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Abstract approved: 

This study investigated the effects of hemi-methylation on a d(CG)3 Z

DNA hexamer in crystallization and poly d(CG)3 Z-DNA in solution. 

Predictions of stability of the hemi-methylated d(CG)3 sequence were based on 

solvation free energies (SFE) constructed from fully methylated and 

unmethylated d(CG)3 Z-DNA sequences (Fujii, et al., 1982; Gessner, et al., 

1989). From these SFE calculations, the hemi-methylated d(CG)3 Z-DNA 

sequence was predicted to be similar to either the fully methylated or 

unmethylated d(CG)3 sequence. These predictions were tested in two ways, 

with crystallography and with solution studies. 

The results from analysis of the hemi-methylated d(CG)3 Z-DNA X-ray 

diffraction data collected through the refinement process to 1.4A resolution, 

showed that the refined hemi-methylated d(CGCGm5CG) structure appeared 

to be unique from the fully methylated and unmethylated d(CG)3 Z-DNA 

structures. Comparisons of root mean square deviations (RMS), helical 

parameters and SFEs were analyzed for the d(CG)3 Z-DNA fully methylated, 

hemi-methylated, and unmethylated structures. 



Solution studies with 24 basepair d(CG) sequences of unmethylated, 

fully methylated and hemi-methylated dinucleotides were analyzed with 

both ultraviolet (UV) spectroscopy and circular dichroism (CD) spectroscopy. 

The results for the midpoint of the B- to Z-DNA transition showed the hemi

methylated d(CG)3 sequence behaved in a similar manner to what was 

observed in the crystallization studies, having truly intermediate 

characteristics. 
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INTRODUCTION 

General Background 

General observations have instigated a number of different 

investigations concerning biological processes. Curiosity often leads to more 

specific questions, sometimes resulting in answers, or sometimes in more 

questions. For example, the interest in biological processes often results in 

questions concerning macromolecular structure, which in turn, results in 

questions concerning atomic structure. The structure of deoxyribonucleic acid 

(DNA) is of special interest because it is the hereditary material in the cell. 

In order to understand the biological function of a polymer constructed 

from monomeric nucleotide units, or even a single nucleotide itself, the 

structural features must be known. This means not only understanding the 

chemistry of the monomer structure but its covalent and noncovalent 

interactions. Besides the monomer, the structure and function of the 

polymer is important. Especially important is the interaction of nucleotides 

(and nucleosides) with proteins in genetic mechanisms. This interaction is 

often dependent on three dimensional shape of the polymers. Thus to 

understand the function of a molecule, its three dimensional structure needs 

to be understood, and preferably known at the atomic level. 
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DNA was discovered in 1869 by the German chemist Friedrich 

Miescher (Miescher, 1869). Later in the 1920's, the basic chemistry of the 

nucleic acids was determined by P.A. Levene, which led to increased interest 

concerning structure of these molecules (Levene, 1921). In 1951, Furberg 

published the first crystal structure of a nucleoside (cytidine), yet the three 

dimensional structure of the DNA polymer was still unknown. Rosalind 

Franklin recorded x-ray diffraction patterns of fibers of DNA, which 

indicated that the DNA molecule was a helix (Franklin, and Gosling,1953a,b). 

James Watson and Francis Crick used this work to elucidate a possible 

structure for the DNA molecule, which is now known to be basically correct 

(Watson and Crick, 1953). Subsequently, this gave rise to the discovery of 

other forms of DNA. Structural analyses of these various DNA forms will 

help to define the relationship between their function and their structure. 

DNA structure 

Deoxyribonucleic acid is a linear polymer made up of monomeric 

nucleotides. A nucleotide consists of three molecular components: a sugar, a 

heterocyclic base, and a charged phosphate. The sugar is a ribose or 

deoxyribose in a cyclic furanoside form connected by a f3 -glycosyl linkage to 

one of the four heterocyclic bases, adenosine, thymidine (uridine in 

ribonucleic acid, RNA), guanosine, and cytosine. A nucleotide is formed 

when the 3' or 5' hydroxyl group of the sugar is phosphorylated. The 
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nucleotide is the building block of the polynucleotides DNA and RNA, yet 

the nucleotide itself also can exhibit independent function. 

DNA in solution is a duplex that can assume many different 

conformations depending on its surrounding environment. Three families 

of DNA helices have been examined in detail, these being A-, B- and Z-DNA. 

Both A- and B-DNA are right-handed helices, with B-DNA being the most 

common in nature. This form is the Watson-Crick model derived from X-ray 

diffraction patterns. In this model, the nucleotide bases are paired across each 

strand to give an antiparallel double helix. The base pairs are usually not 

centered on the helix axis. They are not exactly perpendicular to the helix axis 

but are inclined with a tilt angle 0 T and a roll angle 0 R. The bases in a base 

pair are not necessarily coplanar; they can have a propeller twist 0 P defined 

by rotation about the roll axis or by a dihedral angle between the normals to 

the base planes. 

One interesting helical parameter are conformations of the furanose 

ring (known as the sugar pucker). The five-membered furanose ring systems 

in deoxyribonucleosides are never planar. The reason for the observed 

puckering is that the planar furanose is energetically unfavorable. For a 

planar sugar, all torsion angles are 0 degrees and the substituents attached to 

the carbon atoms are fully eclipsed (Saenger p.59). To reduce its energy, the 

sugar puckers. They are puckered in either an envelope or twisted (half

chair) form. The two standard pucker modes are C3' endo and C2' endo 

(Figure la). The C2' endo and C3' endo give the preferred modes for bringing 
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Figure 1: Models of the two standard DNA sugar conformations and the two
orientations of the purines with respect to their deoxyribose rings. (a) shows 
the C3' endo and C2' endo conformations in the envelope form. (b) shows a
purine in both the anti and syn orientations as rotated about the glycosylic
bond. 
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(a) 

C3'-endo C2'-endo 

(b) 

Figure 1 
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nonbonding interactions between furanose ring substituents to energy 

minima. In a 1978 study, Levitt & Warshel demonstrated that rotation angle 

delta about the C3'-C4' bond (which is directly correlated with a sugar pucker), 

is less hindered than what is expected for rotation about a normal C-C single 

bond, and that only a modest energy barrier exists for the 04' endo pucker, 

which lies between the two lowest energy states C2' endo and C3' endo (Levitt 

& Warshel, 2607-2613). 

In B-DNA, the sugar has a C2' endo pucker of the deoxyribose ring. In 

addition, all of the nucleotides have the anti conformation. In this 

conformation the bases orient out and away from the sugar. This extends the 

backbone of the double helix away from each other to reduce electrostatic 

repulsion between the negative charged phosphates. 

Background of Z-DNA 

Basic background 

In 1979, Alexander Rich discovered yet another model of DNA in 

alternating CG hexamer crystals, this being left-handed Z-DNA. Although 

the discovery of the left-handed Z-DNA form was originally with 

alternating purine-pyrimidine sequences, it has been shown that strictly 

alternating purine-pyrimidine sequences are neither necessary nor sufficient 
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for Z-DNA formation (Wells, R. D., 1987; Schroth, et al., 1993). Furthermore, 

consecutive AT pairs can adopt left-handed Z-conformation (Wells, R. D., 

1987; McLean, M.,et al., 1986). 

In the Z-form, the orientation of the bases with respect to their 

deoxyribose rings alternates between anti and syn, with the pyrimidines in 

anti and the purines in syn. In the B-form, the bases are always in the anti 

conformation. In Z-DNA, with its alternating purine and pyrimidine 

residues, the pyrimidines with their anti conformation are found to adopt a 

C2'endo sugar pucker, while the purines in their syn conformation, adopt the 

C3' endo sugar pucker (Figure 1(a) and 1(b)) (Rich, et al., 1984). In addition, 

the orientation of the sugars is such that for guanosines the 01' oxygen of the 

ribose points up the helix, while the 01' oxygen of cytidines points 

downward. Scrutiny of all nucleoside crystal data suggests that purine 

nucleosides with a C2' endo pucker can adopt both syn and anti forms in 

nearly equal distribution, but a C3' endo puckering shifts the orientation 

about the glycosyl bond to syn. When a purine base of a DNA duplex rotates 

about its glycosyl bond from the anti to syn conformation, it results in 

conversion of a section of B-DNA to Z-DNA. In the pyrimidine residue, both 

the base and sugar rotate. This rotation of the sugar gives the characteristic 

zig-zag pattern of Z-DNA. This is apparent when comparing a B-DNA 

structure with that of a Z-DNA structure as in Figure 2. In the anti 

conformation, there is no steric clashes between sugar and base, 
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Figure 2: Comparison of B-DNA and Z-DNA with special notice of the 
difference in backbone character. B-DNA on the left shows the distinct major 
and minor grooves. Z-DNA on the right displays the characteristic zig-zag 
pattern of its backbone. 
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B-DNA Z-DNA
 

Figure 2
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but in syn, the bulky part of the base is located over the sugar, giving rise to 

close interatomic contacts. These can be relieved if the sugar adopts the 

C2'endo pucker. 

The axis of the Z-DNA helix lies within the minor groove, as opposed 

to running down the center (between the base pairs) of the helix as in B-DNA. 

The result is a very deep (9 A) and narrow (8.5 A) minor groove extending 

almost to the helical axis (Gessner, et al., 1994). The major and minor grooves 

in B-DNA are quite different from another. However, for Z-DNA there is no 

real major groove, since the basepairs are in effect pushed away from the 

middle of the helix to form a convex 'major groove' surface (Singleton, 1987). 

The convex major groove surface in Z-DNA exposes the outer side of the 

base-pairs directly to the solvent. 

The repeating unit in Z-DNA is two base pairs rather than one base 

pair as in B-DNA. There exists 12 residues per turn with a rotation of 

approximately 30 degrees per residue, whereas B-DNA has approximately 10.5 

residues per turn. The rise in helix per residue is 0.37nm and the pitch of the 

helix at 4.5nm for Z-DNA (Wang, et al., 1979). B-DNA has a helical rise of 

0.34nm per residue , with helical pitches of the helix measuring 3.4nm. The 

diameter of the Z-DNA is approximately 18A (Rich, et a/.,1984). This makes 

Z-DNA slightly thinner compared to B-DNA. 
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Possible biological significance of Z-DNA 

Studies have shown that DNA can undergo a reversible 

conformational change between the right-handed B-DNA form and left-

handed Z-DNA (Rich, et al., 1984). The proposed model is based on a high 

salt induced transition of poly (dG-dC) for a B- to Z-DNA transition (Pohl and 

jovin, 1972). The transition observed for this sequence exhibited first-order 

kinetics with a rate constant in the range of 102103 s (Pohl and Jovin, 1972). 

The conversion was intramolecular (i.e. concentration-independent) and 

entropy-driven. The equilibrium constant is dependent on the polymer 

length as well as cation concentration. The kinetics were characterized by a 

large, positive (22 ± 2 kcal/mol) activation energy which was length-

independent. The transition was also highly co-operative and essentially an 

all-or-none conversion with no appreciable concentration of intermediates. 

