical representation that although absorption intensity may 

not be equal to zero (/i^O), VCD intensity may be still zero in two cases, when 

magnetic transition dipole moment equal to zero (w=0) or when the two transition 

moments are orthogonal to each other (ju 1 m ). In both cases, the scalar product will be 

zero. Obviously, when absorption intensity is equal to zero (ju=0\ the scalar product 

will also be equal to zero and no VCD intensity will arise. In other words, the presence 

of an absorption band is not a guarantee that a VCD band will occur, while the 

appearance of a VCD band always indicates the presence of an absorption band. In 

achiral molecules, the scalar product is equal to zero due to one of the three reasons 

described above (or their combination), and although a molecule may have an absorption 

spectrum, it does not show any VCD features. 

Knowledge of the relative orientations of the electric and magnetic dipole 

transition moments is essential for predicting the sign of the VCD band for a particular 

vibration. VCD features can be predicted by various approximate models or by quantum 

mechanical methods. These are discussed in details elsewhere (Freedman & Nafie, 1987; 

Gulotta et al, 1989; Rauk, 1991; Bour & Keiderling, 1992; Xiang et al, 1993; Self & 

Moore, 1997; Self & Moore, 1998; Bour et al, 1998). 
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The characteristic bisignate VCD features appearing in nucleic acid VCD spectra, 

i.e. bands with alternating signs of equivalent intensities, suggest a coupled oscillator 

mechanism (Tinoco, 1963; Holzwarth & Chabay, 1972; Rauk & Freedman, 1994). In 

this approximate model approach, the in- and out-of-phase vibrations of two identical, 

chirally oriented oscillators give rise to a VCD couplet. Such couplets arise from dipolar 

interactions which split the wavenumber of the in- and out-of-phase modes (Nafie & 

Freedman, 1987). 

1.4.2.3 VCD spectroscopy application to investigations of nucleic acid structure and 

conformational transitions 

Both experimental and computational applications of VCD spectroscopy have been 

very successful for small organic molecules (Rauk, 1991; McCann, 1998) and recently 

for organic polymers (McCann, 1998). This success has encouraged the application of 

VCD to molecules of biological interest, namely to polypeptides, proteins and nucleic 

acids in solution. 

While DNA components themselves (except sugar) are not chiral, they give rise to 

circular dichroism spectra due to the helical structure of the macromolecules. In the 

nucleic acid molecules, the VCD signal arises form through-space coupling of the normal 

vibrations of components of the macromolecule and thus are specific characteristic for 

the helical structure of the nucleic acids (Zhong et al, 1990; Birke & Diem, 1995). 

Optimal conditions for such coupling can be realized only when nucleobases, as well as 

parts of the sugar-phosphate backbone, are stacked upon one another in an ordered 

structure. High sensitivity of the VCD signal to the changes in the coupling of vibrations 

leads to a high sensitivity of the VCD spectra to changes in a geometrical structure of the 

macromolecules. Loss of stacking among the nucleobases and among sugar-phosphate 

residues of the backbone obliterates VCD signals in both spectral regions (Yang & 

Keiderling, 1993). 
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VCD spectroscopy was first applied for investigations of nucleic acids by 

Annamalai and Keiderling (1987). The comparative study of several mono- and 

polyribonucleotides has revealed that mononucleotides gave no significant VCD in 

comparison to the polymers, which generally displayed larger, bisignate VCD signals in 

the 1750-1550 cm"1 region associated with carbonyl stretching modes. Variations in the 

VCD magnitude and band shape were correlated with base stacking, base-pairing and the 

degree of order. A VCD study of the thermal denaturation of double-stranded 

poly(rA)*poly(rU) (Yang & Keiderling, 1993) has shown a double helix strand separation 

and essential helix-to-coil transition of polyU molecules at temperatures greater than 60°C, 

while poly(rA) molecules were retaining some helical order up to 80°C. The results were 

explained qualitatively with dipolar coupling between relatively isolated bases thus 

signifying an ability of VCD for studying conformational transitions of biopolymers. 

VCD studies of the A to B conformational transition of calf thymus DNA (Wang 

& Keiderling, 1992) in the 1700-1550 cm"1 region showed discriminating changes in the 

VCD signal. However, these changes were not as pronounced as for other structural 

transitions, e.g., B-Z transition or double-triple helical transition. The B-form showed 

broader, less intense VCD bands than the A-form, i.e. a B to A conformational transition 

is accompanied by an intensifying and sharpening of the VCD band in the carbonyl 

stretching region. This change of VCD spectra is sequence dependent, in contrast to ECD 

where a much smaller difference in the band shape is observed. VCD displays more 

sensitivity to nucleotide sequence than ECD, since the VCD spectrum reflects the 

coupling of local oscillators, which differ for each base, whereas the ECD spectrum senses 

coupling of the 7c-electron systems, which have intrinsic similarities among the bases 

(Pancoska et ah, 1989; Wang & Keiderling, 1992). It has been shown that VCD spectra 

of the symmetric vibrations of phosphate groups are invariant to base sequence in contrast 

to that found for the vibrations of the bases (Wang et ah, 1994b). 

The B- to Z- conformational transition of synthetic (dG-dC)n showed a reversal of 

the VCD signal, as predicted from the change of the helical sense during B to Z transition 
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from right helix to left helix (Gulotta et al, 1989; Keiderling et al, 1989; Diem, 1991). 

This inversion is also evident in the VCD spectra of the phosphate stretching region 

(1300-1000 cm"1), which represents the change in the helical sense of the nucleic acid 

backbone (Wang et al, 1994b). Computations based on the coupled oscillator model 

were able to predict the reversal of the VCD sign in the carbonyl region during the B-Z 

transition (Gulotta et al, 1989; Zhong etal, 1990). 

VCD spectra of triple-helical pyrimidine-purine-pyrimidine nucleic acids were 

obtained (Yang & Keiderling, 1993; Wang et al, 1994a). The VCD spectra of the triple-

helices were drastically different from those of double- and single-helices. This difference 

was much more pronounced than in the IR absorption spectra. 

VCD studies of drug intercalation and it dependence on base sequence of selected 

deoxyoctanucleotides have been performed by Maharaj (1996). The VCD spectra were 

significantly altered upon drug intercalation due to geometrical changes of the double 

helix. Recently, cw-platinum binding to two complementary dodecamers was studied by 

VCD (Tsankov et al, manuscript in preparation), revealing many structural details of 

the a's-platin adduct. It was also possible to monitor the kinetics of DNA-c/s-platin 

adduct isomerization from intrastrand to interstrand cross-links. 

The results of VCD spectroscopy application to investigations of NA structure and 

interactions with drugs obtained recently show the great sensitivity of this method and its 

ability to monitor even small changes in nucleic acid three-dimensional structure. Using 

this sensitivity and stereospecificity of VCD in conjunction with IR absorption 

spectroscopy, it will be possible to reveal new features of different aspects of NA 

structure, structural transitions and interactions with different agents including metal 

ions. 

1.4.2.4 FT- VCD instrument 

Experimental techniques for measuring VCD spectra were described in details in 

several papers and reviews (Chabay & Holzwarth, 1975; Nafie & Diem, 1979; Nafie, 
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1981; Nafie & Vidrine, 1982; Lipp & Nafie, 1984; Keiderling, 1990; Freedman & Nafie, 

1993; Keiderling & Pancoska, 1993; Nafie, 1995; Keiderling, 1996). VCD can be 

measured with either a dispersive spectrometer or a Fourier transform (FT) 

interferometer. The former is suitable for short wavenumber ranges, while the latter is 

more suitable for larger ranges due to higher sensitivity and signal-to-noise of FT-ER 

instruments (Griffiths & de Haseth, 1986). All experiments in this study were performed 

on an Fourier transform VCD instrument (FT-VCD). Due to very weak VCD signal 

(three to five orders of magnitude less than the absorption signal) it is practically 

impossible to obtain a VCD spectrum simply by sequential measuring two absorption 

spectra with right and left circularly polarized light and then subtracting one from the 

other (Griffiths & de Haseth, 1986). Even the high signal-to-noise, characteristic for FT-

IR instruments, is low for such a task. In addition, even insignificant drift of an 

instrument with time may introduce artifacts much larger in amplitude than the difference 

between the two absorption spectra measured with different circular polarization of light 

(Griffiths & de Haseth, 1986). To avoid these problems a method of differential 

spectrometry is used (Nafie & Vidrine, 1982; Griffiths & de Haseth, 1986). In this 

method a beam is rapidly modulated between the parent states. In the case of VCD, a 

modulation between right and left circular polarization of light is imposed. In addition to 

eliminating the drawback of measuring two absorption spectra at different times, the so 

called "ac advantage" is used. That is, that a small difference signal can be measured 

more accurately as the amplitude of a periodically varying ac signal than as the difference 

between two independent signals (Nafie & Vidrine, 1982; Griffiths & de Haseth, 1986). 

However, in the case of FT instruments, difficulties arise from the two different 

modulated frequencies (one from the Fourier modulation produced by the interferometer 

and the other produced in order to obtain the difference VCD signal). Both frequencies 

need to be demodulated in order to perform the necessary data analysis. This can be 

done by means of a lock-in amplifier, tuned to a modulation frequency that is an order of 

magnitude greater than the largest Fourier frequency. This method, employed in FT-
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VCD instruments, is usually called "double modulation technique" because of applying 

two modulations at different frequencies (Nafie & Vidrine, 1982; Griffiths & de Haseth, 

1986). 

Our VCD instrument is based on a Bomem MB 100 interferometer which has been 

equipped with the additional components necessary for VCD measurements. The 

schematic diagram of the instrument is presented in Figure 1.4.1. The detailed 

description of the instrumental setup can be found elsewhere (Tsankov et al, 1995). 
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Figure 1.4.1. Optical and electronic components of the VCD instrument 

A parallel beam exits the interferometer though a side-port window, passes 

through a linear polarizer and then a ZnSe photoelastic modulator (PEM, Hinds 

International). The PEM is a device which modulates the polarization of a beam of 

radiation at a specific fixed frequency, 37.5 kHz for our instrument. The optical element 

of the modulator is an octagonal shaped ZnSe crystal which is stressed by a piezoelectric 
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transducer in order to produce circular polarization of the beam. The double modulated 

radiation then passes through the sample placed in a temperature-variable jacket, and the 

transmitted light is focused with a ZnSe lens onto an external Mercury-Cadmium-

Tellurium (MCT) detector (Belov Technology). The detector was specifically chosen for 

low noise and is cooled with liquid nitrogen. An optical filter (Optical Coating 

Laboratory, Inc.) can be placed either immediately before the linear polarizer or 

immediately before the detector to prevent detector saturation. The optical filter is a long 

wavepass filter which only permits radiation below 1750 cm"1 to reach the detector. The 

spectral range is further limited by the ZnSe optics which have low transmission below 

800 cm"1, and the MCT detector, which only measures down to 750 cm'1. The 

experimental spectra are generally displayed in the range 1750 - 830 cm"1. The signal 

reaching the detector is first amplified by a preamplifier and then follows one of two paths. 

In the first path, the electronic signal is fed directly to the analogue-to-digital (A/D) 

converter. In the second path, the signal is first passed through a high pass filter to 

remove the lower Fourier frequencies, is demodulated by the lock-in amplifier, which is 

tuned to the frequency of the PEM, is passed through a low pass filter to remove the 

residual dc signal, and is finally fed to the A/D converter. The first path results in a 

normal transmission spectrum, designated "dc", and the second path produces a 

differential transmission spectrum, designated "ac". The ac and dc spectra are collected 

and stored separately. The ratio of these two spectra yields the raw VCD spectrum, AA. 

The intensity of the experimental VCD spectra is given by Nafie and Diem (1979): 

^ ^ = 2J,[a0(v)]*e-(2Kv-)r *\A5*M(y) (1.4.9) 

The product 2./1[a0(v)]*e~(2I'v)T is a constant which is related to the efficiency of the 

modulator for producing circularly polarized radiation and the exponential attenuation 

factor of the lock-in amplifier, respectively. The value of this constant can be determined 

by calibration measurement described elsewhere (Tsankov et al, 1995; McCann, 1998). 
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After the calibration, the value of AA(v ) is obtained and plotted against v , giving a VCD 

spectrum. 
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2. Experimental 

2.1 Materials 

The types and concentrations of nucleic acids and metal ions and temperatures used 

in different experiments are summarized in Table 2.2.1. 

NaCl, sodium cacodylate, MnCl2x4H20, NiCl2x6H20, CrCl3x6H20 and 

CuCl2x2H20 salts were purchased from Sigma Chemicals. Desalted single stranded 

oligonucleotide (dG-dC)20 (total length of 40 nucleotides) was obtained from the 

University of Calgary Core DNA Services. Calf thymus DNA used in the Mn2+ and Cu2+ 

binding experiments was obtained from Sigma Chemicals as a sodium salt (highly 

polymerized DNA, type I). It was used without further purification. The ratio A26o/A28o 

as determined by UV absorption was 1.83. Calf thymus DNA used in the Cr3+ binding 

experiments was obtained from Prof. D.Lando, Institute of Bioorganic Chemistry, Belarus 

National Academy of Sciences, Belarus. This was ultra pure DNA with protein content 

<0.08%, RNA content <0.1%, ratio A26o/A2go=1.84 and average molecular weight 2.5xl07 

Da. The properties of this DNA are described by Lando et al. (1996). D20 (99.9%) was 

obtained from Sigma Chemicals. Double distilled water was used for preparation of all 

solutions in all experiments. Double distilled water was additionally autoclaved for the 

experiment with poly(rA)*poly(rU). 

2.2 Experimental procedures 

All solutions were prepared in cacodylic buffer with concentration of 2x10"2 M for 

(dG-dC)20 sample and 10"2 M for all other samples. NaCl was added in 6x10~2 M 

concentration to (dG-dC)20 solutions. Poly(rA)*poly(rU) and calf thymus DNA were 

supplied as sodium salts and no additional NaCl was added to their solutions, i.e. NaCl 

concentration in those cases corresponded to the concentration of nucleic acid phosphates 
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(P). pH of all solutions was adjusted to 6.5±0.5. Calf thymus DNA was sonicated in 

order to reduce its molecular weight. The DNA size after sonication was determined by 

gel electrophoresis and is indicated along with DNA molecular weight in Table 2.2.1. 

Initial stock solutions of nucleic acids and metal ions were prepared in aqueous 

cacodylic buffer. Then complete deuterium exchange was achieved by lyophilizing and 

redissolving all solutions three times in D20. Concentration of the nucleic acid stock 

solutions after the final dissolution in D20 was determined from UV absorption at 260 nm. 

Nucleic acid samples for spectroscopy were contained in a demountable cell 

(International Crystal Laboratories, Inc.) composed of two BaF2 windows separated by a 

50 urn Teflon spacer. In the DNA-Cu2+ binding experiment a specially designed 

demountable cell consisting of two BaF2 windows with 71 urn pathlength was used 

(Kal'vin & Vel'yaminov, 1987). No spacers were needed in this case. Nucleic acid stock 

solution (30 uL) was deposited directly on the bottom cell window. Metal ion solution 

(15 uL) of appropriate concentration was added dropwise and with continuous stirring to 

the nucleic acid solution and then covered with the top window. 

The cell with the sample was placed in a thermostated chamber connected to 

circulating water thermostat (NESLAB Instruments Inc.). In the variable temperature 

measurements, the temperature was maintained within ± 0.5°C using an electronic 

thermometer with copper-constantan thermocouple (OMEGA Technology Company 

Inc.). For ambient temperature measurements the cell was not thermostated, but the 

temperature was monitored with the same electronic thermometer and was within + 1°C. 

All VCD and absorption spectra were measured in the range of 1800-750 cm"1 in 

D20 with the VCD instrument described in Section 1.4.2.4. 

Both ac and dc single beam spectra were obtained for the sample and for the 

background. The spectra of the buffer solution with the corresponding metal ion 

concentration, measured at exactly the same conditions as the spectra of the sample 

(resolution, number of scans, temperature etc.) were used as background. Spectral 

resolution, number of scans collected for ac and corresponding dc spectra, and 
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approximate scanning time for all experiments are summarized in Table 2.2.2. The raw 

VCD spectra of the sample and the background were determined by computing the ratio 

of ac and dc spectra (Equation 1.4.9). The raw VCD spectra of the background were 

subtracted from the raw VCD spectra of the sample in order to correct for polarization 

artifacts. The resulting spectra were calibrated to obtain the final VCD spectra (AA(v), 

Equation 1.4.9) following the procedure described elsewhere (Tsankov et al, 1995; 

McCann, 1998). 

The single beam dc spectra of the sample and the background were used to produce 

the absorption spectra of the sample according to: 

rdc 
A = log, 

"background 

dc 
\ **"sample J 

(2.2.1) 

The noise estimate was obtained as a difference of two successive VCD spectra 

collected at the same conditions (McCann, 1998). This also allowed to check the 

instrument and sample stability in time. 

Instrument performance was checked periodically by recording VCD spectra of a-

pinene (Tsankov et al, 1995; McCann, 1998). 

Both absorption and VCD spectra obtained at 8 cm"1 resolution were interpolated 

with interpolation factor 8 according to the 4-point cubic spline algorithm, supplied with 

the Lab Calc package (Lab Calc, 1992). 

An error in absorption peak intensity in different sample preparations is estimated to 

be within ± 3%,and the error in absorption peak position within ± 1 cm"1. 

The plots of the relative or normalized intensity of the absorption peaks in arbitrary 

units (R or 0 , respectively) vs metal ion concentration or temperature were obtained as 

follows: 

R = Ai/Ao (2.2.2) 
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0 = (A;- A ^ A A ™ - A™,) (2.2.3) 

where 

A; is intensity of an absorption peak for nucleic acid at i metal ion concentration or 

/ temperature; 

Ao is intensity of an absorption peak for nucleic acid without metal ions or at room 

temperature; 

Anin is the minimum intensity of an absorption peak encountered in the whole 

metal ion concentration or temperature range; 

Anax is the maximum intensity of an absorption peak encountered in the whole 

metal ion concentration or temperature range. 

The metal ion concentration in the plots is usually shown in molar concentration 

for the bottom axis and as the ratio [metal]/[phosphate] for the top axis. 

Intensities of absorption peaks were measured as maximum intensities of the 

absorption bands with respect to the baseline. 

In the similar way plots for the amplitude of the VCD couplets were obtained. The 

"amplitude of a VCD couplet" is used in this dissertation to define the intensity difference 

between the minimum of the negative and the maximum of the positive counterparts of the 

couplet. 

The normalized intensity was used when several relationships being in different 

scales are shown on one plot for comparison purpose, e.g. intensity of an absorption peak 

and amplitude of a VCD couplet. 
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Table 2.2.1. Nucleic acids and metal ions used in the study 

(dG-dC)20 poly(rA)* 

poiy(rU) 

calf thymus 

DNA + Cr3+ 

calf thymus 

DNA + Mn2+ 

calf thymus 

DNA + Cu2+ 

DNA length1 

and molecular 

weight 

40 bp 500-1200 

bp, average 

~ 850 bp (~ 

5.6xl05Da) 

400-1000 bp, 

average 

~ 700 bp (~ 

4.6xl05Da) 

300-1300 

bp, average 

~ 800 bp (~ 

5xl05Da) 

Nucleic acid 

concentration2 

(in the IR cell) 

(± 3%) 

26 mg/mL 

or 

0.085 M (P) 

56 mg/mL 

or 

0.18 M(P) 

30 mg/mL 

or 

0.1 M(P) 

40 mg/mL 

or 

0.13 M(P) 

19 mg/mL 

or 

0.06 M (P) 

Metal ion 

concentration3 

(in the IR cell) 

(± 5%) 

0 - 0.74 M 

Mn2+ 

or 

0-8.5 

[Mn]/[P] 

0.07MNi2+ 

or 

0.4 [Ni]/[P] 

0 -0 .3M 

Cr3* 

or 

0 - 3 

[Cr]/[P] 

0 - 1.3 M 

Mn2+ 

or 

0 - 10 

[Mn]/[P] 

0 - 0.04 M 

Cu2+ 

or 

0-0.7 

[Cu]/[P] 

Temperature 25°C 23 -90°C 23°C 23 -94°C 21°C 

1 DNA length is indicated as number of base pairs. 
2 Nucleic acid concentration is indicated in mg/mL and in moles of DNA phosphates. 
3 Metal ion concentration is indicated in moles and as [metal]/[phosphate] ratio 
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(dG-dC)20 poly(rA)* 

poly(rU) 

calf thymus 

DNA + Cr3+ 

calf thymus 

DNA + Mn2+ 

calf thymus 

DNA + Cu2+ 

Resolution 

(in cm"1) 

4 8 8 8 8 

Number of 

ac scans 

7500 4000 7500 4000 15000 

Scanning 

time 

2 hours 45 

min 

55 min 1 hour 40 

min 

55 min 3 hours 20 

min 

Number of 

dc scans 

750 400 500 500 500 

Scanning 

time 

16 min 5 min 6 min 6 min 6 min 
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3. Metal ion induced structural changes of synthetic nucleic 

acids 

3.1 B-Z conformational transition of (dG-dQio induced by Mn2+ ions 

3.1.1 Spectra of B-form of (dG-dC)20 without metal ions 

Absorption and VCD spectra of (dG-dC)2o without metal ions are presented in 

Figure 3.1.1 and Figure 3.1.2 (a). To visualize the changes occurring with different Mn2+ 

concentrations we decomposed the absorption spectra in the region of the nitrogen bases 

into plausible single bands using Lorentzian band contours (Figure 3.1.2 and Figure 3.1.3). 

The decomposition was performed by least-squares non-linear curve fitting of the sum of 

individual bands to the experimental spectra. In spite of the good fitting parameters, the 

decompositions may not be absolutely correct, but could be thought of as plausible 

representations of the experimental spectra. For example, the broad absorption near 1650 

cm"1 can be described as a superposition of two close lying bands with apparent maxima at 

1657 and 1646 cm"1 (Figure 3.1.2 (a)). While these decompositions give a qualitative 

indication of the number of individual absorptions that may underlie a convoluted band 

contour, we used peak heights measured directly from the observed spectra for 

quantitative comparisons. 

The absorption and VCD spectra without Mn2+ ions correspond to those typically 

observed for the B-form family of poly- and oligo(dG-dC) (Tsuboi, 1969; Tsuboi et al, 

1973; Tsuboi, 1974; Taillandier et al, 1985; Keller & Hartman, 1986; Loprete & 

Hartman, 1993; Gulotta et al, 1989; Keiderling et al, 1989; Zhong et al, 1990; Wang 

& Keiderling, 1992; Birke et al, 1993; Maharaj, 1996). The wavenumbers of the main 

absorption and VCD features of the B conformation are summarized, and compared to 

corresponding spectra of (dC-dG)4 (Maharaj, 1996) in Table 3.1.1. 
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1700 1600 1500 1400 1100 1000 900 

Wavenumber/cm"1 

Figure 3.1.1. Absorption and VCD spectra of B- and Z-conformations of (dG-dC)2o 

Absorption (bottom) and VCD (center) spectra and noise estimate for VCD spectrum 

(top) of (dG-dC)2o in B-form without metal ions (solid line) and in Z-form with 8.5 

[Mn]/[P] (dotted line). 
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Figure 3.1.2. Absorption and VCD spectra of (dG-dC)2o in the nitrogen base region 

with 0 (a) and 0.6 (b) [Mn]/[P] 
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Figure 3.1.3. Absorption and VCD spectra of (dG-dC)20 in the nitrogen base region 

with 1.1 (a) and 8.5 (b) [Mn]/[P] 
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Table 3.1.1. Observed absorption and VCD bands (cm1) in the nitrogen base and 

phosphate regions for the B conformation of (dG-dCho and (dC-dG)4 

(dG-dC)20 (dC-dG)4
1 Assignments 2 

1683 1691(-)/1678(+) 1684 1692(-)/1678(+) C6=0 stretch (G) + 

1657 1663(+)/1654(-) 1655 16657(+)/1650(-) C2=0 stretch (C) 

1649 

1637(+)/1627(-) 

1650 1647(+) 

1638(+)/1630(-) 

1623 1621 ringC 

1579 1580(-)/1573(+) 1581 1589(-)/1576(+) C=N stretch (G) 

1564 1570(+)/1556(-) 1562 15769(+)/1555(-) ring G 

1534 1540(+)/1535(-) 1534 1541(+)/1532(-) 

1521 1527(+)/1521(-) 1522 1528(+)/1522(-) 

1502 1506(+)/1498(-) 1502 1508(+)/1498(-) C=N (C) 

1087 1089(-)/1070(+) 1088 1089(-)/1072(+) PO2" symmetric stretch 

1075 1076 1063(+) deoxyribose-phosphate 

1053 1054 C-0 stretch deoxyribose 

1018 1022 ring (deoxyribose) 

969 973(-)/958(+) 972 972(-) C-C sugar stretches 

892 B-form marker band 

1 Maharaj. , 1996; 

Taillandi er et ah, 1985; Tsuboi, 1969, 1973, 1974. 
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The VCD spectrum shows the strongest couplet at 1691(-)/1678(+) cm 

corresponding to the most intense absorption at 1683 cm"1 (Figure 3.1.1 and Figure 3.1.2 

(a)). A similar prominent feature was observed for DNA (Zhong et ah, 1990; Wang & 

Keiderling, 1992) and the same for (dC-dG)4 (Maharaj, 1996). The absorption band at 

1657 cm*1 in Figure 3.1.2 (a) likely corresponds to a less intense VCD couplet at 

1663(+)/1654(-) cm'1. Other smaller VCD features between -1650-1600 cm'1 have no 

clearly assignable counterparts in absorption, and the broad absorption at 1619 cm"1 in 

Figure 3.1.2 (a) (1623 cm"1 in Figure 3.1.1) has no visible VCD partner. The apparent 

VCD features at 1580(-)/1573(+), 1570(+)/1556(-), 1540(+)/1535(-), 1527(+)/1521(-) 

and 1506(+)/1498(-) cm"1 can be associated with absorptions at 1580, 1565, 1534, 1522 

and 1502 cm"1, respectively (Figure 3.1.2 (a)). In the phosphate region, VCD couplets at 

1089(-)/1070(+) and 973(-)/958(+) cm"1 (Figure 3.1.1) correspond to absorptions arising 

from sugar-phosphate backbone modes at 1087 and 969 cm"1, respectively (Wang et ah, 

1994b). Absorptions at 1075, 1053 and 1018 cm*1, also due to the backbone (Tsuboi, 

1969; Tsuboi et al, 1973; Tsuboi, 1974), do not display clearly distinguishable VCD 

counterparts. 

