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This thesis uses the stabilization of Z-DNA by demethylation of

thymine as a model to understand solvent-macromolecular

interactions and their role in determining macromolecular
conformation. The hydration energy of a macromolecule is an

estimate of solvent-macromolecular interactions and has
successfully been used to explain the relative stabilities of different
dinucleotides as Z-DNA (Kagawa et al.,1989). As an extension of this,
the instability of d(TA) as Z-DNA was found to be due partly to a

decrease in exposed hydrophilic surface of the methyl group of
thymine; thus, d(UA) dinucleotides were predicted to be more stable as
Z-DNA than the analogous d(TA) dinucleotides. This prediction was

confirmed by the finding that the hexamer d(m5CGUAm5CG)

crystallized as Z-DNA at 2-fold lower salt concentration than
d(m5CGTAm5CG).

The structure of d(m5CGUAm5CG) was solved as Z-DNA to 1.3 A

and then compared with the previously published structure of

d(m5CGTAm5CG). The stabilization of d(UA) dinucleotides in the Z-

conformation was found to be due to a magnesium water complex

binding at the major groove and four ordered water molecules binding
in the minor groove crevice of the d(UA) dinucleotides. The binding of

the magnesium cluster at the major groove was consistent with the

predictions from the hydration surface analysis, whereas the binding
of waters in the minor groove was proposed to be the result of the

binding of the magnesium cluster at the major groove. This model
was described as a scissors model.

The stabilization of Z-conformation due to the demethylation
of thymine was further analyzed from the crystal structures of
d(m5CGUAm5CG) and d(m5CGTAm5CG) by AMBER and hydration

energy calculations. The results show that the stabilization of Z-DNA
by d(UA) dinucleotides comes from DNA -solvent interactions, not

from internal DNA interactions.

In addition, the energy minimized

structures of d(m5CGUAm5CQ) and d(m5CGTAm5CG) in aqueous

solution show that modification at the major groove can indeed result
in the binding of waters to the minor groove and stabilization of d(UA)
in the Z-conformation. This result suggests that solvent interaction

is the driving force in determining macromolecular conformation
and that solvent macromolecular interactions must be considered to
correctly predict the macromolecular conformations.
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Chapter 1

Introduction

2

'We wish to suggest a structure for the salt of deoxyribose nucleic
acid (D.N.A)". This is the first sentence of Watson and Crick's classic
paper on the double helical model of DNA (Watson and Crick, 1953).

This model has had a profound effect on life science research in the

twentieth century and has become a historic landmark of modern
biochemistry. Since then, the biological significance of the proposed
double helical model of DNA has been extensively studied over a broad

range of biological disciplines. Based on this model, the mechanisms

of replication, transcription and translation, the central dogma of
biology, were established and field of molecular biology was born.

The detailed structure of DNA has been studied for almost 40

years in parallel with its biological significance. Several other
conformations of DNA which are extensions of the Watson-Crick
model, including both the right handed A-, B-, C-, D- forms and the

left-handed Z-form have been discovered and characterized from x-

ray diffraction, spectroscopy and other methods. High resolution
structures of A-, B- and Z-form DNA have been determined from single

crystal x-ray diffraction studies of oligonucleotides. Among these
different conformations, the DNA molecule is still an antiparallel
double helix with standard Watson-Crick base pairs, even though the

detailed helical parameters and structures have varied.
The DNA molecule can change from one conformation to

another conformation to adjust to environmental changes. For
example, at high relative humidities, B-DNA is generally observed,
whereas the A-form has been seen at lower humidities. These results

show that DNA is a polymorphic molecule. This polymorphism is
believed to participate in the regulation of gene expression. The
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hypothesis at the foundation of this concept is that DNA does not have

the same conformation throughout its entire length; instead, it has
interesting structural variations at certain positions (Wells et al.,
1977). Different sequences would have different conformations, and
different conformations would have different effects on gene
expression and gene regulation. However, the detailed mechanism for

the regulation by different conformations of DNA is unknown at this

time.
The biological significance of the polymorphism of DNA can be
better understood if the physical reasons for the relative stability of
different conformations of DNA are clearly understood. From this

understanding, a specific conformation could be assigned to a specific
region of DNA to help to characterize the function of this region. In a
DNA solution, the most stable state of DNA is the state with the lowest
Gibbs free energy. If the Gibbs free energy (AG°) of DNA in solution

could be determined very accurately under any condition, then the

relative stabilities of different conformations of DNA could be easily
assigned. This is impossible at present, but work has been done to
approach the problem. Molecular mechanics approaches, such as
AMBER (Weiner and Kollman, 1981) and CHARMM (Brooks et al.,
1983), have been developed to calculate the enthalpic contribution to

the internal energies of a macromolecule, which includes the

interactions within a macromolecule. The entropic contribution to
the internal energy can be calculated from normal mode analysis by
molecular dynamics (Irikura et al.,1985). These methods, however,
have not been successful at predicting the stable conformation of a

macromolecule. The major reason is that these models do not
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generally include solvent-macromolecular interactions. To be
comparable to the conditions in solution, model molecules have been
minimized and analyzed in aqueous solutions (Cieplak and Kollman,
1988). However, this method is time consuming, and is possible only

for small molecules. In order to develop a reliable prediction method

to determine the relative stability of different conformations of
macromolecules, a quick and accurate method of incorporating
solvent interactions must be developed.

It has been proposed that a good estimate of solvent interactions
can be derived from the hydration energy of a molecule (Eisenberg and

McLachlan, 1986). The hydration energy of a compound is defined as
the energy required to transfer the compound from an organic solvent

to water. This can be thought of as the energy needed to transfer an
amino acid from inside of a protein to the surface of the protein. This

semiempirical approach to estimating the contributions of solvent
interactions on molecular structures was first developed by Langmuir
(1925). The method was extended by Eisenberg and McLachlan (1986)

to compare the relative stability of different conformations of

proteins. They found that the hydration energy for the native form of
haemerythrin was much lower than those of any improperly folded
conformation of the protein. This method was extended to the

equilibrium studies of the B to Z transition of DNA for different
sequences by using hydration energy as a measure of the solvent
DNA interactions (Kagawa et al., 1989). There are two reasons for
selecting the B to Z transition of DNA as the model system for

studying the relative stability of different conformations of
macromolecules. First, DNA is a simple regularly repeating structure.
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In addition, a number of thermodynamic parameters for the stability
of these two DNA conformations have been experimentally
determined. These data can be used to compare with theoretical
calculations for the relative stability of B- and Z-DNA. Furthermore,
the B- to Z-DNA transition is an entropically driven transition,
suggesting that it is dependent on the water activity of the solution

and on DNA-solvent interactions. It is possible that solvent-DNA
interactions alone can explain the thermodynamics of the B- to Z-

DNA transition.
After developing new parameters for DNA, the hydration
energies of both B-conformation and Z-conformation of different
DNA sequences were calculated by Kagawa et al (1989). From the

differences in hydration energies of Z-DNA versus B-DNA, they

successfully predicted the order of the relative stability of
dinucleotides in the Z-conformation as d(m5CG) > d(CG) > d(CA)d(TG)
> d(TA). This is the same as the experimentally determined hierarchy

and suggests that hydration energy calculations could be used to
explain the relative stability of DNA in the Z-conformation.

The question addressed in this thesis is why d(TA) is so unstable
as Z-DNA. From the analysis of the solvent accessible surface of d(TA)
dinucleotide in the Z- and B-conformations of DNA, one potential

factor which appeared to destabilize d(TA) dinucleotide as Z-DNA was
the methyl group at the C5 position of thymine. This methyl group
increases the hydrophobic surface of Z-DNA, thereby increasing the
hydration energy of d(TA) and destabilizing the Z-conformation

(Kagawa et al, 1989). If this analysis is correct, then, what will happen
to the ability of d(TA) dinucleotides to adopt the Z-conformation if the
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methyl group is substituted by a hydrogen atom? This will be the

specific question addressed in this dissertation. After replacing the
methyl group with a hydrogen atom, deoxythymidine will be changed

to deoxyuridine. In Chapter 2 of this thesis, the relative stability of
d(UA) dinucleotides and d(TA) dinucleotides will be compared using

hydration energy calculations. The calculations predict that d(UA)
dinucleotides will be more stable as Z-DNA than d(TA) dinucleotides.
The prediction will be supported from the comparison of the
crystallization condition of d(m5CGUAm5CG) with the

crystallization conditions of other hexamers. In Chapter 3 of this
thesis, the structure of d(m5CGUAm5CG) which contains the d(UA)
dinucleotide has been solved as Z-DNA to 1.3 A resolution by single

crystal x-ray diffraction. The structure will be compared with the
published structure of d(m5CGTAm5CG) (Wang et al., 1984) to study the

structural basis for why d(UA) is more stable as Z-DNA than d(TA). In

Chapter 4 of this thesis, the crystal structures of both
d(m5CGUAm5CG) and d(m5CGTAm5CG) have been analyzed both by

AMBER and by hydration energy calculations. The calculations
confirm the results of hydration energy calculation of the model
structures and also show that AMBER alone cannot be used to predict

the relative stability of the Z-conformation of DNA. In addition, the
differences in the minor groove of TA and UA base pairs in the crystal
structures have been modeled in an aqueous environment by AMBER.

The results support the model proposed to explain the stability of
d(UA) dinucleotides as Z-DNA in Chapter 3. In summary, through the

studies in thesis, d(UA) was shown to be more stable in the Z

conformation than d(TA) because of the absence of the methyl group at
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the major groove. A detailed structural model was proposed to explain
the stability of d(UA) in the Z-conformation. This model has been
supported from the AMBER analysis of DNA under an aqueous

environment. These results show that hydration energies must be
included to correctly predict the relative stability of different
conformations of DNA.

The remainder of this chapter reviews some background

material that are relevant to this thesis. First, the polymorphism of
DNA will be reviewed to give an overall picture of DNA structure.

Then, the characteristics of Z-DNA and its history will be
summarized. After that, single crystal studies of Z-DNA will be

reviewed. Finally, thermodynamic studies on the B- to Z-DNA
transition will be presented.
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A. The Polymorphism of DNA:

Most of our earlier understanding of the organization of DNA
comes from fiber X-ray diffraction studies (for reviews see Arnott,
1970; Arnott, 1981; Fuller & Mahendrasingam, 1987). This method

has the advantage that data can be easily obtained, but is limited by
the low resolution of these data. More detailed structural information
can be obtained from single crystal x-ray diffraction studies (for
recent reviews see Dickerson,1990). From these studies, it is known

that DNA can adopt different conformations according to different

environmental conditions. This section will start with an overview
of DNA conformations followed by a comparison of the structural

relation among different conformations.
The initial fiber diffraction studies on DNA were performed by
Franklin and Gosling in 1953 (1953a, b) on the crystalline DNA fiber
pulled from calf thymus DNA solution with no excess of salt. The first

correct model for this x-ray diffraction pattern was proposed by
Watson and Crick in 1953 (Watson and Crick, 1953). Based on Wilkins
and Franklin's original diffraction pattern (1953), Chargaffs

experimental results showing that the ratio of the amounts of adenine
to thymine, and the ratio of guanine to cytosine, are always very close
to unity for DNA (Zamehof et al., 1952), the atomic structure of

deoxycytidine, plus the hypothesis for hydrogen bonding of G with C,
and A with T bases (Watson and Crick, 1953), Watson and Crick
proposed a double helical model for DNA. In this model, the strands

are antiparallel forming a right handed helix with 10 base pairs per
turn. This structure is known as B-DNA and is generally considered to
be the conformation of DNA under physiological conditions.
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Recently, the high resolution (to 1.4 A) structure of B-DNA has been

obtained from single crystal x-ray diffraction of a decamer (see review

Dickerson, 1990). The overall structural geometry in the crystal was
the same as that in Watson and Crick's original model except that the
C3'-endo deoxyribose in the proposed model has been inverted to a C2'-

endo conformation in the crystal structure.
Since then, several other forms of DNA, including both the right
handed A-, B-, C- and D-conformations of DNA and the left handed Z-

conformation of DNA have been observed experimentally. The

parameters of these conformations and conditions that stabilize each
of these conformations are summarized in Table 1.1. Before
comparing the differences among these conformations, some
definitions for the basic parameters of the DNA double helix will be
introduced.

DNA is a double helix with antiparallel strands. The bases are
paired with each other by hydrogen bonds and have tilt angles of 50 to
200. The tilt angle is defined as the angle between the two base planes

of the base pair versus the helical axis. The deoxyribose

conformation, known as the sugar pucker, is defined by placing three
of the five atoms in a reference plane, with the other two atoms on
either side of this deoxyribose plane. The pucker is C2' endo if the C2'
atom is above the deoxyribose plane and on the same side of the C5'

atom. The major sugar puckers found in DNA structures are C2' endo
and C3' endo.

The B-conformation of DNA (Table 1.1) is a double helix with

10.0 to 10.5 base pairs per turn and a rise of 3.4 A per base pair. The

Table 1.1. Summary of DNA Conformations Observed from Fiber X-ray Diffraction Studies
(Fuller and Mahendrasingam, 1987)
A-DNA

B-DNA

C-DNA

D-DNA

Z-DNA

Helical Angle

32.70

36.00

38.60

45.00

-30.00

Helical Repeat

11

10

9.33

8

12

Rise per Residue

2.56

3.4

3.32

3.03

3.6(ZI)

Sugar Pucker

C2' endo

CS endo

N.A.

N.A.

C2' endo(pyr)
04' endo(pur)

Relative Humidity

<85%

Na+ >92%
Li+ >57%

<66%

<92%

<85% (Z1)
>92% (Z11)

Ionic

Except Li+ and

Li+, crystalline.

K+,Rb+,Cs+

Conditions
for stabilization

divalent ions

others,
semicryst.

most ions
at low ionic

low-high conc.

high ionic
condition

conc.

others
medium.
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deoxyriboses are in the C2' endo conformation. B-DNA is considered
to be the conformation of DNA under physiological conditions. It is

stable at humidities above 92% for the sodium salt solution of DNA.

For lithium salt solutions, the B-conformation is stable at humidities
over 57%.

A-DNA is the conformation of DNA at lower humidity (less than

85%) with no excess salt (Fuller et al., 1965; Chandrasekaran et al.,

1989). It has 11 base pairs per turn and a rise of 2.6 A per base pair.
The deoxyriboses are in the C3' endo conformation. The base pairs are
tilted 200 about the helical axis. The A-conformation of DNA is wider

and shorter than B-conformation. There is a deep major groove in ADNA, whereas the minor groove is shallow relative to B-DNA.
C-DNA is a conformation with 9 base pairs per turn and 3.3 A

per base pair (Marvin et al., 1961; Rhodes et al., 1982). It has only been
observed by fiber x-ray diffraction and it is stable at very low

humidities (less than 66%).
D-DNA, which is observed by fiber x-ray diffraction of poly(dTdA) (Davies and Baldwin, 1963), is a conformation with 8 base pairs

per turn. Both left handed (Mitsui et al., 1970) and right handed
models (Arnott et al., 1974) have been proposed. Recently, the

observed reversible lime-resolved B- to D-DNA transition supported
the assignment of the D-conformation of DNA as a right handed

conformation (Mahendrasingam et al., 1983, 1986).
The only observed left-handed DNA is Z-DNA (for review, see
for example Rich et al., 1984). It is stable under high salt conditions
for those sequences with alternating purines and pyrimidines. It is a

left-handed helix with 12 base pairs per turn. The conformation of
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the bases relative to the deoxyribose alternate between anti and syn

with the pyrimidine bases in the anti conformation with C2' endo
deoxyriboses, and the purine bases in the syn conformation with 04'
endo deoxyriboses.
In summary, DNA is a polymorphic molecule. From D- to C-, to
B-, to A- and to the Z-conformation, the DNA helix is untwisted from 8

bp/turn to -12 bp/turn. In general, the B-conformation is stable at
physiological conditions, the A-conformation is stable at less than
85% humidity with no excess of salt, the C-conformation is stable in
low salt at less than 66% humidity, the D-conformation is stable for

those sequences that do not have guanine nucleotides, and the Z-

conformation is stable at high salt solutions for alternating purine
and pyrimidine sequences. The stability of each conformation is
dependent on the sequence of the DNA. A complete study from fiber x-

ray diffraction of the possible conformations of different nucleotide
sequences has been reported by Leslie and Arnott (1980).
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B. The characteristics of Z-DNA:

It is surprising that the first crystallographically determined
DNA structure was left-handed. It was called Z-DNA because of the

zig-zag pattern of the phosphate groups. The initial discoveries of the
Z-conformation of d(CGCGCG) (Wang et al., 1979) and d(CGCG) (Drew et

al., 1980) have now been extended to other sequences. The left-handed

conformation has also been observed in solution by circular
dichroism (Pohl and Jovin, 1972), NMR (Feigon et al., 1984) and

Raman spectroscopy (Rich et al., 1984). In this section, the discovery
of Z-DNA will be discussed first. Then, the spectroscopic difference
between B-DNA and Z-DNA will be summarized. Next, the

stabilization of Z-DNA by salt and base modification will be reviewed.

Finally, the relative stability of different sequences in Z-DNA will be
presented.
The first evidence of a left-handed form of DNA came from Pohl

and Jovin's experiment (1972). In their experiment, a hypochromism
at 260 nm and a hyperchromism at 295 nm were observed in the UV
absorption spectra of poly(dG-dC) as the salt concentration was

increased. An inversion of the CD spectrum from low salt to high salt

concentration was also observed. This highly cooperative, saltinduced transition was called the R to L transition. After solving the
first crystal structure of d(CGCGCG) as left handed Z-DNA, Wang et al.

(1980) suggested that the high salt form of poly(dG-dC) observed by

Pohl and Jovin was a left handed structure equivalent to Z-DNA. This
hypothesis was soon confirmed from fiber diffraction (Arnott et al,
1980), NMR and Raman studies (Rich et al., 1984). Since then, the

characteristics of Z-DNA, including its stability, its sequence
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specificity, its detailed structure and its biological function have been
studied. The progress in these fields has been summarized in several
reviews (Jovin et al., 1983; Rich et al., 1984; Leng, 1985; Singleton,
1985; Latha & Brahmachari, 1986; Jovin et al., 1987).
Z-DNA can be distinguished from B-DNA by UV spectroscopy.