Immunological experiments have demonstrated that Z-DNA is a 

strong immunogen, while B-DNA is a very poor immunogen (Gunnia, et al., 

1991; Zarling, et al., 1984). It is thought that the organism probably becomes 

tolerant to B-DNA during the early stages of embryological development, and 

that Z-DNA is not seen by the cells of the immune system during early 

embryogenesis. When DNA is released from cells that have broken down, 

nuclease cleavage probably converts any Z-DNA to B-DNA by releasing 

torsional strain (Rich et a/.,1984). The immunizing stimuli are not known, 
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but nuclear fragments from dying cells could be a source of the antigens that 

stimulate or enhance autoantibody production. Recent evidence indicates 

that nucleosomes can stimulate T cells that provide help for anti-DNA 

antibody production (Mohan, et al., 1993). Antibodies specific for Z-DNA 

arise in certain autoimmune disease states and are found in both murine and 

human systemic lupus erythematosus (SLE) (Lafer, et. al., 1983). Patients with 

SLE produce larger amounts of autoantibodies to diverse nucleic acids such 

as: single-stranded DNA, double-stranded DNA, double-stranded RNA, 

ribosomal RNA, poly(ADP-ribose), and Z-DNA. They, and patients with 

related diseases, also form antibodies to other nuclear structures including 

histones, HMG proteins, ribonucleoproteins, RNA polymerase, tRNA 

synthetases, and topoisomerase (Tan, 1989). 

Anti-(Z-DNA) antibodies were detected in the sera of patients receiving 

procainamide, an antiarrhythmic drug that is implicated in drug-related 

lupus (Mongey et al., 1992), as well as in the sera of patients receiving the 

antihypertensive agent hydralazine (Lafer et al., 1983; Sibley et al., 1984; 

Thomas et al., 1988). In fact, when the sera were analyzed from hypertensive 

patients taking hydralazine, anti-(Z-DNA) antibodies were found in 82% of 

these sera samples (Thomas, et al., 1993). An earlier study (Thomas & 

Messner, 1986) reported that hydralazine and other related lupus-inducing 

drugs facilitated the salt-induced right-handed B-DNA to left-handed Z-DNA 

transtion of poly(dG-m5dC)-poly(dG-m5dC). Although the long repeated (dG

m5dC) sequences used in their study are not known to be found in human
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DNA, blocks of potential Z-DNA forming (dG-dC)n sequences are widely 

dispersed in the regulatory elements of a large number of genes studied to 

date (Schroth, et al., 1992). 

The induction and stabilization of Z-DNA by hydralazine might be an 

antigenic stimulus for the production of anti-nuclear antibodies in 

hydralazine-related lupus (Thomas, et a/., 1993). The data suggested a 

potential mechanism for autoantibody formation in hydralazine-related 

lupus that may involve the binding of the drug to DNA and result in 

formation of an immunogenic Z-DNA conformation. The Z-DNA thus 

formed may stimulate the production of anti-DNA autoantibodies in the 

hydralazine-treated patients. The effect of hydralazine on circular supercoiled 

plasmids as models of chromosomal loop domains has been studied and it 

was found that the binding of a Z-DNA-specific autoimmune antibody to a Z

DNA-containing plasmid was greatly perturbed by hydralazine. It was 

proposed that the in vivo capacity of this drug to elicit anti-nuclear 

antibodies might be related to its ability to alter the structure and 

conformation of chromosomal DNA domains or nucleosomes, thereby 

liberating antigenic structural epitopes in DNA and/or DNA-associated 

proteins (Zacharias and Koopman, 1990). 

The sera of patients with autoimmune disease contain antibodies to 

ssDNA, dsDNA, transfer RNA, ribosomal RNA, dsRNA, and Z-DNA. 

Although the endogenous immunogens are not known, some of these 

specificities can be reproduced by immunization with exogenous nucleic acids 
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(Stollar, 1986; Voss, 1987; Stollar, 1992): Antibodies to Z-DNA are among 

those readily induced by immunization with nucleic acid-protein complexes, 

and antibodies that bind Z-DNA are present as mentioned above, in the sera 

of patients with SLE and rheumatoid arthritis. Some evidence suggests that 

autoantibodies and immunization-induced antibodies to nucleic acids are 

distinct populations of differing origins (Lafer, et al., 1983; Krishna, et al., 

1993), yet other evidence suggests that autoantibodies and immunization-

induced antibodies to DNA are related in origin (Bergen, et al., 1987). 

The antibodies to Z-DNA serve to define conditions under which Z

DNA is formed in vitro and how its conformation is stabilized by Z-DNA

binding protein. Antibody reagents have identified Z-DNA in actively 

metabolizing nuclei, especially in relation to sites that control gene 

transcription activity (Wittig, et al., 1992). Monoclonal antibodies have been 

produced against Z-DNA (Moller, et a/., 1982; Bergen, et al., 1987;), and have 

been shown to combine with different parts of the surface of Z-DNA. Some 

antibodies bind to the base pairs on the surface of the molecule while others 

have a preference for the sugars and negatively charged phosphate groups. 

This was demonstrated from studies on the reactivity of monoclonal 

antibodies with a variety of chemically modified polynucleotides that can 

form Z-DNA. 

Another interesting question asked is if proteins can specifically bind to 

the Z-form segments in DNA and/or convert the B-form segments to the Z-

form. This question is applicable with regards to the recognition of DNA 
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conformation and the conformational regulation of DNA by proteins. There 

have been recent findings of Z-DNA in vivo (Jaworski et al., 1987; Lancillotti 

et al., 1987; Wittig et al., 1989, 1991), and of the proteins that bind specifically to 

Z-DNA (Kmiec et al., 1985; Kmiec & Holloman, 1986: Blaho & Wells, 1987; 

Herbert et al., 1993). DNA binding proteins specific for methylated CpG 

sequences have also been found (Boyes & Bird, 1991; Levine et al., 1991; Lewis 

et al., 1992). It may be possible for these two protein types to play important 

roles in regulation of gene expression. It has been suggested that Z-DNA 

formation takes place during transcription (Wittig et al., 1991) and a 

methylated DNA-binding protein represses transcription by binding to 

methylated promoters (Boyes & Bird, 1991). 

There yet may be some proteins that have the ability to bind to both B

DNA and Z-DNA, with some of them acting to shift the B-to Z equilibrium, 

or even enzymes that work to establish the B-to Z equilibrium. An X-ray 

crystallographic study has provided the most complete analysis of antibody 

interacting with a single chain oligonucleotide (Herron, et al., 1991). The 

analysis showed the antigen binding site stabilized a particular 

oligonucleotide conformation. It did the same in solution, suggesting that it 

induces a conformational change (Stevens, et al., 1993). Similarly, antibodies 

to a particular helical form of DNA such as Z-DNA can perturb the 

equilibrium between Z-DNA and B-DNA and appear to induce the formation 

of Z-DNA (Lafer, et al., 1986; Sanford, et al., 1990). 
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Proteins are one way to facilitate formation and/or stabilization of left-

handed DNA in vivo . Other methods for generating and stabilizing Z-DNA 

within the cell include complexation with specific metal ions or with 

polycationic species, changes in the torsional state of topologically closed 

domains of chromatin, and methylation of cytosines. 

It has been shown that substitution of a methyl group at the carbon 5 

position of cytosine allows the polymer to adopt the Z conformation under 

physiological conditions (Behe & Felsenfeld, 1981). The observation that 

methylation of cytosine at the C5 carbon position greatly facilitates such B-to Z 

interconversions and the correlation of cytosine methylation with gene 

inactivation of eukaryotes (Doerfler, 1983), suggests that Z-DNA may play a 

role in the control of gene expression. In fact, one of the most frequent 

modifications associated with gene inactivation is the methylation of cytosine 

residues at the C5 carbon position when that residue precedes a guanine 

(Fujii, 1982). The sequence m5dC-dG is associated with systems which have 

decreased transcription levels (Razin & Riggs, 1980; Ehrlich & Wang, 1981), 

and removal of the methyl group is associated with an increased level of 

transcription. In addition, a substantial percentage of CpG sequences are 

methylated in animal DNA (Doerfler, 1983; Lewis & Bird, 1991), and the 

methylated CpG segments may adopt the Z-conformation in biological 

processes such as gene transcription and replication. The transcription 

properties of left-handed DNA by Escherichia coli and wheat germ has been 

investigated (van de Sande and Jovin, 1982; Durand et al., 1983). Z-DNA 
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possesses template activity but at a reduced level relative to B-DNA. These 

results suggested that Z-DNA possessed fewer transcribable sites and sites 

with lower affinity for RNA polymerase. In another experiment, there was a 

50-60 percent inhibition of transcription using left-handed DNA as a template 

(Butzow, et al., 1984). These findings suggested that the major inhibition was 

due to a decreased elongation rate and not to changes in initiation rate. The 

important question remains as to whether the methylation of CpG sequences 

which occurs in vivo actually results in the formation of small stretches of Z

DNA. 

Biological Relevance of Methylation 

In 1925, the base 5-methylcytosine was first crystallized as 5

methylcytosine picrate at Yale University (Doerfler, 1983). Methylated bases 

in DNA were already described in the late 1940's and early 1950's (for review 

see Doerfler, 1983; and references therein). Other modified bases in DNA 

have not been found to date in such appreciable amounts, although they may 

exist in minute amounts. 

Evidence is accumulating that indicates DNA methylation in a number 

of biological processes (as reviewed in Doerfler, 1983; and references therein). 

The widespread occurrence of methylated bases in DNA of various 

organisms, the sequence specificity of the various DNA methylases and the 

nonrandom distribution of methylated bases along the chromosome strongly 
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suggest that modified bases in DNA are biologically significant. DNA 

methylation affects DNA-protein interactions, protects DNA against 

restriction endonucleases, regulates gene expression in eukaryotes, enhances 

mutation and recombination, can affect the structure of synthetic 

polynucleotides and probably of DNA as well, and may influence DNA 

replication, virus latency, and differentiation (Doerfler, 1983). Although 

some of these suggested models for the purpose of DNA methylation have 

yet to be proven, it is known that DNA methylation does affect DNA-protein 

interactions and therefore potentially may affect many different biochemical 

reactions. 

Modification of DNA is carried out by specific methyltransferases (also 

known as DNA methylases). These enzymes transfer the chemically active 

methyl group from S-adenosylmethionine (Ado Met or SAM) to either carbon 

5 of cytosine residues or the exocycfic amino group attached to carbon 6 of 

adenine residues in the DNA chain (Kronberg, 1992). Two methylase 

activities have been postulated (Riggs, 1975; Holliday, et al., 1975), namely a 

"de novo" methylase capable of methylating unmethylated sites, and a 

"maintenance" methylase that can methylate partially, or hemimethylated 

sites. Two different cytosine-DNA methylases have been found in 

Escherichia coli (Nikolskaya, et al., 1979). All methylases without exception, 

use Ado Met as a methyl donor. 

There are "de novo" DNA methyltransferases that impose a sequence 

specific pattern of methylation on DNA that have not been previously 
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methylated or is only partly methylated (Doerfler, 1983). Actively transcribed 

regions of the chromosome are undermethylated or unmethylated, while 

inactive sites are strongly methylated (for review see Doerfler, 1983; and 

references within). 

Patterns of DNA methylation are inheritable (for review see Doerfler, 

1983; and references within) and are maintained from cell division to cell 

division by the action of the DNA methyltransferases. All biochemical 

evidence indicate that DNA is methylated in an early postreplicative step 

(Kronberg and Baker, p.830-831). It is only the newly synthesized strand that 

becomes methylated. Replicating DNA has been shown to undergo 

methylation on the nascent DNA strand at or near the replication fork. This 

observation has been made in prokaryotes (Billen, 1968; Lark, 1968) as well as 

in eukaryotes (Pollock,et al., 1978; Bird, 1978). These studies suggest that the 

pattern of methylation is clonally inherited in a semi-conservative manner. 