3.1.2 Spectra of Z-form of (dG-dC)20 with 8.5 [Mn]/[P] 

The absorption and VCD spectra of (dG-dC)20 with the highest concentration of Mn2+ (8.5 

[Mn]/[P]) are plotted in Figure 3.1.1 and Figure 3.1.3 (b). The absorption spectra 

correspond to those of the Z-form of oligo- and poly(dG-dC) (Taillandier et ah, 1985; 

Keller & Hartman, 1986; Loprete & Hartman, 1993; Gulotta et ah, 1989; Keiderling et 

ah, 1989; Wang & Keiderling, 1992; Zhong etah, 1990). Wavenumbers and assignments 

of the main absorption and VCD bands of the Z-form are summarized in Table 3.1.2. 

Considerable changes occur upon B-Z transition. The VCD couplet at 1691(-)/1678(+) 

cm'1 of the B-form is replaced by a couplet of reversed sign at 1671(+)/1656(-) cm"1 in the 

Z-form indicating the change in the helical sense of (dG-dC)2o-
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Table 3.1.2. Observed absorption and VCD bands (cm ) in the nitrogen base and 

phosphate regions for the Z conformation of (dG-dC)20 

(dG-dC)20 Assignments 1 

1664 1671(+)/1656(-) C6=0 (G) + C2=0 (C) 

1651 

1633 1637(-)/1627(+) C2=0 (C) + C6=0 (G) 

1611 1616(-)/1604(+) ringC 

1581 C=N (G) 

1563 1561(-)/1540(-) ring G 

1537 1540(+)/1534(-) 

1519 1527(+)/1521(-) 

1499 1502(-)/1492(+) C=N (C) 

1087 1087(+)/1075(-) P02" symmetric stretch 

1060 C-0 stretch (deoxyribose) 

1014 ring (deoxyribose) 

969 969(+)/946(-) C-C sugar stretches 

927 

873 Z-form marker band 
1 Tsuboi, 1969, 1973, 1974. 
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They correspond to absorptions at 1683 and 1664 cm"1, respectively, in the two 

conformations (Figure 3.1.1). The 1664 cm'1 band in the Z-form remains the most 

prominent feature. The absorption at 1633 cm"1 and matching VCD couplet at 1637(-

)/1627(+) cm"1 of the Z-form (Figure 3.1.3 (b)) are shifted from 1657 cm"1 and 

1663(+)/1654(-), respectively, of the B-form (Figure 3.1.1 and Figure 3.1.2 (a)). An 

additional absorption occurs at 1651 cm"1 for the Z-form (Figure 3.1.3 (b)) but lacks a 

clearly visible VCD counterpart. Several other less intense VCD features in the Z-form 

occur at 1616(-), 1575(+), 1561(-), and 1519(-) cm"1, apparently corresponding to 

absorptions at 1611, 1581, 1563, and 1519 cm"1, respectively (Figure 3.1.3 (b)). Of 

special interest is the VCD couplet at 1502(-)/1492(+) cm"1 of the Z-form with its 

matching absorption at 1499 cm"1. They clearly correspond to the similar features of the 

B-form at 1506(+)/1498(-) and 1502 cm"1, respectively, although with the VCD signs 

reversed, again indicating a left-handed helix (Table 3.1.2). Similar changes are also seen 

in the phosphate region (Figure 3.1.1). The couplet at 1089(-)/1070(+) cm"1, 

characteristic for the B-form, is reversed to 1087(+)/1075(-) cm"1 in the Z-form with the 

corresponding absorption at 1087 cm"1, ascribed to the symmetric vibration of phosphate 

groups (Wang et al, 1994b). Couplets at 1015(+)/999(-) and 969(+)/946(-) cm'1 of the 

Z-form may correspond to the absorptions at 1014 and 969 cm"1, respectively (Figure 

3.1.1). The intensity of the first of these two absorptions is considerably increased over 

the corresponding band in the B-form (1018 cm"1 in Figure 3.1.1). The greater number of 

VCD bands in the phosphate region of the Z-form over just two for the B-form can 

perhaps be explained by different orientations of the phosphate groups in two variations, 

namely Zl and Zn (Taillandier et al, 1985). 

3.1.3 Spectral changes during gradual B-Z transition of (dG-dC)2o 

Mn2+ ions have been shown to bind actively to GC base pairs and phosphate groups 

(Sissoeff et al, 1976; Duguid et al, 1993, and references therein). In addition, Mn2+ ions 

can induce B-Z transition of poly(dG-dC) (van de Sande et al, 1982b; Rossetto & 
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Nieboer, 1994). Hence all changes in the VCD and absorption spectra may be thought of 

as a combination of changes due to complex formation of Mn2+ with DNA and changes 

due to B-Z transition. The latter should be reflected in the VCD spectra to a much greater 

extent, because they are very sensitive to modifications of DNA structure. By the same 

token, structural changes occurring during the B-Z transition are much more significant 

than those induced by Mn2+ complexation. 

Figure 3.1.2 and Figure 3.1.3 show the gradual changes in the spectra in the base 

stretching region that occur with increasing concentrations of Mn2+ as a result of 

complexation with (dG-dC)20 to the point when the B-Z transition occurs. With 

increasing Mn2+ concentration from 0 to 0.4 [Mn]/[P] the intensities of absorption bands 

in both spectral regions increase suggesting Mn2+ binding to the PO2" groups and to the 

bases (spectra not shown) (Tajmir-Riahi et al, 1993b). The intensity of the main VCD 

couplet also appears to increase, albeit with some subtle variations. The positive VCD 

peak at 1678 cm"1 at first becomes more intense to about 0.1 [Mn]/[P], but diminishes 

thereafter. To about 0.4 [Mn]/[P], the negative peaks at 1652, 1629, 1556 and 1496 cm"1 

become more pronounced, and the shoulder at 1663 cm"1(+) becomes more apparent. In 

absorption, the apparent doublet with maxima at 1657 and 1646 cm"1 begins to evolve 

more distinctly from 0.1 [Mn]/[P] onwards with the peak at lower wavenumber becoming 

more intense, while the band at 1565 cm"1 splits into two with maxima at 1568 cm'1 and 

1558 cm"1. In the phosphate region only a minor change occurs in the band shape of the 

negative VCD peak at 1089 cm"1. 

Upon a slight increase of Mn2+ concentration from 0.43 to 0.64 [Mn]/[P], the 

intensities of most VCD couplets decrease without showing any significant shifts in 

wavenumbers (compare Figure 3.1.2 (b) and Figure 3.1.3 (a)). The intensity of the 

negative VCD peak at 1691cm"1 decreases more than that of the positive peak These 

changes in the VCD features are accompanied by intensity decrease of absorption bands, 

also without significant wavenumber shifts. Noteworthy is the intensity decrease of the 

absorption at 1683 cm"1 in relation to the emerging band at 1649 cm"1. 
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The negative VCD peak at 1691 cm"1 continues to decrease upon further increasing 

the Mn2+ concentration to 0.94 [Mn]/[P], whereas the corresponding positive peak of this 

couplet shows virtually no change (spectrum not shown). There is a hint of an evolving 

negative VCD peak near 1629 cm"1 (Figure 3.1.2 (a)), which develops into a more 

prominent feature (1633 cm"1) at higher Mn2+ concentration. In absorption, the relative 

intensity difference between the formerly major peak at 1683 cm"1 and the lower member 

of the doublet at about 1650 cm"1 becomes more pronounced. The absorption band at 

1619 cm"1 diminishes as shown convincingly by band decomposition (Figure 3.1.2(b) and 

Figure 3.1.3(a)). In the phosphate region, the negative VCD peak at 1089 cm"1 shifts to 

1091 cm"1 and significantly decreases in intensity (spectra not shown). A similar intensity 

decrease is observed for the corresponding absorption at 1087 cm"1. 

The most dramatic changes in the VCD spectra occur when the Mn2+ concentration 

is increased from 0.85 to 1.3 [Mn]/[P] (spectra not shown). At 0.94 [Mn]/[P], for 

example, the negative VCD peak at 1691 cm"1 has completely disappeared. The negative 

band at 1629 cm"1 has shifted to 1633 cm"1 and noticeably increased in intensity (spectrum 

not shown), which can be explained as a significant contribution from the couplet at 

1637(-)/1627(+) cm"1 shown clearly for the Z-from (Figure 3.1.1). The absorption at 

1633 cm'1, to which this couplet is assigned, is now clearly seen from band decomposition 

(spectrum not shown). Similar changes occur in the phosphate region of the VCD 

spectrum. The main VCD feature in this region, namely the 1089(-)/1072(+) cm"1 couplet, 

is inverted to 1087(+)/1081(-) cm'1, suggesting conversion to the Z-conformation. The 

negative VCD band at 969 cm"1 is also inverted and broadened without any wavenumber 

shift (spectra not shown). Further evidence for the conformational change is provided by 

the couplet at 1068(-)/1046(+) cm'1 matching the 1070(-)/1049(+) cm'1 couplet in the Z-

form assigned to the absorption at 1060 cm"1 (spectra not shown). Notable changes in the 

shapes of absorption bands can also be found in the base region. While the absorption at 

1683 cm"1 has significantly decreased in intensity, the band at 1649 cm"1 has increased and 

a shoulder at 1664 cm"1 has started to emerge. Another band at 1564 cm"1 has slightly 
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increased in intensity. All these changes are well illustrated by band decomposition. It is 

seen that in this range of Mn2+ concentrations the 1683 and 1649 cm*1 absorptions, typical 

for the B-conformation, are replaced by those for the Z-conformation at 1664 and 1633 

cm"1. The combined evidence clearly suggests that the threshold concentration causing the 

B-Z transition lies between 0.64 and 0.94 [Mn]/[P]. 

Further increase of the Mn2+ concentration from 1.1 to 1.7, 4.3 and 8.5 [Mn]/[P] 

leads to smooth changes of the characteristic features of the B-form to those of the Z-

form. The gradual changes of absorption and VCD spectra during B-Z transition can be 

conveniently monitored in Figure 3.1.4. It is seen that VCD spectra demonstrate more 

distinct and clear changes consisting in the inverting of the main couplet. 

3.1.4 Kinetics of the B-Z transition of (dG-dC)2o 

Figure 3.1.5 presents IR and VCD spectra of d(GC)2o*d(CG)2o with ~1 [Mn]/[P] 

at different incubation time. In order to follow the kinetics, the scanning time was reduced 

to about 1 minute for the absorption and to about 15 minutes for the VCD spectra. To be 

able to reduce the scanning time for the VCD spectra, the spectral resolution was reduced 

to 8 cm"1. A gradual transformation of the spectra from the B-form characteristic in 

direction to the Z-form characteristic is seen with time. The clear inversion of the 

carbonyl VCD couplet is seen due to reversed handedness of the B and Z forms. Due to 

the relatively low signal-to-noise ratio of the VCD spectra collected for such a short time 

it was possible to monitor the B-Z transition kinetics by VCD only qualitatively. Some 

quantitative estimations were performed using data from the absorption spectra. 

In order to estimate the kinetics of the B-Z transition at different Mn2+ 

concentrations, the absorption spectrum of the complex was recorded after 2, 6, 10, 16 

minutes, 3 hours, 3 hours and 15 minutes, and 6 hours after adding Mn2+. The 

wavenumber shift of the C=0 vibration of guanine and cytosine (1683 cm"1) was used to 

track the changes with time (Figure 3.1.6 and Figure 3.1.7). 
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Figure 3.1.4. Comparison of absorption (bottom set) and VCD (top set) spectra of 

(dG-dC)2o in the nitrogen base region at several key Mn2+ concentrations 



72 

< 0.50 H 

0.25 H 

0.00-t 

2 hours 58 min 

5 min 

40 min 

1 hour 15 min 

i • r 
1700 1600 

i ' 1 • r 
1100 1000 900 

Wavenumber/cm"1 

Figure 3.1.5. Absorption (bottom set) and VCD (top set) spectra of (dG-dC)2o with 

~ 1 [Mn]/[P] after different incubation time 



73 

1685 

10 100 
Time/min 

Figure 3.1.6. Peak position vs time during wavenumber shift from 1683 cm"1 (B-

form) to 1664 cm"1 (Z-form) absorptions in (dG-dC)20 

Peak position vs time during wavenumber shift from 1683 cm"1 (B-form) to 1664 cm"1 (Z-

form) absorptions at different [Mn]/[P] ratio: 

(a) 0.43; (b)0.51; (c) 0.64; (d) 0.94; (e) 1.1; (f) 1.3; (g) 1.7; (h) 2.6; (i) 4.3. 
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.2+ Figure 3.1.7. Peak position vs Mn concentration during the wavenumber shift 

from 1683 cm * (B-form) to 1664 cm1 (Z-form) in (dG-dC)20 

Peak position vs Mn2+ concentration during the wavenumber shift from 1683 cm"1 (B-

form) to 1664 cm"1 (Z-form) after different incubation time: 

(a) 16 minutes after adding Mn2+; 

(b) 3 hours and 15 minutes after adding Mn2+. 
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The rate of conversion from the B- to the Z-form clearly depends on the metal ion 

concentration (Figure 3.1.6). Below 0.5 [Mn]/[P] the wavenumber does not change at all 

(curves a and b), which indicates that at low Mn2+ concentration (dG-dC)2o remains in the 

B-form. At 0.6 [Mn]/[P], the curve becomes slightly deformed between 20 and 400 

minutes (curves c). The position of the band shifts from 1683 to 1664 cm"1 during -190 

minutes for Mn2+ concentrations ranging from 0.9 to 1.3 [Mn]/[P] (curves d to f). This 

shows that in this metal ion concentration range the oligomer exists in the B-form initially, 

but converts completely to the Z-form in about 3 hours, while at -0.6 [Mn]/[P], only a 

small portion adopts the Z-conformation in the same time interval. Raising the Mn2+ 

concentration beyond 1.7 [Mn]/[P] does not affect the position of the 1664 cm'1 

absorption (curves g and h), i.e. the position of the Z-form was reached from the start 

within experimental error. For concentrations higher than 4.3 [Mn]/[P] the wavenumber 

becomes 1664 cm"1 immediately after adding the Mn2+ (curve i), indicating that the 

conformation of (dG-dC)2o changes to the Z-form immediately upon addition of the metal 

ions. 

The same data can be plotted as the wavenumber shift with concentration at 

different times after addition of Mn2+. Figure 3.1.7 displays the shifts for two time 

intervals, namely 16 minutes and 3 hours and 15 minutes (curves a and b, respectively). 

Up to 16 minutes the curves are essentially the same for all Mn2+ concentrations, and they 

are almost the same for longer than 3 hours. Up to 16 minutes, the curve begins to drop 

sharply at -0.9 [Mn]/[P] and continues to drop until -3.4 [Mn]/[P], with a midpoint 

between the highest and lowest wavenumber (1673 cm"1) at -1.5 [Mn]/[P]. The 

corresponding numbers for the curves after 3 hours and 15 minutes are 0.5, 1.0 and 0.75 

[Mn]/[P], indicating a shorter concentration interval for the B to Z transition and lower 

[Mn]/[P] necessary for the transition. 
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3.2 Double- to triple-helix transition ofpoly(rA)*poly(rU) induced by Ni 

ions at elevated temperature 

3.2.1 Spectra of po!y(rA)*poIy(rU) at different temperatures 

Figure 3.2.1 represents the absorption and VCD spectra of poly(rA)*poly(rU) at 

temperatures 20°C, 58°C and 70°C. Figure 3.2.2, Figure 3.2.3, and Figure 3.2.4 represent 

the same spectra separately for each temperature, respectively with the wavenumbers 

added. Assignments for the main features in absorption and VCD spectra are summarized 

Table 3.2.1. 

The shape and wavenumbers of the absorption and VCD spectra at 20°C (Figure 

3.2.1 and Figure 3.2.2) correspond to a double-helical structure of poly(rA)*poly(rU) 

(Ohms & Ackermann, 1990; Yang & Keiderling, 1993; Wang et al, 1994a). There are 3 

distinct absorption bands in the nitrogen base region. The absorption at 1689 cm"1 and the 

corresponding VCD couplet at 1705(-)/1692(+) cm"1 are assigned to C2=0 vibrations of U 

(Tsuboi, 1969; Tsuboi, 1974; Yang & Keiderling, 1993; Wang et al., 1994a). The 

stronger absorption at 1669 cm"1 and much stronger VCD couplet at 1677(-)/1665(+) cm"1 

are assigned to C4=0 vibrations of U (Tsuboi, 1969; Tsuboi, 1974; Ohms & Ackermann, 

1990; Yang & Keiderling, 1993; Wang et al., 1994a). The much stronger VCD signal 

arising from the latter vibration compared to the former can be explained by the fact that 

C4=0 bond is participating in Watson-Crick hydrogen bonding. This increases the dipole 

strength of the transition moments arising form C4=0 groups (Yang & Keiderling, 1993), 

and also increases the alignment of the C4=0 groups making them less flexible then C2=0 

groups. Both factors give rise to a strong VCD signal from the C4=0 groups (Yang & 

Keiderling, 1993). The absorption band at 1631cm'1 and the corresponding VCD couplet 

at 163 5 (-)/1623 (+) cm'1 are assigned to C=C and C=N ring vibrations of hydrogen bonded 

A (Tsuboi, 1974; Ohms & Ackermann, 1990; Yang & Keiderling, 1993; Wang et al,, 

1994a). A weak absorption band at 1569 cm"1 and, probably, very weak VCD negative 
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Figure 3.2.1. Absorption and VCD spectra of poly(rA)*poly(rU) at different 

temperatures 

Absorption (bottom set) and VCD (top set) spectra of poly(rA)*poly(rU) at different 

temperatures. 
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Figure 3.2.2. Absorption and VCD spectra of poly(rA)*poly(rU) at 20°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) at 20°C. 
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Figure 3.2.3. Absorption and VCD spectra of poly(rA)*poly(rU) at 58°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) at 58 C. 
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Figure 3.2.4. Absorption and VCD spectra of po!y(rA)*poIy(rU) at 70°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) at 70°C. 
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band at the same wavenumber can be assigned to the C=N vibration of A (Tsuboi et al, 

1962; Tsuboi, 1969). Two VCD features dominate in the sugar-phosphate region. The 

one most intense is the VCD couplet at 1100(-)/1087(+) cm"1 arising from the absorption 

band at 1095 cm"1 and assigned to the phosphate symmetric stretching mode (Yang & 

Keiderling, 1993). This band is split in two absorption peaks at 1095 and 1075 cm"1, 

whereas Yang and Keiderling (1993) observed a single absorption band. Another distinct 

VCD feature in this region is the negative peak at 1124 cm'1 corresponding to the 

absorption band at 1121 cm'1 and assigned to C2-0 stretching mode of ribose (Yang & 

Keiderling, 1993). There are also several uncertain VCD features, which are not reliable 

because of their very low intensity, the relatively high instrument noise in this region, and 

the possibility of artifacts in this region of a spectrum. 

Figure 3.2.3 shows absorption and VCD spectra of poly(rA)*poly(rU) at 58°C. It 

can be seen from the absorption spectrum and, especially, from the VCD, that the sample 

at this temperature represents an equilibrium mixture of double- and triple-helical forms. 

For better comparison, the absorption and VCD spectra of double-stranded and triple-

stranded forms, and the mixture of both, are presented in Figure 3.2.5. It is seen that the 

VCD couplet at 1704(-)/1689(+) cm"1, corresponding to the absorption at 1692 cm"1, 

increased in intensity, which indicates its development in the direction of the couplet 

characteristic for the triple-stranded structure (Yang & Keiderling, 1993; Wang et al, 

1994a). The wavenumber of the absorption band at 1692 cm"1 is shifted from its original 

position for the double-stranded form (1689 cm"1) towards the value of the triple-stranded 

form, viz. 1696 cm"1 (Figure 3.2.3; Ohms & Ackermann, 1990; Yang & Keiderling, 1993; 

Wang et al, 1994a). Another VCD couplet at 1677(-)/1665(+) cm"1, characteristic for 

the C4=0 (U) vibration in the double-stranded conformation decreased in intensity 

together with its corresponding absorption band at 1669 cm"1. The VCD couplet of 

adenine at 1635(-)/1623(+) cm"1 shifts to 1631 (-)/1619(+) cm"1 and decreases in intensity 

together with a shift of its absorption band from 1631 cm"1 to 1627 cm"1 and decrease in 

its intensity. These changes in adenine absorption and VCD bands are characteristic for 
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Figure 3.2.5. Absorption and VCD spectra of poIy(rA)*poly(rU) duplex 

and triplex 

Absorption (bottom set) and VCD (top set) spectra of poly(rA)*poly(rU): 

(a) duplex at 20°C (no Ni2+); 

(b) experimental mixture of duplex and triplex at 58°C (no Ni2+); 

(c) triplex at 53°C (with Ni2+). 
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double- to triple-stranded transition (Ohms & Ackermann, 1990; Yang & Keiderling, 

1993; Wang et al, 1994a; Dagneaux et al, 1995). Finally, as it can be seen from Figure 

3.2.3 and Figure 3.2.5, a new albeit very small VCD couplet at 1654(-)/1650(+) cm"1 

appears at 58°C. It can be clearly assigned to a new absorption band at 1658 cm"1 

appearing as a shoulder in the absorption spectrum at this temperature. Both these 

features were assigned to the triple-stranded conformation of poly(rU)*poly(rA)*poly(rU) 

(Ohms & Ackermann, 1990; Yang & Keiderling, 1993; Wang et al, 1994a). In order to 

ensure that the spectra at 58°C represent a mechanical mixture of the equilibrium of 

double-stranded and triple-stranded forms but not a new conformation, the following 

treatment was performed. The set of absorption and VCD spectra of the mixture of 

double- and triple-stranded forms in different ratios was computed. Comparing the 

computed spectra with the experimental spectra at 58°C in the nitrogen base region, the 

ratio with the least square deviation of the computed spectra from experimental was 

selected. The results are shown in Figure 3.2.6. The good coincidence between the 

experimental and computed spectra confirms a mechanical mixture of double- and triple-

stranded molecules at 58°C. It should be noted that there is actually a mixture of 3 types 

of molecules, viz. single-helical poly(rA), double-helical poly(rA)*poly(rU), and triple-

helical poly(rU)*poly(rA)*poly(rU). Properly, all three would have to be included in the 

computations. However, single-stranded poly(rA) molecules will contribute to only one 

absorption band, viz. at 1623 cm"1, and to one corresponding VCD couplet. It was 

therefore deemed unnecessary to include the contribution of poly(rA) in the comparison if 

only the region above 1640 cm'1 is considered. 

Absorption and VCD spectra of poly(rA)*poly(rU) at 70 °C are shown in Figure 

3.2.1 and Figure 3.2.4. It has been shown in many IR studies that during 

poly(rA)*poly(rU) melting the absorption at 1692 cm"1 of C2=0 (U) decreases in intensity, 

the absorption of C4=0 (U) shifts from 1673 cm'1 to 1658 cm'1, and the adenine 

absorption shifts from 1631 cm"1 to 1623 cm"1 and increases in intensity (Tsuboi et al, 

1962; Tsuboi, 1969; Tsuboi, 1974; Ohms & Ackermann, 1990; Yang & Keiderling, 1993; 



85 

30-

20-

in 

° 10-
x 

% o-

-10-

-20-

0.6-

0.4-

< 

0.2-

0.0-

1700 1600 1100 1000 900 800 

Wavenumber/cm"1 

Figure 3.2.6. Experimental and calculated absorption and VCD spectra of 

po!y(rA)*poly(rU) mixture of duplex and triplex 

Absorption (bottom set) and VCD (top set) spectra of poly(rA)*poly(rU) mixture of 

duplex and triplex: 

(a) experimental (58°C, no Ni2+); 

(b) calculated (ratio of duplex and triplex was ~ 45% and 55% respectively). 
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Wang et ah, 1994a). Similar changes in absorption at 70°C can be noted in Figure 3.2.1 

and Figure 3.2.4. Therefore, it can be concluded that poly(rA)*poly(rU) exists as single-

helical poly(rA) and poly(rU) molecules at this temperature. From the VCD spectrum it 

can be seen that while no significant VCD from the sugar-phosphate backbone and from 

the uracile base modes are in evidence, there is still a fairly strong VCD signal that arises 

from the adenine ring vibrations, which is almost identical to that at 58°C (Figure 3.2.1 

and Figure 3.2.4). This undoubtedly indicates that poly(rA) still maintains its helical 

conformation, while the bases of poly(rU) are unstacked and the molecule exists mainly as 

a coil. It can be easily explained by the better stacking between purines than between 

pyrimidines. This allows poly(rA) to maintain its helical structure and thus give rise to 

VCD signal even at relatively high temperature, while a distortion of the stacking in 

poly(rU) explains the absence of any VCD features arising from it. Yang and Keiderling 

(1993) have indicated that they obtained some residual VCD signal from poly(rU) 

molecules at 80°C, which cannot be seen in the present spectra. However, as discussed 

below, this could also be connected with slightly different experimental conditions. The 

absence of any significant VCD signal in the phosphate region indicates significant 

disordering of the sugar-phosphate backbone of the single-stranded polynucleotides. This 

is understandable because it is more difficult for the backbone to maintain its ordered 

structure in a single helix than in a double-helix due to more freedom of the backbone and 

less rigidity of the helix in the former. 

