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Studies on the Hydrophobic Effect and Its Contribution
to the Stability, Crystallization, and Helix Packing
of Z-DNA

Chapter 1

Introduction

The basic understanding of biological processes often depends on information
concerning the structure and dynamics of macromolecules and their interactions. It is
generally accepted that the three dimensional structure of a macromolecule is determined

not only by the covalent linkages of the macromolecule, but just as significantly by the

interplay of weaker noncovalent forces. Studying these forces and their role in
determining macromolecular structure is therefore valuable in understanding at a very

basic level how these molecules fold, interact, and carry out their designated roles in

biochemical processes. The utility of this level of understanding is evident from its
applicability to various areas of biological sciences for purposes such as macromolecular

structural engineering (Oxender & Fox, 1987), structure-based drug design (Johnson
1994; Whittle & Blundell, 1994) as well as aid in the development of rational methods for

macromolecular crystallization (Geige et al., 1994). The study of macromolecular
structure for the purpose of identifying the molecular determinants of structure and
structural interactions is therefore one of general interest for many in the field of structural

biology.
The native structure of a macromolecule is currently thought to result from the

interplay between four basic types of noncovalent weak forces. These forces can be
generally categorized as being the result of electrostatic, van der Waals, and hydrogen

bonding interactions, and the hydrophobic effect. Thus, macromolecular structure
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reflects the balance of forces defined by intramolecular interactions and interactions with

the surrounding aqueous medium. The relative significance of these forces in
determining macromolecular structure has been extensively studied experimentally and

theoretically in both protein (see reviews by Dill, 1990; Schellinan, 1987; Rose &

Wolfenden, 1993; Matthews, 1987) and DNA (Hunter, 1993; Kollinan 1988; Edelhoch

& Osborne, 1976) systems. The views concerning the identity of the primary force
responsible for determining protein structure has changed over the years oscillating

between all four weak forces (Dill 1990; Rose & Wolfenden, 1993). Since Kauzmanns'
observation of the similarity of the thermodynamic characteristics of the aqueous

solvation of apolar solutes and protein unfolding (Kauzmann, 1959), it has largely been
accepted that the hydrophobic effect is the major force responsible for the stability of the

native structure of globular proteins as well as driving the formation of macromolecular

assemblies such as micelles, and membranes (Tanford, 1980). The hydrophobic effect is
also thought to be at least partially responsible for the stability of nucleic acid secondary

structures (Saenger, 1984; Edelhoch & Osborne, 1976; Kollman, 1988).
There are a number of observations which support the significance of the
contribution of the hydrophobic effect in determining the structure of macromolecules

(Dill 1990). However, there remains much discussion and controversy over the
phenomenological interpretation of the hydrophobic effect (solvent effects) based on

comparisons of thermodynamic data for processes such as protein unfolding and apolar

hydration (Dill, 1990, Rose, 1993). This is in part due to the limitations in the
understanding of the structure of liquid water, water-solute interactions (Pratt &

Chandler, 1977), and the process of protein folding. Thus, it is difficult to quantitatively
account for the contribution of solvent interactions to the thermodynamic stabilization of
macromolecules.

3

Statement of Purpose

The studies presented in this thesis focus on the hydrophobic effect and its
contribution to the stability of deoxyribonucleic acid (DNA) secondary structure and

DNA-DNA interactions. The significance of the hydrophobic effect and solvent
interactions were examined in the well characterized B- to Z-DNA transition with

computational, spectroscopic, and crystallographic studies. This macromolecular
conformational transition was used as a model system based on the large amount of
available data on the thermodynamics of the B- to Z-DNA transition, and the structural

details of both the B- and Z-DNA conformations. In general, the studies attempt to
quantitatively account for the observed sequence dependent stability of the alternative Zconformation by considering the differences in water interactions between the B- and Z-

conformations. The observed sequence specific behavior was analyzed by examining
how DNA nucleotide base substituent groups affect potential solvent interactions. The
contributions of two substituent groups, the methyl group at the C5 carbon of pyrimidine
bases and the amino group at the C2 carbon of the purine bases are studied in
comparisons of alternating pyrimidine-purine (APP) DNA sequences containing naturally

occurring and modified DNA nucleotides. These two substituent groups influence either
the major or minor groove characteristics of the B- and Z-conformation.
In chapter 2, the major groove methylation effects were studied in comparisons of
differences in the relative stabilities of the d(TA) versus d(UA) dinucleotides (where U

refers to uracil). This comparison focuses on determining the basis for the destabilization
of Z-DNA by TA base pairs.
The second chapter first describes the development of a semi-empirical quantitative
method which accounts for the solvent interactions with calculated solvation free energies

(SFEs). An analogous method has been reported for the analysis of the solvation
characteristics of "correctly" versus "incorrectly" folded proteins (Eisenberg &
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Mac Lachlan, 1986). The comparison of SFEs calculated for DNA dinucleotides in the B
and Z-conformations correctly accounts for the previously observed relative

thermodynamic stability of d(m5CG), d(CG), d(CA).d(TG), and d(TA) dinucleotides as
Z-DNA (m5C refers to cytosine methylated at the C5 position). The relative stabilities of
DNA dinucleotides (AG°T(B-z)) in the equilibrium between the B- and Z-conformations
were obtained from experiments which measure the degree of negative supercoiling
required to induce the B- to Z-DNA transition in well defined sequences within closed

circular plasmids. The comparison of the observed stability of these dinucleotides as Z
DNA and the calculated differences in SFEs provided a relationship for predicting the

relative stability of APP sequences as Z-DNA. In addition, the predicted stability of APP
hexanucleotide sequences as Z-DNA are shown to be related to the ability for that

sequence to crystallize as Z-DNA. This relationship provides a means for testing the
predicted ability of APP sequences to adopt the Z-conformation.
The analysis of the calculated SFEs suggests that unlike the methyl group of
d(m5CG) dinucleotides, the methyl group of the d(TA) dinucleotide destabilizes the Zconformation. The contrary methylation effects are related to the differences in the methyl
environments between d(m5CG) versus d(TA) dinucleotides in the Z- conformation. This
led to a prediction that the removal of the methyl group from d(TA) dinucleotide (as with

the d(UA) dinucleotide) would stabilize the Z-conformation. This prediction was tested
and supported in crystallization experiments with the d(UA) containing sequence

d(m5CGUAm5CG) and other Z-DNA hexamer crystals.
The third chapter continues the analysis of the B- to Z-DNA transition first with
titration experiments of poly (dG - dC) and poly (dG - m5C) with salts of the lyotropic

Hofmeister series. The salt dependence of the B- to Z-DNA transition of these sequences
provides empirical evidence that the stabilization of Z-DNA attributed to the methylation

of cytosine bases is associated with the hydrophobic effect. In addition, chapter 3
extends the SFE analysis of the stability of Z-DNA to include minor groove substituent
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effects. The contribution of the N2 amino group of the purine bases to the stability of Z
DNA was examined by de-aminating the guanine base in d(CG) dinucleotides to form
inosine bases in d(CI) dinucleotides, and conversely the amination of the adenine base in

d(TA) dinucleotides to form 2-aminoadenine bases in d(TA') dinucleotides. The
predicted stability of these dinucleotides as Z-DNA were tested with comparisons of salt
conditions required to obtain diffraction quality crystals of Z-DNA hexanucleotides

containing various alternating pyrimidine-purine dinucleotide sequences. In these
crystallization experiments, the cation concentrations were considered to be the driving

force for Z-DNA formation. Thus, hexanucleotide sequences which more readily adopt
the Z-conformation would require less salt to crystallize as Z-DNA. With the information
obtained from chapters 2 and 3, a thermodynamic cycle was proposed which relates
substituent effects to the stability of dinucleotides as Z-DNA.

Chapter 4 describes a novel system for studying the balance of forces which
determine specific DNA-DNA interactions. The crystallographic study presented in this
chapter examines the balance of opposing van der Waals interactions and the hydrophobic

effect in determining the orientation of Z-DNA hexamers in the P2/2/2/ crystal lattice.
The parent structure for this latter study is the asymmetric Z-DNA hexamer

d(m5CGGGm5CG)'d(m5CGCCm5CG) reported by Schroth (1993). The asymmetry of
the duplex, and the high resolution structures of the Z-DNA hexamer crystals allowed the
identification of two packing orientations in the lattice. The distributions of the duplex
between the two discrete and distinguishable orientations in these crystals were analyzed

quantitatively. In these crystallographic experiments, the distribution is considered to be
determined in the equilibrium between the Z-DNA hexamers in solution and the growing

crystal surface. Therefore, the observed distributions provided a measure of the
difference in the potential lattice interaction energies between the two packing orientations

(AGocc). The distribution of a hexamer duplex was monitored in response to five
modifications to the hexamer duplex structure. The experimentally derived differences in
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the stability of two packing orientations were compared to differences in calculated SFEs
and van der Wanks packing energies.

The remainder of the introduction will first present a brief introduction to the

hydrophobic effect. The material presented in this introduction to the hydrophobic effect
is not intended to be comprehensive. Rather, the brief treatment is intended to illustrate
some of the current uncertainty in the understanding of the phenomenon as studied in

protein systems. Much of the effort put forth in both structural and thermodynamic
studies of the hydrophobic effect have used protein unfolding as a model. The parallels
between the unfolding process and apolar hydration were recognized in the 1950s, and it
seems logical that the protein unfolding process would therefore be the system of choice.

However, it is clear that the protein folding process remains poorly understood.
Although the native protein structure is assumed to reflect the free energy global minimum

(Anfinsen, 1973; Dill, 1990), relatively little is known about the structure and therefore
thermodynamic stability of the unfolded state. It is likely that the incomplete information
on the unfolded state in combination with the complexity of water structure and watersolute interactions have contributed to the uncertainty in the current interpretations of the

hydrophobic effect.
The studies presented in this thesis examine the significance of solvent interactions
in a well characterized macromolecular conformational transition, and in a highly utilized

crystallographic system. Therefore, the final section of the general introduction is
intended to present background information describing the general features of the B- to Z

DNA transition. The B- to Z-DNA transition was used as a model system in these studies
based on the large amount of data available on the thermodynamic and structural factors

which affect the stability of Z-DNA. In addition, the B- to Z-DNA transition is
considered to be entropy driven, and therefore likely to be dependent on DNA-solvent
interactions. These factors make the B- to Z-DNA transition an excellent system for
studying the balance of thermodynamic forces in determining macromolecular secondary
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structure. A review of the general structural characteristics of Z-DNA is presented first
followed by a brief overview of the structural and environmental factors which stabilize

the Z-conformation. This section of the general introduction concludes with the
presentation of computational studies which attempt to explain the sequence dependent

stability of Z-DNA.
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Current Views on the Hydrophobic Effect.

Since Kauzmann's observation of the similarity in the thermodynamic
characteristics of apolar solutes in aqueous solutions and protein unfolding ( Kauzmann,
1959), it has largely been accepted that the hydrophobic effect is the major force

responsible for the stability of the native structure of globular proteins. The hydrophobic
effect has been described as the positive Gibbs free energy associated with the solvation

of model apolar compounds in aqueous solutions. The aqueous solvation of model
apolar molecules at room temperature is associated with a large increase in heat capacity

of the system, and a negative entropy change (Kauzmann, 1959).
A commonly accepted qualitative rationalization of the thermodynamic observations

on the hydrophobic effect is the formation of ice-like clathrate water structures around

apolar solutes (Klotz, 1960). These ordered water structures are thought to form in
response to the cohesive properties of liquid water as well as the lack of stabilizing

interactions between the water and the apolar solute (Muller, 1990). The ordering of
water in apolar solvation would be consistent with the observed decrease in entropy of the

system. The additional heat required to 'melt' these ice-like structures would also explain
the increased heat capacity increment in apolar solvation (Dill, 1990).
Similarities in the thermodynamic properties of aqueous solvation of model apolar

compounds and the unfolding of proteins suggested the importance of apolar solvation in
protein folding. Both processes are associated with a large characteristic increase in the

heat capacity (Murphy et al., 1990). The unfavorable Gibbs free energy associated with
aqueous solvation of apolar groups is thought to be the basis for the burying of protein
hydrophobic groups in the interior of the protein thereby directing the folding process.
The sequestering of these groups in the interior of the protein is expected to increase the

randomness of the system by the release of ordered water molecules associated with the

burying of hydrophobic groups. The burying of hydrophobic groups is therefore

considered to be an overall entropically favorable process. This is consistent with the
finding that the hydrophobic residues are generally found buried in the interior of the

protein, minimizing their solvent exposure (Perutz et. al., 1965.). Additional supporting
evidence for the significance of the hydrophobic effect in the protein folding process have
been cited in a review by Dill (1990).
Although widely accepted as the principal force driving the folding of the native
protein structure, there remains much uncertainty and debate concerning the molecular

basis for the hydrophobic effect. The uncertainties are reflected in reports which raise
questions regarding the basic indices of the involvement of the hydrophobic effect in the

protein folding process (Makhatadze & Privalov, 1993; Dill, 1990; Woolfson et al.,
1993). In particular these questions center on the molecular basis for the increase in the
heat capacity (Privalov & Makhatzdze, 1992) and the significance of the water ordering in

determining protein folding (Woolfson et al, 1993). The interpretation of these analyses
are likely to be complicated by the sparse information on the stability of the unfolded state

(Woolfson et al., 1993). Therefore, there is currently discussion concerning the validity
of the commonly accepted comparisons of apolar hydration and protein unfolding.
The thermodynamic contribution of water-solute interactions to the stability of

macromolecules has been estimated using semi-empirical methods. The estimation of

solvent interactions based on the solvent exposure of atoms was rust reported by
Langmuir (Langmuir, 1925). Eisenberg and Maclachlan adopted this method in an
analysis of the stability of proteins with calculated solvent accessible surface areas to

estimate solvent interactions (Eisenberg and Mac Lachlan, 1986). The solvent accessible
surfaces were weighted by thermodynamic parameters derived from experimentally

determined free energies of transfer. These atomic solvation parameters (ASPs) estimate
the free energies associated with solute-water interactions for various types of protein

surfaces. Using this method to estimate solvation effects, they were able to correctly

identify "improperly" versus "properly" folded proteins. However, this method for
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examining the contribution of the hydrophobic effect to the stability of proteins was
limited to a qualitative analysis due to the lack of structural information on the unfolded
state.

In summary, there is evidence that the hydrophobic effect is significant in the

stabilization of the folded structures of macromolecules. However, the hydrophobic
effect is not well understood, and therefore remains difficult to quantitate based on the
explicit descriptions of water-solute interactions. The lack of information on the unfolded
state of proteins complicates both theoretical as well as experimental interpretations of the

process.
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Introductio= the 11- to Z-DNA Conformational Transition

The primary and secondary structure of deoxyribonucleic acids (DNA), Polymers
of deoxyribonucleic acids (DNA) can be thought of as being composed of three chemical

components. Each monomeric unit of the DNA polymer consists of a negatively charged

phosphate group, a 2' deoxyribose sugar, and an aromatic base unit. The backbone of
the DNA polymer is composed of phosphodiester linkages of the 5' and 3' hydroxyl

groups of the 2' deoxyribose sugars of adjacent monomeric units. The base units are
attached to the backbone by a glycosidic bond between the Cl' carbon of the furanose

rings of ribose sugar with the N9 of purine bases or N1 of pyrimidine bases. The are
four naturally occurring base types in the DNA polymer are 2 purine bases (adenine and
guanine), and 2 pyrimidine bases (cytosine and thymine).
DNA exists most typically as a double-stranded duplex of two anti-parallel

nucleotide strands. Early evidence for the double-stranded nature of DNA was obtained

from the analyses by Chargaff (Zamenhof et a1.,1952). The analysis of DNA from a
number of sources showed that DNA is composed of nearly equivalent ratios of adenine

to thymine residues and cytosine to guanine residues. It was concluded from these
observations that regular complexes are formed between the adenine and thymine bases,

and the cytosine and guanine bases within DNA. This finding in conjunction with the
molecular modeling of base pairing interactions by Watson and Crick, and the fiber
diffraction pattern of DNA ( Franklin & Gosling, 1953a and 1953b ) led to the initial
modeling of DNA as a double-stranded helical structure (Watson & Crick, 1953).
The stability of DNA helix is due mainly to hydrogen bonding and base stacking
interactions, The stability of the DNA double-helix is attributed to several structural
characteristics. The location of the charged phosphate groups at the exterior of the helix
allows interaction with positive cations thezeby minimizing the charge repulsion. The
specific hydrogen bonding interactions between the two complementary polynucleotide
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strands stabilizes the double-stranded DNA complex (Edelhoch H. & Osborne 1976;

Saenger, 1984). In addition, the placement of the bases at the center of the helix allows
stacking interactions within the core of the duplex structure which contribute favorable

van der Waals interactions as well as minimize solvent exposure of the hydrophobic base

groups (Saenger, 1984). Thus, the DNA double helix structure appears to be a
compromise between the geometric requirements of the interstrand hydrogen bonding
interactions, the optimization of base stacking interactions, and the minimization of the

charge repulsion of the phosphate backbone.
Conformational variabilities within these constraints are possible with the flexibility

of the phosphoribose backbone, and variations in the base orientations. Six rotation
angles in the backbone, four torsion angles in the furanose ring, and the relative
orientation of the base group to the furanose ring contribute to the polymorphic nature of

DNA structure. A number of DNA conformations have been observed. These
conformations exhibit a variety of helical characteristics with general differences in their

helical repeat (8-12bpiturn), helix pitch (28A to 45A), and handedness (right or left)

(reviewed in Saenger, 1984; Dickerson et al., 1992).
A striking example of the intrinsic conformational flexibility of DNA is
demonstrated in the conversion between the right handed B-DNA to the left handed Z

DNA conformation (for review see Jovin 1987; Rich 1984). Evidence for this DNA
conformational transition was first observed by Pohl and Jovin in optical rotatory

dispersion and circular dichroism studies on poly (dG-dC) (Pohl & Jovin, 1972). The
conformational transition was reported to be a highly cooperative, entropy driven

reversible process (Pohl & Jovin, 1972). The structural details of the conformation were
reported in the first single crystal structure of Z-DNA by Wang et al.(Wang et al.,1979).
Since these early observations, further studies have characterized the thermodynamic and
structural requirements which stabilize Z-DNA, and have revealed that the stability of the

Z-conformation is sequence dependent (Rich, 1984 ; Jovin 1972).
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Crystallographic studies of Z-DNA hexamers in the P212121 space group, The
left -handed Z-DNA conformation is structurally well characterized. This is due to the

high resolution structures available from single crystal X-ray diffraction studies on Z

DNA hexamers. There have been a large number of Z-DNA hexamer crystal structures
reported which were designed to study the sequence dependent stability of the Z-

conformation (Wang, 1985; Schroth et al., 1993; Thou & Ho, 1990; Fujii et al., 1982;
Wang et al., 1984; Chevrier et al., 1986; Coll et al.; 1986; Schneider et al., 1992) , base
pair mismatches (Coll et al., 1989; Ho et al., 1985), and metal and polyamine binding

(Gao et al., 1993; Geierstanger et al.,1991; Kagawa et al., 1991; Ho et al, 1987;
Gessner et al., 1989; Egli; et al 1991; Gessner et al., 1985). These Z-DNA hexamers
crystallized in the P212121 space group and typically diffracted to near atomic resolution

(1.0 A to 1.5 A). The high quality X-ray diffraction data available from these crystals has
provided detailed information on both Z-DNA structure and DNA-solvent interactions.