The pattern of DNA methylation is species-specific. Certain prokaryote 

have a small fraction of their cytosine residues methylated, while in others 

only adenine residues are methylated, and still in others there is methylation 

of both cytosine at the C5 carbon (m5C) and adenine at the N6 nitrogen (m6A) 

(Doskocil, et al., 1965). Eukaryotes are generally found to be methylated 

exclusively at cytosine residues, although the percentage of m5cytosine in 

eukaryotic DNA varies widely. The distribution of methyl groups and the 

mode of DNA methylation in eukaryotes seem to be quite different from 

what is observed in prokaryotes. 
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All sites in bacterial DNA that can potentially be methylated are indeed 

fully methylated (Razin, et al., 1980), but only some of the methylatable sites 

in eukaryotic DNA are methylated (Razin, et a/., 1980). This difference in 

distribution of methyl groups most likely reflects different mechanisms of 

methylation. While the pattern of methylation of prokaryotic DNA can be 

determined exclusively by the availability of methylatable sites, the 

distribution of methyl groups in eukaryotic DNA might reflect a more 

complex mechanism. 

In addition, some of the functions shown by methyl groups in 

prokaryotic DNA may not be applicable to other organisms. Basically, the 

function of m5cytosine in eukaryotic DNA has yet to be completely resolved. 

It remains an interesting question whether DNA methylation at highly 

specific sites affects essential biological functions directly, or by inducing 

structural changes in DNA. 

Since in prokaryotes all sites in chromosomal and extrachromosomal 

DNA are methylated, it was suggested that methylation in these systems is a 

"trans-acting" process, meaning that the methylase can "jump" from one site 

to another and methylate both types of chromosomes. Methylation in 

eukaryotes may, however, be a processive event that starts and stops at 

recognized initiation and termination sites. Methylation of residues is 

nonrandomly distributed along the chromosome in prokaryotes. The origin 

of replication of Escherichia coli appears to be heavily methylated. The 

selective mechanisms by which this unusual sequence frequency evolved, 
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and the functional significance of such -a cluster of methyl groups in a 

strategic region like an origin of replication, are very important questions to 

address. 

In eukaryotic DNA, the methylated cytosine residues are also 

nonrandomly distributed with respect to sequences of the DNA. Since in 

eukaryotic DNA only a fraction of the methylatable sequences are methylated, 

the distribution of 5-methyl cytosine along the chromosome cannot be 

determined merely by the distribution of these sequences. Some other factor, 

involving perhaps chromosome structure, takes part in the determination of 

the methylation pattern. The advantage of such a pattern will be revealed 

only when the biological functions played by 5-methyl cytosine in eukaryotic 

DNA is elucidated. 

An interesting, but still not understood divergence in the affinity of 

methylases for their DNA substrates concerns the secondary structure of the 

DNA. While prokaryotic methylases are 10-20 fold more active on native 

double-stranded DNA, some eukaryotic methylases show enhanced activity 

with denatured (single-stranded) DNA (Simon, et al., 1978). This preference 

may be affected by ionic strength (Adams, et al., 1979). 

How Methylation Affects the Stability of Z-DNA 

It has been noted that the methyl group in the molecular structure 

(m5dC-dG)3 induces slight modifications in the structure of Z-DNA. The 
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methyl group was found in a recessed region on the surface of the molecule 

in which it is in van der Waal's contact with hydrophobic elements on the 

molecular surface, and this conformation may explain the strong tendency for 

stabilizing the Z-DNA conformation by minimizing the hydrophobic exposed 

areas (Fujii, et al., 1982) The methyl groups are found in pairs on the surface 

and they fill a slight hydrophobic depression formed by the imidazole group 

of guanine of the next base pair and the C1' and C2' hydrogen atoms of the 

sugar. In the absence of the methyl group, the depression is normally filled by 

water molecules. The methyl group acts to form a small hydrophobic patch 

on the surface of the molecule that stabilizes Z-DNA by excluding water from 

the hydrophobic pocket (Fujii, et al., 1982). The position of the methyl group 

in Z-DNA is in marked contrast to its position in B-DNA, where it projects 

into the major groove of the double helix and is surrounded by water 

molecules. The difference in the environment of the methyl group of 

cytosine in Z-DNA and B-DNA is one of the major factors in leading to its 

strong stabilization of Z-DNA (Fujii, 1982). Calculations of the difference in 

hydration energies of methylated and unmethylated d(CG) dinucleotides in 

the B and Z conformations were studied to analyze the stabilizing effect of 

methylation of the cytosine bases on the Z-form (Ho, et al., 1988). The 

stabilization due to methylation resulted from an overall increase in the 

hydrophobic character of B-DNA, while the exposed hydrophobic and 

hydrophilic surfaces of the dinucleotide were essentially identical for both the 

methylated and unmethylated bases in the Z-form. 
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In the crystalline hexamer, each cytosine residue shows strong stacking 

interactions with the cytosine residue on one of its two neighboring base 

pairs. It has been suggested that an alteration in the dipole moment and 

polarizability produced by methylation could alter the stacking free energy of 

both the Z-form and the B-form (Behe & Felsenfeld, 1981). Experiments with 

mixed copolymers of dC and m5dC suggest that the introduction of 

methylated cytosine lowers the salt required for the B- to Z-DNA transition. 

Salt titration studies on Z-DNA have been previoulsy reported for 

methylated and unmethylated polymers of d(CG)3 (Behe & Felsenfeld,1981; 

Kagawa et a/., 1993). Studies on poly (dG-dC) in solution revealed that high 

salt concentrations (mid-point of transition at 2.56 M NaC1 or 0.66 M MgC12) 

or high amounts of ethanol (50 percent) were required to induce the Z-

conformation (Pohl and Jovin, 1972). The observed transition was highly co

operative, and the co-operative unit length under high salt conditions has 

been estimated to be between 102103 base pairs (Pohl, 1972). The transition 

was affected not only by the type of cation, but also by the particular anionic 

species present (the mid-point of the transition was at 1.67 M for NaC104) 

(Pohl and Jovin, 1972). 

The degree of co-operativity as well as the kinetics for the salt-induced 

transition has led to studies concerning the length requirements for the B- Z

DNA transition. It has been demonstrated using circular dichroism 

spectroscopy that six base pairs of alternating CG underwent a B-to Z-DNA 

conversion with a mid-point of about 3 M NaC1 (Quadrifoglio et al.,. 1981). 
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Four CG base pairs do not however form a left-handed helix, but it was 

unclear if the tetramer even forms a duplex. The hexamer did not undergo an 

ethanol-induced B-Z conversion since at 50 percent ethanol no duplexes were 

formed. 

There is indication that methylation of alternating dC-dG sequences 

may induce formation of Z-DNA, perhaps even in short segments of DNA. 

What has yet to be answered is how small a segment of Z-DNA can be formed 

with the bias of cytosine methylation towards Z-DNA formation. 

Fully Methylated versus Unmethylated Z-DNA 

Both the methylated d(m5CG)3 and urunethylated d(CG)3 sequences as 

Z-DNA have basically similar structures. Both strands form an antiparallel 

double helix with Watson-Crick base pairs between the bases. The helices 

follow traditional Z-DNA structure characteristics; they are left-handed and 

the guanine residues are in the syn conformation while the cytosine residues 

are in the anti conformation. The guanosines have the C3' endo sugar 

pucker while the cytidine residues have a C2' endo ring pucker (Fujii, 1982). 

The overall similarity between the methylated and unmethylated form of 

poly(dG-dC) agrees with the finding that antibodies raised against Z-DNA 

produced by the unmethylated polymer have the ability to react with both the 

methylated polymer as well as the unmethylated polymer (Nordheim et al., 

1981). On the other hand, it has been shown that some monoclonal 
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antibodies raised against an unmethylated Z-DNA polymer will not react 

with the methylated Z-DNA polymer, possibly due to the interference 

associated with the recognition of the unmethylated polymer on the outer 

surface of the molecule where the methyl group is located (Moller, 1982). 

The differences between the structures are also apparent. For example, 

there are dissimilarities in the helical twist angle. This is the angle each 

paired base along the helix makes with the next base pair. In B-DNA, the 

helical twist angle is the same for each successive base pair. However, in Z

DNA, the helical twist angle shows a significant difference for the sequence 

CpG versus GpC. The unmethylated polymer has a twist angle for the CpG 

pair of bases of only -8 degrees, while in the GpC base pair there is a large twist 

of -51 degrees. The fully methylated polymer shows a helical twist angle for 

the CpG of -13 degrees and a corresponding decrease for the GpC of -46 

degrees. These changes in the twist angle brings the two methyl groups closer 

together in the methylated polymer (Fujii, 1982). Relative to the B 

conformation, the methyl groups are closer to one another in Z-DNA and are 

recessed into a hydrophobic pocket which protects these substituents from 

interaction with or accessibility to water. 

The methylated hexamer has also been used in other physical studies 

(Fujii, et al., 1982; Hartmann, et al., 1983; van der Marel et al., 1982). In a low-

salt aqueous solution, this oligomer is predominantly in the B-DNA form but 

2% - 4% of the Z-DNA can be detected in its NMR spectrum (Feigon et al., 

1983). Addition of either salt or methanol facilitates the conversion of this 
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hexamer into Z-DNA. The addition of NaC104 also produces the Z-DNA 

form as shown by changes in UV absorbance, circular dichroism, and 31p 

NMR (Hartmann, et al., 1983). The methylated polymer poly(dG-m5dC) has 

also been studied by NMR investigation with respect to its B-Z transition 

(Patel, et al., 1981; Chen, et al., 1983; Hartmann, et a/., 1983; Feigon et al. 1984). 

Evidence suggests that in solution, the methyl groups on opposite strands do 

interact with one another. 

Purpose of This Study 

Purpose of this study 

The effects of hemi-methylation (methylation of every other cytosine 

in a d(CG) polymer) on Z-DNA stability is unknown. To use this as a model 

for the B- to Z-DNA transition may be more representative of the 

methylation patterns observed in vivo since not all cytosines in an 

eukaryotic genome are uniformly methylated. The role of solvent 

interactions on the B- to Z-DNA transition may show the importance of 

solvent on the stability of various conformations of DNA. The modification 

chosen for study was a single methylation on the fifth cytosine of a 

hexanucleotide to give the hemi-methylated sequence d(CGCGm5CG). The 

stability of the Z-DNA conformation for this sequence is studied in attempt to 

gain information on how this unusual DNA form may exist in nature. Often 

the structure of DNA has been shown to relate to regulatory processes found 
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in the cell which can influence if not control genetic processes in the cell. It 

may be possible that the hemi-methylated Z-DNA structure plays a role in 

this process. 

The purpose of this study is to determine the effect of hemi

methylation as opposed to full methylation or no methylation, on the 

stability of alternating d(CG) dinucleotides as Z-DNA. The specific questions 

addressed in this study are listed below. 

a.) How does hemi-methylation affect the hydrophobicity of B- and Z

DNA? 

One purpose of this study was to examine the hydrophobic effect on the 

B- to Z-DNA transition of a hemi-methylated sequence (a hexamer in this 

case), and compare these results to previously studied hexamers that were 

either unmethylated or fully methylated. 

b.) What is the stability of a hemi-methylated Z-DNA sequence and its 

ability to adopt the left-handed conformation in solution as compared to both 

a fully methylated and an unmethylated sequence? 

One of the most widely studied structural changes are those introduced 

into the solution. Ions, especially cations, strongly influence the equilibrium 

between Z-DNA and B-DNA (Pohl, et a/., 1972; Zacharias, et al., 1983). The 

predominant interaction in modifying the equilibrium of Z-DNA and B

DNA is considered to be due to the cations clustering around the negatively 
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charged phosphates and reducing the repulsive phosphate-phosphate 

interactions. The monovalent cations, sodium, potassium, and lithium have 

all been shown to influence this equilibrium (Pohl and Jovin, 1972). 