Yang and Keiderling (1993) at similar experimental conditions, viz. 0.2 M alkali 

ions (Na+ and K+), have obtained a triple-helical structure of poly(rU)*poly(rA)*poly(rU) 

in the temperature region from 56°C to 60°C. According to a diagram presented by 

Krakauer and Sturtevant (1968), a sample of poly(rA)*poly(rU) in the presence of 0.2 M 

Na+ should exist in a triple-helical form in the temperature range from about 57 to about 

65°C. However, as shown above, the VCD spectrum in Figure 3.2.3 does not correspond 

to that of the triple-helical structure, presented in (Yang & Keiderling, 1993; Wang et ah, 

1994a). A more detailed study revealed (spectra not shown), that the VCD spectrum at 
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56°C corresponds to a double-helical structure, then changes in the direction to the triple-

stranded structure at 57 and 58°C, and finally changes to the spectrum corresponded to 

single stranded molecules at 60°C. 

The possible reason of the discrepancy of these data with the phase diagram of 

Krakauer and Sturtevant (1968) may be due to the high concentration of the biopolymer 

used in the present experiments compared to their studies. Taking into account this 

difference in the experimental conditions, it may be assumed that in the present situation 

the phase diagram curves may be shifted and the Na+ concentration used may not be 

enough to induce the transition. Another discrepancy with the results of Yang and 

Keiderling (1993), who used a similar biopolymer concentration, is possibly due to the fact 

that Yang & Keiderling used potassium salt of poly(rA)*poly(rU) (they indicated 0.08 M 

K+ in the sample, with the total concentration of Na+ and K+ ions equal to 0.2 M). 

According to the phase diagram (Krakauer & Sturtevant, 1968), a significantly lower 

concentration of K+ ions is necessary to induce the double- to triple-stranded transition, 

which might enable Yang and Keiderling to obtain a stable triple-stranded structure. It is 

worth pointing out that despite the presence of K+ ions, they could obtain the stable triple-

helical structure only in the narrow temperature region from 56°C to 60°C, whereas with 

only Na+ ions present in concentration 0.2 M this region should be from 57 to about 65°C 

according to Krakauer and Sturtevant (1968). This may confirm the influence of the 

polymer concentration on the phase diagram. 

3.2.2 Spectra of poly(rA)*poIy(rU) with Ni2+ ions at different temperatures 

Absorption and VCD spectra for poly(rA)*poly(rU) with 0.4 [Ni]/[P] (0.07M 

Ni2+) at different temperatures are presented in Figure 3.2.7 and Figure 3.2.8, respectively. 

The absorption and VCD spectra are presented for several key temperatures separately, 

and displayed with wavenumbers in Figure 3.2.9 to Figure 3.2.12. The band assignments 

together with the indexes, shown in Figure 3.2.7 and Figure 3.2.8, can be found in Table 

3.2.1. 
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Figure 3.2.7. Absorption spectra of poly(rA)*po!y(rU) + 0.4 [Ni]/[P] at different 

temperatures 

Absorption spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at different temperatures. The 

last spectrum was taken after cooling the sample down for 12 hours. Wavenumbers for 

the indexes can be found in Table 3.2.1. 
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Figure 3.2.8. VCD spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at different 

temperatures 

VCD spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at different temperatures. The last 

spectrum was taken after cooling the sample down for 12 hours. Wavenumbers for the 

indexes can be found in Table 3.2.1. 
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Figure 3.2.9. Absorption and VCD spectra of poly(rA)*po!y(rU) + 0.4 [Ni]/[P] at 

23°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at 23°C. 



91 

30-

b 15-

X 

-15-

1.00-

0.75-

< 0.50-

0.25-

0.00-

1700 
i — ' — r 

1100 1000 1600 

Waven umber/cm"1 

900 800 

Figure 3.2.10. Experimental and calculated absorption and VCD spectra of 

poly(rA)*poly(rU) mixture of duplex and triplex with 0.4 [Ni]/[P] at 43°C 

Absorption (bottom set) and VCD (top set) spectra of poly(rA)*poly(rU) mixture of 

duplex and triplex: 

(a) experimental (43°C, 0.4 [Ni]/[P]); 

(b) calculated (ratio of duplex and triplex was about 1:1). 
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Figure 3.2.11. Absorption and VCD spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at 

53°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at 53°C. 
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Figure 3.2.12. Absorption and VCD spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at 

86°C 

Absorption (bottom) and VCD (top) spectra of poly(rA)*poly(rU) + 0.4 [Ni]/[P] at 86°C. 
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From the comparison of the absorption and VCD spectra for poly(rA)*poly(rU) 

without Ni2+ ions at 20°C and with 0.4 [Ni]/[P] at 23°C (Figure 3.2.2 and Figure 3.2.9) it 

can be seen that no significant changes can be noted in both types of spectra upon adding 

Ni2+ ions at this concentration. The only noticeable difference might be the more 

pronounced VCD couplet arising from C2=0(U) at 1704(-)/1692(+)cm'\ This may be 

connected with the metal ion stabilizing effect. Incidentally, this VCD couplet is a little 

more enhanced in Yang and Keiderling (1993) at 20°C than in the present experiments 

without Ni2+ ions possibly due to the presence of K+ ions in the former, which may 

stabilize the structure better than Na+ ions alone. Thus, it can be concluded that metal 

ions at this concentration alter the macromolecular structure very insignificantly. 

Upon increasing the temperature from 23°C to 43°C the absorption and VCD 

spectra change in the direction to those characteristic for the triple-helical form (Figure 

3.2.7, Figure 3.2.8, and Figure 3.2.10). The spectra at this temperature look very similar 

to those obtained without Ni2+ ions at 58°C (Figure 3.2.1, Figure 3.2.3, Figure 3.2.5, and 

Figure 3.2.6) and also represent the equilibrium mixture of double-stranded, triple-

stranded and single-stranded molecules. This indicates that Ni2+ ions lower the starting 

temperature of double- to triple-helical transition from 58 to 43 °C. Using the same 

computational treatment for the spectra at 43°C as for those without Ni2+ at 58°C, the 

good match between the experimental and computed spectra shows again an equilibrium 

mixture of double-, triple- and single-stranded molecules, but no new macromolecular 

conformation (Figure 3.2.10). 

A further temperature increase to 45°C essentially completes the double- to triple-

helical transition (Figure 3.2.7 and Figure 3.2.8). However, the most stable triplex 

conformation was recorded at 53°C (Figure 3.2.11). Both absorption and VCD spectra in 

Figure 3.2.11 correspond to the typical spectra of the triple-helical structure of 

poly(rU)*poly(rA)*poly(rU) (Ohms & Ackermann, 1990; Yang & Keiderling, 1993; 

Wang et ah, 1994a). The typical 5-peak (-++-+) VCD pattern for triplexes can be found 

in the VCD spectrum (Yang & Keiderling, 1993; Wang et ah, 1994a). The C2=0 (U) 
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absorption shifts from 1692 cm"1 to 1696 cm"1, and its corresponding VCD couplet at 

1704(-)/1689(+) cm"1 significantly increases in intensity. The C4=0 (U) absorption 

transforms into a shoulder at 1673 cm"1, and a band at 1658 cm"1 emerges. Similarly, the 

VCD couplet at 1681 (-)/1673(+) cm"1 arising from the former absorption band decreases 

in intensity, while the couplet at 1658(-)/1650(+) cm"1 arising from the latter absorption 

band significantly increases in intensity. The absorption band from the adenine ring 

vibration shifts from 1631 cm"1 to 1627 cm"1 and decreases in intensity. Its corresponding 

VCD couplet at 1631(-)/1615(+) cm"1 also decreases in intensity. All the changes 

described correspond to the changes occurring during the double- to triple-helical 

transition (Ohms & Ackermann, 1990; Yang & Keiderling, 1993; Wang et al, 1994a; 

Dagneaux et al, 1995;). The gradual transition from the double- to triple-helical 

conformation through the intermediate equilibrium mixture can be followed in Figure 3.2.7 

and Figure 3.2.8. It can be seen from absorption and especially clearly form the VCD 

spectra that although the spectra for 45°C essentially correspond to the triple-helical 

structure, they still contain some double-helical species. This is seen from the slightly 

more pronounced absorption band at 1673 cm"1 and slightly larger amplitude of the 

corresponding VCD couplet at 1681(-)/1673(+) cm"1, both being characteristic for the 

duplex structure. It is worth noting that the main change in the sugar-phosphate region 

upon transition from a double- to triple-helix is the disappearance of the absorption at 

1091 cm"1. Thus, the absorption arising from the symmetric vibrations of the phosphates 

is not split in two bands anymore, which suggests some structural changes of the sugar-

phosphate backbone during the transition. 

The absorption and VCD spectra at 69°C are shown in Figure 3.2.7 and Figure 

3.2.8, respectively. The VCD spectrum at this temperature decreases in intensity without 

any significant changes in shape, indicating the beginning of distortion of the structure. A 

decrease of the C2=0 (U) absorption, increase of C4=0 (U) band, and increase of the 1627 

cm"1 band and its shift to 1623 cm"1 also indicate changes of the structure towards melting. 

Indeed, the absorption spectrum at 72°C alters significantly. The C2=0 (U) band 
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significantly decreases in intensity and shifts to 1689 cm"1. The C4=0 (U) band further 

increases in intensity but remains at 1658 cm"1. The adenine ring band also significantly 

increases in intensity and remains at 1623 cm"1. All these changes in absorption 

correspond to triple- to single-stranded transition and to a possible helix-coil transition of 

the single-stranded molecules (Tsuboi, 1969; Tsuboi, 1974; Annamalai & Keiderling, 

1987; Ohms & Ackermann, 1990; Yang & Keiderling, 1993; Wang et al, 1994a). The 

VCD spectrum at 72°C (Figure 3.2.8) shows that there is virtually no VCD signal left in 

the nitrogen base region. At the same time, there still is a slight signal apparent in the 

phosphate region. This indicates that the ordered structure of the sugar-phosphate 

backbone of the triplexes is more stable to thermal denaturation than the stacked structure 

of the nitrogen bases. A similar effect was noted by Yang and Keiderling (1993). The 

sugar-phosphate backbone is well stabilized by neutralization of the negative charges on 

the phosphates. Melting begins with the distortion of the nitrogen base stacking, and 

when a sufficient number of the nitrogen bases become disordered, the distortion of the 

sugar-phosphate backbone occurs (Yang & Keiderling, 1993). In contrast, in the absence 

of Ni2+, ions the distortion of sugar-phosphate backbone of single helices occurred at 

lower temperature than the distortion of base stacking. Taking into account the high 

affinity of Ni2+ ions to the phosphates (Izatt et al, 1966; Daune, 1979), additional stability 

of the sugar-phosphate backbone of single helices may be induced by Ni2+ ion cross-

bridging of different phosphate groups directly or through water molecules. This may 

enhance the backbone rigidity thus giving rise to the VCD signal. 

A further temperature increase for about 10°C (up to 80 - 83°C) does not change 

either absorption or VCD spectra (spectra not shown). However, the VCD spectrum at 

86°C is significantly altered, although there is no significant change in the absorption 

spectrum. This indicates that the poly(rA) and poly(rU) molecules have become single 

stranded (Figure 3.2.7, Figure 3.2.8 and Figure 3.2.12). The main feature appearing in the 

VCD spectrum at 86°C is a relatively strong VCD couplet at 1635(-)/1619(+) cm"1. There 

may be another couplet at 1669(-)/1651(+) cm"1, but it is less clear than the former. Slight 
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increase in intensity of the VCD feature in the sugar-phosphate region can also be noted. 

The couplet at 1635(-)/1619(+) cm"1 can be possibly assigned to the ring vibrations of 

adenine corresponding to the absorption at 1619 cm"1, shifted from its normal position at 

1623 cm"1 in a the single-stranded form. The appearance of the VCD couplet may indicate 

that some kind of ordered structure in single-stranded poly(rA) exists. The shape of the 

couplet at 1635(-)/1619(+) is different from that of the adenine shape for canonical single-

stranded poly(rA) molecules (Annamalai & Keiderling, 1987; Yang & Keiderling, 1993; 

Wang et al, 1994a). This may indicate that the ordered poly(rA) structure in question 

might be different from the canonical structure of poly(rA). The new VCD features in 

both spectral regions may also result from some extent of the poly(rA) aggregation 

induced by Ni2+. However, if these features arise due to aggregation, it can be suggested 

from the relatively low intensity of the features that the process is not very extensive. 

Increasing the temperature to 90°C resulted in distortion of the structure and a decrease of 

all VCD features in both spectral regions (Figure 3.2.8). 

After the measurements at 90°C the sample was slowly cooled down to 23°C for 

12 hours. The spectra of the cooled sample at 23°C are presented in Figure 3.2.7 and 

Figure 3.2.8. It can be clearly seen that the VCD spectrum corresponds to the triple-

helical structure. The absorption spectrum also displayed all features characteristic for the 

triple-helix. It appears that the double- to triple-helical transition induced by Ni2+ ions was 

irreversible in the temperature region studied. In contrast, the partial double- to triple-

helical transition, obtained without Ni2+ ions at 58°C was readily reversible, and slight 

shifts of the temperature from 58 to 56 or 60°C shifted the transition to double-helical or 

to single-helical forms, respectively (spectra not shown). Probably Ni2+ ions exert a strong 

stabilizing effect on the triple-helical structure. A hysteresis effect for the reversible triple-

to double-helical transition can possibly be suggested. A similar hysteresis effect was 

demonstarted for the triple helix of r(UCU5C6)*d(AGA5G6)-d(C6T5CT) (Dagneaux et al, 

1995). The authors used low pH conditions in order to form the triplex. Upon lowering 

the pH from 7 to 5.4 the sample remained in the duplex form, and only lowering the pH to 
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4.0 resulted in the formation of a triplex. However, this triplex was stable upon increasing 

pH up to 6.2. A possibility of a similar hysteresis effect in the present case may suggest 

that lowering the temperature below 23°C would possibly result in reversing the transition. 

It may be also suggested that the rate of the reverse transition might be slow and the 

transition was not complete within 12 hours. 

3.2.3 Structural models of triple-helical conformation 

In most studies of triplexes it is thought that the third strand is attached to a 

double-stranded molecule by forming Hoogsteen type of hydrogen bonding (Tsuboi et al, 

1962; Morikawa et al, 1973; Ohms & Ackermann, 1990; Yang & Keiderling, 1993; 

Dagneaux et al, 1995). In the case of poly(rA)*poly(rU), the double-stranded molecule 

with Watson-Crick hydrogen bonding binds the third strand of poly(rU) so that it forms 

Hoogsteen hydrogen bonding with the poly(rA) stand. In such a scheme the C4=0 groups 

of both poly(rU) strands are hydrogen bonded to A while the C2-O groups of both 

poly(rU) strands are free (Figure 1.1.2 (a)). The equivalence of C4=0 and C2=0 groups 

of U in both strands cannot explain the experimental IR absorption spectra of the 

poly(rU)*poly(rA)*poly(rU) triplexes. This fact was noted already earlier (Miles, 1964). 

The detailed description of this contradiction of the Hoogsteen-type model with 

experimental IR absorption spectra was made in relatively recent VCD study of the 

triplexes (Wang et al, 1994a). Moreover, Wang et al. (1994a) have shown that VCD 

calculations in the frame of the NECO (non-degenerate extended coupled oscillator) 

model were not able to reproduce the typical 5-peak VCD pattern (-++-+) of a triple-

helix. The authors have proposed that a model with reverse Hoogsteen base pairing might 

be realized, which would explain all IR absorption features of the triplex and produce the 

5-peak VCD pattern in NECO calculations. After examining the present absorption and 

especially VCD spectra the reverse Hoogsteen but not the Hoogsteen model appears to be 

the most probable one. Indeed, in the reverse Hoogsteen model the C4=0 and C2=0 

groups of both poly(rU) strands are not equivalent (Figure 1.1.2 (b)). While the first 
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poly(rU) strand, attached to poly(rA) via Watson-Crick hydrogen bonding, results in 

C4=0 (U) being hydrogen bonded and C2=0 (U) being free, the second poly(rU) strand 

attached via reverse Hoogsteen hydrogen bonding, results in C4=0 (U) being free, and 

C2=0 (U) being hydrogen bonded. This non-equivalency of C4=0 and C2=0 groups can 

easily explain a number of features in absorption and, particularly, in the VCD spectra. 

Accepting the possibility of reverse Hoogsteen base pairing for the third strand and 

all the assignments described above, it can be assumed that the absorption at 1689-1692 

cm"1 and matching weak VCD couplet at 1705-1704(-)/1692(+) cm"1 characteristic for 

double-helical structure correspond to free C2=0 (U). Similarly, the absorption at 1669 

cm"1 and matching VCD couplet at 1677(-)/1665(+) cm"1 correspond to Watson-Crick 

hydrogen bonded C4=0(U), and the absorption at 1631 cm"1 and matching VCD couplet 

at 1635(-)/1627-1623(+) cm'1 to Watson-Crick hydrogen bonded adenine ring vibrations 

(Figure 3.2.2, Figure 3.2.5, and Figure 3.2.7 to Figure 3.2.9). 

For the triple-helical structure, the absorption at 1692 cm"1 shifts to 1696 cm"1 and 

the corresponding VCD couplet at 1704(-)/1662(+) cm"1 significantly increases in intensity 

(Figure 3.2.5, Figure 3.2.7, Figure 3.2.8, and Figure 3.2.11). These changes can be 

directly connected to the appearance of hydrogen bonded C2=0 (U) groups. In this case, 

the absorption will shift to higher energy, the VCD intensity will increase due to a better 

alignment of the C2=0 groups, and the dipole strength will be enhanced upon hydrogen 

bonding (Yang & Keiderling, 1993). The emergence of the absorption at 1658 cm"1 and 

corresponding VCD couplet at 1658(-)/1650(+) cm'1 can be connected to appearance of 

the free C4=0 (U) groups (Figure 3.2.5, Figure 3.2.7, Figure 3.2.8, and Figure 3.2.11). It 

is well-known that C4=0 vibration band is situated at 1658 cm'1 for a single-stranded 

poly(rU) or for U residues (Tsuboi, 1969; Tsuboi, 1974; Annamalai & Keiderling, 1987; 

Yang & Keiderling, 1993; Wang et al, 1994a). Ohms and Ackermann (1990) assign this 

absorption to the Hoogsteen hydrogen bonded C4=0 (U) and distinguish it from the free 

C4=0 (U) band. However, from all the changes that occurred in the VCD and absorption 

spectra it seems more reasonable to assign this band to the free C4=0 (U). 
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It can be clearly seen that the absorption of Watson-Crick hydrogen bonded C4=0 

(U) at 1673 cm"1 is significantly weaker in the spectra of triplexes than in the spectra of 

double-helices, but is still present as a shoulder (Figure 3.2.5, Figure 3.2.7, Figure 3.2.8, 

and Figure 3.2.11). The corresponding VCD couplet at 1681(-)/1673(+) cm"1 also 

significantly diminishes in intensity but still remains quite pronounced. Both changes are 

easily explained by the reduced number of hydrogen bonded C4=0 (U) groups. 

The 1631 cm"1 absorption band of the ring vibration of hydrogen bonded adenine 

in the double-helix shifts to 1627cm"1 and slightly decreases in intensity in the spectra of 

triplexes. The corresponding VCD couplet at 1635(-)/1627(+) cm"1 shifts accordingly to 

1631(-)/1615(+) cm"1 and diminishes in intensity by a factor of about 2. The adenine 

absorption and the corresponding VCD couplet almost completely disappear in the spectra 

of the poly(rU)*poly(rA)*poly(rU) triplexes (Ohms and Ackermann, 1990; Yang and 

Keiderling, 1993; Wang et al, 1994a; Dagneaux et al, 1995). The presence of these 

absorption and VCD features in the present spectra of triplexes is apparently connected 

with the presence of the single-helical species of poly(rA) along with the triple-helical 

poly(rU)*poly(rA)*poly(rU). 

It is of interest to review the Figure 3.2.5, Figure 3.2.7, and Figure 3.2.8, where 

the spectra corresponding to double-stranded, triple-stranded as well as mixed samples are 

presented. Keeping in mind all that was said about the possibility of the reverse 

Hoogsteen hydrogen bonding, the evolution of all absorption and VCD features can be 

traced out and clearly understood going from poly(rA)*poly(rU) to poly(rA)*poly(rU) + 

poly(rU)*poly(rA)*poly(rU) + poly(rA) and further to poly(rU)*poly(rA)*poly(rU) + 

poly(rA) and finally to poly(rA) + poly(rU). 
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3.2.4 Phase transition profiles 

In order to better monitor the structural changes of the sample with temperature 

increase and obtain profiles of the phase transitions, the relative intensity and wavenumber 

changes of the absorption bands as well as VCD couplet amplitude changes vs 

temperature were plotted (Figure 3.2.13 to Figure 3.2.16). Only those spectral 

parameters, both absorption and VCD, which were sensitive to the phase transitions were 

chosen. 

The wavenumber shift of the absorption maximum of the C4=0 (U) vibration, the 

relative intensity change of the maximum of the hydrogen bonded C4=0 (U) vibration at 

1669 cm"1 and the free C4=0 (U) vibration at 1658 cm"1, as well as changes of amplitude 

of the corresponding VCD couplets for the sample with Ni2+ ions are presented in Figure 

3.2.13. The two steepest vertical parts are seen on the plot for the absorption band of the 

free C4=0 (U) at 1658 cm"1. The first part determines the region of duplex to triplex 

phase transition (2—»3 transition) at ~43-45°C, and the second determines the region of 

triplex to single-stand transition (3—»1 transition) at ~70-72°C. Only one steep vertical 

part is seen on the plot for the absorption band of the hydrogen bonded C4=0 (U) at 1669 

cm"1 in the region of 2-»3 transition. At the temperatures below the 2->3 transition 

temperature the former band is not emerged yet, while the latter one has its maximum 

intensity. This indicates that double-helical phase is stable in the temperature region below 

43-45°C. In-between the two phase transitions the intensity of the free C4=0 (U) 

absorption band remains relatively steady, thus indicating that the temperature region for 

the existence of the stable triplex is from 45 to 70°C. The band of hydrogen bonded C4K) 

(U) completely disappears form the spectra above 55°C because its intensity becomes 

significantly lower than that of the free C4=0 (U) band and hydrogen bonded C4=0 (U) 

band is overlapped by that of the free C4=0 (U). The plot for the absorption of the free 

C4=0 (U) remains horizontal also after 3-»l phase transition, indicating that the 

temperature region for the existence of stable single-stranded poly(rU) molecules is above 

70°C. The plot of the amplitude of free C4=0 (U) VCD couplet behaves similarly to that 
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Figure 3.2.13. Absorption and VCD intensity and absorption wavenumber shift vs 

temperature for C4=0 (U) vibration bands of poIy(rA)*poly(rU) + 0.4 [Ni]/[P] 

Normalized absorption (solid symbols) and VCD (open symbols) intensity (left axes) and 

absorption wavenumber shift (right axes) vs temperature for C4=0 (U) vibration bands of 

poly(rA)*poly(rU) + 0.4 [Ni]/[P]: 

(•) absorption intensity of H-bound C4=0 (U) (1669 cm"1); 

( • ) absorption intensity of free C4=0 (U) (1658 cm' ); 

(*) wavenumber shift of C4=0 (U); 

( • ) amplitude of VCD couplet of H-bound C4=0 (U) (1665(+)/1677(-) cm'1); 

(O) amplitude of VCD couplet of free C4=0 (U) (1650(+)/1658(-) cm'1). 
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Figure 3.2.14. Absorption intensity and wavenumber shift vs temperature for C4=0 

(U) vibration bands of poly(rA)*poly(rU) and poly(rA)*poly(rU) with 0.4 [Ni]/[P] 

Absorption intensity (left axes) and wavenumber shift (right axes) vs temperature for 

C4=0 (U) vibration bands of poly(rA)*poly(rU) (open symbols) and poly(rA)*poly(rU) 

with 0.4 [Ni]/[P] (solid symbols): 

(•) intensity of free C4=0 (U) (1658 cm'1) for poly(rA)*poly(rU); 

( • ) intensity of free C4=0 (U) (1658 cm"1) for poly(rA)*poly(rU) with 0.4 [Ni]/[P]; 

( • ) wavenumber shift of C4=0 (U) for poly(rA)*poly(rU); 

(O) wavenumber shift of C4=0 (U) for poly(rA)*poly(rU) with 0.4 [Ni]/[P]. 
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Figure 3.2.15. Absorption and VCD intensity and absorption wavenumber shift vs 

temperature for adenine ring vibration band of poly(rA)*poly(rU) + 0.4 [Ni]/[P] 

Normalized absorption and VCD intensity (left axes) and absorption wavenumber shift 

(right axes) vs temperature for adenine ring vibration band of poly(rA)*poly(rU) + 0.4 

[Ni]/[P]: 

(•) intensity of 1631 cm*1 absorption band; 

( • ) amplitude of VCD couplet at 1635(+)/1623(-) cm"1; 

(*) wavenumber shift of 1631 cm"1 absorption band. 
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Figure 3.2.16. Absorption intensity vs temperature for PCh and ribose vibration 

bands of poly(rA)*poly(rU) + 0.4 [Ni]/[P] 

Absorption intensity vs temperature for PO2" and ribose vibration bands of 

poly(rA)*poly(rU) + 0.4 [Ni]/[P]: 

( • ) intensity of P02 ' absorption band at 1075 cm"1; 

(•*•) intensity of C2-0 ribose absorption band at 1121 cm"1. 
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of the free absorption band, clearly demonstrating two phase transitions by its steepest 

vertical parts. The plot of the amplitude of the free C4=0 (U) VCD couplet shows that 

the most intense VCD signal arises around 53°C. The shift to lower temperatures will 

result in fewer free C4=0 (U) groups, i.e., fewer molecules existing in triple-stranded 

structure, and thus result in a decrease of the amplitude of this couplet. The shift to the 

higher temperatures will result in thermal disordering of the alignment of free C4=0 (U) 

groups and, respectively, in disordering of the coupling between them, which will also 

decrease the amplitude of the couplet. Similar behavior of amplitude of C2=0 (U) VCD 

couplet (data no shown) suggests that a slight thermal destabilization of the whole triplex 

structure, not seen from the absorption spectra, occurs at temperatures higher than 53°C. 