Characteristics of the B- and Z- conformations, Figure 1.1 shows a comparison of
the B-DNA and Z-DNA conformations with space filling models of a full turn of each

conformation. The DNA duplex in both conformations is comprised of two anti-parallel

nucleotide strands held together by standard Watson-Crick type base pairing. The most
obvious difference between the B- and Z-conformations is the helical twist . The B-

conformation is right handed while the Z-conformation is left-handed. Table 1.1 shows
the general helical characteristics of the B- and Z-conformations. The longer helical pitch
and shorter helix diameter characterizes a longer slimmer helix for the Z- conformation

(Rich et al., 1984).
Figure 1.1 illustrates the general differences in the backbone and groove
characteristics between B- and Z-DNA. The characteristic zig-zag pattern of the

phosphates for each of the nucleotide strands are apparent in the Z-DNA backbone. The
B-conformation in comparison has a smooth, regular backbone structure. The closest
approach of the phosphate groups in the Z-conformation (7.7A) is approximately 4A
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shorter than in the B-conformation (11.7A) (Rich et al., 1984). The relative instability of
the Z-conformation is in part due to the greater electrostatic repulsion between the

phosphate groups resulting from the closer approach of the phosphates across the

grooves (Rich et al., 1984).
In comparison to the B-conformation, the Z-conformation has a deep and narrow
minor groove and a major groove which is no longer actually a groove, but rather a

highly exposed convex surface. The groove characteristics of the B- and Zconformations reflect the difference in the displacement of the base pairs relative to the

helical axis between the two DNA conformations. In the Z-conformation, the base pairs
are displaced away from the axis toward the major groove surface as opposed to the B-

conformation in which the helical axis runs between the bases. The contrasting groove
characteristics result in differences in the base stacking interactions and solvent

interactions for the B- and Z-conformations. Thus, the relative stability of the B- and Z
DNA conformations are related to their contrasting groove and backbone structure.
Z-DNA is characterized by alternating pattern of helical parameters defining a

dinucleotide repeat, The remaining parameters on table 1.1 illustrate the alternating
pattern of the helical parameters for nucleotides in the Z-conformation which define a

dinucleotide repeat for Z-DNA versus a single base pair repeat for B-DNA. Alternating
pyrimidine-purine (APP) are able to conform to the steric restrictions imposed by the
alternating pattern of anti-syn conformation of the glycosidic bond which characterize the

Z-conformation.
In general, DNA bases are able to adopt two orientations relative to the furanose

ring which are related by rotation about the glycosidic bond. In Z-DNA, the glycosidic
conformation is found to alternate between the two conformations with pyrimidines

adopting the anti conformation and purines adopting the syn conformation. All
nucleotides in the B-conformation are in the anti glycosidic conformation. The stability

Figure 1.1. Space filling models of the B- and Z-DNA conformations. The right-handed
B-conformation is shown on the right, and the left-handed Z-conformation is shown on
the left. Both structures are 18 base pairs in length. Base carbon atoms are colored
green, ribose carbon atoms are colored purple, oxygen atoms are colored red, nitrogen
atoms are colored blue, and phosphorus atoms are colored yellow.
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Table 1.1. Selected helical parameters of B- and Z-DNA.
B-DNA1

Z-DNA1

Pitch (A / helical turn)

34

45

Helix diameter (A)

20

18

Watson - Crick
36

Watson - Crick
-30
-9

Hydrogen bonding
Helical angle(*)

d(CpG)
d(GpC)

-51

Helical repeat (base pairs / turn)

10.5

12

Rise (A / residue)

3.2

3.8

Glycosidic conformation / sugar pucker
pyrimidines
purities

anti I C2' - endo
anti / CT -endo

anti I C2' - endo
syn /CY- endo

1. Parameters from Rich et al., 1984

of purine bases is approximately equivalent in either the anti and the syn conformations.
In contrast, the pyrimidine bases are sterically inhibited from adopting the syn

conformation (Saenger, 1984). This is due to a steric collision between the C2 exocyclic
group of the pyrimidine ring and the C3' hydrogen of the furanose ring (Haschemeyer &
Rich, 1967 ). Thus, Z-DNA is most readily formed with alternating pyrimidine-purine
(APP) sequences. Exceptions to this pattern have been reported in crystal structures of Z
DNA hexamers showing that out-of-alternation thymine and cytosine residues can be
accommodated in the syn conformation in Z-DNA. However, the steric penalties
associated with the pyrimidine base in the syn conformation are apparent as increased

buckling of the base pair (Wang et al., 1985; Schroth et a1.,1993).
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The alternating features of the helical parameters in Z-DNA are also apparent in the

twist angles and the sugar puckers. The twist angle is found to alternate between a small
(-9°) twist angles for the d(CpG) steps and a larger (-51°) twist angle for the d(GpC)
steps. The sugar pucker of pyrimidine and purine nucleotides are also found to alternate

between C2' endo and C3' endo respectively.
The stability of DNA dinucleotides as Z-DNA is dependent on the base substituent

groups, The B- to Z-DNA transition has been monitored with a variety of physical
methods. These include circular dichroism, gel electrophoresis, ultraviolet absorption,
and nuclear magnetic resonance spectroscopy (Rich et al., 1984). These methods have
been used to determine the sequence specific stability of DNA dinucleotides as Z-DNA,
and the factors which stabilize the Z-conformation.
A few examples of the factors which influence the stability of the Z-conformation

are listed on table 1.2. Covalent modifications of the DNA substituent groups have been

shown to stabilize the Z-conformation (reviewed in Rich et 81,1984; Jovin et al., 1987).
These modifications alter the stability of the Z-conformation by affecting steric,

electrostatic, and solvation characteristics of Z-DNA. Iodination, bromination, and
methylation of the C5 carbon of cytosine bases have been shown to stabilize the Z-

conformation. The bulky substituent groups are found to be in relatively inaccessible
environments in the major groove of Z-DNA as opposed to highly exposed positions in

the B-conformation. Therefore, the stabilizing effect of these groups have been
suggested to reflect the influence of the hydrophobic effect (Fujii et al., 1982; Chewier et

al., 1986). Bromination at the C8 of the purine base stabilizes the Z-conformation by
sterically restricting the purine base to the syn conformation (Rich et al., 1984).
Methylation or platinum binding at the N7 of the guanine bases stabilizes the Z-

conformation (Rich et al., 1984). These modifications are thought to introduce a positive
charge to the purine ring system and therefore the stabilizing effect is considered to be
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electrostatic. The destabilization of the Z-conformation by aflatoxin binding is possibly

due to favorable binding to the B-conformation (Rich et al., 1984).
Table 1.2 reports various environmental conditions which stabilize Z-DNA. The Zconformation is stabilized by aqueous solutions of alcohols, metal ions, and salts.
Cations significantly affect the stability of the Z-DNA and vary in their ability to stabilize

the Z-conformation. The mechanisms by which cations stabilize Z-DNA are by reducing
the charge repulsion between the phosphate groups in the backbone, or through specific
interactions with the DNA bases. The monovalent cations in general stabilize the Z-

conformation by minimizing the phosphate repulsion (Rich 1984). The higher valent
transition metal complexes such as [Ru(NH)313+ and [Co(NH)3]3+ form specific
complexes with the N7 of the guanine bases in the major groove of Z-DNA (Ho et al.,

1986; Gessner et al., 1985).
Specific water interactions have been shown to be different for CG and AT base

pairs in the B versus Z conformations (Schneider et aL,1993). The significant
differences between water interactions of the B- and Z-conformations occur in the minor

groove. In the B-conformation, a spine of hydration is observed in the minor groove
involving the N3 of the adenine base and the 02 of the thymine bases. This pattern is not
observed in CG base pairs, and is thought to be disrupted by the N2 amino group of the

guanine bases (Saenger, Drew & Dickerson, 1981). In the Z-conformation, strong water

interactions in the minor groove occur at the 02 of the cytosine bases. In addition, a
backbone phosphate oxygen stabilizes guanine in the syn conformation (Jovin et al.,
1987). Ordered water molecules were not located in the minor groove of d(TA) base
bridging water interaction involving the N4 amino group of the guanine base and a pairs

in the Z-DNA crystal structures of d(m5CGTAm5CG) or d(CACGTG) (Wang et al.,
1984; Coll et al, 1988). The differences in the adenine and thymine water interactions
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Table 1.2. Factors which influence the stability of Z-DNA.
Factor
I. Covalent modifications (relative to d(CG))
A. Modification at C5 carbon of cytosine.

I > Br > CH3
B. Modifications to C8 of guanine.

Br > H
C. Modifications to N7 of guanine.
CH3, Platinum complexes > Aflatoxin(B-stab)

IL Environmental

A. Ionic conditions.
1. Cations - valence dependent

[Co(NH3)6]3+,polyamines > Mg2+ > Nal+, Kl+, Li1+
2. Anions 
C104-1, Acetate

B. Solvent.
1. Alcohols 
methanol, ethanol, ethylene glycol

2. Water interactions.

C. Negative supercoiling.

III. Sequence.
A. Dinucleotide stability as Z-DNA.

d(m5CG) > d(CG) > d(CA) d(TG) > d(TA)
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between the two conformations may account for at least part of the noted instability of the

d(TA) dinucleotide in the Z-conformation. The relationship between these differences in
water interactions and DNA conformational stability is a subject of current interest

(Schneider et al., 1993).
Torsional stress has also been shown to stabilize the Z-form. The torsional stress in
negatively supercoiled DNA can be relaxed by the unwinding of the two strands in the

duplex relative to each other. Thus, the underwound Z-DNA form is stabilized by the
free energy available from negative supercoils in DNA. Negatively supercoiled DNA has
been used to induce the B to Z transition in gel migration experiments (Singleton, 1987).
Estimates of the free energy associated with the formation of negative supercoils (Depew

& Wang, 1975), have allowed the measurement of the free energies for the transition of

various sequences. Using this methodology, the order of intrinsic stability of DNA

dinucleotides as Z-DNA was observed to follow the trend d(CG) > d(CA) d(TG) >
d(TA) (references in Rich et al, 1984).
Theoretical studies on the relative stability B- and Z-DNit, A number of theoretical
approaches have been used in attempt to explain the observed sequence specific stability

of Z-DNA. Theoretical analyses of the basis for the relative stabilities of B and Z
conformations have indicated that factors which stabilize the Z-DNA relative to B-DNA
include improved base stacking interactions, and favorable van der Waals interactions

between the base and ribose units (Kolhnan 1982). As expected, the Z-conformation was
destabilized due to the increased electrostatic repulsion between the phosphate groups.
In addition to these general comparisons of the stability of the two DNA
conformations, Kollman et al. (1982) attempted to explain the relative stabilities of

d(m5CG) dinucleotides and d(TA) dinucleotides. The energy minimized structures of the
B- and Z-conformations of these sequences correctly predicted the relatively greater

stability of d(m5CG) versus the d(CG) dinucleotides as Z-DNA. The greater stability of
the d(m5CG) dinucloetide was attributed to the destabilization of the B-conformation due
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to less favorable stacking interactions of the pyrimidine. However, the calculations were
not able to correctly predict the relative instability of the d(TA) dinucloetide. The energy
minimization of the structures and the calculated energies included contributions from

either explicit or implicit counter-ions, but did not consider solvent interactions.
Dang et. al (1990) compared the relative stabilities of CG and TA base pairs as Z

DNA using a free energy perturbation studies in which a CG base pair is mutated to a TA
base pair, creating a single CA-TG dinucleotide. These molecular mechanics studies
considered the enthalpic effects of solvation with the inclusion of either implicit or explicit

solvent waters. They were able to quantitatively predict the relative stability of the d(CG)

and d(CA) d(TG) dinucleotides as Z-DNA. The explicit water interactions were
modeled in the free energy simulations by placing the DNA structures in a box of water
and optimizing the interactions, while the implicit water interactions were modeled by
adjusting the dielectric constant of the surrounding medium to mimic an environment of

hydrated sodium ions. In both cases, the calculations showed that the introduced
mutations destabilized the B and Z conformations to differing extents. The results
correctly predicted the relative instability of d(CA) d(TG) dinucleotides in the Zconformation as compared to d(CG) dinucleotides by approximately 3 kcal/(mol TA bp)
with explicit water interactions and 2 kcall(mol TA bp) with implicit water interactions.

However, similar calculations predicted that the d(TA) dinucleotide is as stable as d(CA)

d(TG) dinucleotides, again inconsistent with the observed solution data. These
calculations indicate that internal, and explicit solvent interaction energies can not explain

the sequence specific stability of dinucleotides as Z-DNA.
Further analysis of the instability of d(TA) dinucleotides as Z-DNA have been

reported by Singh et aL (1993). These calculations analyzed the interactions responsible
for the difference in stability of the TA versus CG base pair as Z-DNA. One of the major
contributions to the instability of the TA base pair as Z-DNA was reported to be a

difference in the intra-base pair energies of d(CG) versus d(TA) base pairs. It was
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suggested that the relative instability of adenosine base in the syn conformation relative

guanosine was in large part responsible for the higher intra-base pair energy..
Ho et al. (1988) were able to explain the effect of methylation on the stability of
d(CG) dinucleotides in the Z-conformation by comparing the differences in solvent

interactions between d(CG) and d(m5CG) dinucleotides (Ho et al., 1988). The solvent
interactions were modeled with calculations of solvation free energies using solvent
accessible-surface area calculations analogous to the method used in studies of protein

folding (Eisenberg & Mac Lachlan, 1986). The greater stability of d(m5CG)
dinucleotides was attributed to the differences in the solvent exposure of the methyl group

in the B versus Z conformation. In the 8-conformation, the methyl group is highly
exposed in the major groove. The exposure of the methyl group hydrophobic surface
area in the B-conformation is on average 28 A2 per methyl group. In the Zconformation, the methyl group is less solvent exposed, packed in a tight pocket created

by the adjacent guanine residues. The methyl group in the Z- conformation covers both
hydrophobic and hydrophilic base groups in the pocket resulting in a net increase in

hydrophobic base surface area. However, the increased exposure of hydrophobic base
surface is compensated for with the burying of hydrophobic ribose surface area.
Therefore, the introduced methyl group only slightly decreases the stability of the Z-

conformation due to the burying of hydrophilic groups. Thus, the greater propensity of
d(m5CG) dinucleotides to adopt the Z-DNA conformation over the unmethylated d(CG)
dinucleotides can be explained in a difference in solvation free energies between the two

conformations (Ho et al., 1988).
In summary, the structural and thermodynamic basis for the stability of the Zconformation are well characterized. The transition between the B- and Z-conformations
is considered to be entropy driven, and therefore is expected to be influenced by

interactions with the aqueous environment The experimentally determined sequence
dependent stability of dinucleotides of DNA in the Z-conformation follows the order
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d(CG) > d(CA) d(TG) > d(TA). Theoretical analyses have not been effective in
explaining the observed sequence specific stability of DNA dinucleotides in the Z-

conformation even when considering the enthalpic contributions of solvent interactions.
Chapters 2 and 3 of this thesis examine the sequence dependent stability of the Zconformation with a semi-empirical treatment of the solvent interactions.
The well characterized structural and environmental dependence of the stability of Z
DNA has allowed a more systematic approach to the crystallization of Z-DNA hexamers

(Ho et al., 1991). Extension toward a more rational approach for the crystallization of
DNA oligomers would be aided by the examination of the relevant forces involved in

macromolecular crystallization processes. Toward this goal, the final chapter of this
thesis examines helix packing interactions in the well characterized Z-DNA hexamer

P212121 crystallographic system
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Chapter 2

Quantitative Analysis of DNA Secondary Structure from Solvent-Accessible
Surfaces: The B- to Z-DNA Transition as a Model

Todd F. Kagawa, Donald Stoddard, Guangwen Thou, and Pui S. Ho
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Abstract

Solvent structure and its interactions have been suggested to play a critical role in

defining the conformation of polynucleotides and other macromolecules. In this work,
we attempt to quantitate solvent effects on the well-studied conformational transition

between the right-handed B- and left -handed Z-DNA. The solvent-accessible surfaces of

the hexamer sequences d(m5CG)3, d(CG)3, d(CA)3, and d(TA)3 were calculated in their
B- and Z-DNA conformations. The difference in hydration free energies between the Z

and the B-conformations (AACH(Z-B) or solvent free energy (SFE)) was determined
from these surfaces to be -0.494 kcal mor 1 for C-5 methylated d(CG), 0.228 kcal mor 1

for unmethylated d(CG), 0.756 kcal mor 1 for d(CA(TG), and 0.896 kcal mor 1 for
d(TA) dinucleotides. These thGli(z_B) values were compared to the experimental Bto Z-DNA transition energies of -0.56 kcal mor 1 that we measured for C-5 methylated

d(CG), 0.69-1.3 kcal mor 1 for unmethylated d(CG), 1.32 -1.48 kcal mor 1 reported for
d(CA)cl(TG), and 2.3-2.4 kcal mor 1 for d(TA) dinucleotides. From this comparison,
we found that the calculated AAGemz-B) of these dinucleotides could account for the

previous observation that the dinucleotides were ordered as d(m5CG) > d(CG) >

d(CA(TG) > d(TA) in stability as Z-DNA. Furthermore, we predicted that one of the
primary reasons for the inability of d(TA) sequences to form Z-DNA results from a
decrease in exposed hydrophilic surfaces of adjacent base pairs due to the C-5 methyl
group of thymine; thus, d(UA) dinucleotides should be more stable as Z-DNA than the

analogous d(TA) dinucleotides. This prediction was tested and confirmed by the finding
that the hexamer sequence d(m5CGUAm5CG) crystallized as Z-DNA in 2-fold lower
MgC12 concentrations than the analogous d(m5CGTAm5CG) sequence.
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bitroduction

Since the first spectroscopic evidence for its existence (Jovin & Pohl, 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 single-crystal studies
of Z-DNA sequnces have shown that a variety of environmental conditions stabilize DNA
in the Z-conformation, including the presence of high salt concentrations, transition-metal

complexes, base alkylation, and negative supercoiling [reviewed by Rich et al., (1984)
and Jovin et al., (1987)]. 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 configuration of its base pairs. Since purine bases 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 configuration of the base
pairs also requires that the basic repeat unit of the Z-DNA be the dinucleotide, or two base

pairs, rather than single base pairs as is found in the known right-handed conformations

(Jovin et al., 1987). Of the sequences that follow this alternation rule, there exists a
hierarchy of pyrimidine-purine dinucleotides that adopt the left-handed conformation,

with d(CG) > d(CA)(1(TG) > d(TA) in stability as Z-DNA (Jovin et al., 1983). This
difference in stability of dinucleotides can be quantitatively 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(CG), d(CA)d(TG), and d(TA) dincleotides
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have been measured at 0.66-1.2 kcal mo1-1 (Peck & Wang, 1983; Nordheim et al., 1982;

Frank-Kamenetskii & Vologodskii, 1984; Vologodskii & Frank-Kamenetskii, 1984;
Mirkin et al., 1987), 1.32-1.48 kcal mo1-1 (Vologodskii & Frank-Kamenetskii, 1984;
Mirkin et al., 1987), and 2.3-2.4 kcal mo1-1 (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
energy 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., 1983; Irikura et al., 1985),
using related calculations, were unable to adequately model the salt-induced B-Z

transition (Jovin et al. 1987). 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 qualitiative terms. It was shown that the
stability of right-handed A-DNA 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). Saenger 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-DNA and Z