In going from B- to Z-DNA, the UV spectrum is characterized by a

hypochromism at 260 nm, and hyperchromism at 294 nm (Pohl and
Jovin, 1972). In the difference spectrum of Z- minus B-DNA, the

wavelength for the absorbance maximum is at 295 nm, the

absorbance minimum is at 246 nm and the isosbestic point is at 266
nm (Pohl and Jovin, 1972).
B-DNA and Z-DNA can be better distinguished by UV circular

dichroism spectroscopy (Pohl & Jovin, 1972; Bene & Felsenfeld, 1981).

There is a positive band at 280 nm in the UV CD spectrum of B-DNA.
However, this band is converted to a more intense negative band with

a minimum at 290 nm in the IN CD spectrum of Z-DNA. Similarly,
there is an inversion of the negative band at 253 nm to a positive band
at 265 nm going from B- to Z-DNA. The CD spectrum in the vacuum

UV region is more sensitive to the conformation. The B-DNA

spectrum has a large positive peak at 187 nm while the Z-DNA
spectrum has a large negative valley at 194 nm and a positive band
below 186 nm (Rich et al., 1984).

The B- to Z-DNA transition can be thought of as an equilibrium.

In this equilibrium, B-DNA is usually in the lower energy state in the
native condition. Z-DNA can become the lower energy state only
when the system is perturbed in some way to stabilize it. The major
instability of the Z- relative to B-form of DNA is due to the shorter
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phosphate- phosphate distances in Z-DNA (7.7 A compared to 11.7 A
in B-DNA) (Wang et al., 1981). This instability can be overcome by

high salt concentrations in solution (for review, see Jovin et al., 1983).

Z-DNA can be stabilized in high salt solutions. The first
observed B-Z transition was induced by NaC1 and MgCl2 (Pohl and

Jovin, 1972). Two possible reasons can be used to explain the

stabilization of Z-DNA by high salt. First, cations can bind to the
phosphate groups of DNA and decrease their effective charge. This

reduces the electrostatic repulsion between phosphate groups of ZDNA and stabilizes this conformation. Another effect involes
specific binding of cation water complexes to the major groove of ZDNA. This stabilizes Z-DNA and drives the B to Z equilibrium

towards the Z-conformation. Z-DNA can more effectively be

stabilized by divalent cations than monovalent cations. For example,
the midpoint of the B-Z transition of poly(dG-dC) is at 0.66 M MgC12 vs
2.56 M NaC1 (Pohl & Jovin, 1972). Polycations, such as spermidine

and spermine, stabilize Z-conformation even more effectively.
Z-DNA can also be stabilized by base modifications. For

example, methylation at the C5 carbon of cytosine stabilizes the Zconformation as observed by the decrease in midpoint of the
transition from 2.56 M NaC1 to 0.7 M NaCl. (Bene & Felsenfeld, 1981).

Bromination and other halogenation at the same position of cytosine
is even more effective at stabilizing Z-DNA (McIntosh et al., 1983).

Methylation and bromination at C8 and N7 positions of guanine can
also stabilize Z-DNA (Moller et al., 1981; Uesugi et al, 1982). From

NMR and CD studies, the substitution of T by U or substitution of A by
D (D=2-Aminoadenine) helps to stabilize d(TA) type base pairs as Z-
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DNA (Jovin et al., 1983). The summary of the base modifications

which affect the B-Z transition are presented in Table 1.2.
The relative stabilities of Z-DNA has been observed both from
CD and fiber diffraction studies to be sequence dependent. For
example, the B-Z transition for poly(dG-dC) can be easily induced by
2.56 M NaC1, whereas for poly(dA-dC)poly(dG-dT), the B-Z transition

requires more extreme conditions (4.8 M NaC104 at 170C) (Jovin et al.,
1983). Recently, Poly(dA-dT) has been reported to be induced to the Z-

conformation by NiC12 under high salt concentration (Jovin et al.,

1983). This suggests that the order of relative stability in Z-form is
d(CG) > d(CA)d(TG) > d(TA).
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Table 1.2 Factors that Stabilize Z-DNA (Rich et aL, 1984)

Intrinsic Factors
DNA Sequences

(dC-dG) > (dC-dA).(dT-dG) > (dT-dA)

Base Substitution

C5-pyr: iodo>bromo>methyl»H=aza(C5->N5)

C8-pur: bromo » H

N7-pur: methyl » non alkylation
N2-pur:

Backbone

Note:

G > I; n2A > A

04-pyr: S >0
5'P-pyr: S » 0
5'P-pur: 0»S

Pur: Purine Base
Pyr: Pyrimidine Base
5'P: 05 of Phosphate Group
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C. Single crystal studies of Z-DNA:

The major breakthroughs in single crystal studies of DNA
occurred in the late 1970s. After successfully obtaining single crystals
of a dideoxynucleotide (Rosenberg et al., 1973; Day, et al., 1973; Wang

et al., 1978), attempts were made to crystallize both tetramer and
hexamer DNA sequences containing guanines and cytosines. The selfcomplementary tetramer d(CGCG) was first crystallized from high salt
solution using the vapor diffusion method (Drew et al., 1978). The

first molecular structure of an oligonucleotide, however, was solved
for d(CGCGCG) by Wang et al. (1979), followed by Drew et al. (1980) for

d(CGCG). It was surprising that the structure of d(CGCGCG) was neither
A-form, nor B-form DNA. It was a left handed double helix having 12

standard Watson-Crick base pairs per turn. This form of DNA was
called Z-DNA because of the zig-zag pattern of the backbone. Since

then, a number of other sequences have been crystallized and solved
as Z-DNA. These results have been summarized in several reviews
(Jovin et al., 1983; Rich et al., 1984; Leng, 1985; Singleton, 1985; Latha

& Brahmachari, 1986; Jovin et al., 1987). In this section, the Z-DNA

structure of different sequences determined from single crystal x-ray
diffraction will be discussed. Then, the effect of water and salt on the
stability of Z-DNA will be reviewed.
In contrast to A-DNA and B-DNA, Z-DNA is a left handed double

helix with the dinucleotide as the repeat unit. The pyrimidines in the
Z-form are in anti conformation with C2' endo deoxyriboses. The
purines are in the syn conformation, with its deoxyriboses in the C3'
endo conformation. After compiling most of the published data,
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Dickerson suggested that the most stable form for the deoxyriboses of
purines in Z-DNA is 04' endo (Dickerson, 1988).
Z-DNA is longer and slimier than B-DNA. The base pairs are

moved toward the major groove so that the minor groove becomes a
deep and narrow crevice, while the major groove is a convex and open
surface. A summary of all Z-DNA sequences whose crystal structures

have been solved to date are listed in Table 1.3.
The first crystallized DNA of defined sequence was the selfcomplementary hexamer d(CGCGCG) (Wang et al.,1979). The structure

of this hexamer has been refined to 0.9 A (Gessner, 1989). The
structures of d(CGCGCG) with Mg2+, Ba2+, spermidine, spermine, etc.

have been studied to examine the effects of different salts on the ZDNA structure (Wang et al., 1981). The structures of left handed Z-DNA

have also been determined from crystals of the tetramer d(CGCG)
obtained from both high salt (Drew et al., 1980) and low salt solution
(Crawford et al., 1980). All these crystals give a similar structure,

suggesting that left handed form is a native form of DNA under high

salt condition. Among the crystal structures of Z-DNA, two
conformations have been found for the phosphate at the 5' end of

guanine. The conformation Z1 is gauche(-)-trans with two oxygen
atoms of the phosphate group facing towards the minor groove. The
Z2 conformation is a gauche(+)-trans conformation with the oxygens

of the phosphate rotated away from the groove and forming a
hydrogen bond to the magnesium cluster of an adjacent hexamer in

the crystal. Z2 is therefore thought to be stabilized by magnesium
clusters (Wang et al., 1981).

Table 1.3 Summary of the Single Crystal Study of Z-DNA

Sequences

Temp

Unit Cell Dimensions

Resolution

Ref.

a(A)

b (A)

c (A)

RT

19.50

31.27

64.67

1.5

1,2

RT
RT
-80C

17.88
18.01
17.76
18.01
17.93
17.91
17.82
18.30
17.45
17.38
18.17
17.94

31.55
31.03
30.57
30.88
30.83
30.43
30.44
31.10
31.63
31.06
30.36
30.85

44.58
44.80
45.42
44.76
44.73
44.96
44.52
44.10
45.56
45.39
43.93
49.94

0.9

3,4,5
5
4,6

31.25
31.27
30.90

31.25
31.27
30.90
17.93

44.06
43.56
43.14
43.41

a. Space Group P43212
CGCG

b. Space Group P212121
CGCGCG/spermine
CGCGCG

m5CGm5CGm5CG
br5CGbr5CGbr5CG
br5CGbr5CGbr5CG
m5CGTAm5CG
m5CGUAm5CG
m5CGATm5CG
CGCGTG (GT mis)
CGCGflUG
CGCGmo4CG
brUGCGCG (GbrU mis.)

c. Space Group P65
CGCG disordered
CGCGCGCG disordered
CGCATGCG disordered
CGTACGTACG disordered

18oc
37oc
-100C
200C
?

15oc
100C
40C
?

?
?
?
?

17.93

1.0
1.3
1.4
1.4
1.2
1.3

7
7
8
9

1.54

10

1.0
1.5
1.7

11

2.25
1.5
1.6

12
13
14

?

2.5

15
15

1.5

16,17

Reference:
1. Drew et al., (1980);
3 Wang et al., (1979);
5. Gessner et al., (1989);
7. Chevrier et al., (1986);
9. Zhou & Ho (1990);
11. Ho et al., (1985);
13. van Meervelt (1990);
15 Fuji' et al., (1985)

17. Brennan et al., (1986);
Key:

flU: Fluoro-Uridine
mo4C: N4-methoxycytosine.

2. Drew et al., (1981);
4. Fujii et al., (1982a);
6. Fujii et al., (1982b);
8. Wang et al., (1984);
10. Wang et al., (1985);
12. Coll et al. (1989);
14. Brown et al. (1986);

16. Brennan & Sundaralingam (1985);
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Modification at the C5 position of cytosine bases by either

methylation or bromination can stabilize the sequence in the Zconformation. The structures of Z-DNA with these modifications
have been determined from the crystals of d(m5CGm5CGm5CG) (Fujii
et al., 1982) and d(br5CGbr5CGbr5CG) (Chevrier et al., 1986). These

structures have similar backbone structures compared to that of
d(CGCGCG).

Other dinucleotides with alternating pyrimidines and purines
are d(CA)-d(TG) and d(TA). Both CD spectroscopy studies and fiber X-

ray diffraction studies have shown that the former is less stable as ZDNA than d(CG), and the latter is very unstable in the Z-

conformation. However, hexamers containing these dinucleotides,
d(CACGTG) (Coll et al., 1988) and d(m5CGTAm5CG) (Wang et al., 1984),

have been crystallized as Z-DNA, and their structures have been found
to be similar to those of d(CGCGCG). Another hexamer,
d(m5CGATm5CG) (Wang et al., 1985), which does not have alternating

purine and pyrimidine sequences, has also been crystallized as ZDNA. The backbone structure is similar to other Z-DNA sequences,

except that the adenine nucleotides are in the anti conformation and

the thymines are in the syn conformation.
Ordered water molecules, especially those in the minor groove,

are believed to be important for the stabilization of DNA
conformations(Chevrier et al., 1986). A number of ordered waters
have been observed in the minor groove of d(CG) base pairs both in the

Z-conformation and in the B-conformation of DNA. In the minor
groove of d(TA) base pairs, organized waters were observed only in the

B-conformation(Drew et al., 1981). No waters were observed in the
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minor groove of d(TA) base pairs of the Z-conformation crystals, such
as those in the crystal structures of d(m5CGTAm5CG) (Wang et al.,
1984) and d(CACGTG) (Coll et al., 1988). This is due to the absence of

an N2 amino group of the adenine bases. This also implies that d(TA)
is stabilized as B-DNA because of the ordered waters in the minor

groove, while the Z-conformation is unstable because of the absence of

waters in the minor groove. If this is true, then, introducing an amino
group at the C2 position of adenine should allow the binding of waters

in the minor grooves of the d(TA) base pairs and increase the stability
of Z-DNA. This was observed in the crystal structure of the hexamer
d(CDCGTG) (D=2-Aminoadenine) where organized waters have been

found in the minor groove of amino modified d(TA) base pairs (Coll et
al., 1986).

Salt can stabilize the Z-conformation of DNA through two
effects: i) by binding to the phosphates to screen the effective charge of

the phosphate group and decreasing the phosphate-phosphate
repulsion of the backbone, and ii) by specific binding to the DNA
bases. The second effect was studied in the Z-DNA structures of
d(CGCGCG) in the presence of Co(NH3)63+ (Gessner et al., 1985) and

Ru(NH3)63+ (Ho et al.,1987). These studies showed that indeed salt

binding specifically to the major groove surface of Z-DNA stabilizes
this form more effectively.
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D. Theoretical studies on the B- to Z-DNA equilibrium:

As noted earlier, the relative stability of Z-DNA is sequence

dependent with the experimentally determined dinucleotide
hierarchy of d(m5CG)> d(CG) > d(CA)d(TG) > d(TA). A number of

theoretical studies have tried to explain this observed hierarchy of ZDNA stability. The results of these studies will be reviewed in this
section.
For a DNA sequence, its relative stability as Z-DNA can be

determined from the relative Gibbs free energy differences between the
Z-conformation and the B-conformation (AAGtotai(Z,B)) (Eq. (1.1)).
M,Gtotai(Z,B) = AGtota0 AGtotal(13)

Eq. (1.1)

In this equation, AGtotal(Z) and AGtotai(B) are the total free energies

of Z-DNA and B-DNA in solution, respectively. The more negative the
energy difference MGtotal(Z, B), the more stable the sequence is in the

Z-conformation.
The simplest theoretical approach to studying Z-DNA stability
is to assume that DNA is in vacuum. In this case, only the internal
interactions within the DNA itself need to be calculated. This

includes calculations of both the enthalpic and entropic
contributions to the DNA molecule.

The enthalpic contribution to the internal energy of DNA
includes the structural, electrostatic, van der Waals and hydrogen

bonding terms of the energy. These interactions are fairly well
understood for small molecules and have been extended in various
molecular mechanics programs such as AMBER (Weiner & Kollman,
1981) and CHARMM (Brooks et al., 1983) for macromolecules. The

first studies on the relative stability of B- and Z-DNA was performed
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by Kaman et al. using AMBER (1982). Using d(CG)12 as a model, they

calculated the relative difference in internal enthalpic energies of the
Z-conformation and B-conformation of DNA under various

conditions. They qualitatively found that the B-conformation was
stable under low salt conditions and the Z-conformation was stable

under high salt conditions. They also reported that the force that
stabilizes B-DNA is the lower phosphate-phosphate interactions,
whereas the force to stabilize the Z-conformation at high salt is lower

energies for base-sugar and base-base interactions. They had also
shown that methylation at the C5 position of cytosine stabilizes the
Z-conformation by inducing less favorable base-base and base-

phosphate interactions in the B-conformation. They failed, however,
to present a model as to why d(TA) is less stable as Z-DNA than d(CG).

Recently, a using free energy perturbation (FEP) method, Dang et

al. (1990) showed that d(TA) is less stable in the Z-conformation than

d(CG). Their calculated relative energies, however, also predicted that
d(CA).d(TG) is less stable in Z-conformation than d(TA), which is

inconsistent with the observed experimental results (Jovin et al.,
1983). This suggests that internal enthalpic energies alone cannot
explain the relative stabilities of the different sequences as Z-DNA.
The entropic contribution to the internal energy of Z-DNA
comes from the conformational entropy in changing from the B- to Z-

conformation. This contribution has been studied by normal mode
analysis by using the harmonic dynamics of CHARMM (Irikura et al.,
1985). The conformational entropy change was estimated to be 21.8 eu
(entropic unit) going from Z- to B-DNA, suggesting that Z-DNA is less

flexible than B-DNA. This calculated conformational entropy change
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is consistent with the thermodynamically measured entropy change
of 21 to 27 eu (Cavailles et al., 1984) and is consistent with the NMR
determined entropy of 25 eu (Feigon et al., 1982)

.

Recently, Rao et al.

(1989) have used normal mode analysis to compare the

conformational entropy change of different sequences as Z-DNA.
They reported that the entropy change AS value (Z- to B-DNA) for
d(CGCGCG)2 and d(TATATA)2 were 15.9 eu and 15.4 eu respectively.

This suggests that conformational entropy differences cannot explain
the relative stability of different sequences as Z-DNA either.
The sequence dependence of the relative stabilities of B-DNA
and Z-DNA has also been studied by Hartmann et al. (1989) using

another molecular mechanics program JUMNA (JUnction
Minimization of Nucleic Acids) (Larvey et al, 1986a,b), a

minimization program designed specifically for nucleic acids. In this
minimization procedure, the DNA components move as fragments in

terms of the "natural" variables of the nucleic acids such as the helical

variables that need to be considered and the backbone variables. This
decreases the number of variables and allows much larger changes of

conformation to be calculated in the course of a single minimization.

From their calculations, they obtained a similar order of relative
stabilities of Z-DNA for different sequences as those determined
experimentally, but they also reported that d(CA)d(TG) should be less
stable in the Z-form than the d(TA) dinucleotide.

In general, these simple models cannot explain the relative
stabilities of Z-DNA for different sequences. The simplest model,

therefore, must be modified. The major difference between these
models and reality is that the models assume that the DNA is in a
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vacuum, whereas in reality, they are in an aqueous solution. The
modification that has to be considered is the effect of water.