This leads to the conclusion that while the triplex phase is in general stable in the wide 

temperature range from 45 to 70°C, the stability is not the same throughout the whole 

region. The most stable triplex structure might be considered to be at the temperature 

around 53°C with decreasing stability to the both sides from this temperature. 

It is worth noting that the intensity of the absorption band of free C4=0 (U) in the 

region of the triplex phase reaches about one half of its maximal intensity in the single-

strand phase. Taking into account that all C4=0 (U) groups are free in the single-strand 

phase and bound in the double-strand phase, this will indicate that in the triple-stand phase 

about one half of the C4=0 (U) groups are free and the other half are bound, thus 

confirming the idea about reverse Hoogsteen hydrogen bonding in the triplexes. Another 

confirmation of this model comes from analyzing the plot of the wavenumber shift of the 

absorption maximum of the C4=0 (U) vibration. It is clearly seen that the wavenumber 

shifts from 1669 cm"1 to 1658 cm"1 during the 2->3 phase transition and does not change 

during the 3—»1 transition. If one considers that after the 2—»3 transition this band at 1658 

cm"1 is a characteristic one for hydrogen bonded C4=0 (U) in a Hoogsteen base pair, it is 

difficult to explain that breaking of the Hoogsteen base pairs during the 3-»l phase 

transition does not influence the wavenumber of this band. It is more reasonable to 

suggest that while 1669 cm"1 band corresponds to the hydrogen bonded C4=0 (U), 
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regardless whether in Watson-Crick or Hoogsteen base pairs, the 1658 cm"1 band will 

correspond to the free C4=0 (U) and it will emerge in the spectra upon appearance of the 

free C4=0 (U) groups, no matter whether they appear due to forming reverse Hoogsteen 

base pairs or due to breaking all possible base pairs, i.e. during the multi-strand- to single-

strand transitions. 

Plots of the wavenumber shift of the C4=0 (U) vibration as well as the relative 

intensity change of the maximum of the free C4=0 (U) vibration at 1658 cm"1 for the 

sample with and without Ni2+ ions are compared in Figure 3.2.14. The intensity of the free 

C4=0 (U) band without Ni2+ at ~58°C reaches about one half the intensity of the triplex 

with Ni2+ ions. This shows that about a half of the molecules were converted from the 

double-helical to the triple-helical structure, and confirms of the computations with the 

mixing of the spectra of two species described above. Further elevating the temperature 

induces fast transition of the duplexes and triplexes to single-stranded molecules and the 

existence of only single strands at ~70°C. It is interesting to note, that the temperature of 

the partial 2—>3 transition in the absence of Ni2+ (~58°C) is situated approximately in the 

middle of the temperature range of the triplex stability in the presence of Ni2+ ions (45-

70°C). The temperature of the most stable point for the triplexes in the presence of Ni2+, 

obtained from the VCD data, is only slightly lower (~53°C). Therefore, it might be 

suggested that adding Ni2+ ions expands the temperature region of stability triplex more or 

less equivalently to the both sides from the multiphase point. The plot of the wavenumber 

shift of the C4=0 (U) band for the sample without Ni2+ ions shows that wavenumber stays 

at 1669 cm"1 up to the multiphase point ~58°C due to the absorption band of the hydrogen 

bonded C4=0 (U) being more intense than that of the free C4=0 (U), and then sharply 

shifts to 1658 cm"1 indicating a cooperative phase transition of a type (2+3)->l. 

The wavenumber shift and intensity change of the absorption band of the adenine 

ring vibrations at 1631 cm"1 together with the amplitude change of the corresponding 

VCD couplet are plotted in Figure 3.2.15. The adenine VCD couplet appears to be quite 

insensitive to the phase transitions under the study (Yang & Keiderling, 1993). Its 
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amplitude decreases to a minimal value at ~60°C and then remains at this value up to 

70°C. This intensity decrease might be connected with the fact that triplexes do not have 

noticeable VCD signals arising from this vibration (Yang & Keiderling, 1993; Wang et al, 

1994a). Therefore, all the VCD intensity of this couplet at temperatures higher than 43°C 

comes from the single-stranded poly(rA) species, which represent only half of all adenines, 

while the other half is contained in the triplexes. Besides, for the single-stranded poly(rA) 

the VCD amplitude is lower than for the duplexes. The relatively significant increase of 

the VCD amplitude at 86°C is connected to a formation of the possible ordered structure 

of poly(rA) or to some extent of poly(rA) aggregation under the influence of Ni2+ ions. 

The structure easily melts upon further heating, which follows from the sharp intensity 

decrease of the VCD couplet. The poly(rA) structure seen from VCD spectra at 86°C, 

appears in both absorption plots as well. Both of them display more than two phase 

transitions. The duplex and triplex phases are displayed very clearly. A sharp decrease of 

the adenine absorption band together with a shift of its wavenumber from 1631 to 1627 

cm"1 during the 2—»3 transition takes place because this band is very weak in the triplexes 

and shows up mostly due to the single-stranded poly(rA) species (Ohms & Ackermann, 

1990; Yang & Keiderling, 1993; Wang et al, 1994a; Dagneaux et al, 1995). However, 

this band starts to increase and shifts to 1623 cm"1, characteristic for single-stranded 

poly(rA), after 65°C, i.e., still within the stable triplex phase. This might be due to the 

partial destabilization of the triple-helix as it reaches the boundary between the triple and 

single phases, suggested by the VCD results. Increase of the intensity plot during the 

3—>1 transition at 70°C is connected with a strong increase of the adenine absorption in 

the single-stranded molecules (Ohms & Ackermann, 1990; Yang & Keiderling, 1993; 

Wang et al, 1994a). However, the single-helical phase displays a hypochromic minimum 

of the absorption band at 86°C and its wavenumber shifts down to 1619 cm"1. Such a 

hypochromicity may indicate the formation of some kind of ordered or aggregated 

structure, which melts upon further heating. The hypochromic minimum exactly coincides 
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with the maximum intensity of the VCD couplet, connecting these two spectral features to 

one phenomenon. 

Relative intensity changes with increasing temperature for the absorption bands of 

the symmetric phosphate stretching mode at 1075 cm'1 and ribose stretching mode at 1121 

cm"1 are presented in Figure 3.2.16. It is seen that the phosphate absorption band changes 

only during the 3—»1 transition, indicating that the phosphates are not sensitive to the 

2—»3 transition. However, some changes in the phosphate structure may be suggested 

during 2-»3 transition because of disappearance of the phosphate band splitting (Figure 

3.2.7 and Figure 3.2.11). In contrast, both transitions can be clearly seen on the sugar 

absorption band plot, which shows ribose sensitivity both to 2—>3 and to 3—»1 transitions, 

although the latter apparently induces more significant changes in the sugar structure. 

It was shown in the present study that one of the important features of VCD 

spectroscopy is its high sensitivity to the "vertical" stacking interactions and to the 

"horizontal" hydrogen-bonding interactions. Therefore, changes in molecular structure 

due to formation or breaking of hydrogen bonding and stacking can be clearly monitored. 

Due to this sensitivity to both types of interactions, one of the most advantageous 

applications of VCD can be in studies of nucleic acid transitions between single-, double-, 

triple- and other multiple-stranded conformations as well as transitions between stacked 

and unstacked structures. While absorption spectroscopy can also provide significant and 

often complementary information about these transitions, VCD makes the whole picture 

more clear and often provides more details. 
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4. Metal ion induced structural changes of natural calf 

thymus DNA 

4.1 DNA Interaction with cV+ ions. VCD evidence of DNA condensation 

4.1.1 VCD spectrum of calf thymus DNA 

The absorption spectrum of DNA is presented in Figure 4.1.1. The spectrum is 

characteristic for the DNA B-conformation (Tsuboi, 1969; Tsuboi, 1974; Taillandier et 

al, 1985; Taillandier, 1990). The corresponding VCD spectrum also is that of the B-form 

(Wang et al, 1994b; Wang & Keiderling, 1992). Assignments for the absorptions are 

summarized in Table 4.1.1. They appear to be more or less well established for DNA and 

are taken from these references in the discussions that follow (Tsuboi, 1969; Tsuboi, 

1974; Parker, 1971; Taillandier et al, 1985; Taillandier, 1990). Since there is less detailed 

information about VCD spectra of DNA, the most prominent VCD features are discussed 

below. 

The absorption at 1693 cm"1 appearing as a shoulder in Figure 4.1.1 has been 

assigned to C2=0 (T) stretching, and the absorption at 1682 cm"1 mostly to C6=0 (G), 

coupled with C4=0 (T) and C2=0 (C). A strong VCD feature with maxima at 1698(-

)/1665(+) cm"1 and with a slight negative shoulder at -1689 cm"1 corresponding to these 

absorptions can be interpreted as a superposition of several couplets arising from all these 

C=0 vibrations, possibly explaining the appearance of the 1689 cm"1 shoulder (this 

shoulder appears more or less pronounced in VCD spectra of calf thymus DNA). The 

intensity of the positive VCD peak at 1665 cm"1 is significantly higher than that of the 

positive peak at 1638 cm"1. Both features have about the same intensities in 
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Figure 4.1.1. Absorption and VCD spectra of calf thymus DNA 

Absorption (bottom) and VCD (center) spectra of calf thymus DNA, and noise estimate 

for VCD spectrum (top). 
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Table 4.1.1. Infrared absorption and VCD bands of calf thymus DNA and calf 
3+ 

thymus DNA with 0.3 M Cr5 (3 [Cr]/[P]) 

D N A D N A with 3 [Cr]/[P] 
Assignments1 

Absorption/cm"1 VCD/cm1 Absorption/cm"1 VCD/cm-1 
o 

1693 1698(-) 1691 1702(-) C2=0 (T) 

1682 1698(-)/1665(+) 1667 1689(-)/1663(+) mostly C6=0 (G), 

coupled with C2=0 (C) 

and C4=0 (T) 

1647 1638(+)? 1647 1637(+)? mostly C6=0 (C); 

C4=0 (T), coupled with 

C6=0(G) 

1623 1619(-) 1619 - mostly ring modes of A 

1573 - 1573 1565(+)? C=N ring (G,A) 

1499 - 1500 1492(+)? C=N ring (C) 

1086 1089(-)/1068(+) 1085 1090(-)/1069(+) PO2" symmetric 

1053 1060(+) 1053 1056(-)/1040(+) C-0 sugar 

1021 1029(-) ? 1017 1013(+)? deoxyribose ring 

969 971(-)/957(+) 970 976(-)/963(+) C-C sugar stretches 

938 - 940 929(+) ? sugar 

895 920(-)/895(+) ? 896 893(+)/878(-) ? sugar, B-form marker 

836 - 836 - sugar, B-form marker 

1 Tsuboi, 1969, 1973, 1974; Taillandier, 1985, 1990, 1992; Annamalai & Keiderling, 

1987; Wang & Keiderling, 1992; Wang et al, 1994b. 
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poly(dA)*poly(dT) and poly(dA-dT)*poly(dA-dT) (Wang et al, 1994b), supporting a 

superposition of couplets for DNA arising from carbonyl stretching modes of G, T and C. 

Although Wang et al. (1994b) noted an increase of the intensity of the positive VCD peak, 

arising from C4=0 (T), compared to the one at lower wavenumber for the A-form of 

poly(dA-dT)*poly(dA-dT), we cannot assume that our DNA exists in the A-form because 

of the absence of its absorption markers (898, 865 and 810 cm"1) and presence of 

absorption markers for the B-form (938 and 894 and 836 cm'1) (Taillandier et al, 1985; 

Taillandier, 1990). A weak negative couplet arising from C2=0 (T) also contributes to the 

1698(-)/1665(+) cm"1 feature (Wang etal, 1994b; Wang & Keiderling, 1992). 

The absorption band at 1647 cm"1 has been assigned to overlapping absorptions 

mostly due C2=0 (C), coupled with C4=0 (T) and C6=0 (G). The 1623 cm"1 absorption at 

likely consists of contributions from ring modes mostly of A and also of T and C (Tsuboi, 

1969). The ring vibration of A gives rise to a distinct positive VCD couplet in 

poly(rA)*poly(rU) at 1635(-)/1625(+) cm"1 (Yang & Keiderling, 1993; Wang et al, 

1994a). The VCD spectra poly(dA)*poly(dT) and poly(dA-dT)*poly(dA-dT) show the 

two ring modes as a combined negative couplet at 1640(+)/1625(-) cm"1 (Zhong et al, 

1990). In d(CGCGTGCG)*d(CGCGTGCG) the thymine ring mode appears as a 

distinctive negative couplet at 1645(+)/1633(-) cm"1 (Maharaj, 1996). The positive VCD 

peak at 1638 cm"1 in DNA (Figure 4.1.1) can therefore be ascribed to a combination of the 

negative couplet due to a ring mode of T at higher wavenumber, and a positive couplet 

due to the ring mode of A at lower wavenumber. 

The broad absorption at 1573 cm"1 has been assigned to a superposition of several 

bands arising from ring vibrations of G and A involving mainly the C=N bond, while the 

1499 cm"1 absorption has been assigned to a mode of C that also contains C=N stretching. 

Neither of the two last absorptions have clearly corresponding VCD features, although the 

latter in particular gives rise to a distinctive couplet in oligomers with high GC content 

that appears consistently near 1502(+)/1498(-)'cm'1 in the B-form and reverses signs in the 

Z-form (Maharaj, 1996; Andrushchenko etal, 1999a; Andrushchenko etal, 1999b). 
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In the sugar-phosphate region the prominent absorption at 1086 cm"1 with its 

corresponding strong positive VCD couplet at 1089(-)/1068(+) cm"1 has been assigned to 

symmetric P-0 stretching of the phosphate groups. The absorption at 1053 cm"1 is a C-0 

sugar ring vibration. The low-wavenumber component of the broad positive VCD lobe 

between 1070-1060 cm"1 may arise partly from this mode (Bose & Polavarapu, 1999). 

The absorption at 1021cm"1 has also been assigned to deoxyribose ring vibrations. The 

negative VCD peak at 1029 cm"1 may possibly be ascribed to this mode (Bose & 

Polavarapu, 1999). The 969 cm"1 absorption, assigned to C-C sugar stretching vibrations, 

yields the negative VCD peak at 971 cm"1 (or positive couplet at 971(-)/957(+) cm"1). C-

O sugar vibrations have been assigned to the absorptions at 938, 895 and 836 cm"1. The 

middle of the three can be assigned to the positive VCD couplet at 920(-)/895(+) cm'1. 

4.1.2 Cr3+binding to DNA 

Upon addition of Cr3+ ions to DNA up to 0.036 M Cr3+ (0.36 [Cr]/[P]), the VCD 

and absorption spectra undergo some changes in intensity and peak position. The main 

intensity changes of the VCD couplets largely follow those of the corresponding 

absorptions in this range of metal ion concentration. Further increases of Cr3+ ion 

concentration affect the VCD spectra extensively, while changes in the absorption spectra, 

manifested mostly in peak position and intensities, are not so pronounced. The absorption 

spectra in the carbonyl stretching region for several concentrations of Cr3+ ions are shown 

in Figure 4.1.2. The changes in positions and intensities of the carbonyl mode and of the 

intensities of the symmetric phosphate absorptions with increasing Cr3+ concentration are 

plotted in Figure 4.1.3. Figure 4.1.4 displays the corresponding changes of the VCD 

couplets. The absorption and VCD spectra of DNA with Cr3+ ions at 0.6, 1 and 3 [Cr]/[P] 

are shown in Figure 4.1.5, Figure 4.1.6 and Figure 4.1.7, respectively. 

The peak position of the main carbonyl absorption band shifts from 1682 to -1672 

cm"1 and further to 1667 cm"1 as Cr3+ concentration reaches 0.36 and 3 [Cr]/[P], 

respectively (Figure 4.1.2 and Figure 4.1.3). It is also seen from Figure 4.1.3 and 
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Figure 4.1.2. Absorption spectra of calf thymus DNA with different Cr3+ ion 

concentrations in the carbonyl stretching region 

Absorption spectra of calf thymus DNA (a) and DNA complexes with Cr3+ ions (b-e) in 

the carbonyl stretching region: 

(a) DNA; 

(b) DNA + 0.05 [Cr]/[P]; 

(c) DNA + 0.36 [Cr]/[P]; 

(d)DNA + 0.6[Cr]/[P]; 

(e)DNA+3 [Cr]/[P]. 
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Figure 4.1.3. Carbonyl absorption band position and intensity and amplitude of the 
3+ corresponding VCD couplet vs Cr concentration in calf thymus DNA 

Normalized absorption and VCD intensity (left axes) and absorption peak position (right 

axes) vs Cr3+ concentration for the carbonyl absorption band at 1682 cm"1 in calf thymus 

DNA: 

( • ) intensity of absorption peak; 

( • ) absorption peak position; 

(A) amplitude of VCD couplet. 
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Figure 4.1.4. Symmetric phosphate absorption band intensity and amplitude of the 

corresponding VCD couplet vs Cr3+ concentration in calf thymus DNA 

Normalized absorption and VCD intensity vs Cr3+ concentration for the symmetric 

phosphate absorption band at 1086 cm*1 in calf thymus DNA: 

( • ) intensity of absorption peak; 

(A) amplitude of VCD couplet. 
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.3+ Figure 4.1.5. Absorption and VCD spectra of calf thymus DNA with 0.06 M Cr 

(0.6 [Cr]/[P]) 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.06 M Cr3+ (0.6 

[Cr]/[P]). The solid and doted lines correspond to the spectra taken in 1 hour 40 minutes 

and in 3 hours 20 minutes after preparing the sample, respectively. 
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Figure 4.1.6. Absorption and VCD spectra of calf thymus DNA with 0.1 M Cr3+ (1 

[Cr]/[P]) 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.1 M Cr3+ (1 

[Cr]/[P]). The solid and doted lines correspond to the spectra taken in 1 hour 40 minutes 

and in 3 hours 20 minutes after preparing the sample, respectively. 
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„3+ Figure 4.1.7. Absorption and VCD spectra of calf thymus DNA with 0.3 M Cr (3 

[Cr]/[P]) 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.3 M Cr3+ (3 

[Cr]/[P]). 
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Figure 4.1.4 that the peak intensity of the carbonyl and the symmetric phosphate 

absorptions first decrease (up to -0.1 [Cr]/[P]) and then sharply increase with increasing 

Cr3+ concentration up to 0.25 [Cr]/[P]. The decrease of the absorption bands at low Cr3+ 

concentrations can be due to metal ion binding mainly to phosphate groups thereby 

effectively neutralizing the negative charge on the phosphates and stabilizing the double-

helical structure, which is reflected in increased hypochromicity compared to the low salt 

conditions (Tajmir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b). However, the 

downward shift of the 1682 cm"1 absorption signals direct metal binding to the bases to 

some extent (Tajmir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b; Arakawa et al, 2000). 

The significant sharp increase of the base and phosphate absorption bands upon increasing 

Cr3+ concentration from 0.12 to 0.25 [Cr]/[P] indicates direct metal binding to both the 

phosphate groups and the bases (Arakawa et al, 2000). Changes of the 1682 cm'1 

absorption may be connected with Cr3+ binding to carbonyl groups of G, C and T since 

they all contribute to this vibration. Significant direct metal binding to carbonyl groups 

engaged in Watson-Crick hydrogen bonding may be excluded because it should be 

accompanied by hydrogen bond disruption (Tajmir-Riahi et al, 1993b). No evidences of 

DNA denaturation at any extent can be found in both absorption and VCD spectra (Figure 

4.1.5 to Figure 4.1.7). Besides, it has been pointed out that the main spectral changes in 

the 1700-1600 cm"1 range are connected with metal binding to N7 (G) (Keller & Hartman, 

1986; Alex & Dupuis, 1988; Tajmir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b; 

Arakawa et al, 2000). Experimental results and ab initio theoretical calculations show 

that direct metal ion binding to N7 (G) may result in re-enforcing Watson-Crick hydrogen 

bonding due to charge redistribution, thus inducing the main changes in this region (Alex 

& Dupuis, 1988; Sponer et al, 1998). In addition, examination of the other absorption 

bands of cytosine and thymine residues rules out the direct Cr3+ binding to these bases. 

Metal ion binding to cytosine will result in an absorption band around 1550 cm"1 (Fritzsche 

& Zimmer, 1968; Zimmer et al, 1971), which is absent in the spectra in Figure 4.1.5 to 

Figure 4.1.7. Cr3+ binding to 0 2 (T) can also be excluded because no significant 
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wavenumber shift of the 1693 cm"1 absorption band is observed up to 3 [Cr]/[P]. 

Therefore, all spectral changes registered at Cr3+ concentration up to 0.25 [Cr]/[P] are 

likely induced by direct metal ion binding to N7 (G) and to phosphate groups. This 

conclusion is further supported by the fact that Cr3+ ions have been shown to bind 

preferably to GC-rich DNA (Tsapakos & Wetterhahn, 1983; Wolf et al, 1989). 

However, indirect Cr3+ binding to AT base pairs via water molecules cannot be excluded 

(Arakawa et al, 2000). It should be noted that the sharp increase of the absorption band 

at 1682 cm"1 within a relatively narrow metal ion concentration range suggests the high 

cooperativity of the binding process. Similar highly cooperative processes of divalent 

metal ion binding to DNA have been described before (Tajmir-Riahi et al, 1988; Tajmir-

Riahi et al, 1993a; Tajmir-Riahi et al, 1993b; Kornilova et al, 1998, and references 

therein). 

4.1.3 Cr^-induced DNA condensation 

Raising the Cr3+ ion concentration higher than 0.36 [Cr]/[P] induced sharp 

decrease of intensity of the absorption bands in both the nitrogen base and sugar-

phosphate regions (Figure 4.1.3 and Figure 4.1.4). This intensity decrease is accompanied 

by a further shift of the carbonyl absorption (Figure 4.1.2 and Figure 4.1.3) indicating 

continuing Cr3+ binding to N7 (G). However, the most drastic changes occurred in VCD 

at 0.6 [Cr]/[P]. For comparison the absorption and VCD spectra are plotted for several 

key Cr3+ concentrations in Figure 4.1.8 and Figure 4.1.9, respectively. All spectra in 

Figure 4.1.9 as well as in Figure 4.1.8 are plotted in the same scale. To emphasize the 

differences of the changes in absorption and VCD the intensity changes (data from Figure 

4.1.3) are plotted on the same scale without normalization in Figure 4.1.10. The 

anomalous intensity increase occurred for both main VCD couplets in the two spectral 

regions. The VCD intensity increased almost 4-fold, while the corresponding absorption 

decreased by about 30%. In addition to the increase of the VCD intensity, the shape of 

the couplets also changed. The most prominent change in shape is the significant intensity 
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Figure 4.1.8. Absorption spectra of calf thymus DNA and DNA complexes with 

different Cr3+ ion concentrations 

Absorption spectra of calf thymus DNA and DNA complexes with Cr3+ ions at different 

[Cr]/[P] ratios. All spectra are plotted in the same scale. 
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Figure 4.1.9. VCD spectra of calf thymus DNA and DNA complexes with different 

Cr3+ ion concentrations 

VCD spectra of calf thymus DNA and DNA complexes with Cr3+ ions at different 

[Cr]/[P] ratios. All spectra are plotted in the same scale. 
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Figure 4.1.10. Carbonyl absorption band intensity and amplitude of the 

corresponding VCD couplet vs Cr3+ concentration in calf thymus DNA 

Relative (not normalized) absorption and VCD intensity vs Cr3+ concentration for the 

carbonyl absorption band at 1682 cm"1 in calf thymus DNA: 

( • ) intensity of absorption peak; 

(A) amplitude of VCD couplet. 

Spectral changes are plotted on the same scale. 



126 

increase of the positive VCD peaks at 1635 and 1048 cm'1 (Figure 4.1.5 and Figure 4.1.9). 

These peaks, being much less intense compared to the 1665 and 1068 cm" positive 

counterparts in the VCD spectra of DNA without Cr3+ ions (Figure 4.1.1), became at 0.6 

[Cr]/[P] considerably more intense than those. It should be noted that all these changes, 

namely amplitude of the VCD couplets as well as the intensity redistribution between 1660 

and 1635 cm"1 and between 1071 and 1048 cm"1 positive VCD peaks, became more 

pronounced after repeating the measurements after about 1 hour 40 minutes. Repeating 

the measurements at a later time did not show significant spectral changes any further 

(spectra not shown). 