28

DNA is responsible for their enhanced stabilities under dehydrating conditions. The
question that we address here is whether the effect of bulk water structure and interactions
on DNA conformation can be described in quantitative terms that account for the actual

differences in abilities of sequences to adopt non-B conformations. A useful semiempirical approach to estimating the contribution of solvent interactions on molecular

structutures, first developed by Langmuir (1925), has been to calculate the overall

hydration energy of the molecule and of its componenet parts. This approach was
extended by Mac Lachlan and Eisenberg (1986) to estimate the effect of solvent

interactions on "properly" versus "improperly" folded proteins. The lack of experimental
data on the stabilities of the various conformational states being considered, however,
limited these previous studies to only qualitative evaluations of how the calculated
solvation energies contribute to the thermodynamics of macromolecular stability.
Recently, we have calculated the difference in hydration energies of methylated and

unmethylated d(CG) dinucleotides in the B and Z conformations to study the Z-DNA

stabilizing effect due to methylation of the cytosine base (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 dinuceotide were essentially identical for both the methylated and

unmethylated bases in the Z form.
In this study, we set forth to quantitate the contribution of solvent interactions on
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).
To circumvent any problems that may result from steric inhibitions to Z-DNA formation,

we limited our studies to alternating pyrimidine-purine sequences. 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 experimental transition energies for the
dinucleotides. From this, we examined the molecular basis for the inability of d(TA) to
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form Z-DNA in terms of of hydrated surfaces. A comparison of d(TA) with d(UA)
dinucleotides as Z-DNA showed that the C-5 methyl group of the thymine base
contributes significantly to the inability of d(TA) dinucleoties to adopt the left-handed

conformation. We therefore predicted that d(UA) dinucleotides should 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 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(CGCGCG), d(CACACA)d(TGTGTG), d(UAUAUA), and d(TATATA) were
generated in their right-handed B conformation by using generalized helical parameters

(Arnott, 1976) and standard distances and geometries. The coordinates of the sequence
d(CGCGCG) as Z-DNA were taken from its single-crystal magnesium structure (Gessner

et al., 1985). The structures of d(m5CGm5CGm5CG) in the B and the Z conformations
were obtained as previously described (Ho et al., 1988). The structures of
d(CACACA)d(TGTGTG) and d(TATATA) 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, dihedral and

torsional angles, and van der Waal's contacts. The solvent-accessible surfaces (SAS) of
the DNA models were calculated by using a rolling ball method (Connolly, 1983) as

previously described (Ho et al., 1988). The surfaces of each atom in the molecules were
assigned to different chemical groups (as either carbon, nitrogen, phosphorus, or oxygen
and their associated hydrogen surfaces at the aromatic bases, the ribose sugars, or the

charged phosphate group).
A set of atomic solvation parameters (ASP) (Eisenberg & Mac Lachlan, 1986)

associated with solvating each surface type of DNA molecules was derived from the
partition coefficients of a set of small organic molecules (Table 2.1) that represent the

aromatic base, ribose sugar, and phosphate components of nucleic acids. The atomic
coordinates of these molecules were generated by standard distances and geometries and
their solvent-exposed surfaces calculated by the rolling ball method (Connolly, 1983).
The calculated surfaces were related to their free energies of hydration (AG°H) as derived
from experimentally determined partition coefficients of the molecules in aqueous solution

and octanol (Hansch & Leo, 1979). From the slope of these relationships, the hydration
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energy per exposed area (ASP values) was calculated for each atom type for the base,

sugar, and phosphate groups of nucleic acids (Table 2.1).
The hydration free energies (AG°H) of the dinucleotides were calculated by applying

the ASP values to the calculated areas of each surface type (SAS;, where i represents a
surface type listed in Table 1) of the dinucleotides in the B and Z conformations and

summing the resultant energies ( Eisenberg & MacLachlan, 1986).

LG °H = /(SASiXASPi)

Eq. 1

The surfaces of the two terminal base pairs of each hexamer sequence were excluded
from the calculations to avoid errors due to end effects.
The B- to Z-DNA "transition energy" of d(m5CG) dinucleotides was estimated by
measuring the ratio of DNA in the left- versus the right-handed conformation of poly(dG

dm5C). Polymeric d(m5CG) from Pharmacia was dialyzed against several 2-L changes
of glass-distilled, deionized water. The sample was titrated with 0.1 M NaC1 and then to
5.0 M NaC1 in 1 M increments. The ratio of B- and Z-DNA present in solution at each
titration point was calculated from the ratio of 295- versus 260 nm absorption as recorded

on an HP-8451 spectrophotometer.
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Table 2.1. Calculated Solvent-Accessible Surfaces (SAS) and Free Energies of Transfer
(AG*H*) from Octanol to Water of Aliphatic, Aromatic, and Phosphodiester
Compounds.

Compound

C

SAS (A2)
0
N
PO2

AG.H*
(kcal mor 1)

aliphatic surfaces
ethanol
1-propanol

58.8
79.3

36.1
36.1

-0.43
0.37

1-butanol

96.8

1.21

1-pentanol

117.2

36.1
36.1

1-hexanol

134.9

36.1

67.9
39.3

61.6
72.1

methoxyethanol

ethane-1,2-diol

2.02
3.14
-1.04
-2.63

aromatic surfaces
benzene
naphthalene

111.5

anthracene

204.7

pyrrole
pyridine
pyrimidine
imidazole

analine

o-phenylenediamine
benzophenone

quinone

phosphodiester
diethyl phosphate
dibutyl phosphate

2.86
4.57
6.07
1.02
0.88
-0.54
-0.11
1.23
0.20
4.61
0.27

160.8

75.2
91.6
51.5
64.1
98.3
86.6
177.2

82.5

121.2
195.2

15.0
13.7

26.2
26.6
24.6
43.8
13.8
29.9

46.9
52.7

0.48
3.01
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Results

Derivation of atomic solvation parameters (ASP) for DNA surfaces, The
thermodynamic weights associated with solvating the various surface types in DNA were
derived by first dissecting the nucleotide components of DNA into its substituent groups.
The primary components include the ribose sugar, an aromatic base, and a negatively

charge phosphodiester. Each component can be further simplified to a sum of surface
types, and each surface type can be mimicked by a series of small organic molecules
whose energies of hydration can be calculated from their partition coefficients in an

octanol/water solvent system (Table 2.1). The slope of the relationship between the
solvent-accessible surface (SAS) of these molecules and their respective hydration

energies defines the ASP value for that surface type (Figure 2.1).
The ribose component consists of two surface types: (1) aliphatic carbon surfaces

and (2) aliphatic oxygen surfaces. These surfaces were mimicked by using a series of
linear alcohols. The relationship between the SAS for a set of n-alcohols (for carbon

lengths from 2 to 6) and their ACH was essentially linear with a slope of +0.43 kcal
mor 1A-2 and y intercept of -2.86 kcal mo1-1. The very negative y intercept is due to
negative free energy for hydrating a hydroxyl group having no carbon surface associated

with it. The actual ASP value for the aliphatic hydroxyl group was derived from the

AG*H and SAS of ethanol, methoxytethanol, and ethane-1,2-diol. The AGli value of
each compound was corrected for the contributions from the surfaces from the carbon

chains by using the ASP value for aliphatic carbons and eq 1. The linearity of this
relationship with the inclusion of methoxyethanol shows that the ring oxygen (01') of the
ribose can be treated as any other hydroxyl surface.
The aromatic bases found in naturally occurring in DNA are heterocyclic ring

structures composed of surfaces from four atom types: (1) unsaturated carbons, (2) ring
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Figure 2.1. Plot of free energies of hydration (AG*H) versus solvent-accessible surfaces
(SAS) calculated for small organic molecules. AGH in the figure is equivalent to ACH
in the text. The open symbols represent aliphatic surfaces and the solid symbols aromatic
surfaces. The symbols for each surface type listed in Table 2.1 are defined in the figure.
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nitrogens, (3) conjugated amides, and (4) conjugated carbonyl oxygens. The ASP values
of the aromatic carbon surface were calculated from the SAS and the AG°H of benzene,

naphthalene, and anthracene (Figure 2.1). This relationship yielded a slope of 0.034 kcal
mo1-1 A-2 and a y intercept of -0.98 kcal mo1-1. The significance of this negative y

intercept is unclear. It may be related to an intrinsic solubility of aromatic compounds in

water or to a nonlinear relationship for aromatic compounds with less than six atoms. In
either case, we will be comparing differences in free energies of hydrations calculated by

applying the ASP values to SAS of different DNA surfaces. The y intercept, being an
additive value to the surfaces of all aromatic surfaces, will be negated in these differences.

The ASP values for the ring nitrogens, amides, and carbonyl oxygens were treated as a

single hydrophilic surface type. The relationship between LICH and SAS for the
aromatic hydrophilic surfaces is linear (slope = -0.055 kcal mol-1) with a y intercept of 0.
The linearity of the relationship is evidence that these hydrophilic surfaces can indeed be

treated as a group, and they intercept at 0 demonstrates that the ASP value derived for the
aromatic carbon surfaces is valid for aromatic molecules that are as small as five non-

hydrogen atoms and consisting of only three carbon atoms.
The ASP values for the phosphodiesters were derived from diethyl and dibutyl

phosphate. Because of the negative charge associated with the phosphate group, these
compounds are very insoluble in octanol. The AG°H values were thus calculated for a
partitioning of these compounds between sec-pentanol and 0.1M NaC1O4 aqueous

solution. The AG°H value of these two compounds was corrected for the contributions
from the aliphatic carbon surfaces, averaged, and divided by the SAS of the

phosphodiester group. The phosphorus and oxygen surfaces were treated as a group
rather than individually. Since the aqueous solvent is ionic, some counterions are likely
to be carried into the organic phase. The partition AG°H is likely to be underestimated in
this calculation. As we will discuss later, the contribution of the phosphate surface to the
differences in the AG°H values of the DNA conformations is not dramatic, and the overall
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conclusions fom these studies is not strongly dependent on the precise ASP value of the

phosphate groups. The ASP values for all the surface types represented in DNA are

listed in Table 2.2.
=41.,
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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 of unmodified

dinucleotides are more positive in the left-handed Z conformation (Table 2.3). This is
consistent with fmdings that Z-DNA is stabilized in solution by dehydrating conditions

such as high salt (Pohl & Jovin, 1972; Wang et aL, 1981; Drew & Dickerson, 1981) or
alcohol concentrations (Pohl, 1976) and is accounted for by the overall more positive

energy of hydration for the phosphates in Z-DNA than in B-DNA. The hydration
energies of alternating pyrimidine-purine dinucleotides increase as the ratio of TA base

pairs in the dinucleotides increases, regardless of their conformation. These results
indicate that alternating CG base pairs have a lower hydration energy than do TA base

pairs. This base-pair dependence of the hydration energies agrees with the report that the
partition coefficient (aqueous to organic solvent) is more positive for polyribo(AU) than

for polyribo(CG) (Garel et aL, 1972).
The hydration energies (ACID calculated for d(CG) base pairs generated in the B
DNA conformation by using standard helical parameters were compared to the hydration
energies calculated for the analogous base pairs in the B-DNA crystal structure of the self-

complementary sequence d(CGCGAATTCGCG) (Dickerson & Drew, 1981). The
AC"; calculated for individual CG base pairs within the crystal structure varied by as

much as 20%. The average AG°H of the model CG base pairs (-5.73 kcal mor 1 of base
pair), however, differed by less than 1% from the average ATI; calculated for the CG

base pairs from the crystal structure (-5.69 kcal moll of base pair ). Thus, even though
the hydration of individual base pairs may deviate from the average value, we believe that
the structures generated for each sequence are valid representations of B-DNA in solution
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Table 2.2. Atomic solvation parameters (ASP) of hydrophilic, hydrophobic, and charged
phosphate surfaces in nucleic acids. The parameters are derived from the partition
coefficients and calculated solvent-accessible surfaces of small organic molecules.

group

surface type

ASP
(kcal mol-1 A-2)

ribose

hydrophobic (C)

0.043

hydrophilic (0)

-0.038

hydrophobic (C)

hydrophilic (0/N)

0.034
0.043
-0.055

charged (0/P)

-0.100

base

methyl (C)

phosphate

and that the SAS calculated provide reasonable values for determining the hydration

energies of representative base pairs of each sequence in solution.
1,

t:Is

-I-

1,

IV,

A

(Z-B). If

we accept that the difference in stability between B- and Z-DNA is dependent on solvent
interactions, then the difference in hydration energies between the conformations
(AAG°H(Z -B)) should be more negative for sequences that favor Z-DNA formation and

more positive for sequences that favor the B conformation. Thus, MG°H(z-B) values
should increase according to the hierarchy d(TA) > d(CA)N1(TG) > d(CG) established for

the instability of these dinucleotides as Z-DNA. To test this, we would need to

Table 2.3. Calculated hydration and experimental B-Z transition energies (kcal mol-1) for DNA dinucleotides.

dinucleotide
sequence

d(m5CG)a
d(CG)a

hydration energy
AG*H(z)
ACH(Z-B)
ACH(B)

-4.344
-5.730

-4.838
-5.502

-0.494
0.228

B-Z transition energy
AG°T(B-Z)

-0.6 ± 0.3
0.66
0.90
1.12

1.20

d(CG)b
d(CA)'d(TG)

-5.689
-5.916

NA

NA

NA

-5.160

0.756

1.32
1.38

1.40
d(TA)

d(UA)

-5.242
-5.032

-4.346
-4.532

0.896
0.500

ref

this work
Peck and Wang (1983)
Nordheim et al. (1982)
Frank-Kamenetskii and Vologodskii (1984)
Mirkin et al. (1987)
NA
Mirkin et al. (1987)
Frank-Kamenetskii and Vologodskii (1984)
Vologodskii and Frank-Kamenetskii (1984)

2.3
2.4

Mirkin et al. (1987)

NA

NA

Ellison et al. (1986)

a The thermodynamic ASP values used to calculate the hydration energies of d(m5CG) and d(CG) (Ho et al., 1988) were those
derived for proteins from Eisenberg and Mac Lachlan (1986). The values reported in this study have been updated by using ASP
values that are more applicable to the methods used to calculate the solvent-accessible surfaces and the functional groups of nucleic
acids. Although this affects the details of the results from the previous study, it does not alter the overall results of conclusions drawn
from that study. b Average hydration energies calculated from the 2nd, 3rd, 10th, and 1 1 th CG base pairs of the
d(CGCGAATTCGCG) B-DNA crystal structure (Dickerson & Drew, 1981).
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compare the calculated AAGli(Z -B) values to their stabilities as Z-DNA. The stabilities
of the dinucleotides d(CG), d(CA).d(TG), and d(TA) in the right- versus left-handed
conformations at low ionic strengths have been determined by various groups as B-Z

transitions free energies, AG°T(Z-B). The values of ACT(Z-B) are a measure of the
energy available from negative supercoiling required to induce Z-DNA formation from B

DNA within well-defined sequences inserted into closed circular plasmids. These values
should thus be more positive for sequences that do not readily adopt the Z conformation.
In all these studies, the degree of negative superhelicity that is required to induce the

formation of Z-DNA was determined for well- defined inserts in closed circular plasmids.
Using a two-state zipper model to analyze the transition, several laboratories have derived
a set of energies for initiating the B-Z transition and for propagating Z-DNA formation

through the various inserts (see Table 2.3). Since these measurements were made at low
ionic strengths ([Na] < 3mM), the transitions observed are primarily supercoil induced.
The propagation energies are thus a measure of the relative intrinsic stabilites of the

dinucleotides as Z-DNA under low ionic strength conditions.

Stabilitysizglygasinklati-DSA. Aside from the base-sequence dependence
of Z-DNA stability, methylation of cytosine bases at the C-5 has been shown to stabilize

poly(dG-dC) in the left-handed form (Belie & Felsenfeld, 1981). The B- to Z-DNA
transition energy of d(m5CG) dinucleotides, however, has not been previously
determined. To estimate the relative stability of this dinucleotide as B-and Z-DNA under
conditions similar to that of the supercoil-induced transitions, the equilibrium ratio of the

two conformations present in polymeric d(m5CG) was spectroscopically determined after

extensive dialysis against deionized water. The polymer under these low ionic strength

conditions was observed to exist as a 0.65:0.35 mixture of Z- and B-DNA (Figure 2.2),

equivalent to an equilibrium constant (Km) of 1.86 or a difference in stability of -0.6 ±
0.3 kcal mor1 of dinucleotide. The addition of 0.1M sodium chloride to the solution
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shifted the equilibrium to an entirely B conformation. The transition to Z-DNA was not
observed again until greater than 2 M NaCl had been added.

These titration results show that poly(dG-m5dC) is stable as Z-DNA under low salt
conditions but is not entirely in the left-handed conformation as observed in several

previous papers (Narasimhan & Bryan, 1984; Kruger & Prairie, 1985; Latha &
Brahmachari, 1985; Fuerestein et al., 1985). Deverajan and Shafer suggested that the Z
DNA observed under these conditions is due to contaminating divalent cations such as

Mg2+ and Ca2+ (Devarajan & Shafer, 1986). They reported that under conditions of
extremely low divalent cation concentrations poly(dG-m5dC) is in the B conformation.

However, a different group (Feuerstein et al., 1985) reported that, under similar dialysis
conditions, poly(dG-m5dC) is in the left-handed conformation. Because we attempted in
our titrations to mimic the conditions of the supercoil-induced transitions, divalent cations

were not rigorously depleted from the polymer. It is thus not unreasonable that this
polymer is poised at an equilibrium point between the two conformations under our

conditions.

Relationship.a Atici_ta-B uaZzDtagability. Table 2.3 is a comparison of
MGli(Z -B) calculated for the dinucleotides d(m5CG), d(CG), d(CA)cl(TG), and
d(TA) to their respective thermodynamic stabilities of Z- versus B-DNA, as defined
experimentally from the B-Z transition energies (AG °T(Z-B)). From the small values of

Aift( -B), we would expect that the differences in the hydration free energies
(AAG°H(z-B) or solvent free energies (SFE)) should also be small, and they were.
These small values result from the difference of rather large numbers and represent at
most a 16% change in the overall hydration energies calculated for each dinucleotide.