Simulation methods which include solvent in the energy
minimization have been developed and the effect of hydrogen bonding
and base pair stacking on the stabilization of DNA have been studied
(Cieplak and Kollman, 1988). This method, however, is time

consuming. A faster and more reliable method must therefore be
developed to study DNA-solvent interactions.
Hydration free energy was proposed as a good estimate of the

DNA-solvent interactions (Ho et al., 1988). A method for determining
hydration energies based on solvent accessible surface calculations

has been used to determine the relative stability of different
conformations of proteins by Eisenberg and McLachlan (1986). The

hydration energy of the native conformation of haemerythrin was
found to be much lower than those of improperly folded

conformations of the protein. This implies that the native
conformation of a macromolecule has a lower hydration energy.
Thus, hydration energy can be used to determine the relative
stabilities of different conformations of a macromolecule.
This method has been extended to DNA by Ho et al (1988) to

compare hydration energies for the B- vs. Z-conformations of d(CG)3
and d(m5CG)3. The hydration energy difference between the Z-

conformation and the B-conformation was related to the relative

stability of the sequence in Z-conformation. From their calculations,
methylation at the C5 position was successfully predicted to increase
the stabilization of Z-DNA. The stabilization was found to be due to
the decrease of the hydrophobic surface of Z-DNA after methylation.
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As a continuation of this study, the parameters for calculating
the hydration free energies of DNA was developed by Kagawa et

al.(1989). The hydration energy was calculated for both the B- and Zconformations of DNA with different sequences. The calculated
hydration energy difference between Z- and B-DNA was compared to

the experimental measured B- to Z-DNA transition free energies. A

linear relationship was obtained between the calculated hydration
energy difference and the experimentally determined B- to Z-DNA

transition energy. This suggests that for any sequence the relative
stability of the sequence as Z-DNA can be estimated from the

hydration energy difference between the Z-conformation and B-

conformation. So far, the hydration energy calculation is the only
method which can systematically model the relative stability of ZDNA for different sequences. The large internal entropic contribution
and large internal enthalpic contribution appear to have been

cancelled. This conclusion is consistent with the theoretical studies
of salt effects on the stability of Z-DNA. (Garcia & Soumpasis,1989).

In this thesis, the hydration energy calculation was extended to
analyze the stabilization of d(UA) dinucleotides in Z-conformation

.

The analysis predicted that d(UA) dinucleotides should be more stable

in Z-conformation than d(TA) dinucleotides. This prediction was
supported from the comparison of the crystallizations of different

hexamers in Z-conformation.
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Chapter 2

Hydration Energy Calculation Predictions for
d(UA) and d(TA) Dinucleotides as Z-DNA.
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Introduction:
Since the first spectroscopic evidence for its existence (Pohl and
Jovin, 1972) and the subsequent determination of its structure from
single crystal X-ray diffraction (Wang et al., 1979), left-handed Z-DNA
has been an interesting and useful structure for physical studies on

macromolecular stability. Solution and high resolution singlecrystal studies of Z-DNA sequences have shown that a variety of
environmental conditions stabilize DNA in the Z-conformation,

including the presence of high salt concentration, transition-metal
complexes, base alkylation, and negative supercoiling [Reviewed by
Rich et al. (1984), Jovin et al. (1987)1. Underlying these effects is an

intrinsic sequence dependence for the stability of Z-DNA.
Z-DNA is characterized not only by the left-handed twist of the
double helix, but also by an alternating anti-syn conformation of its

base pairs. Since purine nucleotides are sterically able to adopt the
syn conformation more readily than are pyrimidines, sequences that
are alternating pyrimidine and purine have been reported to be more
stable as Z-DNA than sequences that do not follow this alternation
rule (Wang et al. 1981; Drew & Dickerson, 1981; Jovin et al., 1983).

This alternation in the conformation of the base pairs also requires
that the basic repeat unit of Z-DNA be the dinucleotide, or two base

pairs, rather than single base pairs as is found in the known righthanded conformations (Jovin et al., 1987). Of the sequences that

follow this alternation rule, there exists a hierarchy of pyrimidinepurine dinucleotides that adopt the left-handed conformation, with
d(CG) > d(CA)d(TG) > d(TA) in stability as Z-DNA (Jovin et al. 1983).

This difference in stability of dinucleotides can be quantitatively
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related to experimental B- to Z-DNA transition energies. The

transition energies for various types of dinucleotides have been
calculated by determining the degree of negative superhelicity
required to induce Z-DNA within well-defined sequences inserted in

closed circular plasmid DNAs. The B- to Z-DNA transition energies
for d(m5CG), d(CG), d(CA)-d(TG), and d(TA) dinucleotides have been

measured as 0.22 kcal/mole, 0.66-1.2 kcal/mol (Peck & Wang, 1983;
Nordheim et al., 1982; Frank-Kamenetskii & Vologodskii, 1984;
Vologodskii & Frank-Kamenetskii, 1984), 1.32 1.48 kcal/mol
(Vologodskii & Frank-Kamenetskii, 1984; Mirkin et al. 1987), and

2.3-2.4 kcal/mol (Ellison et al., 1986; Mirkin et al. 1987),
respectively.

The availability of this type of experimentally derived

structural and thermodynamic information on the stabilities of
various sequences as B- versus Z-DNA makes this transition an
excellent system for studying the contribution of various

thermodynamic forces on macromolecular conformations. A
previous calculation of the differences in intramolecular energy for
DNA sequences in the B- and Z-conformations using the energies

minimization program AMBER could account for the stabilizing
effect of methylating cytosines of d(CG) dinucleotides in enthalpic

terms but was unable to account for the relative inability of d(TA)
dinucleotides to form Z-DNA (Kollman et al., 1982). Similarly,

Karplus and co-workers (Tidor et al., 1982; Irikura et al., 1985), using

related calculations were unable to adequately model the salt-induced
B- to Z-DNA transition (Jovin et al., 1987). Recently, free energy

perturbation (FEP) methods have been used to determine the free
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energy difference between Z- and B-DNA (Dang et al., 1990). They were

able to show that d(TA) is less stable than d(CG), but they failed to
predict that d(CA)d(TG) is more stable than d(TA) as Z-DNA. The

shortcomings of these methods fall primarily in their inability to
incorporate interactions of DNA with water networks, bulk water,
and ions (Jovin et al., 1987). Thus, the stability of Z-DNA and DNA

conformations in general may be better understood by considering
differences in solvent interactions with their structures.

The contribution of solvent interactions to the stability of
alternative DNA conformations has been previously discussed in

qualitative terms. It was shown that the stability of right-handed ADNA under dehydrating conditions can be explained in terms of the

difference in the solvent accessible surfaces of this conformation
relative to B-DNA (Alden & Kim, 1979). Sanger et al. (1986) have

attributed the propensity of a sequence to adopt the B versus

alternative helical forms to the concept of "economy of hydration".
They suggest that the more economical hydration of the phosphates in
A and Z-DNA is responsible for their enhanced stabilities under

dehydrating conditions. The question addressed here is whether the
effect of bulk structure and interactions on DNA conformation can be
described by using quantitative terms that account for the actual
differences in abilities of sequences to adopt non-B conformations. A

useful semiempirical approach to estimating the contributions of
solvent interaction molecular structures, first developed by Langmuir
(1925), has been used to calculated the overall hydration energy of the

molecule and of its component parts. This approach was extended by
Eisenberg and McLachlan (1986) to estimate the effect of solvent
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interaction on "properly" versus "improperly" folded proteins. The

lack of experimental data on the stabilities of the various
conformational states of the protein being considered, however,

limited these previous studies to only qualitative evaluations of how
the calculated solvation energies contribute to the thermodynamics of
macromolecular stability. The method was extended to DNA system

to calculate the difference in hydration energies of methylated and
unmethylated d(CG) dinucleotides in the B and Z conformations and
to study the Z-DNA stabilizing effect due to methylation of the

cytosine bases (Ho et al., 1988). The stabilization due to methylation

was found to result 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 nucleotides in Z-DNA.
More recently, a new set of atomic solvation parameters (ASP)
for DNA has been derived from small molecules (Kagawa et al., 1989)

(Table 2.1) for studying the contribution of solvent interactions to the
stability of various sequences as Z-DNA by calculating the hydration
energies of DNA sequences in the B- and Z-conformations from their
solvent accessible surfaces (SAS). The differences in the hydration
energies between the Z- and B-conformations of d(m5CG), d(CG),

d(CA)d(TG) and d(TA) were compared to the experimentally

determined B- to Z-DNA transition energies for dinucleotides. A
linear relationship can be drawn between the calculated energies and

the experimentally determined transition energies. This comparison
showed that a simple model in which the stability of Z-DNA is
attributed to differences in hydration of the DNA dinucleotides can
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account for the experimentally observed hierarchy of d(m5CG) > d(CG)
> d(CA)d(TG) > d(TA) dinucleotides in stability as Z-DNA.
In this chapter, a comparison of d(TA) with d(UA) dinucleotides

as Z-DNA showed that C-5 methyl group of the thymine contributes
significantly to the inability of d(TA) dinucleotides to adopt the left-

handed conformation. From these calculation, d(UA) dinucleotides
were predicted to be more stable in the Z-conformation than d(TA).
This prediction was tested by comparing the conditions for obtaining
single crystals of a hexamer sequence that contains d(UA) base pairs
as Z-DNA to the published conditions for analogous hexamer
sequences that contain d(m5CG), d(TA), d(CA)d(TG) and d(CG)

dinucleotides.
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Experimental Methods:
The atomic coordinates for each atom, including hydrogens, of
the sequences d(TATATA) and d(UAUAUA) were generated in their

right handed B-conformation by using generalized helical parameters
(Arnott, 1976) and standard distances and geometries. The
coordinates of the sequences d(TATATA) as Z-DNA were generated by

combining dinucleotides from the single crystal structures of
d(CGCGCG) (Gessner et al., 1985) and d(m5CGTAm5CG) (Wang et al.,

1984) and optimizing the bond length, bond angle, dihedral and

torsion angles, and van der Waal's contacts. The solvent accessible
surfaces (SAS) of the DNA models were calculated by using a rolling

ball method (Connally, 1983) as previously described (Ho et al., 1988).
The hydration free energies AGH of the dinucleotides were calculated

by multiplying the ASP values determined from small molecules to
the calculated areas of each surface type (SASi, where i represents a
surface type) of dinucleotides in both B- and Z-conformations and
summing the resultant energies (Eisenberg & McLachlan, 1986)
AGH = E ASPi SASi

The Atomic Solvation Parameters for Nucleic Acids as
determined by Kagawa et al. (1989) are listed in Table 2.1. The

surfaces of the two terminal base pairs of each hexamer sequences
were excluded from the calculation to avoid errors due to end effects.

36

Table 2.1. Atomic Solvation Parameters (ASP) of Hydrophilic,
Hydrophobic, and Charged Phosphate Surfaces in Nucleic Acids As

Derived from the Partition Coefficients and Calculated SolventAccessible Surfaces of Small Organic Molecules

Group

Surface Type

ASP

(kcal/molA2)

ribose
base

phosphate

hydrophobic (C)

0.043

hydrophilic (0)

-0.038

hydrophobic (C)

0.034

methyl (C)

0.043

hydrophilic (0/N)

-0.055

charged (0/P)

-0.100
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Results:

Destabilization of Z-DNA by d(TA) dinucleotides: In Kagawa et

al's paper (1989), the calculated solvent accessible surfaces (SAS) of
the dinucleotides d(CG), d(CA)d(TG), and d(TA) in the B- and Z-DNA

conformations show that, overall, the hydration energies are more
positive in the left-handed Z-conformation than in the B-

conformation. This is consistent with the finding that Z-DNA is
stabilized in solution by dehydrating conditions such as high salt or

alcohol concentrations. The hydration energy difference between Zconformation and B-conformation was used to determine the relative

stability of the sequence in Z-conformation. Their results correctly
predicted the order of relative stability of Z-DNA as d(CG) >
d(CA)d(TG) > d(TA). When compared to B- to Z-DNA transition

energies determined from two-dimensional gel electrophoresis of
negatively supercoiled closed circular DNA with the inserted

sequences, the calculated energy differences showed a linear relation
with the experimental B- to Z-DNA transition energies.

A better understanding of the molecular basis for the differences in

hydration of these sequences and their dependence on conformation
can be attained by comparing the contributions of each component

surface to the overall hydration energy calculated. The difference
between solvation of the hydrophobic and the hydrophilic surfaces of
the aromatic base and deoxyribose groups for the various

dinucleotides in their B- and Z-conformation is summarized in Table
2.2. By analyzing the difference in exposed surfaces for Z- versus BDNA of d(CG), d(CA)-d(TG) and d(TA), the reason for why d(TA) base

pairs destabilize Z-DNA could be better understood.
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Table 2.2. AAGH(Z-B) (kcal/mol) of Hydrophilic and Hydrophobic

Surfaces of Dinucleotide Bases of Ribose Groups.

Dinucleotide

MGH(Z -B)

AAGH(Z-B)

Hydrophilic

Hydrophobic

Sequence

Base

Ribose

Base

Ribose

d(m5CG)

0.08

-0.26

-0.06

-0.78

d(CG)

0.14

-0.00

0.12

-0.02

d(CA)-d(TG)

0.18

-0.06

0.18

-0.22

d (TA)

0.12

-0.02

0.04

0.32

d(UA)

0.04

0.02

0.10

0.12
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The average total difference in exposed hydrophobic surfaces of the
sequences in Z- versus B-DNA is higher for d(TA) than for d(CG)

dinucleotides, while that for d(CA)d(TG) is intermediate between the

two. This is observed as resulting from a markedly greater exposure of
the hydrophobic carbon surfaces and lower exposure of the
hydrophilic oxygen surface of the deoxyribose sugars in TA

dinucleotides. The difference in exposure of both the hydrophobic and
hydrophilic surfaces of the aromatic bases is lower in the d(TA)
dinucleotides when compared to d(CG) base pairs. These results can be

attributed to the difference in the stacking arrangement of TA base

pairs as compared to CG base pairs. In the purine-pyrimidine

stacking of base pairs in the Z-conformation, the purine bases stack
directly above the deoxyribose of adjacent base pairs. A comparison
of the stacking arrangement of CG:CG to TA:TA dinucleotides as Z-

DNA is shown in Fig 2.1 A, B. In Figure 2.1, the larger solid circles

represent the contact points of solvent molecules with hydrophobic
surface, while the smaller open circles represent the contact points

with hydrophilic surfaces as calculated by the rolling ball method
(Connally, 1983). The absence of the N2 amino group of adenine

exposes the surfaces of the adjacent thymine deoxyribose in the d(TA)
dinucleotides relative to the d(CG) dinucleotides, resulting in a greater
exposure of hydrophobic surfaces in the minor groove of d(TA). The

overall exposure of the carbon surfaces of the bases, particularly of

adjacent base pairs, is actually lower in the TA dinucleotides than in
the CG dinucleotides, even though the methyl group itself contributes
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Fig 2.1. Stacking diagram of the (A) d(CG), (B) d(TA), and (C) d(UA)

dinucleotides and their solvent-accessible surfaces. Shown are the
purine-pyrimidine base pairs stacked on top of a pyrimidine-purine
base pair. The large solid circles represent the calculated hydrophobic
surfaces of carbons, and the smaller open circles represent the
calculated hydrophilic surfaces of the oxygens and nitrogens. The
surfaces calculated with 1.0 dot/A2 are shown and the hydrogen

atoms are removed from the base pairs models for clarity. The SAS
values used to determined the iGH values were calculated with a
density of 5 dots/A2.

41

Major groove
002,8 elpo ma
w0 %ID 4111P
0
o

o

0

0 00

0

.0

00

0

Vg 03

0

o
0

0 ° o9

\e'

°

.