As mentioned in Section 1.3, it is known that trivalent metal ions (including Cr3+) 

can induce DNA condensation (Gersanovski et al, 1985; Tajmir-Riahi et al, 1993a; 

Osterberg et al, 1984; Arakawa et al, 2000). It was shown in many experimental 

observations that one of the characteristic features of condensed DNA is the greatly 

increased intensity of ECD spectra, referred to as ^-type ECD spectra (Section 1.3). The 

most satisfactory theoretical interpretation of this phenomenon was given by Keller and 

Bustamante's theory of light interaction with large molecular aggregates (Keller & 

Bustamante, 1986a; Keller & Bustamante, 1986b; Kim et al., 1986) (see also Section 1.3 

for brief theory description and references). Since the theory is applicable not only to 

UV/visible light but also to IR radiation, it can be suggested that the enormously increased 

intensity of VCD couplets obtained in the present study at the experimental conditions 

favorable for DNA condensation can be attributed to the observed ^/-type VCD spectra. 

In addition to the significant increase of VCD amplitudes, "tails" can be seen in the VCD 

spectra at wavenumbers higher then 1700 cm"1 (Figure 4.1.5), i.e., in a region where no 

absorption occurs. This is another characteristic feature of the anomalous y-type CD 

spectra induced by large chiral particles (Brunner & Maestre, 1974; Cheng & Mohr, 1975; 

Keller & Bustamante, 1986b). According to Keller and Bustamante's theory, the (Hype 

CD spectra can be produced within spectral region of an absorption band when a particle 

(molecular aggregate) is more or less three-dimensional, its dimensions are comparable to 
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the wavelength of the incident light, the particle density is sufficiently high, and there is a 

large-scale chirality in the particle. Therefore, it can be suggested from the VCD spectra 

that DNA condensates produced by Cr3+ ions in the experimental conditions employed in 

the present study represent chiral particles with regular arrangements of DNA double-

helices inside a particle. The particles are relatively dense and large. The size of the 

particles can be estimated from the wavelength of the absorption bands where the 

anomalous VCD occurs. A rough estimation gives the size of the order of several urn 

(approximately 2-10 um). Most of the experiments in which particle size of condensed 

DNA was estimated give values approximately of 50-150 nm, which is significantly 

smaller (see Section 1.3 for review). However, all those experiments were carried out at 

DNA concentration 10"4 - 10"6 M of DNA phosphates (P), i.e. several orders of magnitude 

lower than in this study, when extensive interaction between different DNA molecules is 

largely reduced. When the DNA concentration was 0.5 mg/mL (~ 2*10-3 M (P)), globules 

ranging in diameter from a few um to 30 urn or more, depending on the time and 

conditions, were observed (Lerman, 1973). Therefore, relatively large particle size 

obtained in the present VCD study does not seem to be unreasonable at the prevailing 

experimental conditions. 

It was shown that DNA condensation reduces the intensity of the DNA base and 

phosphate IR absorption bands (Tajmir-Riahi et al, 1993a; Arakawa et al, 2000). A 

similar sharp intensity decrease of the carbonyl and symmetric phosphate absorption bands 

can be seen in Figure 4.1.3 and Figure 4.1.4. This represents an additional confirmation of 

the DNA condensation that occurred at Cr3+ concentrations higher than 0.6 [Cr]/[P] in the 

present study. Cr3+-induced DNA condensation examined by electron microscopy has 

shown that the condensation process occurs for [Cr]/[P] ratio between 0.5 and 3 

(Osterberg et al, 1984). A similar [Cr]/[P] concentration range for DNA condensation 

was obtained in a recent FT-IR investigation of Cr3+-induced DNA condensation 

(Arakawa et al, 2000). However, the DNA concentration, molecular weight, and other 
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experimental conditions in both studies were different from the present work. Some 

differences in the [Cr]/[P] ratio at which DNA condensation occurs may therefore appear. 

Increasing Cr3+ concentration to 1 [Cr]/[P] and further to 2 [Cr]/[P] produced 

similarly shaped VCD spectra as in the case of 0.6 [Cr]/[P], however the amplitude of 

both main VCD couplets is significantly lower and only slightly increased (about 1.5 fold) 

compared to the DNA without Cr3+ (Figure 4.1.6, Figure 4.1.9 and Figure 4.1.10). The 

intensity of the positive VCD peaks at 1638 and 1048 cm"1 approaches to that of the 1664 

and 1070 cm"1 peaks, respectively. Repeating of the measurements with 1 [Cr]/[P] (Figure 

4.1.6) and 2 [Cr]/[P] (spectra not shown) in about 1 hour 40 minutes produced slightly 

increased intensity and changes in shape of the VCD couplets similarly to those obtained 

at 0.6 [Cr]/[P]. The changes of the spectra with time towards those characteristic for y-

type VCD spectra at 0.6, 1 and 2 [Cr]/[P] show relatively slow kinetics of the DNA 

condensation (within 30 minutes to several hours), which is in agreement with the 

literature data (Bloomfield, 1998; see also Chapter 1.3). Further increasing Cr3+ 

concentration up to 3 [Cr]/[P] returned the intensity of both main VCD couplets to the 

values obtained for DNA without Cr3+ ions (Figure 4.1.3, Figure 4.1.4, Figure 4.1.7 and 

Figure 4.1.9). However, the shape of the VCD features (particularly in the bases region) 

was noticeably altered compared to the shape of the VCD signal of DNA without metal 

ions. The negative shoulder at 1689 cm"1 becomes more pronounced. The positive lobe 

of the carbonyl couplet appears at 1663 cm'1. The positive peak at 1637 cm"1 is still quite 

intense and comparable to the one at 1663 cm"1, similarly to its appearance in the spectra 

at 1 and 2 [Cr]/[P]. In contrast to those spectra, the 1048 cm"1 positive peak in the 

phosphate region completely disappears at 3 [Cr]/[P]. The downward shift of the positive 

part of the carbonyl couplet to 1663 cm"1 is reminiscent of the downward shift of the 

corresponding carbonyl absorption band to 1667 cm"1 (Figure 4.1.7). Due to the shift of 

this carbonyl band, the absorption shoulder at 1691 cm"1, assigned to C2=0 vibrations of 

T, becomes clearly visible as a separate peak. In concert with changes in absorption 

spectra, shift of the VCD couplet corresponding to the 1667 cm"1 absorption down to 



129 

1689(-)/1663(+) cm"1 clearly separates this couplet from the contribution of the negative 

VCD peak appearing at 1702 cm"1, which most probably corresponds to the C2=0 (T) 

absorption at 1691 cm"1. A large number of fairly strong VCD features can be noted in 

the sugar-phosphate region of the VCD spectrum in Figure 4.1.7. This multitude of VCD 

features compared to the spectrum of DNA without metal ions might be attributed to a 

larger variety of the phosphate orientations fixed by bound Cr3+ ions. 

Comparison of the VCD spectra at different Cr3+ concentrations in Figure 4.1.9 

shows that ^-type VCD spectra possess another characteristic feature in addition to the 

increased amplitude of the main VCD couplets. Namely, this is the relative redistribution 

of intensity between the positive peaks at 1661 and 1635 cm"1 in the base region, and 

between the positive peaks at 1071 and 1048 cm"1 in the sugar-phosphate region, as 

mentioned above. During this redistribution the intensity of the 1635 and 1048 cm" peaks 

becomes much higher relative to the 1660 and 1098 cm"1 peaks (Figure 4.1.9), in opposite 

to the normal (not V'-type) VCD spectra of DNA (Figure 4.1.1). 

It is seen from the plots in Figure 4.1.3 and Figure 4.1.4 that the wavenumber of the 

carbonyl absorption band peak continues to shift downward to 1667 cm'1 without any 

signs of saturation as Cr3+ concentration increased up to 3 [Cr]/[P]. This indicates the 

continuing Cr3+ binding to N7 sites of guanine. The intensity of the carbonyl and 

symmetric phosphate absorptions remains mostly unchanged at Cr3+ concentration 

between 0.6 and 2 [Cr]/[P]. At higher Cr3+ concentration the carbonyl absorption band 

starts to increase while intensity of the symmetric phosphate band does not change 

significantly. This behavior of the band intensities might be possibly connected to the 

saturation of the phosphate binding sites and continuing binding of the metal ions to the 

base sites even at the highest Cr3+ concentration studied. In the metal ion concentration 

region between 0.6 and 2 [Cr]/[P] the increase of the absorption bands due to Cr3+ binding 

is probably compensated by the absorption intensity decrease due to DNA condensation, 

and the overall absorption intensity does not change significantly. 
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It can be noted from the plots in Figure 4.1.3 and Figure 4.1.4, the highest amplitude 

of the main VCD couplets corresponds to that Cr3+ ion concentration (0.6 [Cr]/[P]) at 

which the peak intensity of the corresponding absorption bands sharply drops, thus 

connecting these two features. This once again confirms the conclusion that both 

spectroscopic changes correspond to the DNA condensation process. Further increase of 

metal ion concentration reduces the extent of both y-type VCD features up to the point 

when they mostly disappear (3 [Cr]/[P]). Some variations in the intensity of the VCD 

couplets can be attributed to a sensitivity of the y-type CD intensity to sample 

preparations (Keller & Bustamante, 1986b). Analogous poor reproducibility of the ECD 

intensity of condensed DNA was indicated in the literature and shown to be one of the 

properties of the CD spectra of large molecular aggregates (Brunner & Maestre, 1974; 

Keller & Bustamante, 1986b). However, the gradual decrease and disappearance of the 

y-type VCD changes most probably come about because of the increasing size of the 

condensed particles. As the particle size grows, their dimensions become significantly 

larger than the wavelengths of light at the absorption bands, and the favorable conditions 

of strong interaction of the IR light with the condensed particles in the region of interest 

fades away (Keller & Bustamante, 1986a; Keller & Bustamante, 1986b; Kim et al, 1986). 

A large deviation of the particle size from the wavelengths studied results in complete 

disappearance of these favorable conditions and both VCD and IR spectra no longer 

respond to the condensation process at this point and return to their normal values. It 

should be also noted at this point that the condensation process may actually start at much 

lower Cr3+ concentrations than 0.6 [Cr]/[P], but it cannot be monitored by IR or VCD due 

to small particle size or due to insufficient particle density. 

Thus, all the changes in the VCD spectrum at 3 [Cr]/[P] with respect to the 

spectrum of DNA without metal ions can be attributed to DNA structural changes due to 

a high extent of Cr3+ ion binding at these relatively high metal ion concentrations. VCD 

spectral changes in both nitrogen base and sugar-phosphate regions together with the 
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continuing shift of the 1682 cm"1 carbonyl absorption band confirm the proposed model of 

Cr3+ ion binding to N7 (G) and P02" groups (Arakawa et al, 2000). 

4.1.4 Secondary structure of DNA molecules before and after condensation 

IR absorption spectra indicate that DNA secondary structure both before and after 

the condensation remains within the B-form family (Figure 4.1.1, Figure 4.1.5, Figure 

4.1.6, Figure 4.1.7 and Figure 4.1.8). This conclusion can be drawn from the presence of 

the B-form marker bands at 836, 896 and 938 cm'1 (Taillandier et al, 1985; Taillandier, 

1990; Taillandier & Liquier, 1992) in the absorption spectra for all Cr3+ concentrations 

studied. Neither A-form marker bands at 810, 865, and 898 cm"1 nor Z-form marker 

band at 800 cm"1 (Taillandier et al, 1985; Taillandier, 1990; Taillandier & Liquier, 1992; 

Arakawa et al, 2000) can be found in the absorption spectra, thus signifying that no 

transition to one of these forms can have taken place. Thus, it can be confirmed 

unambiguously that the DNA secondary structure of the ^-type condensates corresponds 

to B-form family, as was suggested in other studies (Cheng & Mohr, 1975; Maniatis et al, 

1974; Zacharias etal, 1983). 

No noticeable DNA denaturation can be stated either. The carbonyl absorption 

band at 1682 cm"1 shifts down to 1667 cm"1 at the highest Cr3+ concentration. A similar 

downward shift of this band is characteristic for DNA denaturation or strand separation 

(Tsuboi, 1974; Parker, 1971). A slight peak intensity increase of the 1682cm"1 band can 

be noted at 3 [Cr]/[P] (Figure 4.1.3). A major intensity increase of this band occurs 

during DNA denaturation due to increased hyperchromicity (Tsuboi, 1974; Tajmir-Riahi et 

al, 1993b). These two features may indicate the possibility of DNA denaturation. 

However, the other features of absorption spectra that are characteristic for DNA 

denaturation are not present. One of the reliable absorption indicators of DNA 

denaturation is the shift of the sugar band at 1053 cm"1 to 1064 cm"1 (Tsuboi, 1974; 

Taillandier et al, 1985; Taillandier & Liquier, 1992; Tajmir-Riahi et al, 1993b). Usually, 

a significant decrease in intensity of the symmetric phosphate absorption band 
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accompanies the shift of 1053 cm"1 band during DNA denaturation (Tsuboi, 1974; 

Taillandier, 1990). Neither of this changes can be found in the absorption spectra of DNA 

even at the highest Cr3+ concentration (Figure 4.1.7 and Figure 4.1.4). In general, VCD 

spectra can provide unambiguous information about DNA denaturation. The helix-coil 

transition of DNA will result in partial or complete obliteration of VCD spectra in both 

sugar-phosphate and nitrogen base regions (Yang & Keiderling, 1993; see also Section 

4.2.1). It is clearly seen from Figure 4.1.9 that the intensity of the VCD couplets in both 

spectroscopic regions does not become any lower than in the VCD spectrum of DNA 

alone. Therefore, both wavenumber shift of the absorption band at 1682 cm'1 and its 

intensity increase at the highest Cr3+ concentration are due to metal ion binding to the 

bases, particularly to N7 (G), as was discussed above. 

In conclusion it should be pointed out that the demonstrated ability of VCD 

spectroscopy to detect unambiguously DNA condensation and ^-type changes of VCD 

spectra characteristic for this process are important for VCD spectroscopic exploring 

DNA interactions with various agents, many of which could induce DNA condensation. 

Although a decrease of IR absorption intensities also signals DNA condensation, these 

changes are much less pronounced (compare Figure 4.1.8 and Figure 4.1.9, see also 

Figure 4.1.10) and can sometimes be obscured by other effects of a condensing agent. 

The VCD sensitivity to the condensation process can be also widely used for 

investigating various aspects of DNA condensation. In fact, a combination of VCD and 

ER absorption is superior to all other techniques used to date to study DNA condensation. 

While ECD spectroscopy can be successful for determining DNA condensation, it is not 

capable of detecting DNA secondary structure in the condensed phase, because any 

spectral changes which can be induces by changes of the secondary structure are obscured 

by the much more intense y/-type ECD signal (Brunner & Maestre, 1974; Cheng & Mohr, 

1975; Maestre & Reich, 1980). Therefore, use of additional techniques, e.g., Raman 

spectroscopy (Zacharias et ai, 1983) or X-ray (Maniatis et ai, 1974) is required to 

elucidate the secondary structure of the condensed DNA. As described in Section 1.3, 
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employing other techniques requires running additional experiments in which the 

experimental conditions usually are different from those used in ECD measurements. 

Therefore, there is no guarantee that the information about the DNA secondary structure 

corresponds to that of y/-type DNA monitored in ECD experiments. Along with 

determination of DNA condensation from VCD spectra it is possible to obtain 

simultaneously unambiguous information about secondary structure of DNA molecules 

within the condensed particles from IR absorption spectra. Both types of information are 

obtained from a single experiment, which means that all the experimental conditions are 

exactly the same and the information about DNA secondary structure indeed corresponds 

to condensed DNA molecules. In addition, VCD spectroscopy, in contrast to ECD, 

makes it possible to study DNA condensation at DNA concentrations much closer to 

those in living cells. 

4.2 DNA interaction with Mn2+ ions at elevated temperatures. VCD 

evidence of DNA aggregation 

In Sections 1.3 and 4.1 it was shown that trivalent metal ions can induce DNA 

condensation. It was also mentioned that divalent metal ions acting simultaneously with 

other factors, e.g., addition of alcohol to DNA solutions, may also induce DNA 

condensation. In addition, it has been reported occasionally that divalent metal ions can 

induce DNA condensation at elevated temperatures (Knoll et al., 1988 and references 

therein; Bloomfield, 1998). It is also well known that most divalent metal ions, including 

Mn+, induce DNA aggregation at elevated temperature (Yurgaitis & Lazurkin, 1981; 

Knoll et al, 1988; Bloomfield, 1991; Duguid & Bloomfield, 1995; Duguid et al, 1995). 

In order to distinguish between these two processes, viz. DNA condensation and 

aggregation, DNA condensation will be defined in this study as a drastic decrease in 

volume occupied by DNA molecules with formation of dense and relatively large particles 

in which DNA molecules are packed with a regular arrangement. The secondary structure 
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of DNA molecules in these particles remains in the frame of the B-family. These particles 

are capable of inducing ^-type CD spectra (ECD or VCD). DNA aggregation is referred 

to as a process of significantly decreasing the volume occupied by DNA molecules with a 

formation of large but relatively loose molecular aggregates with an unordered 

arrangement of DNA molecules. The secondary structure of DNA molecules in such 

aggregates can adopt different conformations including a denatured state. These 

aggregates do not give y/-type CD spectra. Both condensation and aggregation will be 

referred to in this study as DNA collapse. It should be noted that these definitions may be 

different from those given in literature but they have been chosen for convenience. 

Using VCD's capability to detect DNA condensation (Section 4.1) this study was 

intended to verify whether Mn2+ ions can induce DNA condensation at elevated 

temperatures, or whether they only lead to DNA aggregation. Before starting VCD 

investigations of DNA interaction with Mn2+ ions at elevated temperatures, we decided to 

monitor changes in VCD spectra during thermal denaturation of DNA without divalent 

metal ions in order to be able to later assign certain changes in VCD spectra to DNA 

denaturation or to other effects induced by Mn2+ ions. 

4.2.1 VCD as a tool for monitoring DNA thermal denaturation 

VCD signals in nucleic acids arise from coupling of dipole transition moments 

when macromolecular constituents are arranged (stacked) in a regular array in the helical 

structure. Loss of stacking, i.e., regular ordered arrangement, among the nucleobases 

and among sugar-phosphate residues of the backbone, which usually occurs during DNA 

denaturation, obliterates VCD signals in both spectral regions. Absorption and VCD 

spectra of calf thymus DNA at different temperatures are presented in Figure 4.2.1. A 

detailed description of the absorption and VCD spectra of calf thymus DNA and band 

assignments were given in Section 4.1.1. Both absorption and VCD spectra at 23°C 

correspond to those of the B-form DNA. Drastic changes in both types of spectra are 

seen upon raising the temperature. The absorption spectrum at 90°C corresponds to that 
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Figure 4.2.1. Absorption and VCD spectra of calf thymus DNA at different 

temperatures 

Absorption (bottom set) and VCD (top set) spectra of calf thymus DNA at different 

temperatures. 
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of mostly denatured DNA (Tsuboi, 1974). The significant shift of the carbonyl absorption 

from 1681 to 1659 cm"1 signifies breaking of Watson-Crick hydrogen bonding between G, 

C and T bases. The shift of the absorption at 1623 cm"1, assigned mostly to an A ring 

mode, to 1621 cm"1 and its increase in intensity indicate breaking of hydrogen bonding 

between A and complementary T bases (Tsuboi, 1974; Ohms & Ackermann, 1990; Yang 

& Keiderling, 1993). The significant increase in intensity of all absorption bands in the 

base region means that stacking between the bases is lost (Tsuboi, 1974; Tajmir-Riahi et 

al, 1993b). The shift or disappearance of the B-form marker bands indicates the absence 

of DNA B-conformation. The shift of the sugar band at 1053 cm"1 up to 1064 cm"1 and 

significantly decreased intensity of the absorption bands in the sugar-phosphate region are 

also characteristic of denaturation of the DNA double-helical structure (Tsuboi, 1974; 

Tajmir-Riahi et al, 1993b). Therefore, the corresponding VCD spectrum at 90°C can be 

assigned to that of denatured DNA. As predicted, due to distortion of the ordered DNA 

structure and disruption of the coupling of dipole transition moments, this spectrum does 

not show any reliable VCD features and largely represents random noise. A similar 

disappearance of VCD features has been obtained during thermal denaturation of synthetic 

polymers (Yang & Keiderling, 1993). Thus, in contrast to ECD where DNA spectra are 

modified but not completely obliterated during denaturation, VCD can be used to 

determine unambiguously DNA helix-coil transition. It should be pointed out that as the 

extent of DNA denaturation increases, the amplitude of VCD couplets in both spectral 

regions gradually decreases without significant changes in shape until the couplets 

completely disappear. The only pronounced change in the shape of the VCD signals in the 

base region is the emergence of a couplet 1634(-)/1621(+) cm"1 at 70°C, which apparently 

arises from the unpaired adenine bases and corresponds to the absorption at 1621 cm"1, 

increased in intensity and shifted to lower wavenumbers (Yang & Keiderling, 1993; see 

also Section 3.2). Possibly, this couplet was overlapped with the T couplet in the 

combined A and T VCD feature with its positive part at 1637 cm"1 in the spectrum at 
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23 C, and then emerged when the parent adenine absorption shifted to lower 

wavenumbers. 

4.2.2 Mn2+ interaction with DNA at room temperature 

The absorption and corresponding VCD spectra of DNA without Mn2+ ions and 

with several key Mn2+ concentrations at room temperature are shown in Figure 4.2.2 and 

Figure 4.2.3, respectively. Variations of band position and intensity for the carbonyl 

absorption and the intensity of the symmetric phosphate absorption with Mn2+ ion 

concentration at room temperature are plotted in Figure 4.2.4. Peak positions and their 

assignments for VCD and absorption spectra without Mn2+ and with the highest Mn2+ 

concentration studied, viz. 10 [Mn]/[P] or 1.3 MMn2+, are summarized in Table 4.2.1. 

Both the absorption and VCD spectra of DNA without metal ions correspond to 

those of the B-form (Section 4.1.1). Distinct changes can be seen in both types of spectra 

upon interaction with Mn2+ ions. As the Mn2+ ion concentration increases, the carbonyl 

absorption at 1678 cm"1 shifts to 1670 cm'1 for 10 [Mn]/[P] (Figure 4.2.2 and Figure 

4.2.4). The corresponding VCD couplet at 1700(-)/1665(+) cm"1 shifts to the lower 

wavenumbers to 1696 (-)/1662(+) cm"1 at 10 [Mn]/[P], in concert with the carbonyl 

absorption (Figure 4.2.3). These changes are connected with metal ion binding to the 

bases (Tajrnir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b; Arakawa et al, 2000). 

The increase of Mn2+ concentration to ~1 [Mn]/[P] is accompanied by a decrease 

in the absorption intensity of the carbonyl and the symmetric phosphate absorptions 

(Figure 4.2.4). The intensity changes are probably connected with electrostatic screening 

of the negatively charged phosphate groups by Mn2+ ions and stabilizing the double-helical 

structure, which increases the hypochromic effect (Tajmir-Riahi et al, 1993a; Tajmir-

Riahi et al, 1993b). The slight decrease of the VCD intensity as Mn2+ concentration rises 

to 1 [Mn]/[P] follows the intensity decrease of the absorption bands (Figure 4.2.2 and 

Figure 4.2.3). The wavenumber of the carbonyl absorption at 1678 cm"1 does not change 

appreciably up to 0.1 [Mn]/[P], indicating that binding in this metal ion concentration 
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Figure 4.2.2. Absorption spectra of calf thymus DNA and DNA complexes 

several Mn2+ concentrations at 23°C 

Absorption spectra of calf thymus DNA and DNA complexes with several Mn 
concentrations at 23 °C. 