This part of the study involves the investigation of the stability of a 

hemi-methylated Z-DNA sequence in solution and how this relates to the 

stability of fully and unmethylated Z-DNA. This considers the role that 

solvent interactions have in the stability of different conformations inherent 

to the Z-DNA sequence, especially when modifications such as methylation 

were made and how the effects of various salt (MgC12) concentrations 

influenced the B- to Z-DNA transition. 

Hypothesis: what we expect to see 

Previous work has shown that the loss of methylation destabilizes 

d(CG) as Z-DNA (Ho, et al., 1988). Solvent interactions were thought to have 

a significant effect in the hydrophobicity of a molecule and thus as a factor in 

determining the base specific stability of Z-DNA and the ability of sequences 

to adopt the Z-conformation (Kagawa, et al., 1989). Solvation free energy 

(SFE) calculations will be used to estimate the hydrophobicity of DNA 

molecules and thus predict their stabilities in solution. The effects of hemi

methylation on the stability and structure of d(CG) Z-DNA hexamer are 
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unknown. Therefore predictions were made based on the previously studied 

characteristics of the fully and unmethylated Z-DNA sequences (Pohl and 

Jovin, 1972; Fujii, et a/.,1982; Kagawa, et al., 1993; Gessner, et a/.,1994). 

If the hemi-methylated sequence behaves more like the unmethylated 

Z-DNA sequence, then it is expected to show a decrease in the hydrophilic 

surfaces due to the methyl group and a ASFE(z_B) greater than zero. This 

would result in the hemi-methylated sequence being less stable as Z-DNA 

than B-DNA. In the same respect, if the hemi-methylated sequence was 

closer to a fully methylated Z-DNA sequence, then the surface area would be 

expected to be more hydrophobic in character with a ASFE less than zero, and 

thus more stable as Z-DNA than that of B-DNA. 

If the hemi-methylated behaves more like the unmethylated Z-DNA 

sequences, then a higher cation strength (CS) for crystallization as Z-DNA 

would be expected. Similarly, a high salt concentration (molar amounts) 

would be required to induce a B- to Z-DNA transition in solution. On the 

other hand, if the hemi-methylated sequence behaves more like the fully 

methylated Z-DNA sequence, a low concentration (millimolar amounts) 

would be required to induce the B- to Z-DNA transition in solution. 

How closely the hemi-methylated sequence resembles either the fully 

methylated sequence or the unmethylated sequence is unknown and will be 

determined in this study. 
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Methods used in this study 

The methods used in this study were chosen in order to aid in the 

attempt to predict and determine the structure and stability of hemi

methylated d(CG) in Z-DNA. These methods included using computer 

modeling with solvation free energy (SFE) calculations to make specific 

predictions about the behavior of the hemi-methylated sequence, 

crystallography to test the predictions made from the computer models, and 

X-ray diffraction studies to determine the crystal structure to atomic 

resolution. In addition, salt titrations were performed to quantitate the B-to 

Z-DNA transition and compare to the fully methylated sequences and the 

unmethylated sequences. These solution studies were analyzed with both 

ultraviolet (UV) and circular dichroism (CD) spectroscopy. The results from 

each method were compared to relevant structures that had already been 

analyzed such as fully, un and de-methylated sequences. 

In these studies on the B- and Z-DNA stabilities, the analysis of solvent 

accessible surfaces (SASs) was used to determine the difference in solvent free 

energies (SFEs) for sequences as B- and Z-DNA (Kagawa, et al., 1989). The 

differences in free energies between the two conformations for fully 

methylated, unmethylated and hemi-methylated d(CG)3 sequences were 

compared. The general order of Z-DNA stability for these dinucleotides could 

be explained in terms of differences in SFE associated with each sequence in 
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its B- versus Z-DNA form. The fully methylated dinucleotides were the most 

stable, followed by hemi-methylated dinucleotides, with the least stable being 

the unmethylated dinucleotides. 

Previous work has shown that the shift in equilibrium from B- to Z

DNA is affected by methylation of cytosines (Behe and Felsenfeld, 1981). The 

stabilizing effect of methylating cytosines at the C5 position has shown to 

result from the methyl group actually filling in a hydrophobic pocket at the 

major groove of Z-DNA, decreasing the SAS, whereas with methylation of B

DNA, the SAS increases (Ho, et al., 1988). The relative energies of hydration 

that have been calculated showed a significant increase in hydration energy 

for the methylation of B-DNA as compared to its uru-nethylated form. On the 

other hand, only a small increase is noted for the methylation of Z-DNA 

when compared to its unmethylated form. It has been suggested that this 

may be one factor contributing to the stabilization of a fully methylated Z

DNA polymer in a physiological salt solution (Ho, et al., 1988). The effects of 

methylating every other cytosine in a sequence is unknown for both B-DNA 

and Z-DNA. 

Crystallographic studies on the self-complementary sequence 

d(CGCGm5CG) supported the prediction that the decreased hydrophobicity of 

the Z-DNA major groove surface helped to stablize the hemi-methylated 

dinucleotides in the left-handed conformation (Zhou, et a1.,1990). Previously 

it was shown that the ion concentrations in solutions that yield Z-DNA 

crystals of hexanucleotide duplexes are related to the ability of these sequences 
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to adopt the Z-DNA conformation in solution. This relationship allows for 

the systematic testing of predictions for how sequence modifications affect the 

ability of hexanucleotides to form Z-DNA. This has been used in this 

laboratory to predict how to crystallize a particular sequence as Z-DNA (Ho, et 

a/.,1991). The self-complementary hexamer sequence d(CGCGm5CG) 

crystallized as Z-DNA under significantly lower cation concentrations than 

that of the analogous unmethylated hexamer sequence. The atomic 

resolution structure of this hemi-methylated Z-DNA sequence showed the 

methyl group at the C5 postion of CYT 5 and CYT 11 filling in the 

hydrophobic pocket of the Z-DNA major groove as predicted from the SAS 

analyses. 

Since the equilibrium constant for the B- to Z-DNA transition was 

polymer length-dependent, this study will examine a 24 base pair sequence for 

the salt titration experiments. This shorter sequence differs greatly in length 

from the previously studied polymers. The 24 base pair sequence could show 

a transition to Z-DNA with its 12 base pairs per turn, allowing for two turns. 

In addition it could provide a more realistic comparison to what conditions 

may exist that are similar to the crystal sequence studied in the crystal set-ups 

with various salt concentrations. The salt concentrations under which a B- to 

Z-DNA transition occurs in solution, and the midpoint of this transition for 

fully methylated, unmethylated and hemi-methylated d(CG) sequences 
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provide additional information as to the effects of hemi-methylation. These 

results further support the observations made in the crystallization studies of 

the d(CG)3 sequences. 
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MATERIALS and METHODS 

Computer Modeling 

The general methods for calculating the surfaces of DNA structures 

that are exposed to solvent (solvent accessible surfaces or SASs) and the free 

energies for solvating these surfaces (solvent free energies or SFEs) were 

previously described (Kagawa, et al., 1988). An overview of the method is 

shown in Figure 3. To calculate the SASs and SFEs of both the B- and Z-DNA 

structures, models were generated for the unmethylated sequence 

d(CGCGCG) in its duplex form for both B- and Z-DNA. The B-DNA model 

was built using the computer software program Insight II from BioSym, Inc. 

The sequence was then methylated at cytogine residues number 5 and 11 at 

the carbon 5 position. The terminal phosphates were removed, and 

hydrogens were added to the 4 terminal oxygens. 

The unmethylated Z-DNA model was generated by taking the 

coordinates from the crystal structure in the nucleic acid data base, pdb file 

1DCG (Gessner, et a/.,1989). The fully methylated Z-DNA structure was taken 

from the crystal structure of d(m5CGm5CGm5CG), pdb file ZDFB03 (Fujii, et 

a/.,1982). Hydrogens were added to the entire Z-DNA molecule for both 

structures. 

The SAS of the DNA models were calculated using the rolling ball 

method (Connally, 1983) as previously described (Ho, et al., 1988). In this 

method, a probe sphere of a fixed radius is rolled over the van der Waals 
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Figure 3: Flow chart illustrating how solvation accessible surface areas (SAS) 
and solvation free energies (SFE) calculations are generated. 
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surface of a macromolecule. In this experiment, the probe sphere with a fixed 

radius of 1.45A was used. The SFEs of the models were then calculated as 

previously described (Kagawa, et al., 1988). Basically this involves converting 

each surface type to a solvation free energy by applying an atomic solvation 

parameter (ASP) values (Eisenberg and Mac Lachlan, 1986). The ASP values 

describes the energy required to transfer that surface type from an organic 

phase to an aqueous solvent phase, as shown in Table 1. The ASP values 

were derived from partition coefficients (Hansch & Leo, 1979) for a set of 

small organic molecules that represent the aromatic base, ribose sugar, and 

phosphate components of nucleic acids (Kagawa, et al., 1989). Therefore to 

determine the SFEs of the dinucleotides, the ASPs were applied to the 

calculated areas of each surface type (SASi , where i represents a surface type) 

of the dinucleotides in both the B and Z conformations and summing the 

resultant energies (Eisenberg and Mac Lachlan, 1986): 

SFE = I, ASPi SASi 

The base pairs at either end of the hexamers were not included in the 

calculations to eliminate possible artifacts that may be due to end effects. The 

stability of hexanucleotides as Z-DNA (AGT(B_z) ) were predicted from the 

ASFE(z_B) calculated for solvent accessible surfaces. The differences in the 

SFE between Z- and B-DNA (ASFE(z_B)) for previously studied dinucleotides 
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Table 1: Atomic Solvation Parameters (ASP) of hydrophilic, hydrophobic, and 
charged phosphate surfaces in nudeic acids as derived from partition 
coefficients and calculated solvent-accessible surfaces of small organic 
molecules. 

Group Surface Type	 ASP 
(kcal/ mo1-1A-2) 

Base Hydrophobic (C) 0.034 
Methyl (C) 0.043 
Hydrophilic (0/N) -0.068 

Ribose Hydrophobic (C) 0.043 
Hydrophilic (0) -0.038 

Phosphate Charged (0/ P) -0.100 

are linearly related to the B- to Z-DNA transition free energies (AGT(B-z)) by 

equation 1 below and as illustrated in Figure 4 (Kagawa, et al., 1993). 

AGT(B_z) = 1.30 x ASFE(z_B) + 0.69 kcal/mol Equation 1 

Crystallization of the sequence d(CGCGm5CG) 

Materials used in the crystallization set-up included gold labeled and 

reagent grade 2-methyl-2,4-pentanediol (MPD), gold label magnesium 

chloride, sodium cacodylate (NaCac) titrated to pH 7.0 with hydrochloric acid. 

The oligonucleotide sequence d(CGCGm5CG) was synthesized on an Applied 

Biosystems DNA synthesizer in the Center for Gene Research at Oregon State 

University. The DNA was dissolved in glass distilled deionized water and 
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was purified by a G-10 sephadex size exclusion chromatography column. 

Samples were eluted with distilled deionized water and monitored at UV 

absorbance of 260nm and 200nm using a Hewlett Packard 8452A diode array 

spectrophotometer. 

The relationship between effective cation concentration (cation 

strength or CS) and the stability of hexanucleotides as Z-DNA was used to 

estimate the salt required in the crystallization solutions. The CS was 

estimated as the sum of the concentrations of cation added to the 

crystallization solutions, upon equilibration against the precipitant in the 

reservoir, corrected for the effective charge of each cation species (Z2) (i.e. CS = 

EZ2[cation], as previously described (Kagawa, et al., 1989)). 