0

Minor

0

0
0

0

0

0

"S**,

0

cf 0 o

00

0

groove

0°

Major groove
0

0

Sd' se

°o

0

**416
8

/

oit

0

iieroa-

0:

00

0

Minor
0
0

0

0.
0

0

O

At' li.410p

01

groove

O NO
O

0

0

0

1

Major groove
0

..fa

0
0

0

0
00

Oc o

o

o

o

0

mo

0

0

0%

0a

si

0

o

o

Minor

408. 10
O

I)

0

O

0

%0

OD

0

foi

groove

0

Figure 2.1

O

0

42
to the local exposure of hydrophilic surfaces at the major groove
surface of the TA base pairs. The higher overall hydrophobicity of the
d(TA) dinucleotides in the Z conformation results from the greater
increase in the exposed carbon surface of deoxyribose as compared to
the decrease in the exposed carbon surfaces of the bases.
Stability of d(UA) dinucleotides as Z-DNA: To determine the

extent to which the thymine C-5 methyl contributes to the differences
in hydration free energies of (TA) base pairs in the left handed

conformation, these same hydration energy calculations were
repeated for the sequence d(UA)3 as B- and Z-DNA. This sequence is

identical to d(TA)3, except that the methyl groups of the pyrimidines
have been removed to form the analogous uracil base. The exposure of

hydrophobic surfaces in the minor groove crevice is nearly identical
for the d(TA) and d(UA) dinucleotides (Figure 2.1 B,C). The

accessibility of the deoxyribose carbons is, thus, not significantly
affected by the methyl group, suggesting that the lack of a N2 amino

group on the adenine bases is responsible for the greater exposure of
the deoxyribose to solvent in d(TA) dinucleotides. Alternatively, the
major groove surface of d(UA) appears much more hydrophilic overall

than hydrophobic as compared to the comparable surface of d(TA) and
even the major groove surface of d(CG). The AAGH(z-B) values in Table

2.2 show that removing this methyl group results in an increase in the
accessibility of both the hydrophobic and hydrophilic groups of the

aromatic bases and an increase in the hydrophilic surface of the
deoxyribose. This is consistent with previous reports that the C5
methyl group of pyrimidine bases sits in a pocket formed by the
deoxyribose and the stacked purine of adjacent base pairs (Ho et al.,
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1988; Fuji et al., 1982). Contrary to previous reports (Jovin et al.,
1983), however, the overall effect of the C-5 methyl appears to be

different for thymine as compared to cytosine.
The C-5 methyl group of the pyrimidine bases effectively
increases the overall exposed surface of B-DNA. The surface in ZDNA, however, is decreased because the methyl group sits in a pocket.
The effect of the C-5 methyl on the stability of Z-DNA, therefore, is

dependent on the atom types that line the surface that makes up this
pocket. For cytosine bases in alternating d(CG) dinucleotides, the C-5

pocket is lined equally by hydrophobic and hydrophilic atoms from
the deoxyriboses and bases of adjacent base pairs. Thus, the decrease
in exposed hydrophilic surface is accompanied by a near equivalent

decrease in the hydrophobic surface, including the additional methyl
surface (Ho et al., 1988). In the B conformation, this methyl group sits

exposed in the minor groove. This accounts for the stabilizing effect
of methylation on d(CG) dinucleotides as Z-DNA.
The C-5 pocket of d(TA) dinucleotides, as with d(CG), in the Z-

conformation is lined by both hydrophobic and hydrophilic surfaces.
One difference in the effect of the methyl group on the stability of Z-

DNA lies in how this group sits within the pocket. The C-5 methyl of
d(TA) is more exposed in the major groove surface than that of
d(m5CG) by more than 1 A2 per methyl group. This is equivalent to a

0.2 kcal/mol destabilization of d(TA) dinucleotides relative to d(CG)
by the methyl group. If we consider only the exposed surface of the

methyl, however, we cannot account for the entire effect of the

addition of one carbon. This methyl also affects the exposure of the

neighboring atoms to solvent. Methylation decreases the exposure of
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all atoms in this pocket, but differently for the two types of
dinucleotides. Methylation decreases the hydrophobicity of the d(CG)
due to exposure of carbon atoms in the bases by 0.36 kcal/mol, as

compared to 0.2 kcal/mol for d(TA) dinucleotides. Alternatively,
methylation of d(CG) decreases the contribution of the hydrophilic
oxygen surfaces to the hydration of the deoxyribose by only 0.04
kcal/mole, while the methyl group of d(TA) buries a hydrophilic

surface equivalent to 0.26 kcal/mol to 0.26 kcal/mole for each
dinucleotide. These effects are thus dependent on the positioning of
the methyl group relative to the adjacent base pairs and deoxyriboses
resulting from the stacking arrangements in Z-DNA.
Relationship of AAGH(z-B) to Crystallization of Hexamers as Z-

DNA: From these observations, the propensity of d(UA) dinucleotides
to form Z-DNA was predicted to be greater than that of the analogous
C-5 methylated d(TA) dinucleotides. The calculated MGH(Z -B) value

for d(UA) dinucleotides (0.500 kcal/mol) is 0.396 kcal/mol lower than

that of d(TA) (0.869 kcal/mol). This translates into 0.81 kcal/mole
lower AGT(B-Z), as calculated from the relationship in Kagawa's paper

(1989), that would result by removing the methyl group of d(TA)

dinucleotides. The d(UA) dinucleotide is still 0.55 kcal/mol less stable
as Z-DNA than d(CG) and 2.02 kcal/mol less stable than the d(m5CG)

dinucleotides, but should have the equivalent ability to form Z-DNA
as d(CA)-d(TG). To test this prediction, the hexamer sequence
d(m5CGUAm5CG) was synthesized and crystallized. The structure of

this sequence has been solved to better than 1.3 A resolution and
found to be in the Z conformation (Chapter 3). This hexamer sequence
is analogous to the sequence d(m5CGTAm5CG) and
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d(m5CGm5CGm5CG), both of which have been previously crystallized

in the Z conformation (Wang et al., 1984; Fuji et al., 1982). A

comparison of the crystallization conditions of d(m5CGUAm5CG)
with those for d(m5CGm5CGm5CG) and d(m5CGTAm5CG) would allow

us to determine whether in fact d(UA) dinucleotides are more stable in
Z conformation than d(TA) and less stable than d(m5CG)

dinucleotides. We assume in this comparison that there is a critical
equilibrium concentration of the hexamer sequences in the Z

conformation that is required for initiating and propagating the
crystal packing of Z-DNA in its crystal lattice and that this

equilibrium concentration is strongly dependent on the salt

concentration during crystallization.
Z-DNA is stabilized by both mono- and divalent cations (Pohl &
Jovin, 1972; Wang et al., 1981; Drew & Dickerson, 1981). It is therefore

not surprising that the conditions required to crystallize hexamer
sequences as Z-DNA include high concentrations of both Na+ and
Mg2+. The effectiveness of each type of cation at stabilizing Z-DNA in

solution is dependent on the charge as well as its concentration. As
expected, Mg2+ is much more effective at stabilizing Z-DNA than Na+

(Chen et al., 1984). The ionic conditions for stabilizing Z-DNA can

thus be related to the ionic strength of the solution, which is
dependent on both the concentration and the square of the ionic
charge (Z2). Even though ionic strength may not be a valid

representation of specific interactions of cations with the DNA, it is a

useful measure of the ionic conditions of the bulk solution. Since
anions do not appear to play a significant role in Z-DNA stability, the
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Z-DNA crystallization conditions can be translated into cationic
strengths (CS) as defined by:
CS = Z2Na+[Na+1

Z2 Mg2+ [Mg2 +]

We would expect that sequences more readily stabilized as ZDNA would require lower concentrations of Na+ and Mg2+ to be stable

in the Z-conformation and, therefore, lower concentrations of these
cations to form crystals as Z-DNA. Synthetic hexanucleotide
sequences that crystallized as Z-DNA have been found to be

isomorphous and, therefore, provide us with a consistent data set to
compare the abilities of sequences to form Z-DNA. The hexamers in

these crystals are packed end to end to form essentially continuous
strands of Z-DNA aligned along the crystallographic c axis. The

stability of the dinucleotides in the hexamers as the Z- versus B-

conformations can thus be assessed as if the dinucleotides were all
within continuous strands of Z-DNA without the need to consider end

effects. The average difference in solvation of the dinucleotides in

each hexamer was estimated by summing the hydration energies of
each component dinucleotide and dividing this by the number of
dinucleotides in the hexamer. This value can be translated into a
term reflecting the average stability of the dinucleotides AGT(B-z) in

the hexamers as Z-DNA by using the relationship derived by Kagawa
et al. (1989).

The initial crystallization conditions and the equilibrium
cationic strengths calculated for crystallization of the hexamer
sequences d(m5CG)3, d(m5CGTAm5CG), d(CG)3, d(CACGTG), and

d(m5CGUAm5CG) as Z-DNA are listed in Table 2.3, along with the

LGT(B -Z) calculated from their AAGH(z-B) values. The hexamer
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sequence d(m5CGUAm5CG) was predicted to be more stable as Z-DNA
than the analogous d(m5CGTAm5CG) sequence and less stable than

d(m5CGm5CGm5CG). The cationic strength required to obtain

diffraction quality single crystals of Z-DNA of the uridine-containing
hexamer was found approximately be 2-fold lower than that reported
for the sequence d(m5CGTAm5CG). When these were compared to the

crystallization conditions of the sequence d(m5CG)3, methylated
d(CG) dinucleotides was observed to be crystallized as Z-DNA at the

lowest cation strengths. Thus, the dependence of Z-DNA crystal

formation on these salt conditions mirrors previous findings that
methylation of cytosine at C-5 position stabilizes the Z-conformation
and d(TA) dinucleotides are the least stable as Z-DNA. The d(UA)
dinucleotides, as predicted, is intermediate in its ability to be
crystallized as Z-DNA. An overall comparison of the logarithm of the

cationic strength for crystallization of each hexamer and their
associated B-Z transition energies is shown in Fig 2.2. This
relationship is essentially linear with a slope calculated to be 0.585
and the y-intercept of -0.306 M from a linear least squares fit, with

R=0.96. The hexamer sequences that did not contain methylated
cytosines were found to be overall less stable as Z-DNA than

sequences containing methylated cytosines, regardless of the number
of d(TA) base pairs in the structure, according to both the hydration

energy calculations and the cationic strength values. This can be
attributed to the very strong Z-DNA stabilizing effect of the flanking
d(m5CG) dinucleotides in the three methylated hexamers. Thus, the

hydration energy calculations were found to be useful not only for

predicting whether alternating pyrimidine and purine dinucleotides
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form Z-DNA but also for predicting the extent to which they adopt the

left-handed conformation.

Table 2.3. Calculated B-Z Transition Free Energies (AGT03_4) and Crystallization
Conditions for Synthetic Hexamers as Z-DNA

Hexamer

B-Z equilibrium
sequence

d(m5CG)3
d(m5CGUAm5CG)
d(mSCGTAmSCG)b
d(CG)3
d(CACGTG)

-0.706
-0.031
0.238
0.765
1.482

Crystallization Conditions (M)

ref

AGT(B-Z)

[NA+1

[Mg2+]

CSa

log(CS)

0.150
0.180
0.188
0.400
0.460

0.020
0.045
0.094
0.500
0.700

0.230
0.360
0.563
2.200
3.260

-0.638
-0.444
-0.249
0.342
0.513

Fuji et al. (1982)
Zhou & Ho (1990)
Wang et al. (1984)
Gessner et al (1985)
Coll et al. (1988)

aCS is the cationic strength of the crystallization conditions at equilibrium as calculated by
CS = Z2Na+ENa+I + Z2mg2+[Mg2+], where Z is the cation charge. bThe polycation spermine was
reported for the crystallization conditions of d(m5CGTAm5CG) but was not found in the crystal
structure. For this reason, this polycations was excluded from the CS calculation. this sequence has
been crystallized in the absence of spermine under a cationic strength of 0.62 M (Zhou and Ho,
unpublished results), confirming that the presence of this polycations is not essential to obtaining ZDNA crystals of this hexamer.
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Figure 2.2. Free energies of transition calculated from the hydration
energies versus logarithm of cationic strengths for crystallizing
synthetic hexanucleotides as Z-DNA. Average hydration energies
were calculated for the dinucleotides within each hexamer by
summing the hydration energies for each type of dinucleotides present
and dividing by 3. Cationic strengths were calculated from the
equilibrium sodium cacodylate and MgC12 concentrations present
under the conditions found to give diffraction-quality crystals of each
hexamer sequences as Z-DNA. A linear least-squares fit of the data
yielded a line described by log(CS) = 0.586 AG-1,03_4 -0.306.
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Discussion:
An analysis of how the hydrophilic and hydrophobic groups
contribute to the overall hydration energies of each dinucleotide
allow an understanding of the differences in stability of d(m5CG),
d(CG), d(CA)-d(TG), and in particular d(TA) dinucleotides as Z-DNA at

the atomic level. The decreased overlap between the adenine and

adjacent deoxyribose resulting from the stacking of TA and UA base
pairs in Z-DNA is responsible for the greater exposure of the
deoxyribose carbon surfaces when compared to that of d(CG)

dinucleotides. In addition, the methyl group of thymine in d(TA) base
pairs destabilizes Z-DNA, contrary to the effect of C-5 methylation of

cytosines, by effectively decreasing the accessibility of the

hydrophilic base and deoxyribose surfaces to solvent. Thus, removal
of this methyl group should help to stabilize d(UA) dinucleotides as ZDNA. By comparing d(TA) to d(UA) dinucleotides in their Z- and B-

DNA conformations, a 0.81 kcal/mol contribution of the C-5 methyl
group could be assigned to the instability of d(TA) dinucleotides as ZDNA. The effect of the C-5 methyl group on the stability of DNA

conformation is not limited to the B- and Z-conformations. Since, in
these studies, we dealt only with two-states for the conformation of
each dinucleotide, the contribution of other forms of DNA to the
overall equilibrium state of these sequences has been ignored. A

significant contribution of other forms of DNA to the equilibrium
would tend to effectively destabilize the Z-conformation of that

sequence. This two state approximation may thus contribute to an

underestimation of the relative instability of Z-DNA for the
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dinucleotides d(CA)-d(TG) and d(TA) by the hydration energy

calculations.
A comparison of the crystallization conditions required to
obtain single crystals of the hexamer sequence d(m5CGUAm5CG) in
the Z-conformation demonstrated that indeed the methyl group of the
thymine contributes to the instability of d(TA) dinucleotides to form
Z-DNA, as predicted from the calculations. The concentration of
cations present at the equilibrium conditions required to crystallize
d(m5CGUAm5CG) as DNA is approximately 2-fold lower than that of

the sequence d(m5CGTAm5CG). In fact, a linear relationship can be

obtained by comparing the cationic strength required to crystallize
the sequences d(m5CGm5CGm5CG), d(m5CGUAm5CG),
d(m5CGTAm5CG), and d(CGCGCG) with the Z- to B-DNA equilibrium

calculated from the solvent accessible surfaces. This may ultimately
be a useful relationship for helping to define the optimum conditions
for crystallizing synthetic hexamers as Z-DNA.
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Chapter 3

Stabilization of Z-DNA by Demethylation of Thymine Bases:
1.3 A Single Crystal Structure of d(m5CGUAm5CG)
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Introduction:
Left-handed Z-DNA has been shown to be stabilized by many

factors, including dehydrating conditions such as high salt and

alcohol concentrations, specific interactions of the DNA bases with
metal complexes, and modification of bases such as methylation or
bromination of cytosine at the C-5 position [Reviewed by Rich et al.
(1984) and Jovin et al. (1987)1. The propensity of DNA to adopt the Z-

conformation is also dependent on its base sequence, with alternating
pyrimidine and purine sequences being more adaptable than
sequences that do not follow this alternation rule (Wang et al., 1981;
Drew & Dickerson, 1981; Jovin et al., 1983). Within the series of

dinucleotide sequences that do follow the alternation rule, the order
d(CG) > d(CA)-d(TG)>d(TA) has been observed in terms of the stability

of dinucleotides as Z-DNA (Jovin et al., 1983). The relative inability

of d(TA) dinucleotides to adopt the Z-conformation, however, has not
been adequately described from enthalpic calculations of base

stacking, hydrogen bonding, steric interactions, and electrostatic
interactions (Kollman et al., 1982). In Chapter 2, the instability of
d(TA) in Z-conformation was found largely because the C-5 methyl

group renders the major groove surface more hydrophobic in the Z-

versus the B-conformations. This contrasts with the effect of the
methylation of cytosine. The effect of methylation on Z-DNA
stability, therefore, is also sequence dependent.
Methylation of cytosines at the C-5 position has been shown to
stabilize Z-DNA in solution (Behe and Felsenfeld, 1981). The cytosine
methyl group in the crystal structure of d(m5CG)3 sits in a pocket in
the major groove surface of Z-DNA, thereby effectively decreasing
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exposure of the major groove surface to solvent (Fujii et al., 1982).
When this effect on the major groove surface was quantitated, this C-5

pocket was observed to be lined primarily by hydrophobic atoms (Ho
et al., 1988). The increased hydrophobicity of the major groove
surface that one would expect from methylation at this site is thus
entirely negated by the decreased exposure of hydrophobic surfaces

lining the C-5 pocket. Using this same analysis, the C-5 pocket in
d(TA) dinucleotides as Z-DNA was found to be more hydrophilic than
that of d(m5CG)3 (Chapter 2). The methyl group of d(TA), therefore,

decreases the exposure of hydrophilic groups to solvent while

increasing the hydrophobic character of the major groove surface of
Z-DNA. This has the effect of decreasing the stability of d(TA) as ZDNA and was estimated to account for roughly half the difference in
the thermodynamic stability of d(TA) versus d(CG) dinucleotides as ZDNA. The other major difference between d(CG) and d(TA)

dinucleotides in terms of the Z-DNA surface exposed to solvent lies in

the minor groove crevice. The hydrophilic N2 amino group of the
guanine base of d(CG) dinucleotides sits in the minor groove crevice of
the Z-DNA structure. This amino group is not present on the adenine
base of d(TA) dinucleotides. The surface of the minor groove crevice of
d(TA) dinucleotides in the Z-conformation is thus less hydrophilic

than that of d(CG), and this also contributes to the instability of d(TA)
dinucleotides as Z-DNA.