One can ask then whether these small perturbations are relevant. Hydration of the
phosphate groups contributes significantly to the magnitude of the negative AG°H values,

owing to
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Figure 2.2. Titration of poly(dG-dm5C) with NaCl. The fraction of Z-DNA to the total
DNA in solution was calculated from the 295 to 260 nm absorption ratios at each titration
point. The data represent three independent sets of titrations.
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the large negative ASP for hydration of phosphate surfaces. The differences in the
overall exposure of the phosphates between a dinucleotide in the B- versus the Z-

conformation is 2.6 ± 2.3 A2. This translates into an overall free energy of hydration
difference of 0.26 ± 0.23 kcal mor 1 from d(m5CG) to the d(TA) dinucleotides. The
deviation across these differences in phosphate exposure is small This would be
expected since the overall backbones are nearly identical for alternating purine and

PYrimidine sequences in each conformation. The AACKZ-B) ranges from -0.49 to
0.90, or a 1.39 kcal mor 1 of dinucleotide difference from d(m5CG) to d(TA). The
contribution of the MCH(7,-B) variation resulting from differences in the hydration free
energies of the phosphates is thus approximately 17%. The remainder is due to

differences in the exposure of the bases. A 20% error in the phosphate ASP values
would increase the contribution of the phosphates from 17% to 20% toward the

ALGewz-B) values.
In Figure 2.3, AG°T(B-z) is plotted against AAG°H(Z-B). Within the variation of
the reported AG*T(3-z) values, this relationship is linear. A linear least-squares fit of
this plot yields a relationship having a slope of 0.491 and a y-intercept at -0.130 kcal

mor 1, with a correlation coefficient (R) of 0.96. The slope < 1 of this relationship
suggests that the hydration energies calculated consistently underestimate the experimental

transition energies. Both the calculated AACH(z-B) and the experimental ACT(B-Z)
values are measures of the stability of Z-DNA versus B-DNA. The observation of a oneto-one relationship between stability and hydration energies with a positive slope and a y
intercept approximately equal to zero and the calculated and experimental energies being

of the same orders of magnitude suggest that indeed the transition of a base sequence
from B- to Z-DNA is at least partially accounted for by the difference in hydration of the

sequences in the two conformations.
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Figure 2.3. Comparison of the calculated differences in hydration energies of Z- and B
DNA with the experimentally determined B- to Z-DNA transition energies. AAGH(Z-B)
and AG*T(3-z) in the figure are equivalent to AAG*H(z-B) and AG°T(B-z) respectively
in the text. A linear least-squares fit of these points yielded the relationship AATH(Z-B)
.= 0.491ATT(3-z) - 0.130, with a correlation coefficient (R) of 0.96. (A) Data form this
work; (0) data from Peck and Wang (1983); (0) data from Nordheim et al. (1982); (I)
data from Frank-Kamenetskii and Vologodskii (1984); 0 data from Mirkin et al. (1987);
() data from Vologodskii and Frank-Kamenetskii (1984); (A)data from Ellison et al.
(1986).
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Destabilization of Z-DNA by daAl dinucleotides. A better understanding of the
molecular basis for the differences in the 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 of the hydrophilic surfaces of the aromatic base and
ribose groups for the various dinucleotides in their B and Z conformations is summarized

in Table 2.4. By analyzing the difference in exposed surfaces for Z- versus B-DNA of

d(CG), d(CA)d(TG), and d(TA), we can start to understand why TA base pairs
destabilize Z-DNA. The average total difference in exposed hydophobic 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

Table 2.4 Differences in hydrophobic and hydrophilic solvation free energies
(MG°11(Z-B)) for base and ribose surfaces of DNA dinucleotides. The solvation free
energies are reported in units of kcal mo1-1.

dinucleotide
sequence

LIACH(Z-B)

AAG°H(Z-B)

hydrophilic

hydrophobic

base

ribose

base

ribose

0.08
0.02
d(CA)d(TG) 0.13
d(TA)
0.20
d(UA)
-0.08

-0.26
-0.03
-0.12
0.06
0.06

-0.06
0.08
0.08
0.04
0.05

-0.78
-0.19
-0.04
0.08
0.05

d(m5CG)
d(CG)
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the hydrophilic oxygen surface of the ribose 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 ribose of adjacent base

pairs. A comparison of the stacking arrangements of CG:CG to TA:TA dinucleotides as

Z-DNA is shown in Figure 2.4 A,B. In Figure 2.4, the larger solid circles represent the
contact points of solvent molecules with hydrophobic surfaces, while the smaller open
circles represent the contact points with hydrophilic surfaces as calculated by the rolling

ball method (Connolly, 1983). The absence of the N2 amino group of adenine exposes
the surface of its adjacent thymine ribose in the d(TA) dinucleotides relative to the d(CG)

dinucleotides, resulting in a greater exposure of the hydrophobic surface in the minor

groove surface 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 to the local exposure of

hydrophobic 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 ribose as compared to the decrease in the

exposed carbon surfaces of the bases.
The surface areas of the accessible hydrophilic groups are slightly higher for d(CG)
base pairs as Z-DNA than as B-DNA, resulting in negative AAG*H(z-B) values for the

oxygens of the riboses and the oxygens and nitrogens of the aromatic bases. The
hydrophilic areas of the TA base pairs are less accessible in the Z versus the B

conformations. LW H(Z-B) becomes significantly more positive as the ratio of TA base
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Figure 2.4. Stacking diagram of d(CG), d(TA) and d(UA) dinucleotides and their
solvent-accessible surfaces. Panel A shows a d(CG) dinucleotide, panel B a d(TA)
dinucleotide and panel C a d(UA) dinucleotide. 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 were
calculated with 1.0 dot k2 are shown and the hydrogen atoms removed from the base
pair models for clarity. The SAS values used to determine the AG.H values were
calculated with a density of 5 dots k2.
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pairs is increased from 0 to 1 to 2 per dinucleotide. Thus, overall, the addition of TA
base pairs to a DNA sequence increases the difference in the hydration free energies of
that sequence as Z- and as B-DNA.
Stability of d(UA) dinucleotides as Z-DNA, To determine the extent to which the
thymine C-5 methyl contributes to these differences in hydration free energies of d(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 (Table 2.4). This sequence is
identical to d(TA)3, except that the methyl groups of the pyrimidines have been removed

to form the analogous deoxyuridine. The exposure of hydrophobic surfaces in the minor
groove crevice are nearly identical for the d(TA) and d(UA) dinucleotides (Figure 2.4

B,C). The accessibility of the ribose carbons is, thus, not significantly affected by the
methyl group, confirming the earlier suggestion that the lack of an N2 amino group on the
adenine bases is responsible for the greater exposure of the ribose to solvent in d(TA)

dinuleotides. 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) (Figure 2.4). The AAG°H(Z -B) values in
Table 2.4 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 a decrease in

the hydrophobic surface of the ribose. This is consistent with previous reports that the C
5 methyl group of pyrimidine bases sits in a pocket formed by the ribose and the stacked

purines of adjacent base pairs (Ho et al., 1988; Fujii 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 Z-DNA, 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 make up this pocket
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For cytosine bases in alternating d(CG) dinucleotides, the C-5 pocket is lined equally by
hydrophobic and hydrophilic atoms from the ribose and bases of adjacent base pairs.
Thus, the decrease in exposed hydrophilic surface is accompanied by a near equivalent
decrease in the hydrophobic surfaces, including the additional methyl surface (Ho et al.,

1988). In the B conformation, this methyl group sits exposed iin the minor groove. This
accounts for the stabilizing effect of methylation of 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 mor 1
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 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 0.14 kcal
mor 1, as compared to 0.02 kcal mor 1 for d(TA) dinucleotides. Alternatively,
methylation of d(CG) increases the contribution of the hydrophilic oxygen surfaces to the

hydration of the riboses by 0.23 kcal mor 1, while the methyl group of d(TA) buries a
hydrophilic surface equivalent to 0.26 kcal mor 1 for each dinucleotide. These effects are
thus dependent on the positioning of the methyl group relative to the adjacent base pairs

and riboses resulting from the stacking arrangements in Z-DNA.

KrilationshiaslAICJA(Z-B UDLeiStil

From these

observations, we predict that the propensity of d(UA) dinucleotides to form Z-DNA is
greater than that of the analogous C-5 methylated d(TA) dinucleotides. The calculated

.6.6.Gli(Z -B) value for d(UA) dinucleotides (0.500 kcal mor 1) is 0.396 kcal mor1

51

lower than that of d(TA). This translates into a 0.81 kcal mor 1 lower AG.T(B-Z), as
calculated by from the relationship from Figure 2.3, that would result by removing the

methyl group of d(TA) dinucleotides. The d(UA) dincleotide is still 0.55 kcal mol' 1 less
stable as Z-DNA than d(CG) and 2.02 kcal mor 1 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. We have solved the structure of this sequence to better than 1.3A resolution

and found it to be in the Z-conformation (Thou & Ho,1990). This hexamer sequence is
analogous to the sequence d(m5CGTAm5CG) and d(m5CGm5CGm5CG), both of
which have been previously crystallized in the Z-conformation (Wang et al., 1984; Fujii

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 the 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 crystallizA 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
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the ionic charge (Z2). Even though ionic strengths 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 Z-DNA crystallization conditions can be translated into cationic

strengths (CS) as defined by equation 2.

CS = Z2Na+[Nal + Z2mg2+[mg2+]

Eq. 2.

We would expect that sequences more readily stabilized as Z-DNA 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 crystallize 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 crytallographic 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 dinucloetides in the hexamer. This value
can be translated into a term reflecting the average stability if the dinucleotides AG°T(3..z)

in the hexamers as Z-DNA by using the relationship derived from Figure 2.3.
The initial crystallization conditions and the equilibrium cationic strength 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 2.5, along with the

ACT(3-z) calculated from their AACH(Z-B) values. The hexamer sequence
d(m5CGUAm5CG) was predicted to be more stable as Z-DNA than the analogous
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d(m5CGTAm5CG) sequence and less stable than d(m5CGm5CGm5CG). We found that
indeed the cationic strength required to form diffraction-quality single crystals of Z-DNA

of the uridine-containing hexamer was approximately 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, we observed that methylated d(CG) dinucleotides

require the lowest cation strengths to obtain Z-DNA crystals. Thus, the dependence of Z
DNA crystal formation on these salt conditions mirrors previous findings that methylation
of cytosine at the C-5 position stabilizes the Z conformation and d(TA) dinucleotides are

the least stable as Z-DNA. The d(UA) dinucleotide, as predicted, is intermediate in its
ability to crystallize as Z-DNA.

An overall comparison of the log of the cationic strength for crystallization of each

hexamer and their associated B-Z transition energies is shown in Figure 2.5. 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 ability 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 form Z-DNA but also for predicting the extent to
which they will adopt the left-hand conformation.

Table 2.5: Calculated B-Z transition flee energies (AG°T(B -z)) and crystallization conditions for synthetic hexamers as Z-DNA.

hexamer sequence

B-Z equilibrium /
AG.T(B-Z)

crystallization conditions (M)
[Nai]
[Mg++]
CSa
log (CS)

d(m5CG)3

-0.706

0.150

0.020

d(m5CGUAm5CG)

-0.031

d(mSCGTAmSCG)b
d(CG)3

0.238
0.765

0.180
0.188
0.400

0.045
0.094
0.500

d(CACGTG)

1.482

0.460

0.700

0.230
0.360
0.563
2.200
3.26

ref

-0.638

Fujii et al. (1982)

-0.444
0.342

Zhou & Ho (1990)
Wang et al. (1984)
Gessner et al. (1985)

0.513

Coll et al. (1988)

-0/49

a CS is the cationic strength of the crystallization conditions at equilibrium as calculated by CS = Z2Na+ [Na +] + Z2mg2+[mg2-1,
where Z is the cation charge. b The polycation spermine was reported for the crystallization conditions of d(m5CGTAm5CG) but was
not found in the crystal structure. For this reason, we excluded this polycation from the CS calculations. We have recently crystallized
this sequence in the absence of spermine under a cationic strength of 0.62M (Zhou & Ho, unpublished results), confirming that the
presence of this polycation is not essential to obtaining Z-DNA crystals of this hexamer.
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AGT 03-4

(kca 1 /mo 1)

Figure 2.5. Plot of the free energies of transition calculated from the hydration free
energies versus logarithm of cationic strengths for crystallizing synthetic hexanucleotides
as Z-DNA. ACrr(g ..z) in the figure is equivalent to AG*T(g -z) in the text. Average
hydration energies were calculated for the dinucleotides within each hexamer by summing
the hydration free energies for each type of dinucleotide 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 sequence as Z-DNA (Table 2.5). A linear least squares fit of the data
yielded a line described by log(CS) = 0.586AG*T(3-z) - 0.306.
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Discussioa

In this study, we have examined the quantitative relationship between calculated

solvent-accessible surfaces of dinucleotide sequences in B- and Z-DNA and the
experimental transition energies for converting B- to Z-DNA for these dinucleotides. We
found that a linear relationship can be drawn between the calculated energies and the

experimentally determined transition energies. In addition, the magnitude of the
differences in stabilities calculated from the hydration energies of the dinucleotides as Z-

and B-DNA is similar to the B- to Z-DNA 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 account for the experimentally observed hierachy

of d(m5CG) > d(CG) > d(CA)d(I'G) > d(TA) dinucleotides in stability as Z-DNA.
The hydration energies calculated assume that all solvent interactions are averaged
over the DNA molecule. To accommodate specific cationic interactions in these

calculations, we would need to locate the positions of the cations from high-resolution
crystal structures and treat these as essentially integral parts of the DNA structures. The

cations in even the best-studied crystal structures of B- and Z-DNA sequences, however,
have not all been located. It is also very unlikely that cations would be fixed in solution at
all of these crystallographically determined positions. Soumpasis has quantitatively
accounted for the high-salt transition of B- to Z-DNA in poly(dC-dG) by treating the main

Coulombic interactions as an ion-ion potential in a homogeneous electrolyte (Soumpasis,
1984). Given our inability to accurately include specific counterions into the hydration
energy calculation, the cation interactions were treated as one parameter in the solvent

interactions that is essentially constant during the transition. This simplification appears

to be valid primarily because the ACT(B-z) used as the measure of Z-DNA stability in
these studies are restricted to low ionic strength conditions and are primarily supercoil

induced.
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By including the interactions of the cations into a general solvent interaction term,
we have ignored the electrostatic contribution of the aquo-metal complexes to the

stabilization of Z-DNA. The solvent interactions are thus underestimated by the hydration

energy calculations. Since the strongest electrostatic stabilization from the cations would
be expected to be at the phosphate backbone of both the B and the Z conformations of
DNA (Soumpasis, 1984), the electrostatic contribution to the hydration energies of the
bases should be minimal. The electrostatic terms should therefore contribute a systematic

error to the hydration energy calculations. Despite this, a relationship between the
calculated differences in hydration and transition eneriges for B- and Z-DNA was derived
that appears to be useful in predicting the relative stabilities of left- versus right-handed

DNA.
An analysis of how the hydrophilic and hydrophobic groups contribute to the
overall hydration energies of each dinucleotide allows us to understand the differences in
stability of d(m5CG), d(CG), d(CA)N1(TG), and, in particular, d(TA) dinucleotides as Z
DNA at the atomic level. We find that the decreased overlap between the adenine and
adjacent ribose resulting from the stacking of TA and UA base pairs in Z-DNA is

responsible for the greater exposure of the ribose carbon surfaces when compared to that

of d(CG) dinucleotides. The absence of the N2 amino group in adenine bases also results
in a greater exposure of hydrophobic surfaces in the minor groove of d(TA) dinucleotides

versus d(CG) dinucleotides. This suggests that the N2 amino group of purine bases
would have a stabilizing effect on the Z-conformation.
The methyl substituent 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 ribose surfaces to solvent. Thus, removal of this methyl group
should help to stabilize d(UA) dinucleotides as Z-DNA. By comparing d(TA) to the
d(UA) dinucleotides in their Z- and B-DNA conformations, we can assign a 0.81 kcal

mor1 contribution of the C-5 methyl group to the instability of d(TA) dinucleotides as Z
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DNA. The effect of the C-5 methyl group on the stability of DNA conformations is not
limited to the B and Z conformations. The thymine methyl group in poly(dA-dT) has, in
contrast, been reported to help stabilize an alternating B and an X form of DNA

(Vorlickova & Jaroslav, 1984). 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, for example, the alternating B and the X forms
of d(TA), would tend to effectively destabilize the Z conformation of that sequence. This
two-state approximation may thus contribute to underestimation of the relative instability

of Z-DNA for the 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 thymine contributes to the inability of d(TA) dinucleotides to

form Z-DNA, as predicted from the calculations. The concentration of cations present at
equilibrium in the conditions required to crystallize d(m5CGUAm5CG) as Z-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 equilibria 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

Effects of Base Substituents on the Hydration of B- and Z-DNA:
Correlations to the B- to Z-DNA Transition

Todd F. Kagawa, Meredith L Howell, ICaihan Tseng, and P. Shing Ho
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We present a study of how substituent groups of naturally occurring and modified
nucleotide bases affect the degree of hydration of right-handed B-DNA and left-handed Z

DNA. A comparison of poly(dG-dC) and poly(dG-dm5C) titrations with the lipotropic
salts of the Hofmeister series infers that the methyl stabilization of cytosines as Z-DNA is

primarily a hydrophobic effect. The hydration free energies of various alternating
pyrimidine-purine sequences in the two DNA conformations were calculated as solvent

free energies from solvent accessible surfaces. Our analysis focused on the N2 amino
group of purine bases that sits in the minor groove of the double helix. Removing this
amino group from guanine to form inosine (I) destabilizes Z-DNA, while adding this

group to adenines to form 2-aminoadenine (A') stabilizes Z-DNA. These predictions
were tested by comparing the salt concentrations required to crystallize hexanucleotide

sequences that incorporate d(CG), d(CI), d(TA) and d(TA') base pairs as Z-DNA.
Combining the current results with our previous analysis of major groove substituents,
we derived a thermodynamic cycle that relates the systematic addition, deletion, or

substitution of each base substituent to the B- to Z-DNA transition free energy.
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Introduction

The sequence-dependent behavior of DNA structure has been suggested to play a
role in a number of transcriptional and replicative processes (reviewed in Sinden &

Wells, 1992). An understanding of how DNA conformations are affected by the various
substituent groups of the nucleotide bases, therefore, helps to extend our understanding
of the various mechanisms available to control cellular functions. Aside from the
canonical right-handed B-form, the left -handed Z-conformation is perhaps the best

studied structural form of DNA (reviewed in Jovin et al, 1987). The structural and
thermodynamic differences between B- and Z-DNA are fairly well understood in

empirical terms. Studies show that for the basic pyrimidine-purine dinucleotide (dn)
repeat of Z-DNA, substitution of the cytosines with thymines, and guanines with
adenines reduces the ability of sequences to adopt the left-handed conformation in

essentially an additive manner (reviewed in Rich et al., 1984). The d(TA) dinucleotide is
therefore less stable as Z-DNA than d(CA)ed(TG), and both are less stable than the
prototypical d(CG) Z-DNA dinucleotide. The relative abilities of these dinucleotides to
adopt the Z-conformation have been measured as the free energy of transition for the

negative supercoiled induced B- to Z-DNA transition (ACT(3-z)). The values for
AG °T(B -Z) have been determined experimentally to be 0.66 kcal mol-1 for d(CG) (Peck

& Wang, 1983), 1.2 kcal moll for the d(CA)N1(TG) (Vologodskii & Frank Kamenetskii, 1984), and 2.4 kcal mol-1 for d(TA) dinucleotides (Ellison et al., 1986).
The B- to Z-DNA transition, therefore, provides a unique system for studying the effects
of base substituent groups on the thermodynamic differences between two
interconvertable conformations of DNA, and allows one to test models and methods that
predict the stability of macromolecular structures.
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A number of theoretical methods have been employed, with varying success, to

study the effects of substituent groups on the stability of the Z-conformation. Molecular
mechanics calculations suggested that the Z-DNA stabilizing effect of methylating

cytosines at the C5 position could be understood in enthalpic terms (Kollman et al.,

1982). The inability of d(TA) dinucleotides to form Z-DNA, however, could not be
readily explained by these methods, primarily because solvent interactions were not

included in the calculations. Free energy perturbation calculations in which d(CG)
dinucleotides were gradually "mutated" into d(TA) in an aqueous environment showed
that mutation of the first base pair was detrimental to the stability of Z-DNA, but that a

transformation of the second d(CG) base pair to d(TA) should potentiate formation of Z

DNA (bang et aL, 1990). These studies properly predicted that d(CA)cl(TG) would be
less stable as Z-DNA compared to d(CG) dinucleotides; however, they also predicted
that d(TA) dinucleotides would adopt the Z-conformation more readily than

d(CA)(1(TG). This discrepancy between the calculated and the experimental results
could not be readily explained.