As previously reported, the calculated AGT(B_z) was compared to the 

cation strengths required to crystallize hexanucleotides as Z-DNA to 

determine whether the calculated transition free energies were related to the 

actual driving force required for inducing a B- to Z-DNA transition (Figure 4, 

Kagawa et a/.,1993). This results in the relationship given in equation 2: 

log CS = 0.74 (AGT(3_z) ) - 0.47 Equation 2 

The vapor diffusion method against an aqueous MPD solution was 

used to grow crystals at room temperature (Wang et al., 1984, Kim et al., 1973). 

A "high" and "low" set-up prediction based on the methylation of the 

unmethylated model (HUM) or de-methylation of the fully methylated 

model (DFM) was necessary in order to suggest what sequence the 
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Figure 4: Comparison of the cation strength (log CS) for crystallization of Z
DNA hexanucleotides to the calculated B- to Z-DNA transition free energies 
(AGT(B_z)). Open squares are for the hexanucleotide sequence d(m5CG)3, 
d(m5CGTAm5CG), d(m5CGUAm5CG), d(CG)3 and d(CACGTG). The closed 
diamonds represent sequences d(CA'CGTG), d(CGTA'CG) and d(CICGCG). 
The open diamond is for the sequence d(CGUA'CG). The cation strength (CS) 
is estimated from the crystallization conditions by the relationship CS = 
EZ2[cation] and where Z is the charge of the cation. The line represents a 
linear least square fit to the data, giving a relationship: log CS = 0.740GT(B-z) 
0.47 (R = 0.93). 
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hemi-methylated may be most similar too. Conditions for crystallizing the 

hemi-methylated sequence were 3.48 mM d(CGCGm5CG) hexamer; 30 mM 

NaCac, pH 7.0; 1.5% MPD; and MgC12 concentrations ranging from 18 to 30 

mM. This set-up was equilibrated against 15% MPD in the reservoir. The 

crystal used for diffraction was obtained within 4 weeks with approximate 

dimensions of 0.45 x 0.15 x 0.25 mm. 

X-ray Diffraction 

X-ray diffraction data was collected at room temperature on a Siemens 

rotating-anode diffractometer to a resolution of 1.3A. The power settings 

were 35mA and 50 kvolts. The crystal was determined to be in the space 

group P212121 , with a Laue symmetry in the point group of m m m. typical of 

the lattice of all other Z-DNA hexamer crystals to date. The unit cell 

dimensions for this crystal were a = 17.853 A, b = 30.769 A, and c = 44.763 A, 

with a volume of 24588.8 A3. 

Structure Refinement 

The starting model for refinement was the Z-DNA structure of d(CG)3 

(Gessner, et al., 1989). The structure was refined using the Konnert-

Hendrickson protein nonlinear least squares (PRLS19) constrained routine 

(Hendrickson and Konnert, 1981), and performed on a Digital Equipment GPS 

VaxII workstation. 
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In the initial refinement, the methyl group was not added in order to 

allow the program to assign the electron density in an unbiased manner. 

There was strong density, approximately 1.2A from the C5 carbon at the fifth 

and eleventh cytosine residues as expected. The methyl coordinates were 

added to the data by methylating the unmethylated Z-DNA structure within 

the Insightll program. This was used as the starting model for future 

refinement with the hemi-methylated crystal data. 

Higher resolution data was included in the refinement until the 

resolution limit of the data set was reached. In this case this was considered 

as the shell which contained 35% of the total possible data points. Eventually, 

data collected to 1.4A resolution (2996 reflections with F>2sigma(F)) was used 

in refining the crystal structure. There were a total of 41 water molecules 

added to the final structure with an average B-value of 28.19. The final 

weighted R-factor was 18.9%. An overview of the refinement process is 

illustrated in Figure 5. The comparisons with previously crystallized CG 

hexamers is listed in Tables 2 and 3. 

Salt Titrations 

To study the effects of hemi-methylation on the stability of Z-DNA, salt 

titrations in solution were performed. The B- to Z-DNA transition in 
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Table 2: Data collection and Refinement parameters for fully methylated, hemi
methylated and urunethylated hexamer structures. 

Number of 
reflections 

Resolution limit 

Space Group 

Cell Dimensions 

Lattice 

Final R-factor 

Reference 

Fully 
methylated 

4208 at 15 sigma 

1.3A 

P212121 
Orthorhombic 

a=17.76A 
b=30.57A 
c=45.42A 

1 spermine molecule 
2 Mg +2 ions 

Hemi
methylated 

3258 at 2 sigma 

1.4A 

P212121 
Orthorhombic 

a=17.853A 
b=30.769A 
c=44.763A 

additional Mg+2 ion or 
2 Na possible 

98 H2O Molecules 41 H2O molecules 

15.6% 18.9% 

Fujii, et aL, 1982 This work 

Un 
methylated 

15,000 at > 2 sigma 

0.9A 

P212121 
Orthorhombic 

a=17.88A 
b=3155A 
c=4458A 

2 spermine molecules 
1 hydrated Mg +2 ion 

62 H2O molecules 

14.0%
 

Wang, et aL, 1979
 
Gessner, et a1.,1989 
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Table 3: Crystallization conditions, crystal data and data collection for the 
three structures 

Fully Hemi- Un 
methylated methylated methylated 

Crystallization 2mM DNA 3.48mM DNA 2mM DNA 
conditions 

4mM MgC12 24mM MgC12 15mM MgC12 

30mM NaCac 30mM NaCac 30mM NaCac 

3mM spermine -4HC1 10mM spermine-4HC1 

1.5% MPD 

Equilibrated 
against 10% MPD 15% MPD 5% isopropanol 

Room Temperature Room Temperature 

Crystals 0.7x0.5x0.5mm 0.45x0.15x0.25mm 0.7x0.7x0.5mm 
2 weeks 4 weeks 3 weeks 
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Figure 5: Flow chart of the constrained refinement process using PRLS19 
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Assign waters 
Assign methyl group 
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solution was titrated and induced with varying concentrations of MgC12. The 

transition was monitored by ultraviolet (UV) spectroscopy at both 294 nm and 

260 nm. 

The DNA sequences d(CG)12, d(m5CG)12, and d(m5CGCG)3 d(CG)6 were 

synthesized and purified as described above in materials and methods for the 

sequence used in crystallization. The concentrations of the sequences d(CG)12, 

d(m5CG)12, and d(m5CGCG)3-d(CG)6 were respectively, 0.454 mM, 0.379 mM, 

and 0.395 mM. 

Titrations were performed by adding the identical volume of DNA 

sample to varying concentrations of MgC12 salt in Tris-HC1 buffer, pH 8.0. 

The concentrations of MgC12 chosen for the titrations were 0.0mM, 0.1mM, 

0.5mM, 1.0mM, 5.0mM, 20.0mM, 100.0mM; 500.0mM, 1.0M, and 2.0M and 

5.0M (for the unmethylated sequence only). The solutions were heated to 

60°C for 10 minutes to facilitate formation of Z-DNA (Behe, M., Felsenfeld, 

G., 1981). The samples were allowed to cool to room temperature and spectra 

was recorded on an HP8453 diode array spectrophotometer. To determine the 

formation of Z-DNA at each salt concentration, the ratio of absorbances at 294 

nm versus 260 nm was calculated. Circular dichroism (CD) spectroscopy 

of these samples was used to verify the results obtained from the UV 

absorbtion and to further qualitate them. The CD spectra was measured on a 

Jasco-J40 CD spectropolarimeter from 220 nm to 320 nm. The cell path length 

was 1mm with a volume of 120 uL. Sensitivity ranged from 50 to 100 mdeg. 

and the scan speed was 50 with 1 second for response. A step resolution of 
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0.5nm and accumulation of 4 spectra was used. All three DNA sequences 

were tested in the same method as described above. Only a few select salt 

concentrations were recorded in the CD experiments. The MgC12 

concentrations used were the following for the fully methylated sequence; 

0.00mM, .100mM, .500mM, 5.0mM, and 2.0M. The MgC12 concentrations for 

the unmethylated DNA sequence included 0.00mM, .500mM, 1.0M, and 2.0M. 

MgCl2 concentrations for the hemi-methylated sequence were 0.00mM, 

5.0mM, 100mM, 1.0M, 2.0M MgC12. 
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RESULTS
 

Purpose of this study 

The general purpose of this study was to determine whether hemi

methylation stabilizes Z-DNA to the same extent as full methylation does. 

The following methods were used to examine this question; Solvation Free 

Energy calculations, crystallization, and solution studies. This study focuses 

on the standard Z-DNA sequence d(CGCGCG), and its methylated 

d(m5CGm5CGm5CG) and hemi-methylated d(CGCGm5CG) analogs. 

Solvation Free Energy (SFE) calculations are based on the theory that 

the more hydrophilic a molecule is, the more stable it is in solution. The 

effect of base modifications on the relative stability of left-handed Z-DNA 

versus right-handed B-DNA has previously been studied by examining the 

hydrated surfaces of the DNA structures (Ho, et al., 1988). The differences in 

hydrophobicity of solvent accessible surface areas (SAS) can be used to explain 

the differences in stability by converting the SAS to a measure of the free 

energy required to solvate that surface (SFE values). For the B- to Z-DNA 

transition, it is expected that if the ASFEz_B is less than zero, then Z-DNA is 

stabilized as in the case with the fully methylated form. If, on the other hand, 

ASFEz_B is greater than zero, Z-DNA is less stable as seen in the 

unmethylated form. To investigate the effects of hemi-methylation on 

stabilization, this study modeled hemi-methylation in two ways. First, a fully 

methylated Z-DNA structure was de-methylated at cytosine residues 1,3,7, and 
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9. This is referred to as the "de-methylation from a fully methylated 

structure" (DFM). The second model was generated by methylation of the 

cytosine at residue 5 and 11 of an unmethylated Z-DNA structure. This is 

referred to as the "hemi-methylation from a unmethylated structure" (HUM). 

Using the SFE differences between B and Z-DNA forms, the stability of 

a particular sequence can be studied. Previous studies have shown that 

environmental conditions such as high salt and/or alcohol solutions reflect 

the ability of sequences to form Z-DNA in solution and/or crystals (Peticolas, 

et al., 1988; Ho, et al., 1991). High salt concentration (4.0M NaC12 at the 

midpoint of transition) has been required to induce Z-DNA in the 

unmethylated Z-DNA structure, indicating a less stable Z-DNA form. The 

fully methylated sequence requires a low salt concentration (0.1M NaC12 at 

the midpoint of transition) to induce Z-DNA, a more stable form of Z-DNA 

(Behe and Felsenfeld, 1981; Pohl and Jovin, 1972). 

Obtaining a crystal structure could answer the question regarding 

whether the hemi-methylated structure was more like the de-methylation of 

a fully methylated structure (the DFM model) or more like the methylation of 

an unmethylated structure (the HUM). Upon refinement of the structure, the 

root mean square (RMS) deviations and differences in helical parameters 

were analyzed. The ASFEz_B was calculated for the actual hemi-methylated 

structure and compared to the ASFEz-B for the DFM and the ASFEz_B of the 

HUM models. 
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Solution studies were also performed to further examine the effects of 

hemi-methylation. This involved a comparison of the salt titrations for the 

hemi-methylated, fully methylated and unmethylated sequences. The results 

indicated which structure in solution the hemi-methylated structure was 

most similar too. This was compared to the results from both the crystal 

studies and the ASFEz_B calculations. 