From these considerations of hydration energies on the
stability of DNA conformations, d(UA) dinucleotides were predicted to
be more stable than d(TA) as Z-DNA (Chapter 2). The hydrophilic

groups at the major groove surface of d(UA) dinucleotides were shown
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to be more accessible to solvent than that of the d(TA) dinucleotides,

while the hydrophobicity of the minor groove, to the first
approximation, remained the same. Therefore, d(UA) dinucleotides
were predicted to have the same propensity to adopt the Zconformation as would d(CA)-d(TG). In this chapter, the selfcomplementary sequence d(m5CGUAm5CG) has been crystallized as

Z-DNA under conditions of significantly lower salt concentrations
when compared to its thymine analogue d(m5CGTAm5CG) (Wang et

al., 1984). Furthermore, the 1.3 A resolution structure of the
d(m5CGUAm5CG) crystal revealed that specific interactions of cation

complexes at the major groove surface and water molecules in the
minor groove crevice are present for d(UA) structure, but were absent
from the reported structure of d(TA) dinucleotides in Z-DNA (Wang et

al., 1984). The results from this chapter support the assertion that the
C-5 methyl of thymine plays a major role in the instability of d(TA) as

Z-DNA. In addition, a possible mechanism is proposed to account for
the effect of this methyl at the major groove on the altered structure
and solvent properties of the minor groove crevice of Z-DNA.
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Experimental Methods:
The hexanucleotide d(m5CGUAm5CG) was synthesized on an

Applied Biosystems DNA synthesizer by Dr. R. McPharland of the

Center for Gene Research and Biotechnology. The purity of the

original oligonucleotide was estimated to better than 94% from the
coupling efficiencies. All blocking reagents and precursors were
removed by Sephadex G-10 column chromatography. The

hexanucleotide was crystallized at room temperature using the vapor
diffusion method, with 30% 2-methyl-2,4-pentanediol (2-MPD) as the
precipitating agent. The initial crystallization solution contained 4.0
mM oligonucleotide, 28 mM sodium cacodylate buffer at pH 7.0, 15

mM magnesium chloride, and 8.5% 2-MPD. Yellowish crystals that
were not suitable for x-ray diffraction studies formed overnight under

these conditions. These crystals were collected, washed with several
volumes of cold distilled, deionized water and redissolved in water at

higher temperature. In the next round of crystallization using the
recrystallized oligonucleotide, large nearly colorless crystals were
obtained after 3 days under the identical conditions of the original

crystallization step.
X-ray diffraction data were collected at room temperature from
a 0.3 mm x 0.5 mm x 0.5 mm crystal on a Rigoku diffractometer. The
crystal has a space group of P212121, typical of the lattice of previous
Z-DNA hexamer crystals, with unit cell dimensions of a = 17.82 A, b
30.44 A, and c = 44.52 A. This crystal diffracted to better than 1.3 A

=

resolution. The structure of this crystal was refined using the
Konnert-Hendrickson restrained refinement method (Hendrickson &
Konnert, 1979). The initial model for refining the structure was
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generated from the 1.2 A resolution Z-DNA structure of
d(m5CGTAm5CG) (Wang et al., 1984) in which the methyl groups at the

thymine bases were removed from the C-5 positions. Of the 3869

reflections collected, the intensities of 2870 reflections were greater

than 2 sigma and were included in the structure refinement. The
structure was refined to better than 1.3 A resolution, with a final Rfactor of 20.8%. In the course of refinement, 62 well defined water

molecules and 2 unique magnesium water complexes were located in

the asymmetric unit.
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Results:

Structure of d(m5CGUAm5CG): The self-complementary
hexamer sequence d(m5CGUAm5CG) crystallizes as Z-DNA in a lattice

that is isomorphous with those of previous hexanucleotide Z-DNA
crystals (see Table 3.1). The stereo diagram in Figure 3.1 shows the
van der Waals surface of three d(m5CGUAm5CG) hexamers stacked

end-to-end along the crystallographic c-axis. The phosphorus atoms
of the backbone are connected to show the zig-zag pattern
characteristic of Z-DNA. As with all previous Z-DNA structures, the

two strands of the hexamer duplex form antiparallel strands with
Watson-Crick base pairs. The purine bases are in the syn
conformation and the pyrimidine bases are in the anti conformation.
Crystallization of d(m5CGUAm5CG): To obtain a measure of the

ability of d(UA) dinucleotides, relative to other alternating
pyrimidine-purine sequences, to adopt the Z-conformation, we

compared the equilibrium salt concentrations present in the
solutions that provide diffraction quality crystals of Z-DNA for selfcomplementary hexamer DNAs with the general sequence
d(m5CGPyPum5CG). The nucleotide Py in this sequence represents a
pyrimidine base d(m5C), d(T), or d(U), and Pu represents a purine base

d(G) or d(A). The premise behind this comparison is that a critical

concentration of hexamers in the Z-conformation must be present in
solution prior to crystallization of that sequence as Z-DNA. Z-DNA
has been shown to be stabilized by salt, and the concentration of salt
required to stabilize Z-DNA is dependent on the relative ability of
sequences to adopt the Z-conformation. A comparison of the
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Table 3.1. Comparison of crystallization conditions and unit cell
parameters of d(m5CG)3, d(m5CGUAm5CG), and d(m5CGTAm5CG).

Listed are the initial crystallization conditions, the equilibrium
cationic strengths (CS) calculated from the sodium and magnesium
salt concentrations at equilibrium, and the unit cell parameters of
each crystal.
Sequence:

d(m5CG)3 d(m5CGUAm5CG) d(m5CGTAm5CG)

Initial crystallization concentrations:
Hexamer concentration: 2 mM
Sodium cacodylate (pH 7.0):30 mM
Magnesium chloride:
4mM
Spermine:
0
Precipitant:
2% 2-MPD
Reservoir:
10% 2-MPD
CS at equilibrium:
0.23 M

4mM

4mM

28 mM
15mM
0
8.5% 2-MPD
30% 2-MPD
0.31 M

30 mM
15mM
7 mM
8% 2-MPD
50% 2-MPD
0.56 M

17.82

17.91

30.44
44.52
P212121

30.43
44.96
P212121

This work

(Wang ,1984)

Unit cell dimensions of crystal:
a (A)
b (A)
c (A)

Space group:
Reference:

17.76
30.57
45.42
P212121
(Fujii et al., 1982)

2-MPD is 2- methyl -2,4- dimethylpentanediol. CS is the cation
strength at equilibrium for the conditions at which diffraction
quality Z-DNA crystals of each hexamer were obtained (see text).
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Figure 3.1. Stereo diagram of the d(m5CGUAm5CG) van der Waals

surface. Shown are three hexamers stacked end-to-end along the
crystallographic c-axis. Each hexamer is related by two-fold screw
symmetry along the helical axis to generate a continuous one and onehalf turn of Z-DNA. From dark to light, the atoms are coded as

deoxyribose carbons, base carbons, nitrogens, oxygens, and
phosphorus.

bN
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equilibrium concentrations of salt in the crystallization setups,
therefore, provides a measure of how changing the internal PyPu
dinucleotide affects the ability of the general sequence to adopt the Z-

conformation.
In the previous chapter, the concentration of cations required to

obtain diffraction quality crystals for four well studied alternating
pyrimidine and purine hexamer sequences, d(m5CG)3,
d(m5CGTAm5CG), d(CG)3, and d(CACGTG), as Z-DNA were shown to be

dependent on the relative abilities of these sequences to form Z-DNA.
The value of cationic strength was found to be useful in the analysis of

the equilibrium cation properties when comparing the crystallization
conditions of hexamer sequences as Z-DNA. The stability of Z-DNA is
dependent on both the concentration and the charge of the cations in

solution. The anions present in the crystallization conditions do not
appear to play as significant a role in Z-DNA stability as do cations.
Cationic strength (CS), therefore, was defined as CS = Z (Zi2 x Ci),
where Zi is the charge and Ci is the concentration of the ith cation
(Kagawa et al., 1989). When converted to the quantity of log(CS) at

equilibrium, a linear relationship between the crystallization
conditions and the free energy difference between B- and Z-DNA for

the four hexamer sequences was observed. The crystallization

conditions mirror the difference in salt concentrations required to
induce Z-DNA formation in polymeric DNA and generally follows the
expected hierarchy of d(m5CG) > d(CG) > d(CA)-d(TG) > d (TA) in the

ability of dinucleotides to adopt the Z-conformation. The

equilibrium cationic strength required to form diffraction quality Z-
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DNA crystals, therefore, appears to be a useful measure for the ability
of a hexamer sequence to form Z-DNA.

The initial and equilibrium conditions for crystallizing the
hexamer sequences d(m5CG)3, d(m5CGUAm5CG), and
d(m5CGTAm5CG) as Z-DNA are compared in Table 3.1. The

equilibrium salt concentrations required to crystallize the hexamer
sequence d(m5CGUAm5CG) as Z-DNA were significantly lower than

that for d(m5CGTAm5CG) (Wang et al., 1984). Although the initial salt
concentrations for d(m5CGUAm5CG) and d(m5CGTAm5CG) were

similar, the final concentrations at equilibrium were quite different
because of the higher precipitant concentration used to drive the
crystallization d(m5CGTAm5CG). The polycation spermine was not
found in the crystal of d(m5CGTAm5CG) even though it was present in

the crystallization conditions (Wang et al., 1984). Only the sodium

and magnesium concentrations were thus used in calculating cationic
strength for crystallizing d(m5CGTAm5CG). We have confirmed that
indeed d(m5CGTAm5CG) can be crystallized under this cationic

strength in the absence of spermine.
A comparison of the cationic strengths of three Z-DNA
hexamers show that the sequence d(m5CGUAm5CG) required a 1.64

times lower concentration of total cations to crystallize as Z-DNA as
compared with d(m5CGTAm5CG), and 1.57 times higher than that

required for d(m5CG)3. These differences in cation strength are in the

magnitude of 100 to 200 mM cation concentrations, and therefore
represent significant differences in crystallization conditions. This
supports our previous prediction that the propensity of d(UA)

dinucleotides to adopt the Z-conformation is greater than that of
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d(TA), but lower than that of d(m5CG) dinucleotides (Chapter 2). We

assume in this comparison that a critical concentration of DNA must
be in the Z-conformation at equilibrium before it will actually
crystallize as Z-DNA.
Comparison of the d(m5CGUAm5CG) DNA structure with
d(m5CGTAm5CG): Overall, the Z-DNA structures of d(m5CGUAm5CG),

that we report in this chapter, and d(m5CGTAm5CG), as previously

reported (Wang et al., 1984), are very similar. These structures are
compared in Figure 3.2 as superimposed polar projections of the Z-

DNA helices. A polar projection is generated by projecting the atomic
coordinates of the DNA, using the helix axis as the origin of the

projection, onto a cylindrical surface wrapped around the helix.
When the surface is unwrapped along the helical axis the resulting
projection allows us to view all angles of the DNA at once, including

the major groove surface and the minor groove crevice. The structure
of d(m5CGUAm5CG) is shown as thick bonds while that of
d(m5CGTAm5CG) is shown as thin bonds. The nucleotides are

numbered 1-6 for the 5' to 3' direction along one strand and 7-12 along

the opposite strand. In general, the projected structures of
d(m5CGUAm5CG) and d(m5CGTAm5CG) nearly completely overlap,

consistent with the low overall root-mean-square (RMS) deviation of
0.34 A calculated between the two structures. The RMS deviation base
to base is 0.05 to 0.08 A, deoxyribose to deoxyribose is 0.07 to 0.18 A
and nucleoside to nucleoside is 0.09 to 0.16 A between the two

structures. The largest deviations between groups, ignoring the
methyl of the thymine bases, comes from the inversion of the sugar
pucker of guanine G12 of d(m5CGUAm5CG) relative to
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Figure 3.2. Polar projection comparing the structures of
d(m5CGUAm5CG) and d(m5CGTAm5CG). The d(m5CGUAm5CG)

structure is shown as thick bonds and the d(m5CGTAm5CG) structure

shown as thin bonds. The polar projection was generated as described
in the text. The x-axis is the angle of view around the helical axis and
the y-axis is the helical axis (c/2 is 1/2 the length of the
crystallographic c-axis). The minor groove crevice is labeled.

1

O

180

Figure 3.2

1

360
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d(m5CGTAm5CG). The deoxyribose at the G12 nucleotide of
d(m5CGUAm5CG) assumes a C3' endo pucker while that of

d(m5CGTAm5CG) is C2' endo. This effectively rotates the

phosphodiester linkage between C11 and G12 towards the minor
groove crevice in d(m5CGUAm5CG). The sugar puckers of all other

purine nucleotides are identical for both structures, with the G6
nucleotide adopting the C2' endo conformation and all others in the
C3' endo conformation. The puckers of the deoxyribose in all the
pyrimidine nucleotides of both sequences are C2' endo. A more subtle,
but perhaps more important difference between the Z-DNA structures
of d(m5CGTAm5CG) (Wang et al., 1984) and d(m5CGUAm5CG), that is

not obvious from comparisons of their overall structures, is seen
when comparing the conformations at the internal d(TA) and d(UA)
dinucleotides. A comparison of the base pair stackings of d(TA) and
d(UA) along the helical axis of Z-DNA is shown in Figure 3.3. The

distances separating corresponding atoms that define the major
groove surface and the minor groove crevice of the d(UA) and d(TA)

dinucleotides are compared in Table 2.2. The 04 oxygens of adjacent
base pairs in the d(TA) dinucleotides are separated by 3.83 A. This
same distance for d(UA) is 3.84 A, only a 0.01 A difference between the

positions of the pyrimidine bases at the major groove crevice. This is
an overall small difference between the d(UA) versus the d(TA) bases,

but, in actual fact, represents a 0.2 A shift in the plane of the A4-U9

base pair relative to the U3-A10 base pair when compared to the
analogous base pairs of the d(TA) dinucleotide. The d(UA) base pairs
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Figure 3.3: Comparison of the base pairs stacking of d(UA) dinucleotides

and d(TA) dinucleotides along the helical axis of the Z-DNA. The

structure of the d(UA) dinucleotide is shown stacked above the analogous
d(TA) dinucleotide. The black bonds represent d(UA) dinucleotides and
the open bonds represent d(TA) dinucleotide. The differences in the

distances separating atoms in the major groove surface and minor
groove crevice are compared for the d(TA) and d(UA) dinucleotides as ZDNA in Table 3.2.

0
Figure 3.3
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Table 3.2: Comparison of the distances separating corresponding atoms
at the major groove surface and the minor groove crevice of d(UA) and
d(TA) dinucleotides as Z-DNA.
Atom Names

Atomic Distances (A)
d(TA)

d(UA)

d(UA)

d(TA)

Py3 04

Py9 04

3.83

3.84

0.01

Py3 02

Py9 02

3.68

3.55

-0.13

Py3 C3'--- Py9 C3'

10.69

10.64

-0.05

Py3 03'--- Py9 03'

9.69

10.04

0.35

11.48

12.32

0.84

9.71

11.12

1.41

A4 P

A10 P

A4 01P---A10 02P

The nomenclature for the atom names are as follows. The residue
name precedes the residue number. This is followed by the atom name

and number. The residue "Py" is a pyrimidine nucleotide, either
deoxythymidylate or deoxyuridylate. 04 atoms represent the oxygens
at the 04 position of the pyrimidine bases, C3' and 03' are the carbons
and oxygens, respectively, at the 3 position of the deoxyribose , P is the

phosphorus of the phosphodiester, and 01P and 02P are two different
oxygens of the phosphate group. The Atomic Distances are listed as

distances between the opposing atoms on either side of the Z-DNA
helix within the d(TA) dinucleotide and within the d(UA) dinucleotide.
The d(UA)-d(TA) distances are differences between the d(UA) and d(TA)

dinucleotide distances.
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are tilted 30 towards each other along the helical axis relative to the
d(TA) base pairs. This tilt compensates for the shift in the base pair

plane and results in the small overall difference in distances observed
between the 04 oxygens at the major groove surface of the two types of
base pairs in Z-DNA.

In the minor groove, the adjacent base pairs of the d(TA)
dinucleotide are separated by 3.68 A for the 02 to 02 of the purine base,
10.69 A C3' to C3' of the deoxyribose, 9.69 A 03' to 03' of the

deoxyribose, 11.48 A phosphorus to phosphorus atoms and 9.71 A for

the closest approach of the bridging phosphate oxygens. These same
distances are 3.55 A for 02 to 02, 10.64 A C3' to C3', 10.04 A 03' to 03',

12.32 A P to P and 11.12 A for the closest approach of the bridging

phosphate oxygens in the minor groove crevice of the d(UA)

dinucleotide. Thus the minor groove crevice for the adjacent d(UA)
relative to the d(TA) base pairs narrows when going from the C3' of the

deoxyribose sugars towards the purine bases and widens going from

the 03' of the deoxyribose towards phosphodiester linkage. This
makes the minor groove crevice of the d(UA) dinucleotide 1.4 A wider

at the outer edges and renders it more accessible to water molecules
when compared to the d(TA) dinucleotide in Z-DNA. The major groove

surface, meanwhile, remains essentially the same between the

structures.
Comparison of the solvent and cation structures around
d(m5CGUAm5CG) and d(m5CGTAm5CG): In the course of refining the

structure of d(m5CGUAm5CG) to 1.3 A, 62 well ordered water

molecules were located, while 98 water molecules were reported for the
Z-DNA structure of d(m5CGTAm5CG) at 1.2 A resolution (Wang et al.,
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1984). The lower number of water molecules assigned in the
d(m5CGUAm5CG) structure reflects the slightly lower resolution of

the data obtained from this crystal, and the more conservative
assignments of solvent within the structure. The electron densities of
the water molecules immediately surrounding the DNA base pairs in
the d(m5CGUAm5CG) structure are shown in the six sections of the

map in Figure 3.4. Hydrogen bonds are shown as dotted lines
connecting the bonded pairs. The d(m5CG) base pairs and the water

molecules immediately surrounding them are shown in panels A, B, E,
and F. Two well defined water molecules in the minor groove crevice
of each d(m5CG) base pair was observed, which is consistent with what
has been observed in the minor groove crevices of the d(CG) and
d(m5CG) base pairs in all high resolution structures of Z-DNA studied
so far (Jovin et al., 1987). In the case of the d(CG)3 (Wang et al., 1979)

and d(m5CG)3 (Fujii et al., 1982) structures, these waters form a

continuous spine along the minor groove that is thought to be
important for stabilizing Z-DNA in these sequences.
Two well defined water molecules in the minor groove crevice at
each d(UA) base pair of the d(m5CGUAm5CG) structure were observed

(Figure 3.4 c and d). These water molecules were not observed in the
crevice of the d(TA) base pairs of the reported d(m5CGTAm5CG) (Wang
et al., 1984) or d(CACGTG) (Coll et al., 1988) structures. This does not

imply that waters do not reside in the Z-DNA crevice of d(TA) base

pairs, only that they are either disordered or are poorly occupied
within the groove. The increased width of the d(UA) minor groove
crevice may help to define distinct water binding sites within the
d(UA) crevice that are not accessible in the crevice of d(TA) base pairs.
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Figure 3.4. Sections from the electron density map at the 1.3 A
resolution of d(m5CGUAm5CG). Panel A shows sections through ClG12 base pairs, B shows G2-C11, C shows U3-A10, D shows A4-U9, E

shows C5-G8, and F shows G6-C7. Each section is 3 A thick. Hydrogen

bonds are shown as dotted lines connecting the hydrogen bond pairs.

The electron densities associated with water molecules in the minor
groove crevice are labeled as W1 and W2 for each base pair.