2+ 



139 

Tit—i • r 
1700 1600 1500 1100 1000 900 

Wavenumber/cm*1 

OMn 

0.9 [Mn]/[P] 

2.4 [Mn]/[P] 

3.8 [Mn]/[P] 

10 [Mn]/[P] 

800 
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VCD spectra of calf thymus DNA and DNA complexes with several Mn2+ concentrations 
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Figure 4.2.4. Intensity and peak position of carbonyl and intensity of symmetric 

phosphate absorption bands vs Mn2+ concentration at 23°C in calf thymus DNA 

Relative intensity of carbonyl absorption band at 1682 cm"1 and symmetric phosphate 

absorption band at 1086 cm"1 (left axes) and peak position of carbonyl absorption band 

(right axes) vs Mn2+ concentration at 23°C in calf thymus DNA: 

( • ) relative intensity of carbonyl absorption band; 

(*) relative intensity of symmetric phosphate absorption band; 

(CI) peak position of carbonyl absorption band. 
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Table 4.2.1. Infrared absorption and VCD bands of calf thymus DNA and calf 

thymus DNA with 1.3 M Mn2+ (10 [Mn]/[P]) at 23°C 

D N A D N A with 10 [Mn]/[P] 
Assignments1 

Absorption/cm"1 VCD/cm"1 Absorption/cm"1 VCD/cm"1 

1688 1700(-) 1691 1696(-) C2=0 (T) 

1678 1685(-)/1665(+) 1670 1682(-)/1662(+) mostly C6=0 (G), 

coupled with C2=0 (C) 

and C4=0 (T) 

1646 1638(+) 1647 1638(+) mostly C6=0 (C); C4=0 

(T), coupled with 

C6=0(G) 

1623 1619(-) 1624 1615(-) mostly ring modes of A 

1573 - 1572 - C=Nring(G,A) 

1500 - 1500 - C=Nring(C) 

1086 1091(-)/1074(+) 1087 1092(-)/1073(+) P02" symmetric 

1053 - 1053 1063(-)/1036(+) C-0 sugar 

1021 1032(-)? - 1014(+)? deoxyribose ring 

969 971(-)/959(+) 970 972(-)/959(+) C-C sugar stretches 

938 - 938 - sugar 

895 916(-)/893(+) ? 895 914(-)/899(+) ? sugar, B-form marker 

836 - 837 - sugar, B-form marker 

1 Tsuboi, 1969, 1973, 1974; Taillandier, 1985, 1990, 1992; Annamalai & Keiderling, 

1987; Wang & Keiderling, 1992; Wang et al, 1994b. 
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range occurs mostly with the phosphate groups without a significant interaction with the 

bases. Only an increase of Mn2+ concentrations above 0.1 [Mn]/[P] induces a downward 

wavenumber shift of the carbonyl vibrations, connected with active metal ion 

complexation with the bases (Figure 4.2.4). Thus, between 0.1 and 1 [Mn]/[P] some 

extent of metal binding to the bases can be suggested in addition to the binding to 

phosphate groups. Increasing the Mn2+ ion concentration above ~1 [Mn]/[P] induces a 

significant intensity increase of both the carbonyl and symmetric phosphate absorption 

bands, signifying intense direct metal ion chelation to DNA bases and phosphate groups 

(Figure 4.2.4) (Tajmir-Riahi et ah, 1993a; Tajmir-Riahi et ah, 1993b; Arakawa et ah, 

2000). It can be seen from Figure 4.2.4 that while the curve for the symmetric phosphate 

absorption reaches saturation at [Mn]/[P] > 6, no such a saturation can be noted for the 

carbonyl curve. This may indicate saturation of the phosphate binding sites at [Mn]/[P] > 

6, while no saturation of the sites on the bases may occur due to involving new binding 

sites on the bases at high metal ion concentration. The latter effect may be possible due to 

partial destabilization of the double helix. The intensity increase of the absorption bands is 

accompanied by an increasing amplitude of the corresponding VCD couplets (Figure 4.2.2 

and Figure 4.2.3). The shapes of the VCD features in the base and phosphate regions are 

appreciably modified indicating a significant extent of metal ion binding to both bases and 

phosphate groups (Figure 4.2.3). 

Most of changes in the absorption spectra in the 1700-1600 cm"1 region can be 

assigned to metal ion binding to N7 (G) (Section 4.1.2). Mn2+ preferential binding to the 

N7site of the bases is well known from different studies (Sissoeff et ah, 1976; Yurgaitis & 

Lazurkin, 1981; Froystein & Sletten, 1991; Blagoi et ah, 1991; Duguid et ah, 1993). 

According to NMR data Mn2+ coordination with N7 (A) is only about 10% of that with N7 

(G) (Froystein & Sletten, 1991). 

The significant synchronous increase of the base and phosphate absorption bands 

also suggests simultaneous metal ion complexation to N7 (G) and to a closest phosphate 

group. It is known that such type of metal coordination will induce an opening of the 
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basepairs involved in such a complex and will lead to a destabilization of a double helix 

(Richard et al, 1973; Sissoeff et al, 1976). The absorption and VCD spectra of 

denatured DNA are presented in Figure 4.2.1 and described in details in Section 4.2.1. No 

noticeable diminishment of the VCD signal in the spectrum of DNA at 10 [Mn]/[P] as 

compared to that without metal ions can be seen (Figure 4.2.3). DNA denaturation in the 

whole range of metal ion concentrations studied can therefore be ruled out. Comparison 

of the absorption spectrum of DNA at 10 [Mn]/[P] with that of denatured DNA confirms 

this conclusion (Figure 4.2.1 and Figure 4.2.2). It is known that Mn2+ ions at high 

concentrations significantly decrease the DNA melting temperature due to the 

destabilization of the double helix (Yurgaitis & Lazurkin, 1981; Knoll et al, 1988, Duguid 

et al, 1995). Therefore, some extent of opening of base pairs can not be ruled out 

completely, however significant DNA denaturation is definitely excluded. It was shown 

that metal ion binding to N3 (C) manifests itself by emerging new bands around 1517 and 

1540 - 1550 cm"1 (Fritzsche & Zimmer, 1968; Zimmer et al, 1971). It can be seen from 

Figure 4.2.2 that bands at 1519 and 1538 cm"1 appear at high Mn2+ concentrations starting 

from 2.4 [Mn]/[P]. Some insignificant extent of metal ion binding to N3 (C) in native 

DNA can be possible due to fluctuational opening of GC basepairs (Blagoi et al, 1991). 

However, the increase in intensity of the band at 1538 cm"1 upon increasing Mn2+ ion 

concentration in Figure 4.2.2 probably suggests that an increasing number of additional 

openings of GC base pairs, more than just fluctuational, occurs as metal concentration 

rises, which exposes new N3 (C) sites for Mn2+ complexation. This confirms the 

assumption about an increasing possibility for metal chelation between a base and a 

phosphate, which is unfavorable for double helix stability. 

Thus, it can be concluded from the spectra that Mn2+ ions bind preferentially to N7 

(G) and to phosphate groups at room temperature. At high metal ion concentrations some 

insignificant extent of Mn2+ chelation between a base and a closest phosphate group can be 

assumed, inducing a relatively small number of openings of GC base pairs and reducing 

double helix stability, but not resulting in DNA denaturation. The possibility of Mn2+ 
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binding to N3 (C) upon opening of GC basepairs in natural DNA at high metal 

concentrations can also be suggested. 

DNA retained the B-form conformation in the whole range of metal ion 

concentrations employed in this study. This can be concluded from the presence of the B-

form marker bands at 837, 895, 938 and 1053 cm"1, and the absence of A- or Z- form 

marker bands at 810, 865, 898 and 800 cm"1 (Taillandier et al, 1985; Taillandier, 1990; 

Taillandier & Liquier, 1992; Arakawa et al, 2000). As well, VCD spectra reveal no 

inversion of sign that would suggest B-Z transition (Gulotta et al, 1989; Andrushchenko 

etal, 1999b). Nor can DNA denaturation be assumed. 

4.2.3 Mn2+ interaction with DNA at elevated temperatures - DNA condensation and 

aggregation 

Absorption and VCD spectra of DNA with several Mn2+ ion concentrations at 

different temperatures are presented in Figure 4.2.5 to Figure 4.2.14. Plots of variations 

of peak position and intensity for several absorption bands vs temperature are presented in 

Figure 4.2.15 and Figure 4.2.16. A diagram of DNA melting temperature vs Mn2+ 

concentration is plotted in Figure 4.2.17. The melting diagram was constructed with data 

from a plot of the wavenumber shift of the carbonyl absorption at 1678 cm"1 vs 

temperature for all Mn2+ concentrations studied. The plot (not shown) is similar to that 

depicted in Figure 4.2.15, but contains data for all Mn2+ concentrations. Then melting 

temperature (Tm) was determined from those parts of the plots, which correspond to sharp 

wavenumber shifts of the carbonyl band. These major wavenumber shifts were considered 

to correspond mostly to DNA melting, while relatively gradual and less prominent 

wavenumber shifts correspond to metal ion binding. The melting temperature obtained in 

this way corresponds to base unpairing, whereas thereafter the single stranded molecules 

may still retain some residual helicity, as is discussed below. The data for the melting 

temperature obtained from the diagram were compared with the VCD spectra and 

appeared to be consistent with them. Some discrepancy was noted for 0.11 [Mn]/[P], 
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Figure 4.2.5. Absorption spectra of calf thymus DNA with 0.11 [Mn]/[P] at different 

temperatures 

Absorption spectra of calf thymus DNA with 0.11 [Mn]/[P] at different temperatures. 
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Figure 4.2.6. VCD spectra of calf thymus DNA with 0.11 [Mn]/[P] at different 

temperatures 

VCD spectra of calf thymus DNA with 0.11 [Mn]/[P] at different temperatures. 
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Figure 4.2.7. Absorption spectra of calf thymus DNA with 0.9 [Mn]/[P] at different 

temperatures 
Absorption spectra of calf thymus DNA with 0.9 [Mn]/[P] at different temperatures. 



148 

30-

20-

I 

O 

X 

10-

o-

— i 1 1 — / / — i 1 1 1 r 

1700 1600 1100 1000 900 800 

Wavenumber/cm -1 

Figure 4.2.8. VCD spectra of calf thymus DNA with 0.9 [Mn]/[P] at different 

temperatures 

VCD spectra of calf thymus DNA with 0.9 [Mn]/[P] at different temperatures. 
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Figure 4.2.9. Absorption spectra of calf thymus DNA with 2.4 [Mn]/[P] at different 

temperatures 

Absorption spectra of calf thymus DNA with 2.4 [Mn]/[P] at different temperatures. 
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VCD spectra of calf thymus DNA with 2.4 [Mn]/[P] at different temperatures. 
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Absorption spectra of calf thymus DNA with 3.8 [Mn]/[P] at different temperatures. 
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Figure 4.2.12. VCD spectra of calf thymus DNA with 3.8 [Mn]/[P] at different 

temperatures 

VCD spectra of calf thymus DNA with 3.8 [Mn]/[P] at different temperatures. 
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Figure 4.2.13. Absorption spectra of calf thymus DNA with 10 [Mn]/[P] at different 

temperatures 

Absorption spectra of calf thymus DNA with 10 [Mn]/[P] at different temperatures. 
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Figure 4.2.14. VCD spectra of calf thymus DNA with 10 [Mn]/[P] at different 

temperatures 

VCD spectra of calf thymus DNA with 10 [Mn]/[P] at different temperatures. 
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Figure 4.2.15. Intensity and position of carbonyl absorption band of calf thymus 

DNA vs temperature for different Mn2+ concentrations 

Relative intensity (left axes) and peak position (right axes) of the carbonyl absorption band 

of calf thymus DNA at 1682 cm'1 vs temperature for lowest and highest Mn2+ 

concentrations studied: 

( • ) relative intensity for 0.11 [Mn]/[P]; 

( • ) peak position for 0.11 [Mn]/[P]; 

( • ) relative intensity for 10 [Mn]/[P]; 

(O) peak position for 10 [Mn]/[P]. 
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Figure 4.2.16. Peak position of sugar absorption band of calf thymus DNA vs 

temperature for different Mn2+ concentrations 

Peak position of the sugar absorption band of calf thymus DNA at 1053 cm"1 vs 

temperature for lowest and highest Mn2+ concentrations studied: 

( • ) 0.11 [Mn]/[P]; 

( • ) 10[Mn]/[P]. 
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possibly due to the existence of single stranded molecules with residual helicity and 

therefore giving rise to VCD signals. 

It is seen from the VCD and absorption spectra that upon increasing the temperature, the 

DNA complex with 0.11 [Mn]/[P] melts in the temperature range between 87 and 94°C 

(Figure 4.2.5 and Figure 4.2.6). Although the VCD spectra still show some residual signal 

at 87°C, especially in the phosphate region, no VCD couplets can be detected at 94°C. 

The VCD spectrum at 94°C corresponds to that of denatured DNA without metal ions in 

Figure 4.2.1. While the absorption spectrum at 87°C in Figure 4.2.5 corresponds to 

largely denatured DNA especially in the base region, the presence of the residual VCD 

couplets indicates that complete helix-coil transition of DNA with 0.11 [Mn]/[P] occurs at 

a slightly higher temperature. The plot corresponding to 0.11 [Mn]/[P] in Figure 4.2.15 

shows a relatively gradual shift of the peak position of the carbonyl absorption from 1678 

to ~ 1674 cm"1 in the temperature interval from 23 to ~75°C, followed by a rapid shift to 

1660 cm"1 as temperature increases between 75 and 85°C. No further change of the 

wavenumber occurs upon increasing the temperature up to 94°C. The gradual shift of the 

band corresponds to metal ion binding to the bases, whereas the sharp change in the peak 

position occurs because of the hydrogen bonding between complementary bases being 

broken (Tsuboi, 1974; Tajmir-Riahi et al, 1993b). The major increase in intensity of this 

carbonyl band, corresponding to unstacking of the bases (Tsuboi, 1974; Tajmir-Riahi et 

al, 1993b) occurs in the temperature interval between 80 and 94°C, i.e. at slightly higher 

temperature than the wavenumber shift. This suggests that unpairing of the bases occurs 

at a slightly lower temperature than unstacking of the bases, and that single stranded 

molecules preserve some residual helicity at temperatures above ~ 85°C and below 94°C 

probably giving rise to the residual VCD signal at 87°C. The major upward shift of the 

sugar band at 1053 cm"1 starts at ~ 75°C (Figure 4.2.16), confirming the start of 

denaturation at this temperature. The band shifts upward until it transforms into a 

shoulder on the 1086 cm'1 absorption at temperatures above ~ 85°C. 
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Changes of the absorption spectra induced by elevated temperature for other 

concentrations of Mn2+ ions are similar to those described for 0.11 [Mn]/[P]. Plots of 

changes of the absorption band parameters vs temperature for other metal ion 

concentrations (except 10 [Mn]/[P]) are not shown and they will not be described in 

details. The main difference is that the melting temperature of the DNA-Mn2+ complexes 

is lowered as Mn2+ concentration increases (Figure 4.2.17). For the DNA-Mn2+ complex 

at 10 [Mn]/[P], the major wavenumber shift of the sugar band at 1053 cm"1 starts at ~ 

50°C, indicating that denaturation of the complex begins at this temperature (Figure 

4.2.16). It is seen from Figure 4.2.15 that for this [Mn]/[P] ratio both base unpairing and 

unstacking occur in a fairly narrow temperature interval between approximately 50 and 

55°C and essentially coincide with each other. Temperature intervals coincide for base 

unpairing and unstacking for other high metal ion concentrations as well (not shown). At 

high Mn2+ content, it is likely that base unpairing is followed immediately by intense metal 

ion binding to the new exposed binding sites, e.g., Ni of purines and N3 of pyrimidines 

(Duguid et al, 1995), which may disorder residual base stacking of the single stranded 

molecules and prevent their residual helicity. Metal ion binding to N3 (C) can be 

confirmed from the increasing intensity of the absorption bands at 1519 and 1538 cm"1 as 

metal ion concentration and temperature increase (Figure 4.2.9, Figure 4.2.11 and Figure 

4.2.13). 

As mentioned above, absorption spectra undergo relatively similar gradual changes 

with temperature in the direction of denatured DNA as Mn2+ concentration increases 

(Figure 4.2.5, Figure 4.2.7, Figure 4.2.9, Figure 4.2.11 and Figure 4.2.13). In contrast, 

VCD spectra experience quite different changes with temperature upon increasing of Mn2+ 

concentration. While VCD spectra without Mn2+ ions (Figure 4.2.1) or with Mn2+ ions in 

concentrations below 0.9 [Mn]/[P] (Figure 4.2.6) show a gradual intensity decrease of 

VCD couplets until their complete disappearance, different spectral changes with 

temperature occur for 0.9 [Mn]/[P] (Figure 4.2.8). It is clearly seen from Figure 4.2.8 

that DNA-Mn2+ complexes melt between 60 and 65°C, which is also confirmed by the 
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corresponding absorption spectra in Figure 4.2.7. The VCD spectrum at 65°C is 

essentially that of melted DNA. However, the VCD spectrum surprisingly changes as 

temperature increases up to 70°C. While no noticeable changes can be seen in the 

phosphate region, some ill-defined VCD features appear in the base region. 

As Mn2+ concentration increases to 2.4 [Mn]/[P], more significant and diverse 

changes can be seen in the VCD spectra (Figure 4.2.10), while no new and unexpected 

changes occur in the corresponding absorption spectra (Figure 4.2.9). First, a significant 

increase of amplitude of the main VCD couplets in the base and phosphate regions can be 

noticed at 55°C. Note that all spectra in each figure are plotted on the same scale. This 

increased amplitude of VCD signal cannot be ascribed to increased absorption. In fact, 

the absorption intensity slightly decreases at 55 and 58°C (Figure 4.2.9). In addition, 

positive VCD peaks at 1637 and 1049 cm"1 become more intense than neighboring peaks 

at 1662 and 1071 cm"1, respectively. A long "tail" in the nonabsorbing region at 

wavenumbers higher than 1700 cm"1 can be also seen. All these changes together with 

overall band shapes are reminiscent of those described for DNA-Cr3+ complexes and 

assigned to ^-type VCD spectra (Section 4.1). Similar spectral changes remain as 

temperature increases to 58°C, although VCD amplitudes slightly decreases. The VCD 

spectrum becomes completely altered upon further temperature increase to 60°C. It 

should be noted, that DNA melting takes place between 58 and 60°C at 2.4 [Mn]/[P] 

(Figure 4.2.9). The appearance of the ^-type VCD spectra can be attributed to DNA 

condensation, i.e. formation of large dense particles with ordered arrangement of DNA 

molecules. DNA denaturation can be deduced from the absorption spectra only at 60°C. 

Therefore, DNA exists in a double-helical form during condensation, which is one of the 

prerequisites for forming y/-type particles (Cheng & Mohr, 1974; Evdokimov et al, 1976; 

see also Section 1.3). Furthermore, as can be seen from the absorption spectrum at 55°C, 

the DNA secondary structure in condensed particles corresponds to the B-form family in 

agreement with the previous VCD/IR absorption data (Section 4.1) and literature data 

(Maniatis et al, 1974; Zacharias et al, 1983). The relatively small increase of the VCD 
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amplitude (about 2-fold) compared to the much greater amplitude increase in the case of 

DNA condensation induced by Cr3+ can be possibly related to a lower density of the 

particles formed by Mn2+ ions, possibly because of the presence of divalent rather than 

trivalent metal ions, which probably barely neutralize the necessary 90% of the negative 

charges on the phosphates in the present conditions. The ^-type VCD spectra disappeared 

upon slightly increasing the temperature due to melting of the condensed particles 

followed by the melting of the double-stranded DNA. 

Raising the temperature to 60°C at 2.4 [Mn]/[P] induced, as mentioned above, 

DNA melting (Figure 4.2.9). A further temperature increase changed the absorption 

spectrum towards that corresponding to denatured DNA. In contrast, the VCD spectrum 

at 60°C became significantly different from that corresponding to native B-form DNA 

condensed DNA or melted DNA (Figure 4.2.10). This spectrum consists of relatively 

strong features, comparable in intensity to the VCD couplets of native DNA. The overall 

spectral shape does not significantly change upon increasing the temperature to 70°C, 

which is well above the DNA melting temperature for this Mn2+ concentration (Figure 

4.2.9). Raising the temperature for the DNA complex with 3.8 [Mn]/[P] induced DNA 

melting between 56 and 59°C (Figure 4.2.11 and Figure 4.2.12). A further temperature 

increase to 70°C resulted in absorption spectra characteristic for denatured DNA (Figure 

4.2.11). The VCD spectra again revealed similar intense features as for 2.4 [Mn]/[P] 

above the denaturation temperature (Figure 4.2.12). Similar changes appeared upon 

elevating the temperature for DNA with 10 [Mn]/[P] (Figure 4.2.13 and Figure 4.2.14). 

DNA denaturation occurred for this Mn2+ concentration approximately between 53 and 

55°C (Figure 4.2.13). Further temperature increase gradually altered the absorption 

spectra to those of denatured DNA (Figure 4.2.13). The VCD spectra upon increasing 

the temperature from 23 to 53°C (before DNA denaturation) slightly decreased in intensity 

and changed in shape, especially in the phosphate region (Figure 4.2.14). Further 

temperature increase above denaturation produced VCD spectra similar to those for DNA 
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complexes with Mn concentration from 0.9 to 3.8 [Mn]/[P] and at above-denaturation 

temperatures. 

It has been shown that elevating the temperature of DNA in the presence of most 

divalent metal ions including Mn2+ induce DNA aggregation (Yurgaitis & Lazurkin, 1981; 

Knoll et al, 1988; Duguid et al, 1995; Duguid & Bloomfield, 1995). DNA aggregation 

in the presence of transition metal ions has been found to occur in the thermal 

denaturation region of DNA. For most divalent metals, aggregation starts as DNA 

denaturation begins and upon complete DNA denaturation the aggregates disappear 

(Duguid & Bloomfield, 1995). However, it was noted that in the case of Mn2+ ions, 

aggregates that appeared in the thermal denaturation region did not disappear at 

temperatures well above the melting temperature, even up to 100°C, possibly due to very 

stable cross-linkages formed by Mn2+ ions (Duguid & Bloomfield, 1995). A model based 

on Shibata-Schurr theory of DNA aggregation in the thermal denaturation region (Shibata 

& Schurr, 1981) has been proposed for describing temperature induced DNA aggregation 

in the presence of divalent metal ions (Knoll et al, 1988; Duguid et al, 1995; Duguid & 

Bloomfield, 1995). It is suggested that a combination of metal-base interaction and 

heating disrupts the base pairing within the DNA duplex. This allows divalent metals to 

bind to additional sites on the DNA bases during the melting process. DNA strands 

whose bases open upon disruption of hydrogen bonding are linked to neighboring strands 

by metal ion bridges. In this way, an extensive network of metal ion crosslinked DNA 

molecules forms. A similar explanation of DNA aggregation due to interaction of partially 

melted regions on different DNA strands was suggested by other authors as well 

(Yurgaitis & Lazurkin, 1981). It was shown that the ability of different divalent metal 

ions to induce DNA aggregation corresponds to the metal affinity to the bases and, 

correspondingly, to their ability to disrupt the DNA double helix (Knoll et al, 1988; 

Duguid et al, 1995; Duguid & Bloomfield, 1995). It was suggested that bridging of two 

DNA strands occurs preferentially by specific metal binding to N7 (G) of two strands 

(Yurgaitis & Lazurkin, 1981; Duguid et al, 1995). However, other binding sites that 
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become available due to opening of base pairs also become involved as the denaturation 

proceeds (Duguid et al, 1995). 

Analysis of the VCD data obtained in the present work for Mn2+ interaction with 

DNA at elevated temperatures in the frame of the proposed model suggests that 

characteristic changes of VCD spectra that occurred at temperatures similar to or above 

the melting temperature for Mn2+ concentrations starting from 0.9 [Mn]/[P] can be 

assigned to DNA aggregation. Indeed, these changes occur in the DNA thermal 

denaturation region where DNA aggregation is expected according to the model. It was 

mentioned specifically for Mn2+ ions that aggregates exist upon a temperature increase 

above DNA melting temperature (up to 100°C) (Duguid & Bloomfield, 1995). Consistent 

with this observation, the characteristic VCD spectra do not disappear upon temperature 

raised well above DNA melting temperature. The absence of VCD features characteristic 

for DNA aggregation at Mn2+ concentrations below 0.9 [Mn]/[P] may be connected with 

insufficient metal concentration for inducing extensive DNA aggregation. Another 

possible reason may be that because DNA denaturation for [Mn]/[P] < 0.9 occurs at fairly 

high temperature, any aggregates, even if formed, are very unstable. 

No changes of VCD spectra characteristic for DNA condensation or aggregation 

can be seen at room temperature even at highest Mn2+ concentration studied (Figure 

4.2.3). The inability of divalent metal ions to induce DNA condensation in aqueous 

solutions at room temperature was mentioned before (Bloomfield, 1991; Bloomfield, 

1998; Knoll et al., 1988) and is therefore consistent with the present observations. On the 

other hand, it was shown that DNA aggregation can be induced by divalent metal ions 

(including Mn2+) in aqueous solutions even at room temperature (Duguid et al, 1993; 

Tajmir-Riahi et al, 1993b; Kornilova et al, 1998). The absence of the aggregation at 

room temperature obtained in the present study can be attributed to the relatively short 

length of the DNA molecules used. The average length of the sonicated DNA used in the 

present study is about 700 base pairs. It was shown that the temperature of DNA 

aggregation induced by divalent metal ions does not depend on DNA molecular weight for 
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molecular lengths between 150 and about 1600 base pairs (Knoll et al, 1988). DNA 

aggregation was observed at room temperature only for much longer DNA molecules of 

about 23000 - 25000 base pairs (Duguid et al, 1993; Tajmir-Riahi et al, 1993b; 

Kornilova et al, 1998), while no aggregation occurred at room temperature for short 

molecules of 160 base pairs in length (Duguid et al., 1993). It was also noted that 

divalent metal ion effects on DNA were much more pronounced for high molecular weight 

DNA (Duguid et al, 1993). Strong dependence of aggregation temperature on DNA 

molecular weight was also suggested by Shibata and Schurr (Shibata & Schurr, 1981). 

Absorption and VCD spectra of DNA with different Mn2+ concentrations are 

compared for 55°C in Figure 4.2.18 and Figure 4.2.19. Gradual changes of the absorption 

spectra due to intense metal ion binding and DNA denaturation can be seen upon 

increasing Mn2+ concentrations at 550C (Figure 4.2.18). Significant denaturation of DNA 

double helix can be claimed for this temperature at 10 [Mn]/[P], More detailed and richer 

information about changes of DNA structure when increasing the metal ion concentration 

at 55oc is revealed by comparing the corresponding VCD spectra in Figure 4.2.19. Mn2+ 

binding to the bases and the phosphate groups occurs upon increasing the metal 

concentration to 0.9 [Mn]/[P], which is manifested by the changes of VCD couplets in 

both spectral regions. Further increasing Mn2+ concentration to 2.4 [Mn]/[P] additionally 

induces DNA condensation into large dense particles with ordered molecule arrangement, 

clearly seen from the characteristic ^-type VCD spectrum. Disruption of the particles 

occurs at 3.8 [Mn]/[P] probably due to partial DNA denaturation, as can be seen from the 

changed shape and decreased intensity of the VCD couplets. Finally, DNA aggregation 

with formation of interstrand metal ion cross-links takes place as Mn2+ concentration 

increases up to 10 [Mn]/[P]. 