Computer Modeling and SFE Calculations 

Computer modeling was used to analyze the hydration effects on the B-

to Z-DNA transition. The model for a hemi-methylated structure was built 

in two different ways. One method was to remove the methyl groups at 

cytosine residues 1,3,7 and 9 from a fully methylated structure (referred to as 

the DFM model). The other method was to add a methyl group to the 

unmethylated structure at cystosine residues 5 and 11 (referred to as the HUM 

model). 

Solvent accessible surfaces (SAS) were calculated as described in 

materials and methods. The results for the DFM calculations are listed in 

Table 4. The Z-form has greater exposed surface area for both the DFM model 

and the fully methylated structure at the base carbons, nitrogens, oxygens and 

their hydrogens, as well as the ribose oxygen compared to the B-DNA 

structures. The B-form for the DFM model and the fully methylated structure 

has a greater SAS area for both structures at the methyl group, the ribose 



Table 4: Solvent accessible surface areas (A2) of the 4 central base pairs calculated per dinucleotide of the Z and 
B-DNA forms comparing the fully methylated structure and the de-methylation at cytosine residues 1,3,7, and 
9 of the fully methylated structure (DFM). 

Form sequence Nucleotide base methyl Ribose phosphate Total 
C, HC N, HN, 0, HO C5 C,HC 0 P 

B Fully methylated 29.30 102.45 51.00 172.45 38.90 140.55 566.05 
Z Fully methylated 35.35 102.70 44.65 139.90 48.30 130.25 530.70 

B DFM 43.95 105.30 25.80 205.85 38.90 140.05 559.40 
Z DFM 50.40 109.35 23.00 171.30 48.30 130.25 532.60 
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carbons and hydrogens, the phosphates, and the total area in general. Both 

forms are closely related in the base nitrogen, oxygen and the hydrogens 

associated with these atoms. 

The results for the HUM are listed in Table 5. The only surfaces which 

showed greater exposed areas for the Z-form in both the unmethylated and 

the HUM structures, were the base carbons and their hydrogens and the 

overall total. The Z-form was more exposed in the base nitrogens, oxygens 

and their hydrogens, the ribose carbons and hydrogens, and the phosphates 

only in the HUM structure. None of the surfaces in the B- form were 

associated with greater exposed areas for both structures. The B-form did 

have more exposed surfaces in the unmethylated structure at the nucleotide 

base nitrogens, oxygens and their respective hydrogens, the ribose carbons and 

hydrogens, and the phosphates. The B-form also has a greater exposed area in 

the methyl surfaces and ribose oxygen surfaces in the HUM structure. Both B 

and Z forms were nearly identical in surface areas for the unmethylated 

structures at the ribose oxygens. 

The results of the ASFE(z_B) for the DFM model and the HUM model 

are listed in Table 6. The DFM model has a ASFE less than zero, and therefore 

is more hydrophilic and correspondingly more stable as the Z-form than as B

DNA. The ASFE(z_B) calculated for the HUM structure is slightly greater than 

zero. This indicates the HUM model to be more hydrophobic and thus less 

stable as the Z-form. 



Table 5: Solvent accessible surface areas (A2) of the 4 central base pairs calculated per dinucleotide of the Z and 
B-DNA forms comparing the unmethylated structure and the methylation at cytosine residues 5 and 11 of the 
unmethylated structure (HUM). 

Form sequence Nucleotide base methyl Ribose phosphate Total 
C, HC N, HN, 0, HO C5 C,HC 0 P 

B Un methylated 49.45 113.60 0.0 185.50 47.25 132.60 528.35 
Z Un methylated 56.35 112.55 0.0 183.95 47.45 132.05 532.35 

B HUM 39.00 109.50 26.95 183.60 47.25 132.75 539.00 
Z HUM 44.45 111.00 19.55 190.40 43.65 133.85 542.89 



Table 6: Calculated solvation free energies (SFEs) and the corresponding B- to Z-DNA transition
 
free energies AGEB_z) of dinucleotide sequences of DFM and HUM models and the fully
 
methylated and unmethylated d(CG)3 structures.
 

Dinucleotide SFE (kcal/mol per dinucleotide)
 
sequence SFE (B) SFE (z) ASFE(z-B) AGT(B-z)*
 

DFM -11.16 -12.17 -1.01 -0.62 
Fully methylated -10.49 -11.38 -0.89 -0.47 

HUM -12.08 -12.00 0.08 0.79 
Unmethylated -13.07 -12.78 0.29 1.07 

* Calculated from the relationship AGT(B.z) = 1.30 X ASFE(z_b) + 0.69 kcal/mol per dinucleotide as derived from the relationship 
analogous to that in Kagawa, et a1.,1993. 
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Based on these observations and calculations, two predictions were 

made. First, if the hemi-methylated hexamer is more like the DFM model, it 

also will show an increased stability in the Z-form. Second, if the hemi

methylated hexamer behaves more like the HUM model, then it would be 

expected to be more hydrophobic and to be less stable. The remainder of these 

studies attempted to determine whether the hemi-methylated crystal 

structure and the behavior in solution was more like the DFM or the HUM 

model. 

Crystallization of d(CGCGm5CG) 

It has previously been shown that there is a strong relationship 

between the inherent stability of a hexanudeotide sequence as Z-DNA and 

the cationic conditions required to form diffraction-quality single crystals of 

that sequence. Using this relationship, a method was developed to predict the 

crystallization conditions of hexamer duplexes as Z-DNA (Ho, et a/.,1991). 

Predictions were made such that if the hemi-methylated structure was 

more like the fully methylated structure, then a low CS, especially with 

respect to the concentration of MgC12, would be required for the formation of 

Z-DNA crystals. If, on the other hand, the hemi-methylated sequence 

behaved more like the unmethylated structure, a higher salt concentration 

would be needed to form the Z-DNA crystals. In order to test both predictions, 

crystallizations were attempted under a "high" range and a "low" range of CS 

concentrations (Table 7). 
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Table 7: Range of salt (MgC12) concentrations tested for crystallization in the 
various set-ups. 

"High" "Low" "Very Low" "Hemi #4" 
set-up set-up set-up set-up 

Salt (MgC12)
 
concentration: 55mM 10mM 1mM 18mM
 

85mM 15mm 24mM 
100mM 18mM 30mM 

Therefore the predictions for the "high" range related to the HUM model and 

aimed for a target well of a 1.30M CS. The"low" range of predictions were 

associated with the DFM model and the target well had an actual CS of 0.45M. 

The calculated CS (0.12M) for the DFM model was not tested in this first set

up since it predicted salt conditions that were lower than even a fully 

methylated sequence was known to crystallize at. 

Table 8 of crystallization solutions shows the range of salts used in all 

the set-ups. Table 9 lists the character of the crystals obtained and under what 

conditions they were observed. The range of CS conditions (0.12M - 0.30M) in 

the set-up which produced the hemi-methylated crystal was much lower than 

the original predictions for the target wells of either the DFM or HUM model. 

The CS in which the hemi-methylated crystal was obtained indicated that the 



Table 8: Initial cation strength (CS) and %MPD ranges for the two predicted crystal conditions corresponding 
to the "High" (HUM) and "Low" (DFM) calculations. 

CS % MPD in well % MPD in Reservoir 
"High" "Low" "High" "Low" "High" "Low" 
set-up set-up set-up set-up set-up set-up 

Initial 0.83M-4.3M 0.23M-1.02M 2.5%-7.5% 2.5%-7.5% 25% 25% 

Final 0.83M-4.3M 0.32M-1.42M 2.5%-7.5% 3.48%40.44% 25% 34.8% 

All solutions contained 3.6mM DNA sample, 100mM sodium cacodylate (NaCac) buffer pH 7.0, and additional 
double distilled water to give a final volume of 40uL, 

http:3.48%40.44
http:0.83M-4.3M
http:0.83M-4.3M


Table 9: Observations of crystals and conditions which resulted in crystals. 

"High" 
set-up 

Final CS 1.85M 

Salt (MgC12) 85mM 
concentration 

% MPD upon 5% 
initial crystallization 

% final MPD 25% 
in reservior 

# of crystals many 

Size of largest N/A 

Diffraction no 
Quality 

"Low" 
set-up 

0.32M-1.42M 

10mm 18mM 

2.5% - 7.5% 

34.8% 

many in all wells 
except #9 
.1mm x 0.7mm 
in well #9 
no 

"Very Low" 
set-up 

0.17M-0.34M 

"Hemi #4" 
set-up 

0.12M - 0.3M 
0.23M in well #6 
18mM - 30mM; 
30mM in well #6 

7.5% 12.5% 
10% in well #6 

15% 

some in all wells; 
2 in well #6 
0.45mm x 0.15mm x 0.25mm 
in well #6 
yes 
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hemi-methylated was behaving more like a fully methylated structure, and
 

actually crystallized at the same CS which has been published for the fully 

methylated sequence (Fujii, et al., 1982). 

Upon the solving the structure of the d(CGCGm5CG) sequence by 

PRLS19, it was noted that there was a spine of continuous water molecules 

located in the minor groove crevice (See Figure 6 -electron density of 

basepairs). Similar sets of waters were observed in the crystal structures 

d(CGCGCG) and d(m5CGm5CGm5CG), suggesting that these help to stabilize 

Z-DNA conformation (Kagawa, et al., 1993). In addition, there appeared to be 

water molecules located around the major groove. The positions of many 

water molecules of the first hydration shell appear to be strongly conserved in 

the Z-DNA structures analyzed to date. It is possible that the hydration motif 

observed may also exist in solution. 

Comparison of structures by the QUEST program on the VAXII 

workstation was used to determine root mean square (RMS) deviations for 

the various structures (fully methylated, unmethylated, and hemi

methylated). For all structures, the methyl coordinates were removed from 

the file to allow for equal comparison of atomic coordinates. Results for the 

whole structure as well as each residue are listed in Table 10. It is obvious 

that the hemi-methylated structure when compared with the unmethylated 

structure has a lower RMS deviation (0.697A) than when the hemi

methylated is compared with the fully methylated structure (0.808A). In 

addition, the RMS deviation between the hemi-methylated and fully 
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Figure 6: Electron density maps of the base pairs of the hemi-methylated 
d(CGCGm5CG) crystal structure. 
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Table 10: RMS deviations (A) for the hemi-methylated structure with the 
fully methylated structure, hemi-methylated structure with the un 
methylated structure, and the fully methylated structure with the un 
methylated structure. 

Hemi with Fully Hemi with Un Fully with Un 
methylated methylated methylated 

Residue 
Number 

CYT 1 0.502 0.503 0.089 
GUA 2 0.171 0.819 0.781 
CYT 3 0.852 0.661 0.838 
GUA 4 0.197 0.800 0.783 
m5CYT 5 0.632 0.862 0.850 
GUA 6 0.457 0.783 0.903 
CYT 7 0.149 0.162 0.076 
GUA 8 0.768 0.085 0.762 
CYT 9 0.847 0.124 0.857 
GUA 10 0.766 0.139 0.759 
m5CYT 11 0.851 0.157 0.853 
GUA 12 1.184 0.890 0.779 

Full 
Structure 0.808 0.697 0.835 
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methylated structure is close to that of the fully methylated structure 

compared with the unmethylated structure (0.835A). Thus it appears that the 

hemi-methylated structure actually is more like the unmethylated structure 

from this analysis. 

On a residue by residue analysis, it appears as if the largest variations in 

the structures (disregarding the end residues CYT 1, GUA 6, CYT 7, and GUA 

12) lie at residues GUA 2, GUA 4, and GUA 8, CYT 9, GUA 10, and CYT 11. 