In

N
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Alternatively, the binding of these waters may induce the widening of
the d(UA) dinucleotide minor groove. Regardless of the explicit

mechanism, it is clear that this spine of waters in the minor groove
crevice of Z-DNA is interrupted by d(TA) base pairs, but not by d(UA)

base pairs. Thus, if indeed this spine of waters proves to be an
essential element in the stability of the Z-conformation, d(UA) base

pairs are less disruptive to, and therefore more stable as, Z-DNA than
are d(TA) base pairs.

The other important solvent interaction in terms of Z-DNA
stability is that of cations, and their aquo-complexes, with the
backbone and the bases. In the d(m5CGUAm5CG) structure, two

crystallographically unique magnesium water complexes were
located within the asymmetric unit of the crystal. When we consider
the symmetry of the crystal, four magnesium clusters would be located

for each hexamer duplex. One magnesium cluster is directly
coordinated to an oxygen of the phosphate linking nucleotides G8
with U9 (Figure 3.5A). Free water molecules in the minor groove

crevice bridge this cluster to the phosphates that link nucleotides C7
to G8 and U9 to A10 of thissame hexamer. On an adjacent hexamer,

this magnesium cluster forms a hydrogen bond with the oxygens of
the phosphate linking nucleotides A4 to C5 and C5 to G6. An

analogous magnesium-water cluster was observed in the Z-DNA
structure of d(m5CGTAm5CG) (Wang et al., 1984), suggesting that this

cation complex is not directly affected by the C5 methyl group of the

thymine bases.
A second crystallographically unique magnesium-water cluster
in the d(m5CGUAm5CG) structure (Figure 3.5B) forms a hydrogen bond
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Figure 3.5. Stereo pair showing ball and stick models for interactions
between the magnesium water complexes and the DNA within the
structure of d(m5CGUAm5CG). Hydrogen bonds are shown as dotted

lines connecting the hydrogen bonded pairs. A).The

pentaaquomagnesium complex is shown directly coordinated to the
oxygen of the phosphate group linking nucleotides G8 with U9. The

interactions of this magnesium complex with an adjacent
d(m5CGUAm5CG) hexamer is shown along with bridging water

molecules. B) The hexaaquomagnesium complex is shown bridging
the nucleotides U3 and U9 of d(m5CGUAm5CG). The interactions of

this magnesium complex with an adjacent d(m5CGUAm5CG) hexamer

is also shown.

A

B

Figure 3.5
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to an oxygen of the phosphate linking nucleotide U9 with A10. In

addition, this complex forms hydrogen bonds with the 04 oxygens of
the two adjacent uracil bases, thereby bridging the internal d(UA)

dinucleotides, as shown in the sections through the electron density
map of the two adjacent d(UA) base pairs (Figure 3.6). The adjacent

uracil bases of the internal d(UA) dinucleotides are thus structurally

linked at the major groove surface by the relatively rigid octahedral
geometry of the magnesium cluster. This structurally well defined
octahedral magnesium bridge was not observed in the Z-DNA
structure of d(m5CGTAm5CG). A cluster of cations were previously
observed at the major groove surface of d(m5CGTAm5CG). Within this

cluster a single well defined magnesium water cluster was found
bridging the N7 of guanine G8 and the 04 of thymine T9. The

remainder of the cations within this cluster could not be definitively
assigned to either magnesiums or sodiums because of the large

distortions in their coordination geometries. The two cations at the
major groove surface of the internal d(TA) dinucleotide are very
distorted in terms of bond lengths and bond angles for the cation to

water ligand bonds. These cations are most likely sodium ions with
highly distorted coordination geometries, as opposed to the well
ordered magnesium complex at the d(UA) dinucleotides. Since the
major groove surfaces of d(UA) and d(TA) are nearly identical in

geometry, the disruption of these solvent interactions at the 04
oxygens must be due to the two hydrophobic methyl groups at the C5

positions of the thymine base, and is consistent with the predictions
from calculations of solvent accessible surfaces of d(TA) and d(UA)
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Figure 3.6. A 6 A thick section through the electron density map of
d(m5CGUAm5CG) showing the hexaaquomagnesium complex

bridging the adjacent uracil bases of the internal d(UA) dinucleotides.
Hydrogen bonds between the bases are shown as broken lines and
hydrogen bonds between the waters of the metal cluster with the 04
oxygens of the bases shown as dotted lines.
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dinucleotides in Z-DNA (Chapter 2).

Figure 3.7 summarizes the solvent interactions around the
internal d(UA) dinucleotide in the d(m5CGUAm5CG) structure. The

octahedral magnesium-water cluster is shown bridging the 04
oxygens of the adjacent uracil bases, along with the water interactions
within the minor groove crevice of the Z-DNA structure. These

specific interactions of cation complexes at the major groove surface
and waters in the minor groove crevice are nearly identical to those
observed in the d(m5CG) and d(CG) sequences as Z-DNA. This

structure thus provides a molecular basis for the increased stability of
Z-DNA in the deoxyuridine versus thymine containing Z-DNA
sequences. The methyl groups of the thymine bases disrupt the
binding of a well structured magnesium complex at the major groove
surface, replacing this with a highly distorted sodium ion cluster. The
spine of waters in the minor groove crevice is continuous in the d(UA)
sequence, but is disrupted in the d(TA) sequence.
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Figure 3.7: Ball and stick model showing the solvent interactions
around the d(UA) dinucleotides that differ from d(TA) dinucleotides in
Z-DNA. Coding of the atoms and bonds in different intensities of grey

are shown in the figure key. Atoms that are within the proper
distances to form hydrogen bonds are connected by broken lines. This
figure shows a view of the d(UA) dinucleotides down the Z-DNA helix,

along with the magnesium complex that bridges the two base pairs at
the major groove surface and the waters observed in the minor groove
crevice.
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Figure 3.7
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Discussion:

In this chapter, the self-complementary sequence
d(m5CGUAm5CG) was crystallized as left-handed Z-DNA. The

equilibrium conditions required to form Z-DNA crystals of this
sequence was found to be significantly lower than that for the
sequence d(m5CGTAm5CG) and higher than that of d(m5CG)3. This

result supports the previous assertion (Chapter 2) that the methyl
group at the C-5 position of thymine destabilizes Z-DNA by increasing

the overall hydrophobicity of the major groove surface, and thus

decreasing the accessibility of this surface to solvent interactions.
The 1.3 A resolution structure of d(m5CGUAm5CG) provides a model

to test, at the molecular level, the predictions from calculations of
solvent accessible surfaces concerning the solvent interactions at the
major groove surface of Z-DNA. In addition, some surprising effects
on the properties of the minor groove crevice of Z-DNA were observed

resulting from altering the solvent properties at the major groove
surface of Z-DNA.

In this d(UA)-containing structure, a structurally well defined
octahedral magnesium water cluster was observed bridging the 04
oxygens of uracil bases at the major groove surface of the internal
d(UA) dinucleotide. The cations at the analogous surface of the
d(m5CGTAm5CG) structure are highly distorted in terms of bond

lengths and bond angles, and can be more reliably assigned to either
sodium complexes or water networks. Thus the hydrophobic C-5
methyls of thymine are shown to adversely disrupt solvent
interactions at the major groove of Z-DNA, as predicted by the solvent

accessible surface calculations (Chapter 2). The surprising
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observation from this structure that was not predicted from
comparing the solvent accessible surfaces of d(TA) and d(UA)

dinucleotide in the Z-conformation was the effect of the methyls at

the major groove surface on the structure and properties of the minor
groove crevice. To the first approximation, one would have expected
the minor groove crevices of d(TA) and d(UA) dinucleotides in Z-DNA

be nearly identical. In this single crystal structure of
d(m5CGUAm5CG), the minor groove crevice at the internal d(UA)

dinucleotides was found to be wider by 1.41 A than that of the
analogous dinucleotide in the d(m5CGTAm5CG) structure (Wang et al.,

1984). This wider crevice was shown to accommodate four

structurally well defined water molecules at the internal d(UA)

dinucleotides that were not observed in the minor groove crevice of
the d(TA) dinucleotide of d(m5CGTAm5CG) (Wang et al., 1984).

The apparent absence of water in the d(TA) crevice suggests that

the solvent is disordered due to thermal motion or from partial
occupancy of multiple sites within the minor groove. It is likely that
Z-DNA minor groove crevice of d(TA) is too narrow to accommodate

two waters per base pair, but wider than necessary for binding a single
water molecule. From the d(m5CGUAm5CG) structure, it is clear that
the crevice of the d(TA) dinucleotide should have sufficient hydrogen

bonding potential to interact with two waters at each base pair, and

thus there are at least two possible sites for water interaction per base
pair in the minor groove crevice. A single water molecule in the

crevice may therefore be sampling multiple sites within the same
d(TA) dinucleotide. Alternatively, one water may occupy one

particular site within the minor groove crevice of a d(TA) base pair,
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while a second water occupies a different site in the crevice of a

neighboring hexamer duplex within the crystal. When placed within
the context of the Z-DNA crystal packing, each possible water position
within the d(TA) dinucleotides minor groove is sampled and averaged

over all the hexamers in the crystal. Thus, this one water molecule
could appear disordered over all the hexamers in the crystal, even
though it is well defined within each d(TA) base pair.
The Z-DNA structures of d(CG)3 (Wang et al., 1979), d(m5CG)3
(Fujii et al., 1982), and even d(CGCGTG) (Ho et al., 1985), where there

are two mismatched d(TG) base pairs introduced into the structure, all
show two well structured water molecules interacting in the minor
groove crevice at each base pair. These waters form a continuous

hydrogen bonded network of water molecules lining the minor groove
crevice to accommodate the hydrogen bonding potential of the DNA.
The presence of two well defined waters per base pair in the crevice of
the d(UA) dinucleotides shows that the continuity of the spine of

waters is maintained in the minor groove crevice of Z-DNA structures,
while d(TA) disrupts this solvent spine. An analogous spine of waters

has been observed in crystal structures of oligonucleotides as B-DNA
(Drew & Dickerson, 1981). These continuous networks of water

molecules are thought to be important for stabilizing sequences as ZDNA or as B-DNA (Fujii et al., 1982; Wang et al., 1979; Drew &

Dickerson, 1981). In the single crystal structures of the sequences
d(m5CGTAm5CG) (Wang et al., 1984) and d(CACGTG) (Coll et al., 1988)

as Z-DNA, no structured waters were located in the minor groove at
the d(TA) base pairs. This suggests that disruption of the continuous
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spine of waters in the Z-DNA minor groove crevice by d(TA) base pairs

destabilizes the Z-DNA structure.

The disruption of the water network in the minor groove crevice
and the subsequent destabilization of the Z-DNA structure by d(TA)
base pairs would, at first, appear to be unrelated to the thymine
methyl groups at the major groove surface. However, when d(UA) and
d(TA) in Z-DNA were compared, it was clear that in fact removing

these methyls from the C-5 position of thymine restores the
continuity of the spine of waters in the minor groove crevice. This

demonstrates that a structural effect on the major groove surface can
be translated through the rigid Z-DNA helix to affect the properties of

the minor groove crevice, either through mechanisms that are

intrinsic or extrinsic to the DNA structure. Since this is a long range
interaction, one would suspect that an electrostatic attraction
between the magnesium complex at the major groove surface and the

negative phosphates lining the minor groove could pull the

phosphodiester towards the major groove, thus widening the minor
groove crevice. The distance separating the magnesium complex from
the phosphate group that is rotated in the Z-DNA structure of the
d(UA) dinucleotides is 13.05 A from the center of the magnesium to the

phosphorus, and 13.43 A to the point representing the mass average of
the phosphate group. When we place the d(UA) dinucleotide in the

same conformation as the d(TA) dinucleotide, however, these
distances are 13.03 A and 13.42 A, respectively, for the magnesium to

the phosphorus and magnesium to the center of the phosphate group.
The differences between the distances separating the cation and anion

are thus not great for the two conformations. If electrostatic
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interactions are responsible for altering the structure of the minor
groove, the mechanism involved must be very subtle.

Alternatively, we can envision how demethylation of thymine could

induce shearing of the adjacent base pairs that can ultimately be
translated into a widening of the minor groove crevice.
Demethylating a pyrimidine base effectively removes a weak

electron-donating substitute group at the C-5 position. Conversely,
the observed substitution of monovalent sodium in the d(TA) with a
divalent magnesium complex in the d(UA) structure of Z-DNA would

alter the electron-withdrawing properties of the cation complex at the
major groove surface. These modifications in the substitute effects

would result in a redistribution of the partial charges within the
aromatic bases, and subsequently would alter the energy and

arrangement of the stacking between the adjacent base pairs. This
could shift one base pair relative to its neighbor, and be observed as a
shearing of the two adjacent base pairs, as seen when comparing the
d(UA) and d(TA) dinucleotides in Z-DNA. The magnesium cluster at
the major groove surface of the d(UA) Z-DNA structure may introduce

a geometric constraint on the base stacking in addition to, or in lieu of
the electrostatic effect on the charge distribution within the bases.
The cation complexes at the major groove surface of the d(TA)
dinucleotide in Z-DNA are highly distorted in terms of geometry and
bond distances, indicative of sodium water complexes. The more rigid
octahedral water complex of magnesium observed at the major groove
surface of the d(UA) dinucleotides would necessitate some

readjustment in the stacking of adjacent base pair to accommodate
the hydrogen bonds formed between the waters of the cation complex
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and the 04 oxygens of the uracil bases. Thus demethylating the
thymine base may affect the stacking of the adjacent base pairs in Z-

DNA either intrinsically or extrinsically.This shearing of the
adjacent base pairs in Z-DNA by demethylation of the thymine bases

would be translated into concerted rotations of the deoxyribose and

phosphates that bridge the base pairs, resulting in the widening of the
minor groove crevice, as observed when comparing the d(TA) and
d(UA) dinucleotide structures of Z-DNA. A simple representation of

the rotational degrees of freedom for the major groups within a
dinucleotide in Z-DNA is shown in Figure 3.8. The structural features
of the DNA and the magnesium cluster are reduced to simple geometric

elements demonstrating the concerted motion of atoms within a
group. The uracil-adenine base pairs are shown as rectangular planes

and the deoxyriboses as triangular planes. The top rectangular plane
represents base pair U3-10 and the bottom rectangle is the A4-U9 base

pair plane. The adjacent d(UA) base pair planes are allowed to shear
relative to each other, while each deoxyribose can rotate around

points defined by the Cl' carbon and the 05' and the 03' oxygens. The
05' of U3 and U9, and the 03' of A4 and A10 vertices of each
deoxyribose are fixed by the d(m5CG) base pairs flanking either side of
the adjacent d(UA) base pairs. One of the oxygens of the phosphate
bridging U9 and A10 is fixed by a magnesium cluster bound to an

adjacent hexamer duplex. Within the context of these fixed geometric
shapes, a minor shearing of the adjacent base planes can be seen to be

accentuated through concerted rotation of the connecting

deoxyriboses and phosphates to result in a significant widening of the
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minor groove crevice. This analogues to how a pair of scissors work,
so this model was called as scissors model.

In conclusion, the methyl group at the C-5 position of thymine
bases destabilizes Z-DNA by disrupting solvent interactions, in

particular the interactions of cation complexes, at the major groove
surface. Removing this methyl group facilitates the binding of an
octahedral cation complex at the major groove surface of Z-DNA and,

subsequently, increases the accessibility of the minor groove crevice
to solvent molecules. The mechanism by which structural
perturbations are transmitted through the Z-DNA helix to affect the
properties of the opposing helical groove is subtle and will be

addressed in greater detail in the following chapter.
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Figure 3.8. Schematic summary of the structural differences between
d(UA) and d(TA) dinucleotides in Z-DNA as defined by a scissors

model. Planes represent the paired bases of U3-A10 and A4-U9 as
viewed down the helical axis of the adjacent base pairs. The 04

oxygens of each uracil are shown as stippled atoms. Dotted lines show
the hydrogen bonding between the waters of the magnesium cluster

and the 04 oxygens of the uracil bases. The deoxyriboses are
represented by triangles whose vertices are defined by the C1' carbon
and the 03' and 05' oxygens. All points of free bond rotations between

structurally rigid groups are indicated by a circled X, while points that
are physically fixed either by adjacent d(m5CG) base pairs or metal

clusters are indicated by the filled circles. The straight arrow
indicates the direction of the sheared base pair, while the curved

arrows show the direction of rotation around points of free rotation.
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Flgure 3.8
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Chapter 4

Effect of Hydrophobic Surface

on Macromolecular Conformations:
Analysis of the Crystal Structures of
d(m5CGUAm5CG) and d(m5CGTAm5CG)

by AMBER and Hydration Energy Calculations
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Introduction:
In Chapter 2, d(UA) dinucleotides were predicted to be more

stable in Z-DNA than d(TA) dinucleotide based on hydration energy

calculations on the model structures of d(TATATA) and d(UAUAUA)
in both the Z-form and the B-form. This assertion was confirmed by
the comparing the crystallization conditions for d(m5CGUAm5CG)
and d(m5CGTAm5CG) with those of other hexamer sequences. In

Chapter 3, a molecular model was proposed from the crystal
structural of d(m5CGUAm5CG) to explain the stabilization of d(UA) as
Z-DNA. This stabilization was found to be due to the presence of a

magnesium cluster at the major groove of UA base pairs, the widening
of the minor groove and the four well organized waters in the minor
groove of the d(UA) dinucleotide.

The binding of the magnesium cluster to the major groove is
simply due to the demethylation of pyrimidine base, going from
thymine to uracil. In the structure containing d(TA) base pairs, the
methyl group at the C5 position excludes the magnesium cluster from
the major groove. Upon removing this methyl group, the more
exposed hydrophilic surface and more open space allows the binding

of the magnesium cluster at the major groove.
The widening of the minor groove of d(UA) base pairs and the

subsequent binding of waters in the minor groove need more
explanation. In going from a d(TA) base pair to a d(UA) base pair, the

only chemical modification is the demethylation at the major groove.
How does this modification at the major groove change the structure
of the minor groove? A scissors model was proposed from the

comparison of the crystal structures to explain how the binding of the
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magnesium cluster at the major groove widens the minor groove of
d(UA) dinucleotides in Z-DNA. Upon binding the magnesium cluster

at the major groove, the hydrogen bonds formed between this cluster

and DNA bases shift the base pairs. The phosphate groups are thus

rotated, resulting in the widening of the minor groove. This widened
minor groove affords sufficient space to hold four ordered water

molecules. Thus, the binding of the magnesium at the major groove
and the ordered waters in the minor groove were proposed to stabilize
d(UA) dinucleotides as Z-DNA.