It can be concluded from the present study that divalent metal ions (at least Mn2+) 

are indeed able to induce DNA condensation at elevated temperature, as was suggested by 

other authors (for references see Knoll et al, (1988)). However, DNA condensation in 

this case occurs in a very narrow range of experimental conditions, i.e. in very small metal 
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Figure 4.2.18. Absorption spectra of calf thymus DNA and DNA complexes with 

several Mn2+ concentrations at 55°C 

Absorption spectra of calf thymus DNA and DNA complexes with several Mn 2+ 

concentrations at 55 C. 
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Figure 4.2.19. VCD spectra of calf thymus DNA and DNA complexes with several 

Mn2+ concentrations at 55°C 

VCD spectra of calf thymus DNA and DNA complexes with several Mn2+ concentrations 

at 55°C. 
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concentration and temperature intervals. Small deviations from the conditions favorable 

for the DNA condensation above limiting values will induce disruption of the particles due 

to their melting, as temperature increases, or possibly due to DNA denaturation as metal 

concentration increases. As mentioned above, denatured DNA cannot form ^-type DNA 

structures. Small deviations of the conditions below limiting values, e.g., lowering metal 

ion concentration or temperature, will probably result in insufficient charge neutralization 

of the DNA phosphates and increasing of DNA stiffness, which in turn will result in the 

disruption of the particles due to decondensation. Therefore, although the general ability 

of divalent metal ions (or at least Mn2+ ions) to induce DNA condensation at elevated 

temperatures was demonstrated, it has taken place only within a very narrow range of 

experimental conditions. 

Unlike condensation, DNA aggregation induced by divalent metal ions 

(particularly Mn2+ ions) at elevated temperature occurs in a relatively wide range of 

experimental conditions. Thus, aggregation was recorded at Mn2+ concentration varying 

from 0.9 to 10 [Mn]/[P] and at temperatures varying from 55°C for the highest metal 

concentration to 70°C for Mn2+ concentrations between 0.9 and 10 [Mn]/[P]. As 

mentioned above, the reason for such a broad range of stability of DNA aggregates in the 

presence of Mn2+ ions probably lies in high stability of cross-links formed by Mn2+ ions 

(Duguid & Bloomfield, 1995). Such a high stability in turn can be possibly connected to 

high Mn2+ affinity for binding to N7 (G), which was suggested to play a crucial role in the 

formation of the interstrand cross-links (Yurgaitis & Lazurkin, 1981). It should be 

pointed out that for most divalent metal ions, the temperature interval of stability of the 

aggregates is smaller than for Mn2+ due to less stable interstrand cross-links (Duguid & 

Bloomfield, 1995). 

In addition to above results, the present study demonstrated the sensitivity of VCD 

spectroscopy to DNA aggregation. Furthermore, it was shown that VCD is capable not 

only to determine the presence or absence of DNA condensation and aggregation, but also 

to distinguish clearly between condensation and aggregation. It is worth noting that in 
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most studies dealing with DNA collapse induced by divalent metal ions, the exact process 

is usually not specified due to the inability of most conventional techniques to distinguish 

definitely between these two types of DNA collapse. It is usually stated that DNA 

condensation and/or aggregation (Duguid & Bloomfield, 1995) or DNA compaction 

(Kornilova et al, 1998) has occurred. Therefore, application of VCD spectroscopy to this 

type of investigations can provide more specific information about both types of DNA 

collapse individually. 

4.3 DNA Interaction with Cu2+ ions 

4.3.1 VCD spectrum of DNA without Cu2+ ions 

A detailed description of the absorption and VCD spectra of calf thymus DNA 

without metal ions and band assignments was given in Section 4.1.1. The absorption and 

VCD spectra of DNA without Cu2+ ions together with the noise estimate for VCD spectra 

are shown in Figure 4.3.1. Both absorption and VCD spectra correspond to those of the 

DNAB conformation, as described in details in Section 4.1.1. Absorption and VCD band 

positions and their assignments for DNA without Cu2+ ions and for the DNA in complex 

with 0.5 [Cu]/[P] (0.03 M Cu2+) are summarized in Table 4.3.1. 

4.3.2 Cu2+binding to DNA 

Addition of Cu2+ ions in low concentrations between 0.05 to 0.2 [Cu]/[P] does not 

change the absorption and VCD spectra of DNA significantly. The main changes of the 

absorption spectra can be followed from the plots in Figure 4.3.2. The intensity of the 

carbonyl absorption at 1679 cm"1 does not change up to 0.1 [Cu]/[P] and then slightly 

decreases between 0.1 to 0.2 [Cu]/[P]. The intensity of the symmetric phosphate 

absorption band at 1086 cm"1 increases in the same Cu2+ concentration range. These 

changes suggest Cu ion binding to phosphate groups. Such a binding at low metal 
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Figure 4.3.1. Absorption and VCD spectra of calf thymus DNA 

Absorption (bottom) and VCD (center) spectra of calf thymus DNA and noise estimate 

for VCD spectrum (top). 
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Table 4.3.1. Infrared absorption and VCD bands of calf thymus DNA and calf 

thymus DNA with 0.03 M Cu2+ (0.5 [Cu]/[P]) 

D N A DNAwith0.5[Cu]/[P] 
Assignments1 

Absorption/cm"1 VCD/cm-1 Absorption/cm"1 VCD/cm-1 

1693 1700(-) 1692 1696(-) C2=0 (T) 

1679 1689(-)/1665(+) 1666 1682(-)/l 659(+) mostly C6=0 (G), 

coupled with C2=0 (C) 

and C4=0 (T) 

1646 1640(+) ? 1645 1637(+)? mostly C6=0 (C); C4=0 

(T), coupled with 

C6=0(G) 

1623 1615(-) 1621 1637(+)/1616(-) mostly ring modes of A 

- - 1585 1602 (+) ? C=N ring (G) 

1573 - 1573 1577(+)? O N ring (G,A) 

- - 1542 - C=N ring (C) 

1500 - 1501 1503(-) C=N ring (C) 

1086 1089(-)/1071(+) 1086 1088(-)/1066(+) PO2" symmetric 

1053 1061(+) 1055 1066(+)/1053(-) C-0 sugar 

1021 1030(-) ? 1022 1014(+)? deoxyribose ring 

969 971(-)/957(+) 969 971(-)/957(+) C-C sugar stretches 

938 - - - sugar 

895 917(-)/894(+) ? 895 916(-)/895(+) ? sugar, B-form marker 

836 - 836 - sugar, B-form marker 

1 Tsuboi, 1969, 1973, 1974; Taillandier, 1985, 1990, 1992; Annamalai & Keiderling, 

1987; Wang & Keiderling, 1992; Wang et al., 1994b. 
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Figure 4.3.2. Relative intensity and peak position for several absorption bands of 

calf thymus DNA vs Cu2+ ion concentration 

Relative intensity (solid symbols) of carbonyl absorption band at 1679 cm"1 and symmetric 

phosphate absorption band at 1086 cm"1 (left axes), and peak positions (open symbols) of 

carbonyl absorption band at 1679 cm"1 (right axes) and sugar absorption band at 1053 cm"1 

vs Cu2+ concentration: 

( • ) relative intensity of carbonyl absorption band; 

( • ) relative intensity of symmetric phosphate absorption band; 

( • ) peak position of carbonyl absorption band; 

( A ) peak position of sugar absorption band (minimal and maximal values are indicates on 

the plot). 

All intensities are normalized to intensity of 969 cm"1 absorption band. 
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concentration is expected to neutralize the negative phosphate charge and increase 

stability of DNA, thus increasing hypochromicity in the spectral region of the bases 

(Tajmir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b). However, the shift of the 

carbonyl absorption from 1679 down to 1673 cm"1 may suggest some extent of direct 

metal ion binding to the bases (Tajmir-Riahi et al, 1993a; Tajmir-Riahi et al, 1993b; 

Arakawa et al, 2000). As discussed in Section 4.1.2, all changes in the absorption spectra 

in the region 1700-1600 cm"1 can be assigned to metal ion binding to N7 (G). As well, 

preferential binding of Cu2+ ions to GC rather than AT base pairs has been shown (Zimmer 

etal, 1971; Richard etal, 1973; Tajmir-Riahi et al, 1993b). 

All the spectral changes of the absorptions mentioned, along with the changes of 

the VCD spectra of DNA with 0.2 [Cu]/[P] can be seen in Figure 4.3.3 and compared 

with those without Cu2+ in Figure 4.3.4. While the negative peak of the main VCD 

couplet at 1700 cm"1 does not shift upon Cu2+ addition, the VCD shoulder at 1689 cm"1 

shifts to 1681 cm"1, and the positive VCD peak shifts from 1665 to 1663 cm"1. The 

corresponding absorption band shifts from 1679 to 1673 cm"1. These changes in both 

types of spectra imply that Cu2+ binding to 0 2 (T) does not take place. The VCD couplet 

at 1642(+)/1617(-) cm"1 arising from ring modes of A and T, emerges more distinctly with 

the addition of Cu2+ and evolves even more visibly at higher ion concentrations. Another 

noticeable change in the VCD spectrum is the evolution of a negative peak at 1583 cm"1, 

which very likely corresponds to one component of the complex absorption band with 

apparent peak position at 1573 cm'1, and which was assigned to C=N stretching of 

guanine and adenine (Tsuboi, 1969; Tsuboi, 1974; Parker, 1971). The appearance of a 

distinct band or shoulder at -1590 cm"1 upon addition Cu2+ ions has been interpreted as a 

Cu2+ interaction with N7 of G (Fritzsche & Zimmer, 1968; Zimmer et al, 1971). 

Although this band or shoulder does not appear prominently in absorption at 0.2 [Cu]/[P], 

the negative 1584 cm"1 VCD peak may indicate a change in the C=N vibration of G. It 

may be associated with Cu2+ bound to N7(G), but can be overlapped in the absorption 

spectrum by the more intense and broad 1573 cm"1 band. In summary, the changes in the 



173 

1 0 -

I 

o 
x o 

-10 J 

0 . 5 -

0 .4 -

0 . 3 -

0 . 2 -

0.1 -

0 .0 -

DNA + 0.2 [Cu]/[P] 
CD 
00 

o 

-1h — i 1 1 1 r / / — | — i — | — . — \ — i — | — 

1700 1600 1500 1100 1000 900 800 

Wavenumber/cm"1 

Figure 4.3.3. Absorption and VCD spectra of calf thymus DNA with 0.2 [Cu]/[P] 

Absorption (bottom) and VCD (center) spectra of calf thymus DNA with 0.2 [Cu]/[P] 

(0.012 M Cu2+). 
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Figure 4.3.4. Comparison of absorption and VCD spectra of calf thymus DNA and 

DNA complexes with 0.2 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA (dashed) and DNA 

complexes with 0.2 [Cu]/[P] (0.012 M Cu2+) (solid). 
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spectra, caused by Cu + ions at this concentration, can be associated more confidently with 

Cu2+ binding to N7(G) rather than to the other binding sites on the bases. This speculation 

is supported by the fact that the binding sites of C are not readily accessible in native 

DNA, and extensive metal ion binding to C is possible only after distortion of the 

hydrogen bonds between C and G (or DNA denaturation) (Tajmir-Riahi et al, 1993b). It 

is unlikely, however, that any significant distortion of Watson-Crick hydrogen bonding and 

denaturation occurred at 0.2 [Cu]/[P], which is evident from the strong VCD signal in 

both spectral regions. 

Absorption and VCD spectra of DNA complexes with 0.4 [Cu]/[P] are presented 

in Figure 4.3.5 and Figure 4.3.6. In this case, the noise estimate, which is also given in 

Figure 4.3.6, represents not only the level of instrument noise, but also illustrates the 

difference between VCD spectra taken over a time interval of about 4 hours, i.e. the time 

needed to complete the necessary number of scans. The absence of any appreciable 

difference between the spectra, evident from the low level of noise, indicates that no 

significant changes have occurred during scan time, and that the DNA-metal complexes 

were formed relatively fast before starting the measurements and were stable during the 

measurements. 

Increasing the Cu2+ concentration to 0.4 [Cu]/[P] significantly changed the 

absorption and the VCD spectra in the nitrogen base region with less significant changes 

(mostly in VCD) in the sugar-phosphate region. This implies that more intensive Cu2+ 

complexation occurs with the nitrogen bases than with the phosphate groups, which is in 

agreement with the higher affinity of Cu2+ ions for the bases than for the phosphates 

(Sissoeffe/ al, 1976; Marzilli et al., 1980; Blagoi et al., 1991). The absorption at 1692 

cm"1 arising from C2=0 (T) and corresponding to the VCD couplet with its negative lobe 

at 1700 cm"1 remains unchanged, indicating that no Cu2+ ion interaction with O2 (T) has 

occurred. The carbonyl absorption band at 1679 cm"1 shifts further to lower wavenumbers 

from 1673 to 1671 cm"1 and increases in intensity (Figure 4.3.2, Figure 4.3.5, and Figure 

4.3.6), suggesting intense metal ion binding to N7 (G) (Tajmir-Riahi et al., 1993b). The 
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Figure 4.3.5. Absorption and VCD spectra of calf thymus DNA with 0.4 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.4 [Cu]/[P] (0.024 

M Cu2+) and noise estimate for VCD spectrum (top). 
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corresponding negative VCD lobe at 1685 cm'1 is seen more distinctly than at lower Cu + 

concentration (cf. Figure 4.3.3 and Figure 4.3.5). The positive component of this VCD 

couplet now occurs at 1662 cm"1 and corresponds to the absorption at 1671 cm"1. The 

shape of the main VCD feature emerged clearly as consisting of 3 overlapping 

components, viz. a positive couplet with its negative lobe at 1700(-) cm"1 and its positive 

component obscured by the negative lobe of the neighboring couplet at 1683(-)/1662(+) 

cm"1 (the second), and the third at 1636(+)/1619(-) cm"1 which is likely related to the 

couplet at 1640(+)/1615(-) cm"1 for DNA without metal ions (Figure 4.3.1). The 

separation of the two first mentioned couplets, both assigned to C=0 vibrations of 

different bases and usually overlapped in the spectrum of DNA, occurred due to metal 

binding to guanine N7 position and corresponding shift of the G and C carbonyl absorption 

at 1679 cm"1 together with its VCD couplet to lower wavenumbers. At the same time no 

binding to C2=0 (T) left the corresponding absorption band together with its VCD couplet 

unshifted, thus separating the latter from the other carbonyl couplet. The negative VCD 

feature at -1574 cm"1 becomes broader and more intense, possibly due to continuing metal 

ion binding to N7(G). The small absorption at 1539 cm"1 (Figure 4.3.5), which was shown 

to arise due to Cu2+ interacting with N3 of cytosine (Fritzsche & Zimmer, 1968; Zimmer et 

ah, 1971), could be related to a positive VCD feature at 1553 cm"1. No significant DNA 

denaturation can be suggested at this metal ion concentration, which is evident from the 

essentially unchanged amplitude of the VCD couplets in both spectral regions. However, 

the significantly altered VCD signal indicates intense metal ion binding, especially to the 

bases. 

Absorption and VCD spectra of DNA complexes with 0.5 [Cu]/[P] are displayed 

in Figure 4.3.7 and compared with 0.4 [Cu]/[P] in Figure 4.3.8. Distinctive changes can 

be seen in VCD with increasing Cu + concentration in both the nitrogen base and sugar-

phosphate regions. Some can also be seen in absorption. A separate negative VCD peak 

is revealed clearly, arising from the C2=0 (T) mode, which also occurs in the VCD of 
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Figure 4.3.7. Absorption and VCD spectra of calf thymus DNA with 0.5 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.5 [Cu]/[P] (0.03 

M Cu2+). 
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Figure 4.3.8. Comparison of absorption and VCD spectra of calf thymus DNA with 

0.5 [Cu]/[P] and with 0.4 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.5 [Cu]/[P] (0.03 

M Cu2+) (solid) and DNA with 0.4 [Cu]/[P] (0.024 M Cu2+) (dashed). 
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poly(dT) (Wang et al, 1994a). It shifts from 1700 to 1696 cm"1, although the 

corresponding absorption at 1692 cm"1 remains at the same position. 

The VCD couplet at 1683(-)/1662(+) shifts to 1682(-)/1659(+) cm"1, in concert with a 

shift of its corresponding absorption band from 1671 cm"1 to 1666 cm"1. This shift of the 

GC couplet makes it clearly distinguishable from the other neighboring couplets. The 

intensity of the VCD couplets in the base region appears to be appreciably reduced, 

indicating diminishing coupling between the bases due to a perturbation of base stacking. 

The especially strong decrease of the amplitude of the 1682(-)/1659(+) VCD couplet 

suggests that the most significant distortion occurred for GC base pairs. In contrast, the 

couplet at 1637(+)/1616(-), assigned to A and T modes, did not change significantly 

compared to 0.4 [Cu]/[P] (Figure 4.3.8), thus suggesting less significant changes in AT 

base pairs. 

The negative VCD peak at 1577 cm"1, first noticeable with 0.2 [Cu]/[P] at 1584 cm'1 

has become more pronounced. Its corresponding absorption at 1585 cm"1 has emerged 

more distinctly, confirming the earlier assumption that these two features might be 

connected, and induced by Cu2+ binding to N7 (G). The absorption band at 1542 cm"1 

became more intense. A band at 1519 cm"1, also connected with Cu2+ binding to N3 (C) 

(Fritzsche & Zimmer, 1968; Zimmer et al., 1971), emerged more distinctly indicating 

continuing active Cu2+ binding to N3 (C). 

The positive part of the symmetric phosphate VCD couplet at 1088(-)/1066(+) cm"1 

essentially disappears. The couplet at 971(-)/957(+)cm"1, arising from the 969 cm"1 

absorption, increases considerably in intensity. The prominent VCD signal in the 

phosphate region gives reason to assume that the sugar-phosphate backbone remains 

highly ordered although it is significantly distorted due to metal binding. Pronounced 

changes of the VCD spectra in both regions indicate intense metal ion binding to both 

bases and phosphates at 0.5 [Cu]/[P]. Although significant distortion of base stacking is 

evident, the remaining relatively strong VCD signal (especially in the phosphate region) 

signifies that complete DNA denaturation does not occur at this Cu2+ concentration. 
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The absorption at 1671 cm"1 shifts to 1666 cm"1 and further increases in intensity 

(Figure 4.3.2 and Figure 4.3.7), which can be due to both Cu2+ ion binding and DNA 

denaturation (base unpairing and unstacking). It is seen that the significant increase in 

intensity of this absorption and decrease in intensity of the symmetric phosphate 

absorption occur in the same metal ion concentration region. A wavenumber shift of the 

sugar band at 1053 cm'1 to -1056 cm"1 also occurred at [Cu]/[P] >0.4 (Figure 4.3.2). A 

major increase of the base absorption intensity was connected with DNA denaturation and 

increased hyperchromicity (Tajmir-Riahi et al, 1993b). A decrease of the symmetric 

phosphate band intensity and the upward shift of the sugar band at 1053 cm"1 are also 

characteristic spectral changes during DNA denaturation (Tsuboi, 1974; Tajmir-Riahi et 

al, 1993b). The combination of all three features in the absorption spectra confirms the 

conclusion derived from the VCD spectra that DNA denaturation has started at Cu2+ ion 

concentration higher than 0.4 [Cu]/[P] (Figure 4.3.2). 

The absorption and VCD spectra of DNA with 0.7 [Cu]/[P] are displayed in Figure 

4.3.9 and compared with 0.5 [Cu]/[P] in Figure 4.3.10. Further intensity increase of the 

1541 and 1518 cm"1 absorption bands indicates extensive Cu2+ binding N3 (C). The other 

changes in the absorption spectrum cannot be assigned to only Cu2+ ion binding to DNA 

or only DNA denaturation, but represent the combined action of both effects on DNA. 

However, the major changes observed in VCD indicate a significant extent of DNA 

denaturation. The baseline in this spectrum is very much distorted due to formation of an 

almost solid DNA gel. Most of the VCD features in the nitrogen base region have almost 

disappeared. A small residual couplet at 1683(-)/1664(+) cm"1 probably corresponds to 

the GC couplet at 1682(-)/1659(+) cm'1 in Figure 4.3.7. The rest of the VCD features in 

Figure 4.3.9 originating from the nucleobases are not distinctive, indicating significant 

distortion of the AT and most of GC base pairs. There are still distinct VCD couplets in 

sugar-phosphate region, namely at 1088(-)/1072(+) and 971(-)/957(+) cm"1, suggesting a 

partially ordered orientation of the sugar-phosphate backbone. These results are 

consistent with other studies, in which significant DNA denaturation was observed at high 
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Figure 4.3.9. Absorption and VCD spectra of calf thymus DNA with 0.7 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.7 [Cu]/[P] (0.042 

M Cu2+). 
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Figure 4.3.10. Comparison of absorption and VCD spectra of calf thymus DNA 

with 0.7 [Cu]/[P] and with 0.5 [Cu]/[P] 

Absorption (bottom) and VCD (top) spectra of calf thymus DNA with 0.7 [Cu]/[P] (0.042 

M Cu2+) (solid) and DNA with 0.5 [Cu]/[P] (0.03 M Cu2+) (dashed). 
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Cu concentrations (Tajmir-Riahi et al, 1988; Tajmir-Riahi et al, 1993b; Kornilova et 

al, 1994). 

4.3.3 Possibility of DNA condensation or aggregation 

Although the intensity increase of the positive VCD peak at 1637 cm"1 at 0.5 [Cu]/[P] 

(Figure 4.3.7) is reminiscent of a VCD change characteristic for a ^-type VCD spectrum, 

no corresponding changes can be seen in the phosphate region. Besides, the most 

important characteristic for ^-type VCD, namely, an anomalous amplitude increase of 

the VCD couplets in both spectral regions, is not present. The possibility of DNA y-type 

condensation at these conditions and the formation of highly compacted particles with 

regular helical arrangement of double helices in the particles can therefore be rejected. 

The formation of ^-type DNA structure upon interaction with Cu2+ ions was also not 

revealed by ECD spectra (Zimmer et al, 1971; Richard et al, 1973; Forster et al, 1979). 

This result is consistent with the data that divalent metal ions are not able to induce DNA 

condensation in aqueous solutions at room temperature (Bloomfield, 1991; Bloomfield, 

1998). 

Comparison of the VCD spectra of DNA with Cu2+ ions, with those of DNA with 

Mn2+ ions at elevated temperature (Section 4.2) suggests that no significant DNA 

aggregation occurs in the present experimental conditions. Although partial DNA 

denaturation, one of the prerequisites of the DNA aggregation, occurred at high Cu2+ 

concentrations, no VCD spectra characteristic of aggregation can be seen in Figure 4.3.5, 

Figure 4.3.7 and Figure 4.3.9. DNA aggregation induced by Cu2+ ions at room 

temperature was reported in other studies (Tajmir-Riahi et al, 1993b; Duguid et al, 1993; 

Kornilova et al, 1998). This discrepancy with the present investigation is most probably 

due to the relatively small DNA molecular weight. The average length of the sonicated 

DNA molecules used in the present study is about 800 base pairs. DNA aggregation 

induced by divalent metal ions was shown to occur at temperatures as low as 11°C for 

DNA with length of 23000 base pairs, but not for a short DNA with 160 basepairs 
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(Duguid et al, 1993). It was also shown that the aggregation temperature does not 

depend on DNA length in the range between 150 and about 1600 basepairs (Knoll et al, 

1988). Based on these data we can assume that for an average DNA size of 800 

basepairs, used in the present study, indeed no aggregation can occur at room 

temperature. The size of DNA used in other investigations (Tajmir-Riahi et al., 1993b; 

Kornilova et al, 1998) was about 25000 base pairs, which enabled aggregation to occur in 

the presence of Cu2+ ions at room temperature. 

4.3.4 DNA conformation 

For better comparison, the absorption and corresponding VCD spectra for several 

key Cu2+ concentrations are presented in Figure 4.3.11. Spectral changes in both signify 

that the standard DNA B-form is appreciably modified at 0.5 [Cu]/[P]. The changes 

cannot be ascribed to DNA transition either to A- or Z-conformations because of the lack 

of the absorption and VCD features characteristic for these conformations (Taillandier et 

al, 1985; Taillandier, 1990; Gulotta et al, 1989; Birke et al, 1993; Wang et al, 1994b; 

Andrushchenko et al, 1999; Arakawa et al, 2000) 

The spectral changes in VCD indicate significant distortion of hydrogen bonding 

and stacking interactions between the complementary GC base pairs at 0.5 [Cu]/[P]. AT 

base pairs appear to be less distorted. At the same time, highly ordered but significantly 

altered structure can be suggested at this Cu2+ concentration, although a helical 

arrangement of the B-form family may be retained by the sugar-phosphate backbone. 

Changes in the VCD spectra at 0.7 [Cu]/[P] suggest significant distortion of hydrogen 

bonding and base stacking for both GC and AT base pairs with only some insignificant 

residual order being retained by a small number of GC base pairs. Sugar-phosphate 

backbone still maintains some residual helical structure even at 0.7 [Cu]/[P]. Complete 

DNA helix-coil transition and strand separation cannot be suggested at this concentration. 

A relatively small shift of the sugar absorption band to only 1056 cm"1 and a relatively 
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complexes with several Cu2+ ion concentrations. 
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strong and well-defined absorption band of the symmetric phosphate mode confirm this 

assumption. 

The results for the both 0.5 and 0.7 [Cu]/[P] suggest a transition to some 

intermediate conformation, different from the standard B-form geometry, but neither A-, 

Z-, nor completely denatured form. It is possible that this conformation still maintains 

residual backbone helical structure with a helical geometry similar to that of the B-from 

family. A similar conclusion about DNA transition into intermediate conformation at high 

concentrations of Cu2+ ions was reached by Kornilova et al. (1994) and by Sorokin et al. 