In our own studies on B- and Z-DNA stabilities, we analyze solvent accessible
surfaces (SASs) to determine the difference in solvent free energies (SFEs) for sequences

as B- and Z-DNA (Kagawa et aL, 1989). The differences in free energies between the

two conformations for d(CG), d(CA)d(TG) and d(TA) were of the same order of
magnitude as those determined experimentally, and followed the trend that d(CG) <

d(CG).d(TG) < d(TA) in terms of hydrophobicity as Z-DNA. The general order of Z
DNA stability for these dinucleotides could thus be explained in terms of the differences

in SFE associated with the base substituents in B- versus Z-DNA.
Using this same method, we have also shown that the stabilizing effect of
methylating cytosines at the C5 position results from the methyl group actually filling in a

hydrophobic pocket at the major groove of Z-DNA (Ho et al., 1988). The increase in
hydrophobic surface that would be expected from adding a methyl group to the major
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groove surface of Z-DNA is thus more than compensated for by the decrease in the

exposed hydrophobic surface of the C5 pocket. An analysis of the C5 methyl of
thymine, however, led to an entirely different conclusion (Kagawa et al., 1989). For
d(TA) dinucleotides in Z-DNA, the C5 pocket was found to be overall more hydrophilic

than that of d(CG). The C5 methyl group of thymine actually buries both hydrophilic as
well as hydrophobic surfaces. We predicted, therefore, that demethylating the thymine
base would actually facilitate the formation of Z-DNA. Thus, the effect of methylation at
the C5 carbon of pyrimidine bases on the relative stability of Z- versus B-DNA is
dependent on the specific base being modified.
Crystallographic studies on the self-complementary sequence d(m5CGUAm5CG)
supported the prediction that the decreased hydrophobicity of the Z-DNA major groove
surface helped to stabilize d(UA) dinucleotides in the left-handed conformation (Thou &

_L., 1990). We had previously shown that the ion concentrations in solutions that yield
Z-DNA crystals of hexanucleotide duplexes are related to the ability of these sequence to

adopt the Z-conformation in solution. This relationship thus allows us to systematically
test predictions for how sequence modifications affect the ability of hexanucleotides to

form Z-DNA, and, in fact, has been useful in this laboratory to predict how to crystallize
a particular sequence as Z-DNA (Ho et al., 1991). The self-complementary hexamer
sequence d(m5CGUAm5CG) was crystallized as Z-DNA under significantly lower cation
concentrations than the analogous d(TA) containing sequence.

The inability of d(TA) dinucleotides to adopt the Z-conformation was, from our
analysis, predicted to be only partially related to the destabilizing effect of the thymine

methyl group. The other major factor was observed to be the lack of an amino group at
the C2 position of the adenine base, thus rendering the minor groove crevice of Z-DNA

less hydrophilic than that of d(CG) dinucleotides. In the present study, we first
demonstrate experimentally that the methylation of cytosine stabilizes Z- versus B-DNA

by affecting the hydrophobicity of the two conformations. We then focus on the
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contribution of other substituent groups, particularly the N2 amino group in the minor

groove of the purine bases, on the thermodynamic stability of Z-DNA. Using the results
of these studies, we have derived a thermodynamic cycle which describes the stability of
Z-DNA as the base substituents of alternating pyrimidine-purine (APP) dinucleotides are

systematically substituted to evolve d(m5CG) to d(TA) and back again.
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Experimental Methods

Salt iiirationnkia The polynucleotides poly(dG
dC) and poly(dG -dm5C) were obtained from Pharmacia. Titrations were performed by
adding polynucleotide to various concentrations of MgC12, LiC1, NaCI, and KC1

solutions to give approximately 1 O.D. at 260 nm. The solutions were heated to 600 C
for 10 minutes to facilitate formation of Z-DNA (Behe & Felsenfeld, 1981). Spectra
were recorded at room temperature on an HP8452 diode array spectrophotometer. The
formation of Z-DNA at each salt concentration was determined by monitoring the ratio of

absorbance at 294 nm versus 260 nm. B-DNA has an absorbance ratio of 0.15 to 0.2 for
poly(dG-dC) and 0.25 to 0.4 for poly(dG-dm5C), while Z-DNA has a ratio of 0.35 to

0.5 for poly(dG-dC) and 0.35 to 0.7 for poly(dG-dm5C), depending on the salt.
Solvent-accessible surface and solvent free energy calculations, The general
methods for calculating the surfaces of DNA structures that are exposed to solvent
(solvent accessible surfaces, or SASS) and the free energies for solvating these surfaces

(solvent free energies, or SFEs) were previously described (Kagawa et al., 1989). The
method involves first building models for hexanucleotide sequences in either the B- or the

Z-conformations. The atomic coordinates of sequences as B-DNA were generated using
standard helical parameters for B-DNA. The atomic coordinates of these same sequences
as Z-DNA were generated from the crystal structures of previously crystallized

sequences. Models of d(TA') containing sequences, where A' is an aminated adenine at
the C2 position, were constructed by adding an sp2 amino group at the C2 carbon of an
adenine base using standard distances and geometries. Sequences containing d(CI) base
pairs, where I is an inosine base, were constructed by removing this same amino group
from the guanine of a d(CG) base pair. The d(UA) and d(UA') containing sequences
were constructed by demethylating d(TA) and d(TA') base pairs, respectively. In
specific cases where these bases have been crystallized, we have incorporated the
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conformations from single crystal structures into our models. Thus, for the d(TA') and
d(UA') containing sequences, we can compare the simplest model for these base pairs in
Z-DNA, as generated by adding or removing substituents from the naturally occurring
bases, to the actual conformations of these base pairs in the crystal structures to assess
their effects on Z-DNA stability.

The calculation of the solvent free energies (SFEs) of each DNA structure requires
first a calculation of the solvent accessible surfaces (SASs) for each sequence in both the

B- and the Z-conformatons. The SASs of the internal four base pairs of each
hexanucleotide sequence were calculated using the Connolly rolling ball method

(Connolly, 1983). The SFEs of these models were calculated as previously described.
In short, each surface type was converted to a free energy for hydration by applying an
atomic solvation parameter (ASP) that describes the energy required to transfer that

surface type from an organic phase to an aqueous solvent phase (see Table 3.1). The

total free energy of hydration (MID for each hemmer model was calculated using
Equation 1 (Eisenberg & Mac Lachlan, 1986), where SASi is the solvent accessible

surface for each surface type i, and ASPi is the atomic solvation parameter for that

surface.
AG °H = E(SASOCASPi)

Eq. 1.

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

eliminate possible artifacts due to end effects. The total AG'H was then divided by 2 to
obtain the average SFE for the dinucleotide.
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The differences in the hydration free energy between Z- and B-DNA VaGall(Z-B)
or solvent free energy (SFE)) for the previously studied d(m5CG), d(CG),
d(CA).cl(TG), and d(TA) dinucleotides are linearly related to the B- to Z-DNA transition

free energies (AG°T(B-Z)) by Equation 2 (Kagawa et al., 1989).

AAG°H(z-B) = 0.71ACT(B-z) - 0.464

Eq. 2

Crystallization solutions for Z-DNA hexanucleotides, In general, the most variable
component in the crystallization of Z-DNA are the types and concentrations of the cations

in the solutions. To normalize all the different types of solutions, we converted the
various crystallization conditions for Z-DNA to a measure of the effective cation

concentration (the cation strength) in each solution. The cation strengths (CS) were
estimated as the sum of the concentrations of cation added to the crystallization solutions
([cation]), upon equilibration against the precipitant in the reservoir, corrected for the

effective charge of each cation species (Z2) (i.e., CS = E Z2[cation], as previously
described (Kagawa et al., 1989).
To determine whether the calculated transition free energies were related to the

actual driving force required for inducing a B- to Z-DNA transition, we compared

ACT(3-z) calculated from Eq. 2 to the cation strengths required to crystallize
hexanucleotides as Z-DNA. The log 10 of the CS values (logCS) were compared to the

AG°T(B-z) of each sequence. With the exception of the d(CICGCG) sequence, the
crystallization conditions for the various hexanucleotides used in this study were those

published in the original papers (see Table 3.4). The d(CICGCG) sequence was
crystallized from a solution containing 2.0 mM DNA, 33 mM sodium cacodylate buffer at
pH 7.0, 0.2 M MgC12, and 10% 2- methyl -2,4- pentanediol (MPD) equilibrated against a

reservoir of 50% MPD.
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Table 3.1. Atomic solvation parameters (ASP) of hydrophilic, hydrophobic, and charged
phosphate surfaces in nucleic acids. The parameters were derived from the partition
coefficients and calculated solvent-accessible surfaces of small organic molecules.

group

surface type

base

hydrophobic (C)
methyl (C)

hydrophilic (0/N)
ribose

hydrophobic (C)

hydrophilic (0)
phosphate

charged (0P)

ASP
(kcal mold A-2)

0.034
0.043
-0.068*
0.043
-0.038
-0.100

* This value differs slightly from that reported by Kagawa, et al.(1989).
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Results

Our previous analysis of the hydrated surfaces of DNA duplexes suggested that the
effect of base substituent groups on the relative stability of left-handed Z-DNA versus
right-handed B-DNA is due to differences in the hydrophobicity of the solvent accessible

surfaces (SAS) of the DNA structures. In this analysis, these base substituent effects are
quantitated by converting the SAS values to solvent free energies (SFE). Here, we
present experimental evidence that stabilization of Z-DNA by methylating cytosine bases

is associated with differences the hydrophobicity of the DNA conformations. In
addition, we have extended the surface and hydration analyses to the minor groove

substituents of the DNA bases to study the role of the N2 amino substituent group of
purine bases in stabilizing the minor groove crevice of Z-DNA. Our previous studies
(Kagawa et al.,1989; Thou & Ho, 1990) suggested that the inability of d(TA)
dinucleotides to adopt the Z-conformation was partially related to the increased

hydrophobicity of the major groove surface of Z-DNA associated with the C5 methyl

group of the thymine bases. In this study, we focus on the role of the amino group of the
purine bases in stabilizing Z-DNA by comparing the hydration free energies of d(TA')

and d(CI) base pairs, where A' is adenine aminated at the C2 carbon and I is inosine, in

their B- and Z-conformations. For these two sequences, we address the question of how
adding an amino group to an adenine base pair affects the ability of d(TA), and how
removing the amino group from guanine would affect the ability of d(CG) to adopt the Z-

conformation. Using the results from our current and previous studies, we have
constructed a thermodynamic scheme that describes the contribution of each nucleotide

base substituent group to the stability of Z- versus B-DNA.

The Hofrneister hydrophobicity cation series and the B- to Z-DNA transition, One
of the accepted measures of hydrophobicity is to monitor the influence of certain cations

and anions on a process or transition. For cations, it has been shown that the
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hydrophobic effect follows the Hofmeister series Mg+2 > Li+ > Na+ > Kl-> NH4+.
According to this series, Mg+2 and Li+ would show the most pronounced hydrophobic
effect, while K+ and NH4+ deemphasize the effect (Melander & Horvath, 1977). We
can use this series to test our hypothesis that substituent groups of the DNA bases
stabilize or destabilize Z-DNA by either decreasing or increasing the hydrophobicity of

the Z- and B-conformations.
To determine whether the Z-DNA stabilizing effect of methylating cytosine bases at

the C5 position is related to hydrophobicity, we monitored the B- to Z-DNA transition for

poly(dG-dC) to poly(dG-dm5C) as induced by cations of the Hofineister series (Figure
3.1). If indeed the methyl group is primarily affecting the hyrophobicity of the DNA
structures, there should be a dramatic difference in the amount of Mg+2 required to
induce a B- to Z-DNA transition between the methylated and unmethylated

polynucleotides. This difference should decrease as we proceed down the series, with
NH4+ showing very little if any difference between the two polynucleotides. The
titration curves in Figure 3.1 show the effects of cations on the midpoint of the salt

induced transition from B- to Z-DNA. The largest difference was observed for Mg+2
(> 1000-fold difference for the midpoints of the titrations), followed by Li+ (> 10-fold

difference). Titrations with Na+ and K+ showed nearly identical differences (-4-fold
differences) in their midpoint& Titrations with NH4+, which are not included in Figure
3.1, were again nearly identical to Na+ and K+, with an approximate 5-fold difference
for the unmethylated versus the methylated sequences. The decreasing differences going
from Mg+2 to Li+ to Na+ suggest that there is a significant hydrophobicity component to
the Z-DNA stabilizing effect of cytosine methylation, as we had previously suggested

(Ho et al., 1988). The near identical behaviour of Na+, K+ and NH4+ on the B- to Z
DNA transition indicates that there are additional stabilizing effects, such as base stacking
or electrostatic interactions, of the cytosine methyl group on Z-DNA stability.
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Figure 3.1. Titrations of poly(dG-dC) and poly(dG-dm5C) with MgC12, LiC1, NaCl,
and KO. The percent of Z-DNA induced by titration of polynucleotides were measured
by monitoring the ratio of absorbance at 294 nm versus 260 nm as a function of the salt
concentrations. Interpolated curves are drawn to facilitate analysis of the results, and are
not fit using any theoretical model. Titrations of poly(dG-dC) are shown as closed
symbols and are traced with dotted lines, while those of its methylated analogue poly(dG
dm5C) are shown as open symbols are traced using a solid line. The double-headed
arrows indicate the difference between the approximate midpoint of titrations with each
salt for methylated and unmethylated polynucleotides. The squares represent titrations
with MgC12, diamonds with NaCl, circles with KO, and triangles with LiCl.
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Stability of d(TA') dinucleotides in Z-DNA, Adding an N2 amino group to the C2
carbon of the adenine base in a d(TA) base pair generates a d(TA) base pair. The net
effect is to render the minor groove of both B- and Z-DNA more hydrophilic. The effect
on the relative solvent free energies of the two conformations, however, depends as
much on the surface types which are lost as those which are gained by adding this N2

amino group. The changes in the SAS of d(TA) and d(TA') dinucleotides are compared
for B- and Z-DNA in Table 3.2. In general, this amino group has a greater effect on the
stability of the Z-conformer as compared to the B-form.
In both the B- and the Z-conformations, the C2 carbon becomes entirely
inaccessible to solvent with addition of the N2 amino group; the accessible carbon
surfaces of the aromatic bases are therefore reduced for both B- and Z-DNA (Table 3.2).
There is a greater reduction in the exposure of base carbons in B-DNA (>17 A2) as

compared to Z-DNA (-12.6 A2) in going from d(TA) to d(TA'). Similarly, the exposure
of the added amino group is greater for B-DNA (26.0 A2) than for Z-DNA (21.5 A2).
These results reflect the greater exposure of the C2 position of the purine base to solvent

in the minor groove of the B- versus Z-conformation and, in themselves, would suggest
that adding the N2 amino to adenine bases should destabilize Z-DNA. However, if we
include in our comparisons the additional surfaces that are buried, we see that
neighboring hydrophilic atoms also become less accessible in the d(TA') dinucleotides.

For B-DNA, there is a total loss of >11 A2 of base oxygen and nitrogen surfaces with the
addition of the N2 amino. In the case of Z-DNA, the loss of hydrophilic surface is only
1.3 A2. In addition, the added N2 amino of the A' base is stacked directly above the
ribose sugar of an adjacent base pair in Z-DNA. This greatly reduces the accessible

surfaces, particularly of the C1' and C2' carbons, of the ribose (Figure 3.2). In total, the

Table 3.2. Solvent accessible surface areas (A2) of alternating pyrimidine-purine sequences (Py-Pu Seq) as B and Z-DNA*.

Conf.
(13/Z)

B

Z
B

Z
B

Z
B

Z
B

Z
B

Z
B

Z

Py-Pu
Seq.
TA
TA

TA'
TA'
CG
CG
CI
CI
UA
UA
UA'1
UA'1

UA'2
UA'2

Nucleotide Base

C

N

0

43.6
46.0
28.8
33.3
49.4
56.3
64.8
71.4
63.2
68.6
54.0
60.0
45.6
56.2

55.6
50.8
46.8
49.7
59.1
48.7
65.2
48.8
57.6
57.0
45.8
54.4
45.8
57.0

32.6
27.0
29.8
27.4
31.0
44.2
38.0
47.2
39.2
37.8
34.0
33.6
33.4
36.4

N2
NA
NA

26.0
21.5
23.6
19.6

C5 Methyl

44.8
46.2
44.8
46.3

Ribose-Phosphate
C
0
182.8
188.2
183.8
170.9

NA
NA

185.5
184.0

NA
NA

NA
NA

197.7
199.4

NA
NA

NA
NA

190.0
194.6

NA
NA

197.4
193.0

NA
NA

192.8
182.8

28.2
20.6
29.2
18.4

51.4
42.0
43.8
41.8
47.2
47.4
52.3
46.8
51.4
42.0
47.2
40.0
42.2
41.8

TOTAL

132.8
133.6
132.8
133.2

132.6
132.1
132.6
133.0

133.6
133.8
124.2
130.8

133.6
133.0

543.8
533.8
536.6
524.1
528.4
532.4
538.6
546.2
534.6
534.0
530.6
540.2
522.4
525.6

*Surfaces were calculated for the four internal base pairs of model hexanucleotides of alternating pyrimidine-purine sequence in the
table. The total for each surface type are therefore reported for four base pairs (or two dinucleotides). The corresponding values for a
single dinucleotide would be half of those in the table.
1Calculated from models where the UA' base pairs were constructed by simply removing the methyl from the thymine and adding an
amino to the adenine bases of a d(TA) base pair.
2Calculated from models constructed using the atomic coordinates of d(UA') dinucleotides of the Z-DNA structure
d(m5CGUA'm5CG) (Schneider et al., 1992).
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Figure 3.2. Solvent-accessible surfaces of d(TA) and d(TA') dinucleotides as B- and Z
DNA. The dinucleotides are viewed down the helical axis. The anti-syn over syn-anti
stacking of the base pairs are shown for the dinucleotides in Z-DNA. Hydrogens have
been omitted from this figure for clarity, although they were included for the surface
calculations. The open dots represent hydrophilic contact points with water, while the
filled dots represent hydrophobic contact points. SAS were calculated using a probe
radius of 1.45 A and a dot density of 10 dots k2 (5 dots k2 are shown for clarity).
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100000\
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surface of B-DNA becomes only slightly more hydrophilic (with a net loss of 17.4 A2 of
exposed hydrophobic surface and only a 6.8 A2 net increase in hydrophilic surface),
while for the Z-conformer, the loss of hydrophobic surface is 30 A2, with a concomitant
gain of 20.2 A2 of hydrophilic surface.
When these changes in SASs are translated into SFE values (Table 3.3), we see that
there is a 1.35 kcal mor 1 per dinucleotide (kcal mot-1 dn-1) difference in the hydration

free energy of Z versus B-DNA (MG°H(Z-B)) in the case of the d(TA) dinucleotide,

while for the d(TA') dinucleotide, MG*H(z-B) = 0. Using the relationship between
AtIGli(Z 43) and the B- to Z-DNA transition free energy (AG°T(B-z)) (Kagawa et al.,
1989), this translates to 1.01 kcal mot- 1-dn-1 difference in stability of Z- versus B-DNA

for the d(TA') dinucleotides, as compared to the 2.4 kcal mo1-1-dn-1 for d(TA). Thus
mutation of d(TA) dinucleotides to d(TA') would have an overall effect of stabilizing the

Z-conformation. The extent of this stabilization was greater than expected. The SAS of
the d(TA') dinucleotide is overall slightly less hydrophilic compared to the d(CG), but

this was true for both the B- and the Z-conformations. We therefore would predict that

compared to the naturally occurring APP dinucleotides of d(CG), d(CA)d(TG), and
d(TA), the d(TA') dinucleotide would have a propensity to adopt the Z-conformation that
is comparable to that of the d(CG).
When only a single d(TA) base pair of the dinucleotide is converted to a d(TA'),

the effect is even more dramatic. Comparing the areas of d(CPu)d(PyG) dinucleotides
(where Pu is the purine nucleotide G, A, or A', and Py is the pyrimidine base C or T),
we calculated AG°T(B-z) = 0.08 kcal mor 1-dn-1 for the d(CA').d(TG) dinucleotide,
which is lower than we would expect for the average between the d(CG) and a d(TA')
dinucleotides. Thus, the effect of each substituent on the stability of a dinucleotide in Z

DNA cannot be considered as simply the sum of the AGI(B-z) for the two base pairs
that
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Table 3.3 Calculated Solvation Free Energies (SFEs) and the corresponding B- to Z
DNA transition free energies (AG°T(B-z)) of dinucleotide sequences.
Dinucleotide

Sequence
d(m5CG)

d(CG)

d(CA)d(TG)
d(TA)
d(UA)
d(C1)

d(TA')
d(C1)d(CG)

d(CA)d(TG)
d(UA')

SFE (kcal mol-1 do -1)

AG°H(B)

AG°H(Z)

-10.49
-13.05
-11.67
-9.90
-11.50
-12.01
-10.80
-12.51
-11.87
-11.15

-11.36
-12.76
-11.34
-8.53
-10.64
-10.52
-10.56
-11.69
-12.34
-11.87

MG.H(Z-B)

AG°T(B-Z)*
(kcal mol-1 do -1)

-0.87
0.29
0.33

-0.45

1.35

2.45

0.86

1.81

1.50

2.64

0.25
0.82
-0.47
-0.72

1.01

1.07

1.12

1.76

0.08
-0.25

*Calculated using the relationship AG°T(B-z) = 1.30 x MGIAZ-B) + 0.69 kcal mo1-1
dn-1, derived from the relationship analogous to that in Kagawa, et al (1989).

form the dinucleotide, as has been suggested (Anshelevich et al., 1988). A comparison
of the predicted AG°T(a_z) values in Table 3.2 suggests that the dinucleotide must be
considered as the minimum unique repeat unit for Z-DNA in terms of the thermodynamic
stability.