If this model is correct, then, the conformational change of the
d(UA) base pairs in Z-DNA is due to the demethylation. This
demethylation results in a more exposed hydrophilic surface and
results in binding of a magnesium cluster. The minor groove change

is thus simply a result of this increase in the hydrophilic surface.
This implies that hydrophobic surface change is one of the driving
forces for macromolecular conformation changes.
The question that needs to be asked, then, is whether the

scissors model is reasonable? Where does the stabilization of Z-DNA
by the demethylation of thymine come from? Is it from internal
energies or from hydration energies? These will the questions to be
addressed in this chapter. First, the detailed internal energy of ZDNA crystal structures of d(TA) and d(UA) and the B-DNA model

structures will be analyzed using the AMBER forcefields. Then, the

detailed hydration energies of these structures will be analyzed from

those models. Finally, the proposed scissors model will be examined
by computer simulation which minimizes the Z-DNA crystal
structures containing d(TA) and d(UA) dinucleotide in aqueous
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solution under various environmental conditions.
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Experimental Methods:
Minimization of Model Structures by AMBER in vacuum: To

determine the effect of the methyl group on the internal energies of
d(UA) and d(TA) dinucleotides, the molecular mechanics program
AMBER/UCSF Ver3.0 was used to analyze and minimize both the ZDNA and B-DNA conformations of the d(m5CGTAm5CG) and

d(m5CGUAm5CG) hexamers. The coordinates of the Z-DNA models of
d(m5CGTAm5CG) and d(m5CGUAm5CG) were those of the crystal

structures determined from single crystal x-ray diffraction (Wang et
al., 1984; Zhou & Ho, 1990). These models are called ZTA(x-tal) and

ZUA(x-tal) respectively. The coordinates of the B-DNA models for the

same sequences were computer generated using standard bond angles,

bond distances and helical parameters. These B-DNA models for the
d(TA)- and d(UA)-containing sequences are called BTA and BUA

respectively. To study the direct effect of the methyl group on the
internal energies of the d(TA) and d(UA) dinucleotides, the thymine
nucleotide of the ZTA(x-tal) model was changed to uracil by removing
the methyl group (ZUA(cal)), and the deoxyuridine nucleotide of the

ZUA(x-tal) model was changed to deoxythymidylate by methylation to
generate the ZTA(cal) model.

These models were minimized by the steepest descent algorithm

until the maximum derivative of the total energy was less than 1.0

kcal/A, then minimized by using the conjugate gradient algorithm
until the maximum derivative was less than 0.1 kcal/A. The group
constraint, which considers the atoms of the deoxyribose, atoms of
the base and atoms of the phosphate as discrete groups, was used in the

minimization. This constraint held the DNA in a correct
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conformation. The minimizations were carried out in vacuum using
distance dependent dielectric coefficients of e=1.0r and e=4.0r, which

mimics a low salt DNA solution and a high salt DNA solution

respectively. The detailed internal interactions within the hexamers
of both the crystal structures and the minimized structures were
analyzed. To calculate the internal energy of the d(TA) base pairs,
only the interactions of nucleotide T, U or A with the rest of the

hexamer was included. These represent the internal energies of d(TA)
and d(UA) base pairs. All the calculations were carried out on a
MicroVAX II GPX workstation from Digital Equipment Corporation.
Hydration energy calculations of the d(UA) and d(TA)

containing crystal structures: The models used in the AMBER

calculations were also used in the hydration energy calculations.
However, in order to eliminate end effects, two additional hexamers
were generated at each end thus generating models of 18mers (three

hexamers stacked end to end). The same nomenclature as those used
in the AMBER calculations is kept.
The hydration energy of the hexamers, AGH, were determined by

summing the solvent accessible surface (SAS) of each atom and

multiplying this by the atomic solvation parameters (ASP) of this
atom as follows:
AGH. E SASi * ASPi

The solvent accessible surfaces (SAS) of different

oligonucleotides were calculated by the rolling-ball method
(Connally, 1983) as described in Chapter 2. The ASP (Atomic

Solvation Parameters) values were determined from small molecules
by Kagawa et al (1989). Only the hydration energy of the T(U)A base
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pairs are included in the total hydration energies. These correspond
to the hydration energies of d(TA) and d(UA) base pairs. All the
calculations were carried out on a MicroVAX II GPX workstation from

Digital Equipment Corporation.
Analysis of Z-DNA crystal structure of d(m5CGUAm5CG) and
(m5CGTAm5CG) in aqueous solution by AMBER: To study the effect of

modification of major groove on the widening of the minor groove,
the crystal structures of d(m5CGTAm5CG) and d(m5CGUAm5CG) were

minimized in aqueous solution using the AMBER force field. The ZDNA crystal structure of d(m5CGUAm5CG) and the minor groove

waters that were observed in crystal structure were used as the initial

model for UA minimization. In addition, these minor groove waters
and the magnesium clusters found in the ZUA(x-tal) structure were

assigned to the appropriate locations of the TA base pair in the ZTA(xtal) by a linear least square matrix fitting algorithm. This combined

structure was used as the initial model for TA minimization.
Hydrogens were added to the minor groove waters and waters of the

magnesium clusters according to standard bond distances and angles.
The directions of two hydrogens in waters were adjusted by

minimization using a distance NOE constraint.
An aqueous solution environment was mimicked by soaking
these Z-DNA hexamers in a cubic box of 28A x 28A x 28A. The box

contained 500 to 550 water molecules. The waters were initially
minimized to a maximum derivative of 5.0 kcal/model by the steepest
descent method, with DNA and waters in the minor groove of DNA

fixed. The aqueous waters were, then, equilibrated at 3000K for 0.5 ps,
heated up at 6000K for 0.5 ps, and equilibrated at 3000K for 0.5 ps
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again by molecular dynamics. Finally, the waters were minimized
until the maximum derivative was less than 5.0 kcal/mol by the
steepest descent algorithm, followed by minimization until the
maximum derivative was less than 0.5 kcal/mol by the conjugate

gradients algorithm.
The hexamer solution was minimized under periodic boundary

conditions under different environments. During the minimization,
both the cytosine and guanine nucleotides and the minor groove
waters of CG base pairs were fixed, along with the oxygen atoms of the
minor groove waters of TA base pairs. The DNA molecules were

minimized until the maximum derivative was less than 5.0 kcal/mol

by the steepest descent algorithm, followed by minimization until the
maximum derivative was less than 0.1 kcal/mol by conjugate

gradients algorithm. A distance dependent dielectric constant of
e=1.0r and a cut off distance of 12.0 A for non-bonded interactions
were used for all minimizations. All calculations were carried out
using the program DISCOVER from Biosym Corporation on a

Personal IRIS 4D30 from Silicon Graphics Inc.

101

Results:

The effect of demethylation of thymine on the internal energies
of d(m5CGUAm5CG) and d(m5CGTAm5CG): The internal energies of a

DNA model can be calculated using molecular mechanics methods
having a force field such as that in AMBER (Weiner & Kollman, 1981).

The relative stability of different sequences as Z-DNA can be studied

by comparing the differences in the internal energies of Z-DNA and BDNA. The effect of demethylation of thymine on the stability of ZDNA in terms of the internal energies can, then, be determined from
the internal energy difference of ZTA(x-tal) minus BTA and the

internal energy difference of ZUA(x-tal) minus BUA. The internal
energies of the d(TA) and d(UA) base pairs in these model structures,
which include the Z-DNA crystal structures of d(m5CGTAm5CG) and
d(m5CGUAm5CG) and the B-DNA model structures of these sequences,

calculated using the AMBER force field are summarized in Table 4.1.

As was discussed in Chapter 3, aside from the absence of the methyl

group in d(UA) base pairs, there were several additional structural
differences between the d(TA) and the d(UA) base pairs of the crystal

structures of ZTA(x-tal) and ZUA(x-tal). To compensate for the effects

from these structural differences, the Z-DNA crystal structures were
mutated by either demethylation of thymine, or methylation of uracil
to generate the corresponding models ZUA(cal) and ZTA(cal)

respectively. In this way, the effect of demethylation of thymine on
the stability of Z-DNA in terms of the internal energies can be studied
by comparing the internal energies of d(TA) as Z-DNA (AG(ZTA(x-tal)))
and as B-DNA (AG(BTA)) and d(UA) base pairs as Z-DNA (AG(ZUA(x-

tal))) and as B-DNA (AG(BUA)). The energy differences for d(TA) base
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Table 4.1. Summary of Internal Energies of TA

and UA Base Pairs in Crystal Structures
and Model Structures
Calculated Using AMBER Forcefield
AG(kcal /bp)

ZTA(x-tal)

ZUA(cal)

ZTA(cal)

ZUA(x-tal)

AGZ

e=1.0r

-29.4

1.4

17.8

49.8

AGB

E=1.0r

-62.8

-32.4

-62.8

-32.4

AAGz_B

e=1.0r

33.4

33.7

80.6

82.1

AGZ

e=4.0r

52.3

61.3

99.4

108.6

AGB

e=4.0r

26.5

34.6

26.5

34.6

AAGz_B

e=4.0r

25.8

26.7

73.0

73.9

Note: ZTA(x-tal):Z-DNA crystal structure of d(m5CGTAm5CG).
ZUA(cal):Removing the methyl group from thymine of ZTA(x-tal).
ZTA(cal): Adding the methyl group to the C5 of uracil of ZUA(x-tal)
ZUA(x-tal):Z-DNA crystal structure of d(m5CGUAm5CG).
BTA: B-DNA model structure of d(m5CGTAm5CG).
BUA: B-DNA model structure of d(m5CGUAm5CG).
AGZ:
The internal energies of Z-DNA d(T(U)A) base pairs.
AGB:
The internal energies of B-DNA d(T(U)A) base pairs.
AAGZ-B: The internal energy differences of Z-DNA and BDNA of d(T(U)A) base pairs.
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Table 4.2. Summary of Components of the Internal Energies
of TA and UA Base Pairs

in Crystal Structures and Model Structures
Energies ZTA(x-tal)ZUA(cal)ZTA(cal)ZUA(x-tal)BTA

BUA

(kcal/mol)
e=1.0r

Structural 105.9

105.5

154.9

152.3

75.1

74.9

9.6

12.1

11.7

15.2

14.7

-183.4 -134.2

-184.2

-133.5

-187.8

-138.5

VDW14

EEL14

9.6

VDWNB

-37.6

-35.5

-37.6

-35.6

-33.9

-32.4

EELNB

74.4

54.4

74.9

54.9

68.8

49.2

Total

-29.4

1.4

17.8

49.7

-62.8

-32.4

EEL14

-46.0

-33.6

-46.1

-33.4

-46.9

-34.6

EELNB

18.6

13.6

18.9

13.7

17.2

12.3

Total

52.3

61.3

99.4

108.6

26.5

34.6

e=4.0r

Note:

Structural: bond energies, angle energies, dihedral energies.
VDW14:

1-4 van der Waals interaction.

EEL14:

1-4 electrostatic interaction.

VDWNB:

non-bonded van de Waals interaction.

EELNB:

non-bonded electrostatic interaction.

104
pairs (AAG(z-B)(TA)) and for d(UA) base pairs (MG(Z- B)(UA)) allows a

comparison of the effect that demethylating thymine has stability on
Z-DNA.

From Table 4.1, AAG(z_B)(ZUA(cal)) appears to be similar to
6,G(z_B)(ZTA(x-tal)) and AG(z_N(ZUA(x-tal)) is similar to AG(z_

B)(ZTA(cal)). This suggests that demethylation of thymine has no

effect on the stability of Z-DNA in terms of the internal energies.
The effect of demethylation of thymine on the detailed internal

energies (structural energies, van der Waals interactions and
electrostatic interactions of the models) are tabulated in Table 4.2.
Both e=1.0r and e=4.0r have been used for these calculations, which

correspond to low salt and high salt conditions respectively. By
comparing the internal energies of the d(TA) and d(UA) in pairs, such
as ZTA(x-tal) versus ZUA(cal), ZTA(cal) versus ZUA(x-tal) and BTA

versus BUA, demethylation was found to have little effect on the

structural binding energies or van der Waals interactions.

Demethylation primarily affected the electrostatic interactions,
decreasing the non-bonded electrostatic interactions and increasing
the 1-4 electrostatic interactions. The accumulated effect is to

destabilize the electrostatic interactions. This destabilization,
however, is conformation independent. Demethylation decreases the
electrostatic interactions of both Z-DNA and B-DNA. This cancelled
the effect of the demethylation on the differences in the internal
energies of Z-DNA versus B-DNA. Demethylation of thymine,

therefore, has no effect on the stability as Z-DNA in terms of the
internal energies as calculated by the AMBER forcefields.
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The large instability of ZTA(cal) relative to ZTA(x-tal) is from

the structural energy. This means that the UA crystal structure has
more positive structural energies than those of the TA crystal

structure. However, this structural energy is not associated with the
demethylation of thymine, and thus has little effect on our
conclusions.
The effect of structural energy was studied by analyzing the

minimized structures. The six models were minimized by AMBER

with group constraints until the maximum derivative was less than
0.1 kcal/mol. The internal energies and the components of these
minimized structure are summarized in Tables 4.3 and 4.4. Compared
with the values in Table 4.2, the structural energies are lower, whereas

other energies are similar to those in the original model structures.

The conclusions are thus the same: demethylation of thymine has no
effect on the stability of Z-DNA in terms of the internal energies.

In summary, demethylation of thymine affects primarily the
electrostatic interactions in DNA. It generally destabilizes the

internal energies by about 30 kcal/mol. However, this demethylation

is conformation independent. It destabilizes the internal energies of
both Z-DNA and B-DNA, so that the net effect of the demethylation on

the stability as Z-DNA is null. This implies that the stabilization of
Z-DNA by demethylation of thymine is not from the interactions
within the DNA molecule itself.
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Table 4.3.

Summary of Internal Energies of TA and UA Base Pairs

of the Minimized Crystal Structures
and the Minimized Model Structures
Calculated Using AMBER Forcefield
AG(kcal/bp)

ZTA(x-tal)

ZUA(cal)

ZTA(cal)

ZUA(x-tal)

AGz

E=1.0r -105.3

-69.8

-105.9

-71.8

AGB

E=1.0r -112.1

-81.2

-112.1

-81.2

AGZ-B

E=1.0r

6.8

11.4

6.2

9.4

AGz

E=4.0r

-16.8

-7.9

-17.3

-8.9

AGB

E=4.0r

-20.8

-12.1

-20.8

-12.1

AGZ-B

E=4.0r

4.0

4.2

3.5

3.2

Note: The names of the models are the same as in Table 4.1.
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Table 4.4. Summary of Components of the Internal Energies
of TA and UA Base Pairs

in the Minimized Crystal Structures
and the Minimized Model Structures
Energies ZTA(x-tal)ZUA(cal)ZTA(cal)ZUA(x-tal)BTA

BUA

(kcal/mol)
e=1.0r

Structural 38.9

41.7

39.1

39.9

38.6

38.3

9.5

8.7

9.5

8.8

10.2

9.5

EEL14 -186.5

-135.3

-186.0

-135.2

-188.4

-138.2

VDWNB

-37.6

-35.5

-37.7

-35.2

-37.5

-35.8

EELNB

66.1

49.3

65.6

48.2

64.7

44.8

4.1

1.3

3.6

1.8

0.5

0.4

Total -105.3

-69.8

-106.0

-71.8

-112.1

-81.2

VDW14

Constraint

e=4.0r
EEL14

-46.5

-33.8

-46.5

-33.8

-47.1

-34.6

EELNB

16.5

12.3

16.4

12.0

16.2

11.2

Total

-16.8

-7.9

-17.3

-8.9

-20.8

-12.1

Note: The meaning of the energy terms are the same as those in Table
42.
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The effect of demethylation on the hydration energy
of thymine: The AMBER analysis showed that the stabilization of Z-DNA

by demethylation of thymine is not due to the interactions within DNA

itself. The stabilizing effect must, therefore, come from DNA-solvent

interactions. This question had been addressed in Chapter 2 by
calculations of hydration energies in model structures, which showed
that the demethylation of thymine indeed stabilizes Z-DNA by 0.5

kcal/mol/dinucleotide. In this section, using the crystal structure of
d(m5CGUAm5CG and d(m5CGTAm5CG), the effect of demethylation and

conformational differences between the TA and UA crystal structures on

the stabilization of Z-DNA are analyzed using hydration energy
calculations. To eliminate the end effects, the models used in the AMBER

calculations were extended from hexamers to l8mers by placing three
hexamers stacked end to end. However, the nomenclature of the models

will remain the same as those in the AMBER calculations. The hydration
energies for all six models were calculated, but only the hydration
energies related to the d(T(U)A) base pairs were considered. The hydration
energies of d(TA) and d(UA) base pairs in both Z-DNA and B-DNA are

summarized in Table 4.5 and presented in Fig 4.1. As shown in Chapter 2,
the stability of any sequence as Z-DNA can be determined from the
hydration energy difference between Z-DNA and B-DNA of that sequence.