(1996). 

4.3.5 Analysis of existing models of Cu2+ binding to DNA with respect to VCD 

spectra 

In addition to purely electrostatic binding of Cu2+ ions to negatively charged DNA 

phosphate groups occuring at low metal ion concentration, three main models have been 

proposed for Cu2+ binding to DNA at intermediate and high concentrations. 

The first model was proposed by Zimmer and coworkers. IR absorption data, 

indicating Cu2+ binding to N7 (G) and N3 (C), led to the suggestion of interstrand metal ion 

chelation to N7 and 06 (G), and N3 and O2 (C) (Figure 1.2.4 (d); Fritzsche & Zimmer, 

1968; Zimmer et al., 1971). Such a binding would require an anti to syn transition of 

guanine around the glycosidic bond. The main argument against this model was that 

rotation of guanine around the glycosidic bond will induce dramatic changes in ECD 

spectra, which was not observed (Richard et al, 1973). 

The second model suggests Cu2+ ion chelation between a base and a closest 

phosphate group (Figure 1.2.4. (b); Richard et al, 1973). Due the preference of Cu2+ to 

bind to N7 (G), it was suggested that N7 (G) - Cu2+ - PO2" chelation takes place preferably. 

Such type of binding will induce tension in the hydrogen bonded GC base pair involved, 

and result in breaking the bonds. The destabilizing effect of Cu2+ as well as some other 

transition metal ions was inferred mainly for this type of binding. According to this model, 
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Cu + binding is very sensitive to ionic strength and in case of high salt conditions can occur 

only at relatively high [Cu]/[P] ratios (Richard et al, 1973). Opening of GC base pairs 

will provide N3 (C) as an additional binding site for Cu2+ ions. The model explains the 

appearance of IR absorption features that arise from metal binding to both N7 (G) and N3 

(C). 

The third model proposed by Richard and coworkers involves intrastrand Cu2+ ion 

binding to two neighboring guanines of one strand, the so called "sandwich" or charge 

transfer complex (Figure 1.2.4 (f); Richard et al, 1973). This type of binding is possible 

to a GpG sequence and requires the transfer of charge from guanines to complementary 

cytosines. A metal ion intercalated between two guanines will enforce stacking interaction 

between them and hydrogen bonding with complementary cytosines, thereby increasing 

the stability of GpG double stranded sections of DNA. This type of complex is largely 

independent on ionic strength and occurs at much lower [Cu]/[P] ratios than the second 

complex (Richard et al, 1973). 

Richard et al. (1973) have proposed following mechanism of Cu2+ binding to DNA. 

At low Cu2+ concentrations metal ions intercalate between GpG sequences, slightly 

increasing stability of the duplex. As Cu2+ concentration increases, formation of chelates 

between N7 of guanines in sequences other than GpG and closest phosphates of the same 

strand takes place. As a result, opening of GC basepairs occurs, which destabilizes the 

helix and provides additional binding sites at the N3 position of C. At high Cu2+ 

concentrations, most GC base pairs appear to be disrupted and only those engaged in 

"sandwich" complexes in GpG sequences remain stabilized. The DNA at this point 

behaves as if it were consisted of only AT base pairs. No Cu2+ binding to A or T is 

thought to take place in native DNA and only upon thermal disruption of AT base pairs, 

Cu2+ ions can bind to Ni of A. 

Analysis of the VCD and absorption spectra shows that this mechanism of Cu2+ 

binding to DNA is in a fairly good agreement with the obtained spectra. Formation of the 

"sandwich" complex at low Cu2+ concentrations may contribute to a slight stabilization of 
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the DNA structure described above and attributed mainly to screening of the negative 

phosphate charges. According to Richard et al. (1973), the base-phosphate chelates, able 

to disrupt GC base pairs, can form only at relatively high [Cu]/[P] ratios due to relatively 

high Na+ concentration in our experiments. Two types of the observed spectral changes 

are in a good agreement with this suggestion. First, significant changes in VCD spectra in 

both base and phosphate regions occur only at ratios higher than 0.4 [Cu]/[P] (Figure 

4.3.5 to Figure 4.3.11). Second, the emergence of the 1541 cm*1 absorption, signifying 

Cu2+ binding to N3 (C), which can occur in significant extent only upon opening of GC 

base pairs, also takes place only at [Cu]/[P] > 0.4. Profound distortion of the GC 

basepairs not involved in the "sandwich" complexes occurs at [Cu]/[P] > 0.5 due to their 

chelation via metal ion to the phosphate groups. This explains the significant decrease of 

the amplitude of VCD couplet arising from GC carbonyls at 1682(-)/1659(+) cm"1 (Figure 

4.3.7 and Figure 4.3.8). The relatively unchanged amplitude of the AT couplet 

1637(+)/1616(-) cm"1 at 0.5 [Cu]/[P] compared to 0.4 [Cu]/[P] is in agreement with low 

binding affinity of Cu2+ ions to native AT sequences (Richard et al, 1973; Zimmer et al, 

1971). As suggested by Richard et al (1973), DNA should behave as if it were 

constituted of only AT base pairs upon significant distortion of GC base pairing. Indeed, 

comparison of the VCD spectra in the base region in Figure 4.3.7 with VCD spectra of 

double stranded poly(dA)*poly(dT) (Wang et al, 1994a) and poly(dA-dT)*poly(dA-dT) 

shows that VCD features of DNA with 0.5 [Cu]/[P] have very similar shapes to those of 

poly(dA)*poly(dT) and poly(dA-dT)*poly(dA-dT). It was suggested by Richard et al 

(1973) and others that Cu2+ ions do not induce distortion of the AT base pairs. However, 

as it is seen from VCD spectra in Figure 4.3.9 and as was mentioned above, increasing the 

metal ion concentration to 0.7 [Cu]/[P] induced major disruption of not only GC but also 

AT base pairs. This might be explained by the formation of N7 (A)-Cu2+-P02" chelates at 

high Cu2+ concentrations. N7 (A) is situated in the DNA major groove similarly to N7 (G) 

and is exposed to environment. It is possible that at high Cu2+ concentration, when most 

of the more favorable binding sites on guanine and cytosine are occupied, binding to N7 
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(A) can occur. A similar suggestion has been proposed by Tajmir-Riahi et al. (1993b). 

Although they indicated that Cu2+ -adenine binding is of secondary importance, they 

discussed the possibility of Cu2+ binding to N7 (A). Formation of the Cu2+ chelates 

between N7 (A) and the closest phosphate group at high metal ion concentration would 

disrupt AT base pairs thereby obliterating the AT couplets in the VCD spectrum and 

explaining the significant diminishing of VCD features in Figure 4.3.9. It can also be 

noted that a small residual GC couplet at 1683(-)/1664(+) cm"1, seen in the VCD spectrum 

at 0.7 [Cu]/[P], can possibly remain due to stacking of GC base pairs involved in 

"sandwich" complexes in GpG sequences. Although stacking in such basepairs is 

expected to be significantly stabilized by intercalated metal ions, the probability of their 

occurrence in calf thymus DNA containing about 44% of GC nucleotides, is not very 

high. Consequently, the resulting VCD couplet has a fairly small amplitude. Formation of 

Cu2+ chelates between a base and a closest phosphate group may force the latter into a 

more rigid structure. This could explain the strong VCD signal in the sugar-phosphate 

region at 0.5 [Cu]/[P]. The relatively strong VCD signal arising from the phosphate 

groups at 0.7 [Cu]/[P] can possibly be explained by the same reason. In addition, 

retaining hydrogen bonding between GpG and complementary CpC sections of the 

molecule may also preserve the residual helicity of DNA and allow the sugar-phosphate 

backbone to maintain some order, giving rise to VCD signal. 

As was just shown, the VCD and absorption spectra confirm the second proposed 

model, i.e., Cu2+-mediated chelation of a base and a closest phosphate group. 

Furthermore, the VCD results favor also the "sandwich" model. The Cu2+ binding 

mechanism proposed by Richard et al. (1973), based on these two models, appears to be 

in a general agreement with the obtained data and explains most of the changes in the 

VCD spectra that occur upon increasing the metal ion concentration. However, 

interstrand model cannot be completely ruled out. It was mentioned that Cu2+ binding in 

this model should induce significant changes in ECD spectra (Richard et al, 1973). The 

same can be true for VCD spectra as well. Thus, it cannot be denied completely that the 
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changes in the VCD spectra contain some contribution from a rotation of guanine around 

the glycosidic bond, especially if the interstrand complexes constitute only a small fraction 

of bound ions. Unfortunately, there are no VCD data available, which might demonstrate 

changes in VCD spectra due to guanine rotation around the glycosidic bond. As for IR 

absorption data, they are equally consistent with all three proposed models. It was 

suggested by Sorokin et al. (1996) that all three binding schemes may exist 

simultaneously. The present results do not conflict with this ides with the possible 

condition that metal ions bound according to the interstrand model constitute a small 

fraction of all bound ions. 
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5. Summary and future work 

5.1 Summary 

The main goal of the dissertation was to apply VCD spectroscopy to study nucleic 

acid structural changes and transitions during interaction with metal ions and to determine 

what kind of new information can be obtained from such a study. First, an investigation of 

structural transitions of synthetic DNA and RNA induced by divalent metal ions at 

elevated temperature was performed. Then structural changes of natural calf thymus 

DNA during interaction with divalent and trivalent metal ions at different temperatures 

were studied. 

5.1.1 Mn2+ induced B-Z transition of (dG-dC)20 

The Mn2+ ion induced transition from the B-form of the oligonucleotide (dG-dC)2o 

to its Z-form at room temperature was investigated in the Mn2+ concentration range from 

0 to 0.74 M (0 to 8.5 [Mn]/[P]). Upon adding Mn2+ ions, inverting of the VCD couplets 

in both base and phosphate spectral regions occurred due to the inversion of the helical 

sense from the right-handed (B) to the left-handed (Z) conformation. The main phase of 

the transition, i.e. when the major part of oligomers changed conformation, had a 

cooperative character and occurred in the Mn2+ concentration interval of -0.8-1.1 

[Mn]/[P]. Distinct from the previous studies of B and Z forms of DNA by VCD 

spectroscopy (Gulotta et al, 1989; Wang et al, 1994b), in the present study the transition 

at different stages was followed by varying divalent metal ion concentrations added to the 

oligonucleotide solutions. Thus, it was possible to determine the gradual changes in VCD 

signal, which occurred during the transition rather than just obtain spectra for B and Z 

forms. 
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The B-Z transition kinetics was followed from the VCD and absorption spectra. 

Due to the relatively low signal-to-noise ratio of the VCD spectra it was possible to 

monitor the kinetics by VCD only qualitatively. Quantitative estimations were performed 

using data from the absorption spectra. Measurement of the carbonyl absorption peak 

position as a function of time revealed that below -0.6 [Mn]/[P], only a small portion of 

the oligonucleotide adopted the Z conformation within a 3 hour period, while conversion 

was completed in the same time interval for concentrations between 0.9 and 1.3 [Mn]/[P]. 

When the Mn2+ exceeded -1.7 [Mn]/[P], complete transition to the Z-form was achieved 

immediately as soon as the metal ions were added. 

5.1.2 Double- to triple-strand transition of poIy(rA)*poly(rU) induced by Ni2+ ions 

at elevated temperatures 

Phase transitions of the sodium salt of poly(rA)*poly(rU) induced by elevated 

temperature in absence and presence of Ni2+ ions were studied. The temperature was 

varied from 20 to 90°C. The Ni2+ concentration was 0.07 M (-0.4 [Ni]/[P]). 

The double-stranded conformation of poly(rA)*poly(rU) was observed at room 

temperature (20 - 23°C) with and without Ni2+ ions. 

Partial double- to triple-strand (2—»3) transition of poly(rA)*poly(rU) was 

revealed during the study in the absence of Ni2+ ions at 58°C. No complete transition was 

seen at any temperature. Slight deviations (within several degrees) down or up from the 

multiphase point resulted in a shift of the equilibrium to double-stranded or to single-

stranded phase, respectively. Existence of only single-stranded molecules was observed at 

70°C. VCD showed that while no significant helical structure was displayed by poly(rU) 

molecules, poly(rA) still maintained helicity to a significant extent at this temperature. 

Significant disordering of the sugar-phosphate structure occurred for both poly(rU) and 

poly(rA) at 70°C. 

Ni2+ ions significantly stabilized the triple-helical structure. Essentially complete 

2—>3 transition of poly(rA)*poly(rU) took place in the presence of Ni2+ ions at about 
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45 C. The temperature range of the stable triple-helical structure was between 45 and 

70°C. VCD showed that maximal triplex stability was around 53°C. 

Reverse Hoogsteen type of hydrogen-bonding of the third strand in the triplex was 

suggested to be the most probable model for the triple-helical structure of 

poly(rU)*poly(rA)*poly(rU). 

Triple- to single-stranded (3->l) transition of poly(rU)*poly(rA)*poly(rU) 

occurred around 72°C in the presence of Ni2+ ions. VCD showed that at this temperature 

stacking interaction between bases in both poly(rA) and poly(rU) molecules was 

significantly distorted, while sugar-phosphate backbone still retained a relatively ordered 

structure. 

VCD revealed the formation of a new type of poly(rA) structure around 86°C. 

This structure might be characterized by relatively significant stacking interaction between 

the adenine bases and some order in the sugar-phosphate backbone, while it is different 

from the canonical structure of poly(rA). Possibility of poly(rA) aggregation may also be 

considered as a reason of the appearance of these VCD spectra. The structure was largely 

melted at 90°C and the VCD spectrum at this temperature did not show any distinct 

features. 

Cooling the single-stranded molecules, formed in the presence of Ni2+ ions at 90°C, 

down to 23°C for 12 hours did not result in formation of the double-stranded form in 

contrast to the sample without Ni2+. Instead, triple-stranded molecules were formed. 

Hysteresis effect was suggested to take place during the reverse transition of the triple-

stranded to the double-stranded form. 

VCD spectroscopy revealed many structural details of the system under 

investigation, which would not be possible using only IR absorption. Due to high 

sensitivity to vertical stacking and horizontal hydrogen bonding interactions, VCD 

spectroscopy can be most advantageous for studying structural transitions between 

single-, double-, triple- and other multiple-stranded conformations as well as transitions 

between stacked and unstacked structures. 
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5.1.3 Calf thymus DNA interaction with Cr ions at room temperature and DNA 

condensation 

Interaction of natural calf thymus DNA with Cr3+ ions was studied at room 

temperature in the Cr3+ concentration range between 0 and 0.3 M (0 and 3 [Cr]/[P]). Cr3+ 

ion binding mainly to N7 (G) and to phosphate groups was demonstrated. 

An anomalous 4-fold increase of VCD intensity with just minor changes in 

absorption spectra was observed for [Cr]/[P] between 0.6 and 1. This increase of VCD 

intensity was reminiscent of intensity increase occurring in ECD spectra during ^--type 

DNA condensation. In addition to enormously increased intensity, VCD spectra showed 

other features typical for ECD ^-spectra, e.g., long "tails" in nonabsorbing regions. 

According to Keller and Bustamante's theory, the anomalous VCD spectra could be 

assigned to DNA condensation with formation of large and dense particles of a size 

comparable to the wavelength of the probing IR beam. In order to produce the y-type 

VCD and ECD spectra, particles must consist of regularly arranged double-helical DNA 

molecules, providing large-scale helicity. 

No DNA denaturation was seen even at the highest concentration of Cr3+ ions 

studied. DNA secondary structure remained in the frame of the B-form family before and 

after the condensation, as revealed by IR absorption. Combination of VCD and IR 

absorption spectroscopy appeared to be an unique method for investigating DNA 

condensation, because along with determination of DNA condensation it can provide in 

the same experiment, i.e. at exactly the same experimental conditions, unambiguous 

information about the secondary structure of DNA molecules contained in the condensed 

particles. 

5.1.4 Calf thymus DNA interaction with Mn2+ ions at elevated temperatures, DNA 

condensation and aggregation 

Interaction of natural calf thymus DNA with Mn2+ ions was studied at room 

temperature and at elevated temperatures in the range from 23 to 94°C. The Mn2+ 
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concentration was varied between 0 and 1.3 M (0 and 10 [Mn]/[P]). Mn + ion binding 

mainly to N7 (G) and to phosphate groups was demonstrated. In addition, a small extent 

of Mn2+ chelation between N7 (G) and a closest phosphate group of the same strand was 

suggested at high Mn2+ concentrations. Such type of binding results in opening of the 

involved GC base pairs and decreases stability of a DNA double helix. As a result of 

opening of the GC base pairs, N3 sites of C may participate in metal ion binding to a small 

extent at high Mn2+ concentrations. No significant DNA denaturation was revealed at 

room temperature even at the highest concentration of metal ions studied. The DNA 

secondary structure remained in the frame of the B-form family in the whole ion 

concentration range at room temperature. No DNA condensation or aggregation was 

observed at room temperature at any of metal ion concentrations studied. The absence of 

DNA condensation is in agreement with literature data, whereas aggregation at room 

temperature was observed by some authors. This latter discrepancy with other studies 

was connected to the relatively small molecular weight of the DNA used in the present 

investigation. 

A significant decrease of DNA melting temperature in connection with a decrease 

of DNA stability induced by Mn2+ ion was shown at elevated temperatures. The melting 

temperature of DNA complexed with 10 [Mn]/[P] decreased to as low as about 50 °C. 

DNA condensation was revealed at 2.4 [Mn]/[P] and 55°C by the appearance of 

^-type VCD spectra. Thus, the suggestion of some authors about a possibility of DNA 

condensation induced by divalent metal ions at elevated temperatures, occasionally 

reported before, was confirmed. However, it was possible to detect the condensation only 

in a very narrow range of experimental conditions. A slight shift in the metal ion 

concentration or temperature up or down resulted in distortion of the condensed particles. 

Less density of the particles compared to the case with Cr3+ was suggested. Both latter 

effects were attributed to the ionic charge of +2, which probably barely enabled 

neutralization of the necessary amount of the phosphate negative charge in a small range 

of the experimental conditions. 
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Significant modification of VCD spectra was observed at metal ion concentrations 

higher than 0.9 [Mn]/[P] at elevated temperatures. In all cases, this modification occurred 

during or right after DNA denaturation. DNA aggregation is known to occur at these 

conditions. Therefore, the modified VCD spectra were assigned to this process. 

Absorption spectra at the same time did not show any unexpected changes except gradual 

changes toward those characteristic for denatured DNA. The modified VCD spectra 

remained similar upon increasing temperature well above the DNA-Mn2+ melting point. 

This was connected to the high stability of DNA aggregates induced by Mn + ions due to 

very stable metal ion mediated interstrand cross-links reported previously. Thus, it was 

shown that VCD spectroscopy can detect both DNA condensation and aggregation. 

Moreover, it can clearly distinguish between these two processes, which make it a useful 

tool for investigating DNA interaction with metal ions and other condensing and 

aggregating agents. 

5.1.5 Calf thymus DNA interaction with Cu2+ ions at room temperature 

Interaction of natural calf thymus DNA with Cu2+ ions was studied at room 

temperature in the Cu2+ concentration range between 0 and 0.4 M (0 and 0.7 [Cu]/[P]). 

Cu2+ ion binding to phosphate groups was shown at low metal concentration. Increasing 

Cu2+ concentration resulted in metal ion coordination to N7 (G) possibly as a "sandwich" 

complex in which a Cu2+ ion inserted between two adjacent guanines in a sequence GpG. 

Further increasing the metal ion concentration resulted in chelates in which Cu2+ binds to 

N7 (G) and a phosphate group. Formation of such chelates reduced stability of DNA and 

induced opening of GC base pairs involved in this type of binding. Opening the GC base 

pairs provided additional binding site at N3 (C). Significantly altered VCD spectra at 

[Cu]/[P] ratio higher than 0.4 signaled direct metal coordination to both nitrogen bases 

and phosphate groups. The major disappearance of VCD couplets arising mainly from GC 

base pairs with but minor changes of couplets arising from AT base pairs occurred at 0.5 

[Cu]/[P]. This suggested that "sandwich" complexes are the most probable model of Cu2+ 
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binding to DNA. Significant distortion of AT base pairs occurred at 0.7 [Cu]/[P], possibly 

due to formation of N7 (A)-Cu2+-phosphate chelates resulting in opening of AT base pairs. 

Small residual VCD signal, corresponding to GC couplets remaining at this concentration 

possibly arisen from GpG sections stabilized by intercalated metal ion, further favored the 

"sandwich" model. Complete strand separation probably did not occur, which may be 

suggested by this residual VCD signal in the base region and fairly strong VCD couplets in 

the phosphate region. The latter may be due to metal chelation to phosphate groups and 

fixing them in relatively ordered arrays, and to remaining helicity of DNA. DNA 

secondary structure underwent significant alterations of the standard B-form geometry 

already at 0.4[Cu]/[P]. Further transition to some intermediate conformation not 

consistent with either A- or Z- or completely denatured state can be suggested, in 

agreement with other authors. 

5.1.6 New information revealed in the present VCD study 

A systematic application of VCD spectroscopy for investigating structural changes 

in natural DNA was initiated. Due to the large variety of conditions and nucleic acids 

used in the present study, the assignment of many VCD features was significantly 

improved. 

A number of advantages of VCD compared to IR absorption and ECD in relation 

to structural investigations nucleic acids became evident from the study. 

VCD spectroscopy appeared to be more sensitive to some types of nucleic acid 

conformational transitions, namely B-Z transition and double- to triple-strand transition. 

It allowed a more precise monitoring of these transitions. VCD data, obtained during the 

investigation of the latter transition confirmed the possibility of formation of reverse 

Hoogsteen base pairs between the third poly(rU) strand and the poly(rA)*poly(rU) 

duplex. 

The capability of VCD to detect DNA condensation induced by different metal 

ions at different conditions was demonstrated. y/-type VCD spectra were obtained and 
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characterized. VCD in combination with IR absorption can be an unique tool for 

investigating DNA condensation and for simultaneous monitoring of DNA secondary 

structure. The general ability of divalent metal ions to induce DNA condensation at 

elevated temperature but not at room temperature was confirmed. 

The sensitivity of VCD to DNA aggregation was suggested. Furthermore, it was 

shown that VCD can clearly distinguish between DNA condensation and aggregation. 

Due to ability to respond differently to changes in GC and AT base pairs, as well 

as in sugar-phosphate backbone, the VCD spectra favored "sandwich" complex model for 

DNA - Cu2+ binding. Changes in VCD spectra of DNA at high metal ion concentrations 

suggested that DNA structural modifications are best described by this model. 

5.2 Future work 

The results of VCD investigations of DNA interaction with metal ions, performed 

in the present work, showed the capability of this technique for elucidating and monitoring 

nucleic acid structural changes during interaction with different metal ions. Therefore, 

continuing investigation of different aspects of metal ion influence on DNA structure can 

be suggested. As a natural next step toward extending these investigations the focus may 

be shifted to more complex metal ions, which play an important role in medicine. An 

example can be cisplatin and its analogs. In fact, a study in this direction has already been 

started by Dimiter Tsankov in our laboratory and has revealed that new information may 

be obtained from VCD spectra. Investigations in this direction are planned to continue. 

In addition to metal ions, other medically important agents can be studied. A good 

example is different types of intercalating drugs. VCD sensitivity to intercalating agents 

has been shown recently in our lab by Vanitha Maharaj. 

Another direction can be the VCD application to study structural changes of 

DNA under different environmental conditions, for example, at varying temperature, pH, 

ionic strength etc. VCD sensitivity to DNA changes induced by varying temperature has 
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been shown in this work and in other studies. Recently, VCD sensitivity to DNA 

modifications induced by lowering pH was demonstrated by Aleksandra Pandyra. 

As shown in the present study, the two research directions just mentioned can be 

combined and DNA interaction with different agents in different environmental conditions 

can be studied. 

Nucleic acid multistranded complexes can be successfully studied by VCD. 

Example are nucleic acid triplexes, quadruplexes and complexes with groove binding 

oligonucleotides. The ability of VCD spectroscopy to distinguish clearly between double-

and triple-stranded conformations can be employed in investigations of sequence-specific 

DNA and RNA recognition by specially designed oligonucleotides, which can be used as a 

potential new class of pharmacologically active compounds with minimal side effects. 

There is also a possibility to try VCD spectroscopy for studies of DNA complexes 

with other macromolecules, for example nucleic acid-protein complexes, or even the 

whole nuclei and cells. The serious problem for such studies is the very low intensity of 

VCD signals. 

In additional to static VCD measurements, investigations of kinetics of different 

processes involving structural changes of nucleic acids is of much interest. The present 

study showed the first steps in this direction on the example of B-Z transition. Even at the 

present time can VCD spectroscopy be applied for obtaining qualitative information about 

relatively slow kinetics processes. Obtaining quantitative information or studying fast 

kinetics is not feasible at the present time due to the low intensity of VCD signals and 

concomitant necessity of long scanning times in order to increase the signal-to-noise ratio. 

One of the possible ways to solve this problem may be an application of synchrotron IR 

radiation as a source instead of conventional globars. The much higher intensity of the 

synchrotron radiation compared to that obtained from globars may significantly increase 

the intensity of VCD signals and improve signal-to-noise ratios, thus extending the 

applicability of the VCD technique to a wider variety of studies. Investigation of the 

possibility to employ synchrotron radiation in VCD is currently planned in our lab. 
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Another possibility to improve spectral resolution, band assignments, and to 

extract additional information from the spectra is application of the 2-dimentional 

correlation analysis to VCD spectra. It has been shown by Noda and other authors that 

using of this analysis is possible for different types of spectroscopy, including VCD and 

that it can provide more detailed informaiton from the spectra. 
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