Out of character is the difference noted in guanine residues 2 and 4, which 

actually is the lowest in the hemi-methylated with the fully methylated 

comparison. Residues GUA 8, CYT 9, GUA 10 and CYT 11 on the other hand 

are all lower in the hemi-methylated with the unmethylated comparison. 

These overall results indicate that the hemi-methylated structure is most like 

the unmethylated structure, although there are areas where this hypothesis 

breaks down on an individual residue basis. Possibly an explanation for this 

lies in the suggestion that the structure makes adjustments to the 

modifications made on the cytosine on a local level which sometimes favors 

the fully methylated structure and other times the unmethylated structure, 

with the global result being more similar to the unmethylated structure. 
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Helical Parameters 

The overall structure of the helices in the fully methylated, 

unmethylated, and hemi-methylated Z-DNA structures, are compared in 

Table 11 (table of helical parameters) and Table 12 (table listing sugar puckers). 

The helical twist angle for the internal dinucleotides for fully and 

unmethylated sequences were in agreement with previously published 

results. The CG was -13.0° and -7.7° and the GC was -46.1° and -51.7° for fully 

methylated and unmethylated structures respectively. The average helical 

twist angle value for the fully methylated structure is -10.3°. The average 

helical twist angle value for the unmethylated structure is -48.9°. The helical 

twist for the hemi-methylated structure fell somewhere in between the other 

two structures with a -9.8° for the CG and -48.7° for the GC step basepair. This 

was the general trend for the other helical parameters as well. The helical rise 

was nearly identical among all three structures. Exceptions to this general 

trend were in the base pair roll angles at the 3-4 and 4-5 steps. The hemi

methylated structure was much lower (1.2°) for the CG (3-4) step as compared 

to the other two structures (4.7° and 4.2° for fully methylated and un

methylated respectively). In the next step GC (4-5), the hemi-methylated 

structure shows a dramatic increase to 4.9°, the highest reported value for any 

of the structures at any step. It appears as if the 5' end of the hemi-methylated 

structure starts out like the fully methylated structure in the first step, then in 
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Table 11: Helical Parameters for the fully methylated, hemi-methylated, and 
unmethylated structures
 

Fully Hemi- U n 
methylated methylated methylated 

Helical Twist (degrees) 

CYT 1-GUA 2 -12.3 -8.6 -7.3 
GUA 2-CYT 3 -45.1 -50.1 -50.3 
CYT 3-GUA 4 -13.0 -9.8 -7.7 
GUA 4-m5CYT 5 -46.1 -48.7 -51.7 
m5CYT 5-GUA 6 -14.3 -13.3 -10.7 
Twist Avg. -26.2 -26.1 -25.6 

Rise (A) 

CYT 1-GUA 2 3.9 3.9 3.8 
GUA 2-CYT 3 3.7 3.6 3.7 
CYT 3-GUA 4 3.8 3.8 3.8 
GUA 4-m5CYT 5 3.8 3.7 3.6 
m5CYT 5-GUA 6 3.8 3.8 4.0 
Rise Avg. 3.8 3.8 3.8 

Roll Angle (degrees) 

CYT 1-GUA 2 0.1 0.1 4.0 
GUA 2-CYT 3 1.6 1.3 1.2 
CYT 3-GUA 4 4.7 1.2 4.2 
GUA 4-m5CYT 5 0.7 4.9 4.1 
m5CYT 5-GUA 6 0.2 0.6 0.1 
Roll Avg. 1.5 1.6 2.7 

Tilt Angle (degrees) 

CYT 1-GUA 2 1.9 1.5 0.4 
GUA 2-CYT 3 1.8 0.1 0.1 
CYT 3-GUA 4 1.9 1.1 0.9 
GUA 4-m5CYT 5 0.4 1.1 1.2 
m5CYT 5-GUA 6 0.5 2.0 1.0 
Tilt Avg. 1.3 1.2 0.7 
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Table 12: Sugar puckers for the fully methylated, hemi-methylated, and 
unmethylated d(CG)3 structures. 

Fully methylated Hemi-methylated Unmethylated 

Base pair 

amplitude/angle amplitude/angle amplitude/angle 

CYT 1 0.36/63.97 0.29/97.00 0.33/66.43 
GUA 2 0.27/290.24 0.33/281.77 0.35/299.45 
CYT 3 0.47/61.28 0.37/57.58 0.36/62.88 
GUA 4 0.21/296.39 0.26/308.31 0.30/298.75 
m5CYT 5 0.39/69.92 0.48/69.27 0.36/67.65 
GUA 6 0.32/79.95 0.40/97.14 0.33/71.51 

CYT 7 0.43/64.95 0.50/48.43 0.36/73.53 
GUA 8 0.14/305.42 0.15/306.77 0.31 /297.28 
CYT 9 0.42/64.37 0.35/75.09 0.38/67.93 
GUA 10 0.14/289.38 0.31/306.58 0.25/288.05 
m5CYT 11 0.42/60.30 0.45/68.57 0.39/61.18 
GUA 12 0.38/79.26 0.60/296.05 0.42/79.11 

Fully methylated Hemi-methylated Un methylated 
Base pair 

CYT 1 C2 exo C3 endo C2 exo 
GUA 2 04 exo 04 exo 04 exo 
CYT 3 C2 exo C3 endo C2 exo 
GUA 4 04 exo 04 endo 04 exo 
m5CYT 5 C3 endo C2 exo C2 exo 
GUA 6 C2 exo C3 endo C3 endo 
CYT 7 C3 endo C3 endo C2 exo 
GUA 8 04 endo 04 exo 04 exo 
CYT 9 C2 exo C3 endo C2 exo 
GUA 10 04 exo C2 exo 04 exo 
m5CYT 11 C2 exo C3 endo C2 exo 
GUA 12 C2 exo C4 exo C2 exo 
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the next step becomes more like the unmethylated structure, then like
 

neither showing a decrease in the roll angle from the other two structures, 

then at step 4-5, again behaving like neither of the others, but to the opposite 

extreme as before by showing a large roll angle of 4.9°, and remaining a small 

degree above the other two structures at step 5-6. The overall average 

resulted in the hemi-methylated structure having a roll angle very close to 

that of the fully methylated structure (1.6° and 1.5° respectively). 

The tilt angle values for the hemi-methylated structure also varies 

between being close to one or the other of the two structures or even at times, 

being somewhere in the middle. Only at the 5-6 step (CG) does the hemi

methylated structure tilt angle value of 2.0° exceed the other tilt angles for the 

fully methylated and the unmethylated structures, otherwise it remains 

lower than one or the other of the structures. Overall average shows the 

hemi-methylated being very similar to the fully methylated d(CG)3 structure 

(1.2° and 1.3° respectively). 

Therefore, upon comparison of the averages for the helical parameters, 

the hemi-methylated structure consistently fell in between the fully 

methylated and the unmethylated structures. On a local level the hemi

methylated structure varied from appearing more like a fully methylated or 

unmethylated structure, and even at some places a unique structure. 

The sugar pucker comparisons showed unique differences between the 

hemi-methylated structure versus the fully methylated and unmethylated 

structures, yet at times also showed similarities between the two structures. It 
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has been noted that sugar puckering modes are influenced by modifications to 

the base (Saenger, p.62). This could be one explanation for the differences 

noted. Previous studies have concluded that there are slight changes in the 

relative positions of adjacent base pairs between the fully methylated and the 

unmethylated hexamers as well in differences in the ring pucker (Fujii, 1982). 

The major difference was noted in the relative flatness of C3' endo 

conformation of the deoxyribose ring of deoxyguanosine in the methylated 

polymer as compared to the unmethylated polymer. This was shown in the 

difference in amplitude of the pseudorotation parameter. When comparing 

the results from this study, this trend of flatness for the deoxyguanosine sugar 

pucker as compared to the deoxycytidine sugar pucker is apparent in the 

hemi-methylated structure, especially when disregarding the end base pairs 

CYT 1-GUA 12, and GUA 6-CYT 7 (Table 12). 

A SFE Calculations 

The calculations of SAS for the hemi-methylated crystal structure is 

listed in Table 13. In a comparison of the B- and Z-forms, the B-form has an 

increased SAS for the nucleotide base carbon and its hydrogens, the methyl 

group, the ribose both in the carbon with its hydrogens and the oxygen, the 

phosphate and the total. The only increased surface on the Z-form is at the 

nucleotide base nitrogen and its hydrogens, and the oxygen. 

The ASFE calculations for the hemi-methylated structure is listed in 

Table 14. Upon comparison to ASFE for the DFM and HUM models, the 



Table 13: Solvent accessible surface areas (A2) of the 4 central base pairs calculated per dinucleotide for the 
hemi-methylated Z-DNA from crystal structure and the hemi-methylated model of B-DNA. 

Form sequence Nucleotide base methyl Ribose phosphate Total 
C, HC N, HN, 0, HO C5 C,HC 0 

B Hemi-methylated 39.00 109.50 26.95 183.60 47.25 132.75 539.00 

Z Hemi-methylated 43.45 112.20 23.15 178.75 39.90 136.45 533.90 



Table 14: Calculated solvation free energies (SFEs) and the corresponding B- to Z-DNA transition 
free energies AGT(B_z) of dinucleotide sequences for the hemi-methylated structure. 

Dinucleoti de SFE (kcal/mol per dinucleotide)
 
sequence SFE (B) SFE (z) ASFE(z_B) AGT(B-z)*
 

Hemi-methylated -12.08 -12.58 -0.50 0.04 

* Calculated from the relationship AGT(B.z) = 1.30 X ASFE(z_B) + 0.69 kcal/mol per dinucleotide as derived from the relationship 
analogous to that in Kagawa, et al., 1993. 

N
 
......11 
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hemi-methylated ASFE (-0.50) is between the other two models. In addition, 

the hemi-methylated ASFE is slightly less than zero, more stable than the 

HUM model or the unmethylated structure. Previously reported calculations 

(Kagawa, et al., 1993) show the ASFE for the fully methylated structure to be 

0.87 kcal/mol per dinucleotide and 0.29 kcal/mol per dinucleotide for the 

unmethylated structure. The ASFE directly between the fully and the 

unmethylated structures is -0.29 kcal/mol per dinucleotide. The hemi

methylated structure appears to be unique from either the fully or the 

unmethylated structure, yet is slightly closer to the unmethylated structure. 

Thus, from a comparison of the RMS deviation, the helical parameters, 

and the hydration of the solvent accessible surfaces, the hemi-methylated 

structure of d(CG)3 as Z-DNA is truely intermediate between the fully 

methylated and unmethylated d(CG)3 structures. 

Salt Titrations 

A salt titration experiment was used to study Z-DNA stability in 

solution. Differences in B and Z-DNA have been recorded spectroscopically 

(for review and references see Rich, A., et al., 1984 pp.804-805). In this study, 

ultraviolet (UV) and circular dichroism (CD) spectroscopy were used to 

monitor the transition from B- to Z-DNA. 

An inversion of the CD spectra was observed when poly(dG-dC) was 

placed in a high salt solution (4M NaCl) versus a low salt solution (0.1M 

NaC1) (Pohl, 1971; Pohl and Jovin, 1972). This was subsequently interpreted as 
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the low salt form representing right-handed B-DNA while the high salt form 

was left-handed Z-DNA. The B-form has a positive band with a maximum 

near 275nm and a negative band with a minimum around 252nm. The Z-

form shows a negative band with a minimum near 292nm and a positive 

band with a maximum near 264nm. In solution, an equilibrium exists 

between the two forms, and the actual distribution betweeen the two states is 

influenced by environmental conditions as well as by the sequence of the 

nucleotides. 