We have previously observed a correlation between the cation strengths (CS) required to

crystallize a series of isomorphous hexamer duplex structures as Z-DNA and ACT(B-Z)

calculated for these sequences (Ho et al., 1991). Our spectroscopic studies on Z-DNA
formation under solutions for crystallization showed that the conditions for crystallization
of hexanucleotides as Z-DNA were also conditions that stabilize the left-handed

conformation in solution (Ho et aL, 1991). Thus, the Z-DNA crystallization conditions
for hexamer sequences mirror, and are indicative of the ability of these sequences to
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adopt the Z-conformation. The incremental increase in the AG°T(3-z) expected for
introducing a d(TA) dinucleotide into a Z-DNA forming sequence was predicted from

the SAS analysis to be 1.01 kcal mor 1-di' 1. This suggests that replacing a single
d(CG) dinucleotide by d(TA') in a hexanucleotide sequence would not significantly affect
the cation strength required to crystallize this sequence as Z-DNA. Alternatively,
replacing a d(TA) dinucleotide with d(TA') would lower the salt requirement for

crystallization. Furthermore, the even lower AUT(B-z) of 0.08 kcal mor
predicted for d(CA').d(TG) would suggest that a sequence that contains this dinucleotide
would require less salt to crystallize than an analogous d(CG) containing sequence.
Coll et al. (1986) obtained single crystals of the self-complimentary sequence

d(CGTA'CG), which was disordered but presumed to be in the Z-conformation, and of
d(CA'CGTG), which was indeed in the Z-conformation and isomorphous to other Z
DNA hexanucleotide crystals. Table 3.4 compares the crystallization conditions
published for these two hexanucleotides, and also compares the Z-DNA crystallization
conditions and the calculated AG °T(B -Z) for other well studied hexamer sequences. The

cation strength required to crystallize d(CA'CGTG) was indeed similar to that for d(CG)3

Table 3.4. Comparison of the calculated B- to Z-DNA transition free energies (AG°T(B-z) ) to cation strength (CS) in
solutions that yield crystals of hexanucleotide sequences as Z-DNA.

Hexanucleotide

Sequence

AG6T(B-Z)*

CS**

(kcal mol- 1 do -1)

(M)

log(CS)

Reference

-0.45

0.23

-0.64

Fujii et al., 1982

d(m5CGUAin5CG)

0.31

-0.44

Thou & Ho, 1990

d(m5CGTAm5CG)

0.55
0.41
0.63
1.05

0.36
0.56
0.66
0.38
0.80
2.19
3.24
4.17

-0.25
-0.18
-0.42
-0.10
0.34

Wang et al., 1984

d(m5CG)3

d(CA'CGTG)
d(CGUA'CG)
d(CGTA'CG)***
d(CG)3

1.07

d(CACGTG)

1.09

d(CICGCG)

1.52

Coll et al., 1986
Schneider et al., 1992

Coll et al., 1986
Wang et al., 1979

0.51

Coll et al., 1979

0.62

This work

*AG*T03_z) calculated as the average across the three dinucleotides of the hexamer sequence (units are in kcal/mol per
dinucleotide = kcal mo1-1 do-1),
**CS estimated at equilibrium from crystallization solutions by the equation CS = E 22[cation] (where Z is the charge of the
cation).
***This structure was crystallized in a disordered crystal lattice, but paesumed to be in the Z-conformation.
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Figure 3.3. Comparison of the log of the cation strength (logCS) for crystallization of Z
DNA hexanucleotides to the calculated B- to Z-DNA transition free energies (ACRB
z)). Open squares are for the hexanucleotide sequences d(m5CG)3, d(m5CGTAm5CG),
d(m5CGUAm5CG), d(CG)3, and d(CACGTG) from earlier studies (see references in
Table 3.4). The diamonds represent sequences for this study. Closed diamonds are for
the sequences d(CA'CGTG), d(CGTA'CG), and d(CICGCG). The open diamond is for
the sequence d(CGUA'CG). The cation strength (CS) is estimated from the
crystallization conditions by the relationship CS = E Z2[cation], and where Z is the
charge of the cation. The line represents a linear least square fit to the data, giving a
relationship: logCS = 0.7 4AG°T (B-z) - 0.47 (R = 0.93).
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d(CICGCG)
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and lower than that for d(CACGTG), as was predicted from the SFE calculations (Figure

3.3). The sequence d(CGTA'CG) also behaved as predicted, requiring less salt for
crystallization than even d(CG)3.

The structure of the d(CA'CGTG) sequence provides a molecular test for some
aspects of this hydration model (Coll et al., 1986). Of particular interest was the
observation that a continuous spine of water molecules was located in the minor groove

crevice of the d(TA') containing hexanucleotide. Similar sets of waters were observed in

the crystal structures of d(CGCGCG) and d(m5CGm5CGm5CG), suggesting that these
help to stabilize Z-DNA conformation. The d(TA) base pairs of the d(m5CGTAm5CG)

and d(CACGTG) sequences, however, disrupt this spine of water. Our results are
consistent with these observations, and would have predicted this difference in the
interaction of solvent molecules in the minor groove crevice of Z-DNA.

Stability of &CD dinucleotides in Z-DNA. The N2 amino groups of guanine bases

render the minor grooves of both B- and Z-DNA very hydrophilic (Figure 3.4). As we
would suspect from extrapolation of the results from the analysis of d(TA) and d(TA'),
removing this amino group from the minor groove of a d(CG) base pair would greatly
reduce the stability of Z-DNA. The SAS calculations show that there is a slight increase

of the hydrophobic surfaces of the bases for both B- and Z-DNA due to the exposure of
the C2 carbon of the purine base, but, again, it is the now increased exposure of other
neighboring hydrophilic groups of the B-DNA bases that helps to destabilize the Z-form

(Figure 3.4 and Table 3.2).
These calculations show that the N2 amino group, when removed, would
destabilize the Z-form much more than the B-conformer. The overall loss in stability is

observed as a baGeH(Z-B) = 1.5 kcal moll -dirt, or a 2.64 kcal moll -dn- 1 for
AG°T(B -z) (Table 3.3). A comparison of the actual Z-DNA crystallization conditions for

the sequence d(CICGCG) to those of other Z-DNA hexanucleotides and to the predicted
cation strength show that indeed the d(CI) dinucleotide requires a dramatically higher salt
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for crystallization as compared to other APP hexanucleotide sequences. Thus d(CI)

greatly diminishes the stability of the left-handed conformation (Table 3.4). The degree
of destabilization resulting from deamination of guanines is comparable to the stabilizing

effect of aminating adenine bases. Consequently, the d(CI) dinucleotide is predicted to
have the lowest propensity to form Z-DNA of any APP dinucleotide studied so far.
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Figure 3.4. Solvent-accessible surfaces of d(CG) and d(CI) dinucleotides as B- and Z
DNA. The dinucleotides are viewed down the helical axis. The anti-syn over syn-anti
stacking of the base pairs are shown for the dinucleotides in Z-DNA. Hydrogens have
been omitted from this figure for clarity, although they were included for the surface
calculations. The open dots represent hydrophilic contact points with water, while the
filled dots represent hydrophobic contact points. SAS were calculated using a probe
radius of 1.45 A and a dot density of 10 dots k2 (5 dots k2 are shown for clarity).
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Discussion

The energetics of DNA folding, as defined by a purely thermodynamic approach,

have yet to be fully described in a satisfatory manner. Our work has focused on the
contribution of the hydrophobic effect on the ability of various APP sequences to adopt

the left-handed structure of Z-DNA. In the present studies, we bring together
spectroscopic and crystal growth experiments, along with SFE calculations, to show that
indeed there is a strong hydrophobic effect on the stability of Z-DNA and that SFE
calculations can be used in a predictive manner to estimate the AG °T(B-Z) of APP

sequences.
Our results from the titration of poly(dG-dC) and poly(dG-dm5C) with the cations
of the lipotropic Hofmeister series show that hydrophobicity contributes to the Z-DNA
stabilizing effect of cytosine methylation, as had been previously suggested (Ho et al.,

1988). The results from these experiments, however, also demonstrate that there is an
intrinsic ability of the methyl group to stabilize Z-DNA. This additional stabilization may
arise from perturbations to the electrostatic properties of the nucleotides as suggested by

Soiunpasis, et al (1986), or by affecting the base stacking, as suggested from the original

crystal structure of d(m5CG)3 (Fujii et al., 1982). This is consistent with the
relationship that we have derived between the calculated SFEs and AGeT(3-z), which
showed that solvent interactions account for approximately 70% of the sequence

dependence for Z-DNA formation.

We have extended this SFE analysis to other substituent groups of the DNA bases,
and predicted that the N2 amino group is critically important in defining the stability of Z-

versus B-DNA. The resulting estimates for AG*T(B -z) faithfully predict the
crystallization conditions, and thus the salt required to induced the B- to Z-DNA

transition of d(CI) and d(TA') containing hexanucleotide sequences. The results from the
current studies on the minor groove substituents and our previous work on methylation at

88

the major groove surface (Kagawa et al., 1989; Thou & Ho, 1990) demonstrate that the
approach of estimating SFEs from the solvent exposed surfaces of a DNA sequence is
useful for predicting the relative abilities of various sequences to adopt the Z-DNA

conformation. Thus, these studies support the significance of solvent interactions in
DNA folding.
We have used the results of these analyses to construct a thermodynamic cycle that

relates the effects of systematically adding, removing, or inverting the positions of the

various substituent groups on the stability of APP dinucleotides as Z-DNA (Figure 3.5).
Starting with the d(m5CG) dinucleotide, demethylation destabilizes Z-DNA by 1.5 kcal

mol-l-dir 1. Removing the amine in the minor groove crevice of the guanine base to
form the d(CI) dinucleotide has a more dramatic effect of destabilizing Z-DNA by 1.6

kcal mo1-1-dir 1. If we now reverse the positions of the 06 keto oxygen of the guanine
base and the N4 amino of the cytosine base to form a d(UA) dinucleotide, Z-DNA is

stabilized by -0.83 kcal mol-l-dir 1. Methylation of the uridine bases generates the
d(TA) dinucleotide which is now 0.64 kcal mol-l-dir 1 less stable as Z-DNA than
d(UA). Adding an amino group to the adenine base to give the d(TA') dinucleotide
stabilizes Z-DNA by -1.4 kcal mo1-1. Finally, we can again reverse the positions of the
keto oxygen of the pyrimidine and the amine of the purine at the major groove surface to

now complete the thermodynamic cycle, bringing us back to the original d(m5CG)
dinucleotide, which is -1.5 kcal mo1-1-dir 1 more stable than the d(TA') dinucleotide.
Of the base pairs in this cycle, each has been incorporated in at least one sequence

that has been crystallized as Z-DNA. The crystallimtion conditions can in fact be
predicted for these hexanucleotides of APP sequences using the simple rules in this
thermodynamic cycle. In addition, the free energies for the negative supercoil induced Bto Z-DNA transition have been determined for three of the dinucleotides in this cycle, and

follow the rules d(m5CG) > d(CG) > d(TA) as predicted by this thermodynamic scheme.
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One interesting observation from the scheme in Figure 3.5 is that the positions of
the keto- and amino groups at the major groove surface have a greater effect on the

stability of Z-DNA than expected. The positions of these two substituents specify
whether C5 methylation of the pyrimidines stabilizes or destabilizes Z-DNA. When the

keto oxygen is placed on the pyrimidine (U or T), the C5 methyl has a destabilizing
effect, while an amino at the C-4 position gives the methyl group a stabilizing influence

on Z-DNA. The hydration model suggests that the placement of these two substituents
defines the pocket at the C5 position of the pyrimidine in Z-DNA as either overall

hydrophilic or hydrophobic. In the case of the d(CG) dinucleotide, C5 methylation

buries a hydrophobic pocket and thus stabilizes the Z-fonn. For the d(TA) dinucleotides,
dememylation of the thymine exposes a more hydrophilic pocket and thus stabilizes the

Z-form.
There are a number of possible pyrimidine-purine dinucleotides that are not

represented in this thermodynamic cycle. The most obvious is d(CA).d(TG). Our
previous studies show that this dinucleotide would be as stable in the Z-conformation as

would d(UA). The most interesting dinucleotide that is not in this figure is d(UA').
Considering the major groove and minor groove substituent effects that that we observe
here, this pair of unusual bases was predicted to be one of the most stable dinucleotides

as Z-DNA. In a two state system in which the DNA duplex can adopt only the B- or the
Z-conformations, alternating d(UA') would be expected to be even more stable in the Z-

form than even d(CG), and may be comparable to d(m5CG) (Table 3.3). This is
consistent with the low concentration of salt reported in the crystallization of the sequence

d(CGUA'CG) (Schneider et al., 1992) (Table 3.4).
Obviously, there may be alternative structures of DNA, other than the B- or the Z-

forms, that would affect the ability of sequences to adopt the Z-confonnation. For
example, polymeric d(UA), which should be as stable in the Z-form as a d(CA)nd(TG)n

polymer, has not been observed to form Z-DNA in solution. There appears to be an
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alternative conformation (the yet undefined X-form) which d(UA) prefers under
conditions that would normally induce other APP polymers to form Z-DNA (Vorlickova

& Jaroslav, 1984). Whether there are any alternative structures for d(UA') that could
effectively compete with Z-DNA is yet to be determined.
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Figure 3.5. Thermodynamic cycle comparing the substituent effects at the major and
minor grooves of the double helix on the stability of Z- versus B-DNA for alternating
pyrimidine-purine dinucleotides. The effects of systematic additions or mutations of
substituent groups, going from the most stable d(m5CG) dinucleotide to d(CG) to d(CI)
to d(UA) to d(TA) to d(TA') and back to d(m5CG), on the relative stability of Z-DNA are
shown. Atoms or groups in shaded spheres indicate positions that are added, removed,
or mutated at each step in the cycle. The direction of the cycle was arbitrarily chosen,
although each step should be treated as an equilibrium. Only one base pair of each
dinucleotide is shown for clarity.
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(-1.4 kcal/mol)

d(m5CG)
Figure 3.5

93
Chapter 4
The Contribution of the Hydrophobic Effect to Z-DNA
Helix Packing: A Crystallographic Study

Introduction

X-ray diffraction studies on single crystals of macromolecules have provided
detailed structural information which have contributed to the understanding of biological

processes at the molecular level. With the advances in X-ray diffraction data collection
technology, improved computational capabilities, and increased availability ofpure
material, X-ray crystallography has become a more routine tool for studying
macromolecular structure. The availability of new structural information from single
crystal X-ray diffraction studies is currently limited by the ability to grow diffraction

quality crystals of macromolecules. The ability to produce crystals would be aided by a
better understanding of the mechanisms involved in crystallizing biological
macromolecules.
The complexities associated with macromolecular crystallization, as opposed to the

crystallization of small organic molecules, are associated with the sensitivity of

conformational stability and solubility to environmental conditions. Therefore, the
successful crystallization of macromolecules requires the control of a large number of
parameters. The crystallization of macromolecules are significantly influenced by
physico-chemical parameters which define solution characteristics such as viscosity, pH,
ionic environment, and temperature. These factors affect the characteristics of solution

dynamics, as well as the conformational homogeneity of the sample. Recent advances in

94
the ability to obtain diffraction quality crystals have stemmed from the improved

methodologies which allow better control of these parameters (reviewed in Geige et al.,
1994).
In addition to improvements in crystal growth methods, studies on the interactions
within the crystal lattice have contributed to the understanding of the crystallization of

macromolecules. The internal order and diffracting capabilities of crystals of
macromolecules are determined by the intermolecular contacts within the crystal lattice.

These crystal packing interactions involve specific interfaces between molecules in the

crystal lattice. Therefore, it should be possible to improve the crystallizability ofa
particular protein with strategic manipulation of the surface residues at these critical

interfaces. An analysis of cytochrome c' and lysozyme crystal packings (Salemme et al.,
1988) showed that stabilizing lattice interactions involve van der Waals, hydrogen

bonding, and ionic bonding which occur at a few protein - protein contacts. These
contacts within the crystal lattice were reported to occur frequently at surface loops and

flexible side chains. The flexibility of these surface groups was thought to facilitate the
formation of hydrogen bonding networks of ordered solvent which help to stabilize the
lattice (Salemme et al., 1988). As with the protein crystals, the stabilization of the
tRNAAsP crystal lattice involves both van der Waals, and specific or non-specific

hydrogen bonding interactions. However, the primary contacts in this lattice have been
characterized as hydrophobic in nature. In addition, these contacts in the tRNAAsP
crystals occur between regions which have the greatest mobility, suggesting that
structural adaptability was a favorable characteristic for these molecular interfaces (Moras

& Bergdoll, 1988). The pliability of the structure at these interfaces for both protein and
RNA crystals is presumed to allow the intermolecular interactions to be optimized in the

crystal lattice (Salemme et al., 1988; Moras & Bergdoll, 1988).
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Advances resulting from the manipulation of surface and internal residues of
proteins have been reported for the crystallization of thymidylate synthase (McElroy et

al., 1992), the H-chain of human ferritin (Lawson et al., 1991), and glutathione reductase
(Mittl et al., 1994). The surface residue modifications reported in these studies have
either facilitated crystal formation or improved the quality of the crystal. These
modifications have affected the crystallization process by creating intermolecular metal

complex sites (Lawson et al., 1991), introducing intermolecular hydrogen bonding (mitti

et al., 1994), or by modifying the solubility of the protein (McElroy et al., 1992). These
studies indicate that strategic manipulation of the crystal packing interactions can aid in the
crystallization of macromolecules.
Modifications of the crystal packing interactions are likely to influence the

crystallization process with adjustments to the intrinsic solubility, structural stability, and
the potential lattice interactions. The development of a rational approach for the improved
crystallization of macromolecules would be aided with information concerning the

structural and energetic consequences of these modifications on the process of

crystallization. Toward this goal, the studies in this chapter were designed to examine the
relative significance of van der Waals interactions versus solvent interactions in the
process of macromolecular crystallization.
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Statement of purpose

The final chapter of the thesis describes experiments designed to study the relative
significance of two competing crystal packing forces involved in determining the
orientation of Z-DNA hexamer duplexes in the crystal lattice of the P212121 space group.