The relative stability of Z-DNA can be assigned from the comparison of
hydration energy differences for different sequences. From Table 4.5,
AAG(z_B)(ZTA(x-tal)), which is the hydration energy difference between

ZTA(x-tal) and BTA, was found to be 0.767 kcal/mol/bp, whereas AG(Z_
B) (ZUA(x- tal)), which is the hydration energy difference between
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Table 4.5. Summary of hydration energies
of TA and UA base pairs

AG(kcal/bp) ZTA(x-tal) ZUA(cal) ZUA(x-tal)
AGH

-4.198

-5.229

-5.441

BTA

BUA

-4.965

-5.767
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Hydration Energy

(kcal/mol)

-4.0

ZTA(x-tal)

0.767
1.031

1.243

-5.0

BTA

ZUA(cal)

0.212
0.538

ZUA(X-tal)

0.802

0.326

BUA

Figure 4.1. The diagrammatic representation of the hydration
energies of d(m5CGUAm5CG) and d(m5CGTAm5CG) in B-

conformation and in Z-conformation.
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ZUA(x-tal) and BUA, was found to be 0.326 kcal/mol/bp. This means

that the crystal structure of d(UA) is more stable than d(TA) in the Z-

form by 0.441 kcal/mol/bp. As observed in the comparisons of the
crystal structure in Chapter 3, the difference between the crystal
structure of d(TA) and d(UA) base pairs is not due only to the absence of

the methyl group at the major groove of UA base pair, but also the

widening of the minor groove caused by shifts of the base pairs. This

suggests that there are two different contributions to the stabilization
of d(UA) as Z-DNA. One contribution is from the demethylation of

thymine, the other contribution is from the conformation difference
between the d(TA) and d(UA) crystal structures.

The direct effect of demethylation on the hydration energies can

be determined by calculating the hydration energy of the model
ZUA(cal), which is the d(UA) structure derived from direct

demethylation of the d(TA) crystal structure. The hydration energy
difference between ZUA(cal) and BUA AAG(z_B)(ZUA(cal)) is 0.538
kcal/mol/bp (Table 4.5). This means that d(UA) would be more stable

than d(TA) in the Z-form by only 0.229 kcal/mol/bp if there are no

additional conformation differences. Within the 0.441 kcal/mol/bp
of stabilization in Z-DNA of d(UA) base pairs found in crystal
structures, 0.229 kcal/mol/bp is directly from the effect of

demethylation. The remainder of this stabilization, (0.212
kcal/mol/bp), is from the conformational difference between the TA
and UA crystal structures.
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Table 4.6. Summary of components
to the hydration energies in Table 4.5
AG(kcal/bp) ZTA(x-tal) ZUA(cal) ZUA(x-tal) Methyl Conformational
effects

Major groove -0.457

-1.518

-1.412

Minor groove -0.355

-0.355

-0.381

Sugar

3.154

3.186

3.257

Phosphate

-6.545

-6.545

-6.918

-1.061

effects
0.106
-0.026

0.032

0.071

-0.373
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This conclusion was further supported by comparing the
detailed analysis of the hydration energies grouped according to
major groove, minor groove, deoxyribose sugars and phosphates.
These group energies are summarized in Table 4.6. The contribution
of demethylation of thymine to the stabilization of d(UA) as Z-DNA

was found to come primarily from the major groove. This

demethylation stabilizes the Z-conformation by 1.03 kcal/mol/bp in
terms of hydration energy. It also stabilizes the B-conformation by
0.80 kcal/mol/bp. The net effect of demethylation of thymine, then,

is the stabilization of the Z-conformation by 0.23 kcal/mol/bp. This
is similar to the 0.5 kcal/mol/dinucleotide calculated in Chapter 2
from the model structures.
The effect of widening the minor groove and the base pair shifts

on the stabilization as Z-DNA can be calculated from the hydration
energy difference between ZUA(x-tal) and ZUA(cal). This result is

tabulated Table 4.6. The conformational difference of base atoms in
the minor groove and deoxyribose sugar has little effect on the
stabilization of Z-DNA. However, the base pair shifts at the major

groove, in fact, destabilizes the Z-conformation by 0.11 kcal/mol/bp.
This destabilization was overcome by a stabilization of 0.37

kcal/mol/bp due to the rotation of the phosphate group. The exposure
of hydrophilic surfaces increases as a result of the rotation of the
phosphate group at U3 in the ZUA(x-tal) structure. This rotation
stabilizes the d(UA) dinucleotide as Z-DNA by an additional 0.21

kcal/mol/bp.
In summary, the hydration energy analysis of the crystal
structures containing d(TA) and d(UA) dinucleotides shows that the
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stabilization of d(UA) as Z-DNA comes from two parts. One part is

from the demethylation of thymine at the major groove, the other
part is from the increased exposure of hydrophilic surfaces due to the
rotation of a phosphate group. These two parts contribute equally to
the stabilization of d(UA) dinucleotides in Z-DNA.
The effect of major groove moderation on the width of the

minor groove: The hydration energy analysis of the crystal
structures of ZTA(x-tal) and ZUA(x-tal) shows that there are two
contributions to the stabilization of d(UA) dinucleotides as Z-DNA.
One part is from the demethylation of thymine at the major groove of

TA base pairs and the other part is from the conformational
difference between the ZTA(x-tal) and ZUA(x-tal) structures, such as
the widening of the minor groove by rotation of a phosphate and the

shifts in the DNA base pairs. The only chemical modification for
mutation of d(T) to d(U) in DNA, however, is demethylation at the

major groove, whereas comparison of the crystal structures of TA and
UA base pairs revealed additional structure differences, such as the

base pairs shift, the widening of the minor groove and the appearance
of four organized waters in the minor groove of the UA base pairs. The

question, then, is how can modification at the major groove affect the
structure of the minor groove? A structural model has been proposed
in Chapter 3 to answer this question. According to this model,
removing the methyl group from the major groove thymine allows a
magnesium cluster to bind to the major groove of the UA base pairs.
The hydrogen bonds between the waters of the cluster and 04 of the

uracils result in a shift and tilt of the UA base pairs. Subsequently
the phosphate group of U3 is rotated. This widens the minor groove of
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the UA base pairs. This widening of the minor groove provides
sufficient space to allow four waters to bind in the minor groove of the
d(UA) base pairs. This model implies that the changes in the minor

groove originated from the demethylation at the major groove. Is this

hypothesis reasonable? This is the question to be addressed by
molecular mechanics simulation of DNA in aqueous solution.
The specific question asked in this section is, between the

binding of the magnesium cluster at the major groove, the widening of
the minor groove, and the appearance of four ordered minor groove
waters in the d(UA) base pairs region, which are the causes, which are

the effects? In other words, what is the cause of the widening of the
minor groove in d(UA) base pairs? Why are there four organized

minor groove waters in the d(UA) dinucleotides but not in the minor
groove of the d(TA) dinucleotides of Z-DNA.

To answer these questions, the Z-DNA crystal structures of
ZTA(x-tal) and ZUA(x-tal) with minor groove waters were immersed
in a box of water 28 A x 28 A x 28 A. The waters were assigned by a

statistical method using the INSIGHTII program. The solution was
minimized, initially with the DNA and minor groove waters fixed, to

eliminate van der Waals collisions and then equilibrated at 3000K for
0.5 ps. The solution was then heated up to 6000K for 0.5 ps and
equilibrated at 3000K for 0.5 ps. Finally, the bulk waters were

minimized to a maximum derivative of less than 0.5 kcal/mol.
At this time, the waters in the solution have been energy
minimized. The Z-DNA crystal structure of hexamer was, then,

minimized with this solution. A periodic boundary condition was
applied to eliminate boundary effects. During minimization, the CG
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base pairs and the minor groove waters of the CG base pairs were held

in fixed positions. The oxygen of the minor groove waters of the d(TA)
base pairs were also fixed, but the hydrogens were free to rotate.
The resulting d(UA) base pairs and d(TA) base pairs are

compared in Fig 3.3 and again in Fig 4.2. The widening of the minor
groove can been characterized by the distance between the 03' atom of
T(U)3 and the 03' atom of T(U)9. The minor groove widens from 9.69A
in the TA crystal to 10.06 A in the UA crystal.

What is the cause of the widening of the minor groove in UA base

pairs? Is it due to the minor groove waters? To answer this question,
the ZUA(x-tal) crystal structure was minimized in aqueous solution

with and without the minor groove waters respectively. If the minor
groove waters were the cause of the widening of the minor groove, then,
the minor groove width would change as the minor groove waters are

added. The minor groove would be widened with the addition of the

minor groove waters and would be narrowed upon removing the minor

groove waters. However, this is not the situation observed in the
minimization of ZUA(x-tal) with and without minor groove waters.

According to the results tabulated in Table 4.7, the minor groove width
of the minimized ZUA(x-tal) structure is the same regardless of

whether minor groove waters were present or absent. To study the
effect of the minor groove waters on the structure of TA base pairs, the

waters found in the minor groove of the UA crystal structure were

transformed and placed at the corresponding positions of the d(TA)
base pairs. As summarized in Table 4.7, the minor groove width of the
TA base pairs was also independent of minor groove waters.
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Figure 4.2: Comparison of the base pairs stacking of d(UA)

dinucleotides and d(TA) dinucleotides along the helical axis of the ZDNA. The structure of the d(UA) dinucleotide is shown stacked above

the analogous d(TA) dinucleotide. The black bonds represnt d(UA)
dinucleotides and the open bonds represent d(TA) dinucleotides.
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These results show that the minor groove widening in the UA base
pairs is not due to the minor groove waters.

The widening of the minor groove, then, must originate from

the modifications at the major groove. In order to study the effect of
major groove modifications on the minor groove of the UA base pairs,

the ZTA(x-tal) crystal structure with the minor groove waters was
mutated to the ZUA(x-tal) moved step by step. Starting with the

ZTA(x-tal) crystal structure with minor groove waters, the methyl
group of thymine was replaced by a hydrogen atom to change the

thymine to uracil (called ZUA(cal)). After minimization, this
demethylation widened the minor groove from 9.49 A of the
minimized ZTA(x-tal) structure to the 9.64 A of the minimized

ZUA(cal) structure. Demethylation of thymine widened the minor
groove by 0.15 A. The two waters in magnesium clusters found at the
major groove of ZUA(x-tal) which were hydrogen bonded to the two 04

oxygens of the uracil bases were then added to the major groove of

ZUA(cal). This modification resulted in the widening of the minor
groove of ZUA(cal) by an additional 0.10A. Finally, the magnesium
cation was added to the major groove of the above model, and resulted
in an additional 0.08 A of widening of the minor groove. The overall

effect of demethylation and addition of a magnesium cluster at the

major groove results in the widening of the minor groove by 0.33 A.
This shows that the widening of the minor groove was indeed due to

the modifications at the major groove.

From the analysis above, demethylation of the thymine will
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Table 4.7. Summary of the minor groove width
of T(U)A base pairs

Comments

Crystal Structure

Minor groove width (A)
ZTA(x-tal)

ZUA(x-tal)

9.69

10.04

A. Minimization of crystal structures
Minimization of T(U)A by
without minor groove H2O

9.44

10.09

Minimization of T(U)A by
with minor groove H2O

9.49

10.09

b.Effect of major groove modifications

ZUA(cal)

Minimization of ZUA(cal)
with minor groove H2O
(Effect of demethylation)

9.64

Minimization of ZUA(cal)M
with 2 H2O at major groove
and with minor groove H2O

9.74

(Effect of major groove H2O)

Minimization of ZUA(cal)M
with 2 H2O and Me+
at major groove
and with minor groove H2O
(Effect of major groove Mg++)

9.82
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result in widening of the minor groove. Will this widening result in
the addition of ordered waters in the minor groove, or were these

waters forced into the minor groove by other forces such ascrystal
packing. This question can be answered by minimizing the ZUA(x-

tal) crystal structure with the DNA fixed and allowing the minor
groove waters to relaxed. If waters were forced into the minor groove

by crystal packing, then these waters will be excluded from the minor

groove upon minimization. However, the result was the opposite. The
minor groove waters found in ZUA(x-tal) crystal structure were still in
the minor groove, and the hydrogen bonds between those waters and
the DNA bases were even stronger.

This conclusion is also supported from the comparisons of the
energies of the final minimized structures. The energy of the Zconformation (AGZ) of the minimized UA crystal structure without

the minor groove waters in aqueous solution was -10615 kcal/mol,

and those for the minimized UA crystal structure with the minor
groove waters was -10817 kcal/mol. The minor groove waters
stabilize the d(UA) base pairs in the Z-conformation by about 200
kcal/mol. However, AGz of the minimized TA crystal structure with
and without minor groove waters was -10908 kcal/mol and -10918

kcal/mol respectively. The minor groove waters would only stabilize
the TA in the Z-conformation by 10 kcal/mol, which is negligible
comparing to the stabilization of UA in the Z-conformation. This
shows that the minor groove stabilizes the Z-conformation only with
a widened minor groove.

121

In summary, the minimization of different crystal structures in
aqueous solution shows that the widening of the minor groove indeed

originated from the structural modifications at the major groove.
This widening affords enough space so that four organized waters can

be located in the minor groove. These calculations support the
scissors model proposed in Chapter 3.
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Discussion:
From the detailed AMBER analysis of the crystal structures of
d(m5CGTAm5CG) and d(m5CGUAm5CG), demethylation of thymine

was found to have little effect on the internal energies of d(TA) base

pairs except to decrease the electrostatic interactions within the DNA
itself. However, this decrease is conformation independent, so the net
effect of the demethylation on the internal energy differences between
Z-DNA and B-DNA was very small. This suggests that the

stabilization of d(UA) as Z-DNA was not due to the internal energies

within the DNA itself.

This stabilization must come from DNA-solvent interactions.

This is the result of the analysis in Chapter 2. The detailed crystal

structure analysis also revealed that the demethylation of thymine
stabilizes the Z-conformation because of DNA-solvent interactions.
In addition, the conformational change from TA to UA, the widening

of the minor groove, results in a increase exposure of hydrophilic

surfaces and additional stabilization of the Z-conformation.
From energy minimization studies of hexamer sequences in
aqueous solution, the minor groove of UA was shown to be widened by

modifications at the major grooves (demethylation of thymine and
the addition of a magnesium cluster). The only chemical difference
between the d(TA) and d(UA) is the methyl group at the major groove.

All other changes are simply due to this demethylation. This suggests

that the conformation will adjust to accommodate changes in the
hydrophobic surface of DNA.
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Chapter 5

Discussion
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The purpose of this thesis was to use the stabilization of Z-DNA

structure due to the demethylation of thymine as a model to study

solvent-macromolecular interactions and their role in determining
the macromolecular conformation. In additional, it shows that
calculating hydration energy is a relatively quick and accurate

method to estimate macromolecular solvent interactions. This
method was shown to be reliable in predicting the relative stability of
Z-DNA for different sequences (Kagawa et al., 1989).

In Chapter 2, one of the reasons for the instability of d(TA)

dinucleotides as Z-DNA was found from the hydration surface

analysis to result from a decrease in exposure of hydrophilic surfaces
at the major groove of d(TA) dinucleotides due to the methyl group at

the C5 position of thymine. This suggested that d(UA) dinucleotides,
which are the analogues of d(TA) dinucleotides except the methyl

groups are removed, should be more stable in the Z-conformation

than d(TA) dinucleotides. This assertion was tested and confirmed by
the fmding that the hexamer sequence d(m5CGUAm5CG) crystallized
as Z-DNA in 2-fold lower MgC12 concentration than the analogous
d(m5CGTAm5CG)sequence.

The molecular model for the stabilization of d(UA)

dinucleotides as Z-DNA was further analyzed from the comparisons
of the Z-DNA structure of d(m5CGUAm5CG), whose structure was

solved to 1.3 A resolution as Z-DNA in Chapter 3, and
d(m5CGTAm5CG), whose structure has been previously solved to 1.2 A

(Wang et al., 1984). A well defined octahedral hexaaquomagnesium

complex was observed to bridge the 04 oxygens of the adjacent uracil

bases at the major groove surface, and four well structured water
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molecules were found in the minor groove crevice of the d(UA)

dinucleotides. These solvent interactions were not observed in the
d(m5CGTAm5CG) structure. This comparison shows that access of the

04 position is hindered by the C-5 methyl of thymine due to steric and

hydrophobic inhibition. In the absence of the methyl group, a
magnesium water complex binds to and affects the structure of the Z-

DNA major groove surface. This perturbation of the solvent structure
at the major groove surface is translated into a 1.41 A widening of the
minor groove crevice, thereby allowing specific binding of four water
molecules at well defined sites of the internal d(UA) base pairs. A

scissor model was proposed to explain how the modifications at the
major groove surface of Z-DNA can affect the solvent properties of the

minor groove crevice.

The stabilization of Z-conformation due to the demethylation
of thymine was further analyzed from the crystal structures of
d(m5CGUAm5CG) and d(m5CGTAm5CG) by AMBER and hydration

energy calculations in Chapter 4. The AMBER analyses showed that

demethylation of thymine destabilized the internal energy by 30

kcal/mol/bp. However, this destabilization is independent of the
detailed conformation of DNA. Thus, the contribution of
demethylation to the internal energy difference between Z-DNA and
B-DNA was small and does not appear to play a role in the stability of
d(UA) as Z-DNA. The stabilization of d(UA) as Z-DNA must therefore

be due to DNA-solvent interactions. Demethylation of thymine was

calculated to stabilize the Z-conformation by 0.23 kcal/mol/bp in
terms of its effect on the hydrated surface of B- and Z-DNA. The
conformation difference between d(TA) and d(UA) in the Z-
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conformation also contributes to the stabilization of d(UA) base pairs

as Z-DNA by an additional 0.21 kcal/mol. The demethylation of
thymine at the major groove and the widening of the minor groove
were found to have equal contributions to the stabilization of d(UA)

dinucleotides as Z-DNA. In addition, the minimization of the Z-DNA
crystal structures of d(m5CGUAm5CG) and d(m5CGTAm5CG) in

aqueous solution show that demethylation at the major groove of
d(TA) base pair can indeed widen the minor groove by 0.15 A.

Subsequent binding of magnesium water complexes at the major
groove can widen the minor groove by an additional 0.18 A. This
overall widening of the minor groove of d(UA) base pairs allows

binding of four well organized waters in the minor groove crevice and

contributes to the stabilization of d(UA) dinucleotides as Z-DNA. This

result also suggests that the macromolecular conformation will
adjust to accommodate changes in the hydrophobic surface of the
macromolecule.
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