The UV spectra is typically analyzed at 260nm and 295nm. The 

transition from the B-form to the Z-form is characterized by hypochroism at 

260nm and hyperchroism at 295nm. In addition, the A260 /A295 ratio is an 

indication of the Z-form, with the ratio decreasing as the presence of Z-DNA 

increases. Pohl and Jovin (1982) demonstrated that formation of the left-

handed state was characterised by an apparent red shift in the UV spectrum of 

poly (dG-dC). The difference spectrum had a maximum at 295 nm and the 

A260/A295 ratio changed from 8.5 for the right-handed form to 3.2 for the left-

handed state. 

In this study, the salt titration experiment was performed to determine 

whether what was observed crystallographically and predicted from the 

calculations applies in solution. The B- to Z-DNA transition in solution for a 

fully methylated, unmethylated, and hemi-methylated sequence of 24 base 

pairs was induced by the titration with varying concentrations of MgCl2, and 

monitoring the transition by UV absorptions at 260nm and 294nm. From 
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these results, the A263/A294 ratio was then calculated. In addition, the CD 

spectra at various salt concentrations were recorded to confirm that the 

results from the A250/A294 ratios do indeed characterize the B- to Z-DNA 

transition. 

The %Z-DNA and A260/A294 ratio for each salt concentration for the 

three sequences studied are listed in Table 15. As shown in Figure 7, the B- to 

Z-DNA transition occurred near 1.0M for the hemi-methylated sequence. 

The titration curves for the fully methylated and -unmethylated sequences 

were both similar in shape. The unmethylated sequence also resulted in a B-

to Z-DNA transition near 1.0M MgC12. However, the fully methylated 

sequence showed a transition at 5.0mM, which is a much lower salt 

concentration and is consistent with previous studies (Pohl and Jovin, 1972; 

Behe and Felsenfeld, 1981; Kagawa, et al., 1993). 

The CD curves illustrated in Figure 8 gives the results of the hemi

methylated sequence at the low salt and the high salt concentrations. As 

expected, the CD confirmed what was seen in the UV results. The hemi

methylated behaved similar to the unmethylated structure in solution with 

the B- to Z-DNA transition occurring near 1.0M. The fully methylated CD 

results showed the transition to be near 5.0mM, the same as the UV result. 

The titration curves in Figure 9 of %Z-DNA as a function of CS shows 

the effects of MgC12 on the midpoint of the B- to Z-DNA transition for the 

d(CG) sequences tested in this study. The curve of the hemi-methylated 



Table 15: Salt titration (MgC12) results; ultraviolet (UV) ratio, and %Z-DNA. 

Fully Hemi Un 
methylated methylated methylated 

Salt 
Concentration 01)260 %Z °D76() %Z OD960 %Z 

0D294 OD294 0D294 

0.0mM 3.53 0 5.37 12.17 6.06 3.96 
0.100mM 3.25 18.52 5.38 12.20 5.99 5.94 
0.500mM 2.73 61.48 5.41 14.30 5.52 19.80 
1.0mM 2.73 61.48 5.75 11.00 5.81 10.89 
5.0mM 2.65 69.63 5.71 1.89 6.02 4.95 
20.0mM 2.64 71.11 5.81 2.61 5.88 8.91 
100.0mM 2.66 68.89 5.81 0.26 6.10 2.97 
500.0mM 2.56 80.00 5.35 0.00 6.21 0.00 
1.0M 2.51 85.19 4.18 13.01 5.71 13.86 
2.0M 2.39 100.00 3.42 56.16 3.98 89.11 
5.0M NA NA NA NA 3.82 100.00 
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Figure 7: Representative ultra violet (UV) spectra for the hemi-methylated 
sequence at a low and high salt (MgCl2) concentration showing the 
conversion of the B-form to the Z-form as the salt concentration increased. 
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Figure 8: Circular dichroism result for the hemi-methylated d(CG) sequence 
in low and high salt (MgC12) concentration showing the transition for the B-
form to the Z-form. Similar curves were obtained for the fully methylated 
and unmethylated sequences, differing only in the concentration required for 
the fully methylated sequence to convert to the Z-form. 
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Figure 9: Salt titration curves for the fully methylated, hemi-methylated and 
unmethylated d(CG) sequences. %Z-DNA is plotted against molar 
concentration of MgC12. The squares represent the unmethylated d(CG)12 
sequence. The circles represent the fully methylated d(m5CG)12 sequence. 
The diamonds represent the hemi-methylated d(m5CGCG)3 d(CG)6 
sequence. 
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structure lies between the fully methylated and the unmethylated curves, yet 

follows the unmethylated curve in form. The midpoint of transition for the 

hemi-methylated structure (0.85M) also lies between the fully methylated 

midpoint (0.40mM) and the unmethylated midpoint (1.25M). 
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FINAL DISCUSSION
 

The 1.4 A crystal structure of the sequence d(CGCGm5CG) in the left-

handed Z-conformation is presented to study the effects of placing a single 

methylation at the fifth cytosine on the carbon C5 position. These results are 

compared to those obtained for a fully methylated and unmethylated d(CG)3 

Z-DNA crystal structure in order to evaluate the hydrophobic effect on the B-

to Z-DNA transition. The stability of the hemi-methylated Z-DNA sequence 

and its ability to adopt the left-handed conformation in solution as compared 

to both a fully methylated and unmethylated sequence was also examined. 

The original ASFE calculations based solely on computer modeling 

predicted two models and thus two conditions which the hemi-methylated 

structure may follow, the DFM or the HUM. The DFM model was based on 

the de-methylation of a fully methylated structure, leaving two cytosine bases 

methylated at CYT 5 and CYT 11. The HUM model was based on the 

methylation of an unmethylated structure, resulting again in two cytosine 

bases being methylated at CYT 5 and CYT 11. Since the ASFE for the hemi

methylated crystal was slightly less than zero (ASFE = -0.50 kcal/mol per 

dinucleotide), it is more stable than the HUM model which was derived from 

the unmethylated d(CG)3 structure. This ASFE value was close to the 

midpoint value for the differences between the ASFE calculated for the DFM 

model (ASFE = -1.01 kcal/mol per dinucleotide) and HUM model (ASFE = 0.08 

kcal/mol per dinucleotide). This indicated that the hemi-methylated 
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sequence was clearly an intermediate between the DFM and HUM models. 

Thus it can be concluded that one methyl group on a hexamer duplex (thus 

two cytosines are methylated), or the addition of a second methyl group to the 

hexamer duplex are both equally important and stabilizes Z-DNA to the same 

extent. 

The crystallization conditions favored those of the DFM model, 

crystallizing at a low CS (0.23M). The solving of the hemi-methylated d(CG)3 

crystal structure showed it to be a unique structure. The helical parameters 

also indicated that the hemi-methylated structure was behaving as an 

intermediate between the fully methylated and the unmethylated structure. 

Although the overall RMS appeared to favor the unmethylated structure on 

a global level, there did exist residues that favored the fully methylated 

structure at the local level as well as residues that were distinct from either 

the unmethylated or the fully methylated structure. 

Since puckering modes are considered to be influenced by 

modifications to the base (Saenger, p.62), it may partly explain some of the 

differences noted within the helical parameters and sugar puckers. The 

current explanation for the sugar ring changes noted, mainly the flatness, is 

that it is due to the interaction of the methyl group with respect to the helical 

twist angle. The helical twist angle for B-DNA is the same for each successive 

base pair, yet in Z-DNA, the helical twist angle is different for the sequence 

CG or GC. For the fully methylated hexamer, the twist angle for the CG base 

pair ranged from -12.3°to -14.3°with -13.0° resulting for the internal pair, 
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whereas the unmethylated structure ranged from -7.3° to -10.7° with -7.7° for 

the internal base pair. These results are in agreement with previously 

reported results (Fujii, 1982). The hemi-methylated structure had a twist 

angle range of -8.6°to -13.3° with the internal base pair showing a twist angle 

of -9.8°. The results for the twist angle for the GC base pair in the hemi

methylated structure were in between that of the fully methylated and 

unmethylated twist angles. The methyl group apparently increases the 

helical twist, but not to the same extent in the hemi-methylated structure to 

that of the fully methylated structure. This may be a result of having only the 

CYT 5 and CYT 11 methylated, as in the case of the hemi-methylated 

structure, rather than having all available cytosines methylated as in the fully 

methylated structure. The increase in twist angle can be explained by van der 

Waals contacts that are made by the methyl group and the adjacent 

guanosine. The methyl group is in a recessed position so that it is under the 

imidazole group of guanine and makes van der Waals contact with it. In 

addition, it is in close contact with C2' and C1' of the adjacent guanosine. If 

one was to methylate an unmethylated structure at the cytosine carbon 5 

position, the contact made with the adjacent C2' guanosine would be too close 

to allow van der Waals contacts to be made. Thus it appears as if the 

methylated structure relaxes its guanosine sugar residue in order to relieve an 

unacceptable van der Waals contact, producing the obvserved increase in 

helix twist angle and flattening of the sugar ring. 
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The salt titration studies performed to study Z-DNA in solution
 

resulted in the hemi-methylated d(m5CGCG)3-d(CG)6 sequence behaving 

similar to what was observed in the crystal studies. The transition midpoint 

for the right-handed B-form to the left-handed Z-form occurred at a low salt 

(0.40 mM) concentration for the fully methylated sequence as expected and a 

high salt (1.25 M) concentration for the unmethylated sequence. Both results 

were consistent with previous studies. The hemi-methylated had a B- to Z

DNA transition midpoint (0.85 M), in between the fully methylated and 

unmethylated transition midpoints. This supports the conclusion that the 

effects of hemi-methylation on a d(CG) sequence tend to result in a unique 

structure. 

The experiments performed in this study indicated that the hemi

methylated structure behaved similarly when in the crystal form versus 

when in solution. Methyl group addition was shown to have an additive 

effect and to behave in a cooperative manner. Further studies can be explored 

with incorporation of polyamines into the crystal set-up. As was indicated in 

Table 3 (table of crystallization conditions), the fully methylated and the 

unmethylated structures used for the computer modeling studies both were 

crystallized in the presence of polyamines, specifically the polyamine 

spermine. It has been shown that various ions such as the protonated amino 

and imino groups of the polycation spermine displace and replace water 

molecules in the first hydration shell (Gessner, et al., 1994). Biologically 
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relevent are the recent studies with polyamine-polynucleotide complexes 

which demonstrated that ligand-induced Z-DNA formation is sufficient to 

produce anti-(Z-DNA) antibodies (Gunnia, et al., 1991). 

In order to relate the qualitative B- to Z-DNA transition energies 

(AGT(3-z) ), it would be necessary to measure the transition in closed circular 

plasmid DNAs. Calculation of the transition energies for various 

dinucleotides can be studied by determining the degree of negative 

superhelicity required to induce the Z-DNA of sequences inserted into the 

plasmid. One future study may involve the construction of an hemi

methylated sequence as the one used in this study and its incorporation into a 

plasmid. 

These studies showed how predictions could be made in terms of 

conformational stability of a particular nucleic acid sequence, and how this 

could be used for crystallization. The effects of hemi-methylation on a d(CG)3 

Z-DNA sequence thus could be explored and compared to previous studies on 

the fully methylated and unmethylated d(CG)3 Z-DNA crystal sequences. 

Solution studies provided further support of the crystal studies as well as an 

understanding of the effects of hemi-methylated d(CG) Z-DNA sequences and 

their stability. 
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