The significance of these energetic terms was studied by monitoring the change in
distribution of the duplex between the two distinct packing orientations in the lattice of a

non-selfcomplementary sequence d(m5CGGGm5CG) d(m5CGCCm5CG). This Z
DNA parent structure has previously been solved by Schroth et al. to 1.3 A resolution

(Schroth et al., 1993). The crystal packing interactions were manipulated with the
methylation of a single cytosine residue and the demethylation of four specific C5

methylated cytosine residues of this asymmetric hexamer duplex. A total of five
modifications were introduced in the structure of the asymmetric hexamer. The modified

duplexes have the general sequence d(xCGGGxCG) d(xCGCYyCxCG) in which x
denotes the sites of demethylation of methylated cytosine residues, and y denotes the site
of the methylation of a cytosine residue. The distribution of the hexamer orientation in
the crystals results from differences in the potential interactions in the crystal lattice, and

reflects the relative thermodynamic stability of the two crystal packing orientations. The
observed free energy differences between the two packing interactions in these five
modified structures and the parent structure were compared to calculated crystal packing

van der Wags and solvation free energies.
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The crystal structure of the d(m5CGGGm5CG) d(m5CGCCm5CG) parent duplex has
been solved to 1.3 A resolution (Schroth et. al., 1993). The duplex crystallized in the
P21212/ space group and maintained the general structural characteristics of the Z-DNA
helix. The structure of the asymmetric duplex was originally designed to study the effect
of placing a cytosine residue in the sterically unfavorable syn conformation. The
structure exhibited other key features which could be exploited for studying the

thermodynamics of crystal packing. From this crystal structure, it was determined that
the asymmetric hexamer duplex assumes two distinct orientations in the crystal lattice of

the P212 12 ispace group. In addition, the distribution between the two packing
orientations favored one orientation by approximately a 2 to 1 ratio, reflecting a
difference in crystal packing interaction energies of 0.46 kcal mol' 1 hexamer duplex-1

between the two packing orientation& The ability to distinguish between the two
potential packing orientations and quantitate the distribution of the duplex between the

two orientations in the crystal, provides a novel system for studying the thermodynamics
of the packing of the hexamers of Z-DNA in the crystal lattice. The effect of simple
modifications to the parent structure on the distribution of the duplex in the crystal lattice
is expected to reflect the balance of thermodynamic forces that determine the orientation of

the duplex in the crystal lattice. In addition, the high resolution structures available from
these crystals allow a detailed analysis of the changes in both the crystal packing

interactions.

General structural features of the asymmetric hexamer duplo, The two key
features of the parent structure that are pertinent to the studies presented in this chapter are

the asymmetry of the duplex, which allows the identification of the two packing
orientation in the crystal structure, and the sites of methylation which occur at each of the
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cytosine residues. These general features of the sequences are illustrated with the Z
DNA structure of the parent asymmetric hexamer duplex in figure 4.1. The asymmetry of
the hexamer duplex is highlighted in the figure with the different coloring of the two

unique hexanucleotides. The sequence of the blue hexanucleotide is d(m5CGGGm5CG).
This sequence has as its distinguishing feature two central guanine residues, and is

referred to as the 'GG' strand. The complementary red hexanucleotide, referred to as the
'CC' strand, has the sequence d(m5CGCCm5CG) with two central cytosine residues.
The residues of each hexanucleotide in the figure are numbered from 1 through 6 in the 5'

to 3' direction. The duplex generated by the two non-selfcomplementary strands is
asymmetric in that the two strands are not interchangeable as is the case for self-

complementary duplexes. Since the two packing orientations differ in the position of the
strands in the duplex, this asymmetry is a key feature in distinguishing between two
packing orientations in the crystal lattice.

The second feature shown in this figure are the methylation sites that were modified in

these studies. These sites are highlighted in the figure with the coloring of the space
filling models of the methyl hydrogen atoms. A total of 5 modifications to the parent
structure were studied involving a combination of changes at these potential methylation

sites. These combinations include a single methylation, and the combined effects of the
methylation and 4 individual demethylations. The methylation site at the fourth cytosine

residue (CYT 4) of the CC strand is highlighted in the figure with the hydrogens of the
methyl group colored green. This methylation occurs at either residue 4 or residue 10 in
the crystallographic asymmetric unit depending on the orientation of the duplex in the

lattice. Therefore, this methyl group is referred to as the "METH4-10" methyl group.
The two crystal packing orientations are described in a later sections. The four
demethylations of the asymmetric duplex were at the C5 methylated cytosine residues
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Figure 4.1 Space filling model of the asymmetric Z-DNA hexamer duplex showing the
modification sites . The asymmetry of the hexamer duplex is highlighted in the figure
with the different coloring of the two unique hexanucleotides. The sequence of the blue
hexanucleotide is d(m5CGjm5CG) and has as its distinguishing feature two central
guanine residues. This strand is referred to as the 'GG' strand. The complementary red
hexanucleotide has the sequence d(m5CGCCm5CG) and has two central cytosine
residues, and is referred to as the 'CC' strand. The residues of each hexanucleotide in the
figure are numbered from 1 through 6 in the 5' to 3' direction.
The methylation sites that were modified in these studies are highlighted in the figure
with the coloring of the hydrogen atoms of the methyl groups. A total of 5 modifications
to the parent structure were studied involving a combination of changes at these potential
methylation site& The site of methylation site is at cytosine (CYT) residue 4 of the CC
strand. This methyl group is referred to as the METH4-10 methyl group, and is
highlighted in the figure with the hydrogens of the introduced methyl group colored
green. The four demethylation sites on the asymmetric duplex are at cytosine (CYT)
residues 1 and 5 of the GG strand, and cytosine residue 1, and 5 of the CC strand. The
sites of demethylation are highlighted in the figure with white hydrogen atoms for these
methyl groups.
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(MCY) 1 and 5 of the GG strand, and the MCY residues 1, and 5 of the CC strand. The
sites of demethylation are highlighted in the figure with white hydrogen atoms for these

methyl groups.
The nomenclature for the parent and modified crystal structures are given on table

4.1. The structures are named according to the modifications to the parent GG and CC
hexanucleotides. The first structure listed on the table differs from the parent sequence by
the addition of a single methylation at the fourth CYT residue (METH4-10 group) of the

CC hexanucleotide and is therefore referred to as the 4mCC structure. The remaining
modifications are systematic demethylations of the external dinucleotides which generate

hemi-methylated d(CG) dinucleotides. These sequences were designed to study the
combined effects of this METH4-10 methylation with the systematic demethylation of the

MCY residues of the four external base pairs. The sites of demethylation are specified in
the names of the structures which designate the strand and residue modified within the

duplex. For example, the GG-MC1 structure refers to the crystal structure of the
asymmetric duplex in which the methyl group of the first MCY residue of the GG strand

has been removed. The 4mCC structure is related to the parent and the remaining four
modified structures by the removal of a single specific methyl groups and is therefore

defined as the 'reference' structure.
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Table 4.1. Nomenclature for the crystal structures of the six asymmetric hexamer
duplexes. The positions of the cytosine residues which were modified are highlighted
with bold characters. Each strand of the duplex is crystallographically unique, therefore,
structures are named according to their component DNA hexanucleotides. For example,
the parent hexamer duplex is named the GG/CC structure according to its component CC
and GG hexanucloetides. The structure of the modified duplexes are named according
the modifications made to the parent GG and CC sequences. Therefore, the 4mCC
structure refers to the structure in which the parent structure is modified by a methylation
of fourth cytosine residue of the CC strand. This methylation occurs in all modified
structures and is referred to as the METH4-10 methyl group. The 4mCC is related to the
parent, and the remaining four structures by demethylations of specific MCY residues,
and is therefore designated as the reference structure The demethylated structures are
named according to the strand and residue which is demethylated in the hexamer duplex.

Table 4.1.
Crystal Structure

GG / CC
4mCC

HexamicleakleSexpences

Modification

d(m5CGQm5CG) d(m5CGCm5CG)

Parent structure. Duplex of GG and CC
strands.

d(m5CGacitn5CG) d(m5CGCnikm5CG)

Reference structure.
Methylation of CC hexanucleotide at

residue 4 (METH4-10)
GG-MC1

d(CGfam5CG) d(m5CGcm5Cm5CG)

Demethylation of residue 1 of GG
hexanucleotide.

GG-MC5

d(m5CGraCG) d(m5CGCni5Crn5CG)

Demethylation of residue 5 of GG
hexanucleotide.

4mCC-MC1

d(M5CGaam5CG) d(CGC.m5Cm5CG)

Demethylation of residue 1 of 4mCC
hexanucleotide.

4mCC-MC5

d(m5CGOfam5CG) d(m5CGCm5CCG)

Demethylation of residue 5 of 4mCC
hexanucleotide.
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Introduction to the Crystal Packing of Z-DNA Hexamers in the Paigialankr,

Modifications and their environments in the Z-DNA P212121 crystal lattice, The
potential effects of each of these modifications on the lattice interactions of the Z-DNA
duplex can be better understood if they are examined in the context of the P212121

crystal lattice. Figure 4.2 shows a diagram of the crystal packing arrangement of Z-DNA

hexamers in the P212121 crystal lattice. The asymmetric unit in this space group is a
single Z-DNA hexamer duplex (colored red in figure 4.2). The figure shows three views
of the lattice looking down the three principle crystallographic axes. In the crystal lattice,
the duplexes stack with their helical axes aligned parallel to the crystallographic c-axis

generating essentially continuous helices of Z-DNA (panels B and C). In addition, these
stacks of Z-DNA are associated laterally along the a- and b crystallographic axes
generating a tight hexagonal arrangement of columns of Z-DNA (panel A).

The crystal structure of the parent GG/CC duplex showed that the hexamer duplex
is able to assume two distinct and discrete packing orientations in the crystal lattice. The
features of the two packing orientations available to the duplex are illustrated in figure

4.3. In this figure, the GG hexanucleotides are colored blue, and the CC hexanucleotides
are colored red. Each asymmetric unit in the figure (delineated with a box) is comprised
of a GG hexanucleotide and a CC hexanucleotide. The nucleotide residues in the
crystallographic asymmetric unit are numbered from 1 through 6 in the 5' to 3' direction

of one strand, and 7 through 12 in the 5' to 3' direction of the complementary strand. In
this nomenclature, residue 1 is base paired with residue 12, residue 2 is base paired with

residue 11, and so forth through the duplex. The general difference between the two
packing orientations is apparent when comparing the position of each strand within the
asymmetric unit in each packing orientation. The packing orientation illustrated in Panel

A shows the duplex in the "On" packing orientation in which the GO strand is assigned
residue numbers 1 through 6. Panel B shows the duplex in the alternative "OC" packing
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Figure 4.2 Crystal packing diagrams of Z-DNA hexamers in the orthorhombic P2 2121
space group. The unit cell in these crystals have approximate dimensions of a=18A, b=
31A, and c=45A. The unit cell edges are highlighted in each panel as a white box. The
asymmetric unit for crystals of Z-DNA hexamers in the P212121 space group is a single
hexamer duplex and is highlighted in all panels as the red hexamer duplex. Panel A
shows a view down the crystallographic c-axis, while panels B and C illustrate views
down the b- and a- crystallographic axes respectively. Panel B shows the stacked
arrangement of hexamers with a view perpendicular to the crystallographic b- and c-axes
Additional interactions are shown in this panel between adjacent stacked helices along the
crystallographic a-axis. The hexamers in each stack in this view are related by a
translation of one unit cell length along the a-axis. Panel A illustrates the interactions
between helices along the b-axis with a view of the unit cell perpendicular to the
crystallographic a- and c-axes. The interactions along this axis are between helices that
are oriented in the opposite directions in the crystal lattice and are displaced by a quarter
of a turn of Z-DNA along the c-axis.

Figure 4.2
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Figure 4.3. Crystal packing diagrams of the two orientations available to the hexamer
duplex in the P212121 space group. The asymmetric unit in crystals of hexamers of Z
DNA in this space group is a single hexamer duplex. Each hexamer duplex in the figure
is highlighted with a box, and defines one half-turn of Z-DNA. The nucleotide residues
in the hexamer duplex are numbered C 1 through G6 in the 5' to 3' direction on one
strand, and C7 through G12 in the 5' to 3' direction of the complementary strand. In the
crystal lattice, the duplexes stack with their helical axes aligned parallel to the
crystallographic c-axis generating essentially continuous helices of Z-DNA. The
hexamers of adjacent stacks are related by a second two-fold screw transformation in the
plane of C5-08 base pair, parallel to the crystallographic b-axis. In both packing
diagrams, the d(m5CGram5C0) hexanucleotides are colored blue, and the
d(m5CGCCm5CG) hexanucleotides are colored red. Figure A and figure B are views
down the crystallographic a-axis, and show the packing diagrams for the "00" packing
orientation and "OC" packing orientation respectively. The models of the two packing
orientations differ in their residue assignments for each strand in the asymmetric unit. In
the "OG" packing orientation shown in figure A, the d(m5CGram5CG) hexanucleotide
(blue strand) is assigned residue numbers 1 through 6, and the d(m5CGCCm5CG)
hexanucleotide (red strand) is assigned residue numbers 7-12. In the "OC" packing
orientation shown in figure B, the d(m5CGCCm5CG) hexanucleotide is assigned residue
numbers 1 through 6, and the d(m5CGMm5CG) hexanucleotide is assigned as residue
numbers 7 through 12. Therefore, the two packing orientations are related by the
interchanging of the residue assignments for each of the component hexanucleotides and
have different crystal packing environments. This difference can be seen by comparing
the environment of the 3-10 base pair in the OG packing versus the OC packing.
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orientation in which the CC strand is assigned residue numbers 1 through 6. The most
obvious difference between the two packing orientations is the interchange of the residue

assignments for the GG and CC hexanucleotides in the asymmetric unit.
A consequence of the availability of two packing orientations in the lattice (related

by interchanging the two hexanucleotides in the duplex) is that each residue in the duplex

has two potential nucleotide positions in the crystal structure. A modification at the first
residue of the CC strand would be apparent at either residue 1 or residue 7 depending on

strand assignments in the asymmetric unit. The characteristics of the crystal lattice
environment of these residues are determined by the packing of the Z-DNA hexamer in

the P212121 lattice. This is best illustrated in a comparison of the environment of the
nucleotide residues of the central dinucleotide in the OG versus OC orientations. In the
OG orientation, the central guanine residues of the GG strand are located in an open
channel in the lattice while the central cytosine residues of the CC strand are tightly

packed against a symmetry related duplex. In the alternate OC orientation, it is the
cytosine residues of the CC strand which sit in the open solvent channel and the guanine

residues of the GG strand are tightly packed against the symmetry related duplex. Thus,
the relative stability of the two orientations in the crystal lattice is dependent on the

differences in the interactions between the two crystal packing environments.
The general characteristics of the methylation sites modified in these studies are
given on table 4.2 which lists contacts within 4 A of the methyl carbons at each site and

the non-hydrogen atoms of adjacent duplexes in the lattice. These distances were

calculated with the OG and OC models of the parent GG/CC structure. The number of
contacts, the residues involved, and the type of interaction are indicated on the table. The
types of interactions are classified as either "stacking" interactions between adjacent
duplexes in the lattice, or as "side-on" interactions which occur between backbone and

Table 4.2 Crystal packing environments for the methyl groups of the asymmetric hexamer duplex in the P212121 space group. The
table reports the non-hydrogen contacts with the methyl carbons of the cytosine residues of the parent GG/CC structure. Only nonbonded atomic distances less than 4.0 A were considered in the calculation. The types of contacts are characterized as being with
adjacently stacked residues (stacking) or with the base and backbone atoms of adjacently aligned hexamers (side-on). The residue
which the methyl group is in contact with is given as the "Contact Residue". The alternative residue is the residue assignment of the
methyl group in the alternative orientation. This allows the comparison of the two environments which the methyl group is allowed to
sample in the crystal packing.

Methyl Residue Number of Contacts (<4A) Closest Approach(A)

Type

Contact Residue

Alternative Residue

2
2

3.67
3.82

Ribose (side-on)
Base (stacking)

GUA 6
GUA 6

7

4

1

3.88

Ribose (side-on)

GUA 8

10

5

3

3.69

Ribose (side-on)

GUA 8

11

7

4

3.64
3.91

Base (stacking)
Ribose (stacking)

GUA12
GUA12

1

1

10

3

2.12

Base (side-on)

GUA12

4

11

0

>4.00

none

5

1

none
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groove surfaces of adjacent duplexes in the crystal packing. The nucleotide residue of
each methyl group in the alternative packing orientation (ie. related by interchanging the

strand assignments) are listed as the "alternative residue" methyl position. For example,
residue positions 1 and 7 are related by strand interchange in the hexamer duplex, and
therefore are considered crystal packing alternatives. Table 4.2 shows that the methyl
environments differ in both the type of interactions as well as in the distance of closest
approach. The lattice environment of each methylation site can be characterized as either
relatively solvent exposed (ie. absence of side-on interactions) or located at the interface

between helices within the crystal lattice (ie. with side-on interactions). Furthermore, the
sites which are characterized as solvent exposed have crystal packing alternatives which
are characterized as being involved in interhelix crystal lattice interactions. For example,
the residue 7 environment is characterized as solvent exposed in the absence of side-on
interactions, while its packing alternative (residue 1) is involved in a side-on interaction

with residue 6 of an adjacent duplex. Thus, the duplex may assume an orientation in the
lattice with the modification site solvent exposed or involved in crystal packing
interaction.

The effect of the methyl group introduced at the fourth CYT residue of the CC

strand (METH4-10) is studied in the 4mCC structure. In the OC orientation, the
methylation occurs at residue 4 in the asymmetric duplex. In the OG orientation, this
same methyl group occurs at the "alternative residue" 10 in the asymmetric duplex. The
methyl group environment of the fourth residue is characterized as an open solvent

channel. Packing the methyl group in this environment of greater solvent exposure is
therefore expected to be penalized by a less favorable solvation free energy.
,Alternatively, packing the methyl group at residue 10 is associated with a steric collision

(2.12 A) with the major groove surface of residue GUA12 of an adjacent duplex. This
close contact occurs only with the duplex packed in the OG orientation. The packing of
the duplex with a residue at this position is expected to be unfavorable due to the high
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steric repulsion energy for this interaction. However, burying the methyl groups at this
positions would be favorable when considering solvation free energies. Therefore, this
METH4-10 methyl group examines the balance of steric versus solvent interactions in
determining the orientation of the duplex in the crystal lattice.

The remaining structures study the combined effects of the METH4-10 methyl

group, and four systematic single demethylations at the 1 and 5 MCY residues of GG and
CC strands. The four demethylations generate hemi-methylated external d(CG)
dinucleotides, and examine the effects of modifications of the 1, 5, 7 and 11 MCY

residues of the hexamer duplex crystal structure. Close contacts occur for methyl groups
residues 1 and 5 with interactions between grooves of adjacent hemmers in the lattice.
The packing of methyl groups in these environments are expected to be favored by van

der Waals dispersion energies, and decreased solvent exposure of the methyl groups.

The alternatives residues for these close packing methyl sites are residues 7 and 11. The
methyl environments of these residues are relatively solvent exposed. The packing of the
methyl groups at these sites are expected to be associated with unfavorable solvation free

energies due to the greater solvent exposure of the methyl group. Thus, these single
demethylations of the duplex are designed to study the significance of differences in
solvent interactions in combination with the balance of steric versus solvent interactions

introduced by the ME H4-10 methyl group in determining the orientation of the duplex in
the crystal lattice.
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asymmetric duplexes provide a measure of the distribution of the duplex between the two
orientations in the lattice. From this distribution, the differences in lattice interaction

energies (AG °) are calculated by assuming a Boltzmann relationship between two
states or orientations. Although the calculation of ATI:cc is obtained from the
distribution of the duplexes within the crystal lattice, the orientation of the duplex is
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considered to be determined during the equilibrium between the Z-DNA hexamers in

solution and the growing crystal surface. The assumption that the predominant
conformation of the DNA during crystal growth is that of Z-DNA was supported by
solution studies on dilute solutions of hexanucleotides in the crystallization solvents (Ho

et al., 1991). Thus, the potential interactions which determine the orientation of the
duplex and therefore the distribution in the crystal occur at the surface of the growing

crystal. The observed differences in the distribution between the two orientations for
each of the modified structures relative to the reference 4mCC structure would not be
expected to be dependent on all possible interactions within the lattice. The differences in
distribution are likely to be dependent on the interactions which are affected only by the

specific modifications of the 4mCC structure. Thus, the values for AC= represent the
differences in key interaction energies between the two orientations.

The difference in observed lattice interaction energies (AG') are compared to
calculated values of differences in solvation free energies (MSFE °ref) and van der Waals

interaction energies (MpvdW'ref). Both MSFE °ref and hApvdW'ref represent
differences (OG orientation minus the OC orientation) in energies calculated for a single
hexamer duplex in the context of the lattice interactions for each of the packing

orientations. The crystal packing models are constructed from the parent GG/CC
structure. Therefore, the models and calculated energies do not consider the effect of
crystal packing forces. Thus, the calculated energies better model all potential interactions
expected in the equilibrium between the Z-DNA hexamers in solution and the crystal

surface. In addition, the values of MSFE'ref and 21ApvdWeref are relative to the
calculated energies of the reference 4mCC structure. Therefore, although all lattice

interactions are considered in the calculation of MSFE °ref and tapvdWeref, the
calculated energies represent only the differences in key interactions affected by each

specific modification of the 4mCC structure. Thus, both the calculated and observed
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energies are expected to reflect the differences in key interactions at the crystal surface
which influence the distribution of the duplexes in the crystal.
Preliminary calculations of the differences in lattice van der Waals and solvation free

energies for the six asymmetric duplexes. The differences in the van der Waals packing

energies (MpvdRrref) and solvation free energies (MSFE'ref) calculated between the
OG minus OC packing orientations for models of the five modified structures and the

parent GG/CC structure are given on table 4.3. The differences in lattice energies are
reported relative to the reference 4mCC structure and therefore represent the effect of

removing the METH4-10 methyl group (GG/CC minus 4mCC) and demethylation of the
external dinucleotides (hemi-methylated minus 4mCC).

From table 4.3, the METH4-10 methyl group introduces the most significant
interactions for studying the competition between van der Waals lattice interactions and

solvent interactions in determining the orientation of the duplex in the crystal lattice. For
all the modified structures, the METH4-10 is predicted to destabilize the OG packing

orientation due to the steric collision with a symmetry related GUA12 residue. This
methyl group is associated with a destabilization of the OG orientation by approximately

43 kcal mor 1 duplex-1 when considering van der Waals interactions (GG/CC minus
4mCC). Based on this initial modeling of the crystal packing interactions, it is expected
that the OG orientation would never be observed in the modified structures due to the

presence of this methyl group. However, the MET H4-10 methyl group is expected to
stabilize the OG packing orientation by 0.599 kcal mot' 1 duplex-1(GG-CC minus 4mCC)
due to the decreased solvent exposure in the OG orientation versus the OC orientation.
Thus, in each case, a competition is created between van der Waals and solvation energy

terms.
The remaining comparisons on table 4.3 illustrate the effects of demethylation of the
external dinucleotides in the four hemi-methylated structures. The effects of
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demeklating the external dinucleotides are expected to be less dramatic as compared to
the METH4-10 methyl group based on the magnitude of the differences in van der Waals

energies. The differences in solvation free energies predict that the relative to the 4mCC
structure, the demethylation of the GG hexanucleotide should stabilize the OG orientation

while the opposite effect is expected for demethylation of the CC hexanucleotide. The

order of stability of the 00 orientation is predicted from the MSFE °ref to follow the

order 4mCC-MC5 > 4mCC-MC1 > 4mCC > GG-MC1 > GG-MC5 > GG/CC.
The studies in this chapter utilize a novel system to examine the relative significance

of two competing forces in determining the specific macromolecular interactions which

occur in the process of crystallization. The crystal structures of the six asymmetric
hexamer duplexes provide information concerning the structural effects of removing a

methyl group from the external dinucleotides of the asymmetric duplexes. The
consequences of the observed structural effects were apparent in differences in the lattice
van der Weals interaction energies between the fully methylated structures, and the hemi

methylated structures. The observed distribution of the duplex between the two packing
orientations in each crystal structure allowed the comparison of the observed and

calculated differences in lattice interaction energies. In this manner, these studies provide
information on the balance of van der Weals interaction and solvation free energies in
determining the orientation of the duplex in the crystal lattice.
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Table 4.3. Predicted differences in solvation free energies (MSFE'ref) and van der
Waals lattice interaction (AApvd`irref) energies for the six asymmetric duplexes relative
to the reference 4mCC structure. The differences are calculated between the OG minus
OC orientations for models of the modified structures derived from parent GG/CC
structure (Schroth et aL, 1993). These differences in energies show the effect of
removing the METH4-10 (GG/CC minus 4mCC) and the effects of removing specific
methyl groups from the external dinucleotides (hemi-methylated minus 4mCC). The van
der Waals energies were calculated with the X-PLOR structure refinement program using
the parmnahl e force field which is specific for DNA (Brunger, 1992). The solvation free
energies differences were obtained from calculated solvent-accessible-surfaces (SAS)
within the crystal lattice environment (Connolly, 1983). Solvation free energies were
calculated by applying atomic solvation parameters specific for DNA atoms (ICagawa et
a., 1989; Kagawa et al., 1993). All energies are in units of kcal mo1-1 duplex-'.
Structure

MpvdW'refl

AASFE'ref

4mCC

0.000

0.000

GG/CC

-43.454

+0.599

GG-MC1

+0.941

+0.036

GG-MC5

+0.851

+0.295

4mCC-MC1

-0.653

-0.097

4mCC-MC5

-0.726

-0.256

1. All modified structures include the effects of the introduced METH4-10 methyl group.
Therefore, relative to the parent GG/CC structure, the OG orientations are destabilized by
approximately 43 kcal mor1 duplex- 1 and stabilized by 0.599 kcal mor 1 duplex-1 due to
the presence of this methyl group.
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Materials and Methods

Synthesis and purification of DNA hexanucleotides, All the oligonucleotides used
in the following studies were synthesized using phosphoramidite chemistry on an Applied
Biosystems DNA synthesizer located in the Central Services Laboratory of the Center for

Gene Research and Biotechnology at Oregon State University. The crude preparations
obtained from the DNA synthesizer were judged to be at least 95% pure based on the

product of the coupling efficiencies of each step in the synthesis. In all cases, the only
further DNA purification required to obtain diffraction quality crystals from these samples

was by size exclusion chromatography using a Sephadex G-10 (Sigma Chemical Co.,
40-120 micron bead diameter, MW cutoff 700) to remove the blocking agents and

precursors remaining after the syntheses. Typically, each DNA preparation was
dissolved in distilled de-ionized water, loaded onto a 96 ml (radius=1.3cm,
height=l8cm) column and eluted with distilled de-ionized water. The eluate was
monitored for absorbance at 260nm and 200nm with a Hewlett Packard 8452A diode

array spectrophotometer. The first peak eluted from the column, characterized by intense
260nm and 200nm absorbances, was collected as the full length hexamer oligonucleotide

samples. The samples were then lyophilized, and redissolved in 100u1 of 30mM sodium
cacodylate (NaCac) pH 7 buffer. The concentration of the hexanucleotide samples were
estimated by UV absorbance measurements at 260nm using the extinction coefficient for
single-stranded DNA (e = 25mg/O.D. m1). The DNA samples used in the crystallization
experiments were prepared by combining equal molar quantities of the appropriate
hexanucleotide sequences for each of the asymmetric duplexes.

Crystallization experiments, The crystals of all six asymmetric duplexes were
obtained at room temperature using the sitting drop vapor diffusion method (Ducruix and

Giege, 1992). In the crystallization experiments for Z-DNA hexamers, a sample well
containing an aqueous solution of the DNA sample, buffer, salts, and a precipitant was
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equilibrated against an aqueous reservoir solution containing a higher concentration of the

precipitant. The precipitant used in these studies, 2-methyl-2,4-pentanediol (MPD), has a
lower vapor pressure than water. Therefore, the equilibration of the sample and reservoir
solutions occurs through the vapor diffusion of the more volatile water. Under the
conditions in the Z-DNA crystallization experiments, the equilibration of the two

solutions in a closed system slowly reduces the volume of the sample solution until the
DNA concentrations solution becomes supersaturated.
All the crystallization experiments in this chapter used gold label magnesium
chloride (MgC12 Aldrich Chemical Company), and sodium cacodylate (Sigma Chemical

Company) titrated to pH 7.0 with hydrochloric acid (reagent grade, J.T. Baker Chemical
Company) as a buffer. Gold labeled and reagent grade 2-methyl-2,4-pentanediol (Aldrich
Chemical Company) were used as the precipitant in the sample well and reservoir

solutions, respectively. A 20mM stock solution of polyamine was prepared from
spermine tetrahydrochloride (Sigma Chemical Company), pH adjusted to 7 with sodium
hydroxide (reagent grade, Aldrich Chemical Company) for the crystallization of the hemi

methylated duplexes. All aqueous stock solutions used in the sample wells in the
crystallization experiments were prepared using glass distilled de-ionized water.
The initial salt conditions used in the crystallization experiments were calculated

from the predicted equilibrium CS, by taking into account the reduction of the sample

volume during the crystallization process. This was estimated as the ratio of the reservoir
MPD concentration over the sample well MPD concentration and therefore estimates the

expected factor by which the concentration of each of the sample components will
increase upon equilibration of the system.

Crystallization conditions for the five modified asymmetric duplexes, The
crystallization conditions for the methylated 4mCC structure were estimated to be similar

to the parent GG/CC structure. The initial search conditions for the crystallization of this
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sequence were centered about the conditions for the GG/CC structure ranging in

equilibrium CS from 0.8M to 9.6M.
The remaining structures were designed to study the effect of single demethylations

of the external dinucleotides in the 4mCC structure. The uncertainty in the structure and
therefore stability of the hemi-methylated dinucleotides made the prediction of the

crystallization conditions by this method less reliable. Thus, an initial broad search of the
equilibrium CS was conducted for each of the hemi-methylated sequences. For each
hemi-methylated sequence, the equilibrium CS of these initial crystallization experiments

ranged over 0.957M to 16.765M. All the sequences studied crystallized within the limits
of these initial very broad search conditions.
Data collection. The data for the five asymmetric hexamer duplexes were collected

on a Siemens P4 diffractometer with a sealed tube copper X-ray source, using the

XSCANS version 2.2 data collection software (Siemens, 1993). All data sets were
collected at room temperature for a single crystal mounted in a sealed glass capillary tube

using power settings of 40mA and 50kV. The data for the parent GG/CC crystal was
collected by Dr. Charles Campana on a Siemens P4R diffractometer with a rotating anode

copper X-ray source.
Lorentz, and polarization corrections as well as corrections for X-ray induced
radiation decay were applied to the raw intensity data for all crystals (Siemens, 1993). At
the power settings used for the data collection, the intensity drop-off was approximately
5-10% over the typical one week data collection period as determined by the intensities of

a minimum of 3 standard reflections. The fmal corrections for absorption of X-rays by
the crystal were applied using the SHELXTL PC refinement program (Siemens, 1990).
The shape of the crystal was approximated as an ellipsoid with a radius length defined as

the average of the three dimensions of the block shaped crystals. An absorption
coefficient of 1.56mm-1 (determined for the GG/CC crystal) was used in the absorption
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corrections for all data sets. The space groups were determined using the SHELXTL PC
refinement program (Siemens, 1990).

General refinement of the crystal structures using X-PLOR. All model building,
structure refinement, and molecular mechanics calculations were performed on Silicon

Graphics Inc. Personal Iris workstations. DNA models were built utilizing the InsightII
molecular modeling software from Biosym Inc. The X-PLOR version 3.1 refinement
package (Brunger) was used in the refinement of all the crystal structures. Electron
density map sections were calculated and drawn on a Digital Equipment Corporation GPS

VaxII workstation using the utilities of the PRLS19 (Hendrickson & Konnert, 1979)
refinement program modified to account for the additional atomic occupancy variable in

the structures.
Restrained macromolecular structure refinement using the X-PLOR refinement
program combines the energy minimization of molecular mechanics with the minimization

of the standard residual of the crystallization refinement routines. The total energy (Prot)
minimized in the refinement process, given in equation 1, is the sum of an empirical

energy function (EEmp) and the weighted crystallographic residual (EEff)

ETot = EEmp + WaEEff

Eq. 1

In equation 1, EEmp is the restraining energy function which describes the potential
energy of the molecule, and Wa is the weight that scales E

to EEmp. EEmp describes

the potential energy of the molecule with separate energy terms for intramolecular

geometric constraints (EGeo), intramolecular non-bonded energies (Elm), and
intermolecular non-bonded lattice energies (Einter) (equation 2).

Epp =

(EGeo + EInt + EInter)

Eq. 2.
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In equation 2, the summation is over all atom pairs and four atom sets for these

interactions. The parmnahle forcefield was used in the refinement of all crystal
structures. This forcefield was derived from the CHARMM force field and defines force
constants and geometric constants specific for DNA structures (Nillson & Karplus,
1986). The force constants involved in maintaining base planarity in the Ediliedral were

increased by a factor of 10 as advised in the X-PLOR manual (Edinger, 1992).
The Egg term defines the constraints imposed by the crystallographic data

(Equation. 3). The Egg energy function is in fact the standard residual between the
calculated and observed structure factors.

EEff = wh[IFo1 1Fci]2

Eq. 3.

In equation 3, Fo and Fc are the observed and calculated structure factors respectively.
The calculated structure factor (Fc) for each reflection (h) is a function of 2 terms that are

normally not separable in the refinement process (equation 4). These are the thermal
factor (or temperature factor Bi) and the occupancy of the atom (Qi).

Fc(h) = /Qif (Bi,h) exp[27ci(hr)]

Eq. 4.

(sum over atoms)
In equation 4, the occupancy factor (Qi) describes the fraction of the time an atom or

group of atoms is present at a particular position in space (r). The tens f(Bi,h), the
atomic scattering factor for atom i describes the scattering power of the atom. The atomic
scattering factor of each atom is adjusted by a temperature factor Bi which describes the

thermal motion of the atom. Standard positional refinement routines generally refine the
atomic coordinates and the temperature factors of the asymmetric unit. In addition to
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standard positional refinement, the studies presented in this chapter require the refinement
of the occupancy factor of selected atoms in order to quantitate the distribution of both
packing orientations in the crystal lattice.

Structure and occupancy refinement of d(xCGGGxCG) d(xCGCyCxCG). The
initial models for the refinement of the 4mCC structure were constructed in the Insightll

molecular modeling software by methylating the parent GG/CC structure (Schroth et al.,
1993). In a similar manner, the initial models for the hemi-methylated structures were
constructed by demethylating of the appropriate methylated cytosine residue of the 4mCC

structure.
The final structures for the six crystals were obtained through a process involving

three separate phases of refinement (Table 4.4). Both conventional positional, and
simulated annealing refinement routines were used in refining the atomic positions of the

models for all structures. The occupancy of specific atoms in the molecule were refined
in a separate routine.
The objectives of the initial phase of refinement were to determine the presence of
two packing orientations of the hexamer duplex in the crystal lattice and to refine the

atomic coordinates of the DNA atoms. The coordinates of the two packing orientations
were refined separately for each crystal structure using conventional positional and

simulated annealing routines with data from 8.0 to 2.0 A resolution for data having I

>2a(I). For the methylated and demethylated derivatives, the presence of the methyl
groups in question were first confirmed in 2(Fo -Fc) difference maps in which the methyl

carbons were omitted from the density map calculation. The methyl groups were
identified in these maps as strong positive peaks approximately 1.5A away from the C5

base carbon atom of the cytosine ring. These methyl groups, once identified, were built
into the model using the Insightil molecular modeling software. Strong water molecules
were located as intense positive densities in 2(Fo-Fc) difference maps and their positions

added to the model. Higher resolution data was included in the refinement until the
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resolution limit of each data set was reached. Additional water molecules were located,

and added to the models. Before continuing the refinement, the presence of two packing
orientations in each of the crystal structures was confirmed in 2(Fo-Fc) difference maps
as residual electron densities in the region of the base atoms of the central dinucleotide.
The second phase of refinement involved the refinement of the coordinates of

composite models for each crystal structure. The composite models were constructed
from the refined coordinates of two separately refined structures for the two packing

orientations. The water molecules were removed from the model in order to avoid
biasing the refinement of the DNA structure. The two sets of coordinates in the model

were assigned as two distinct, non-interacting structures within the lattice. Thus, the OG
packing model was refined in the context of the OG crystal packing, and the Oc model in
the context of the OG crystal packing. Initially, the composite model was refined with the
occupancies of each packing orientations set at 50%, thus the total occupancy of the

asymmetric duplex was 100%. Initial refinement of the composite models included data

Table 4.4. Protocol for the crystal structure refinement of the asymmetric Z-DNA hexamers.
Phase
1

Process

Data'

Conventional Positional

8.0-2.0A, I>20(1)

Simulated Annealing

8.0-2.0A, b2a(I)

Conventional Positional

8.0-R.L, b2a(I)

2(Fo-Fc) Difference Map 8.0-R.L., b2a(I)
2

3

Notes
Refinement of the individual packing models.

Waters located in 2(Fo-Fc) difference maps.
Identification of atoms of alternative packing.

Simulated Annealing

8.0-2.0., b2a(I)

Combined individual models from Phase 1
minus the water molecules. Occupancy of
each model assigned as 50%.

Conventional Positional

8.0-R.L., b2a(I)

Addition of first shell groove waters.

Occupancy/Temp factor

8.0-1.6A, 1>2a(I)

Occupancies refined for N1, 06 of guanine
and N4 of cytosine residues of central
dinucleotide.

Simulated Annealing

8.0-R.L., b2a(I)

Conventional Positional

8.0-R.L., I>2a(I)

Occupancy/Temp factor

8.0-1.6A, b2a(I)

Further addition of water molecules

1. R.L. indicates that the refinement included data down to the resolution limit of the data set.
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from 8.0 to 2.0 A resolution having I >20(1). Following simulated annealing and
conventional positional refinement routines, the first hydration shell waters were located

in 2(Fo-Fc) difference maps, and added to the structure. The positions of the first shell
water molecules, were located in each of the crystal structures as strong positive densities

in 2(Fo-Fc) difference maps. The fast shell water molecule are defined as water
molecules which directly hydrogen bond to the potential hydrogen bonding atoms of the

DNA molecule. For this initial stage of the refinement of the composite model, only the
water molecules directly binding to the base atoms of the DNA in the major or minor

grooves were candidates for addition to the model. This selection was applied in order to
prevent the assignment of DNA density near the backbone atoms as water molecules.

The positions of this set of first shell water molecules were refined using conventional

positional refinement. These strong water positions were added to aid in the phasing of
the base atoms, while avoiding the mis-assignment of backbone density as solvent
density. The atomic coordinates of DNA models were further refined with simulated
annealing, and conventional positional refinement including reflections to the higher
resolution limit of the data sets.
In the final phase of refinement (Table 4.4) , the occupancies of the models were

determined using the occupancy refinement routine in X-PLOR. This occupancy
refinement was followed by the location and addition of weaker water molecule densities.
The atoms of the two external dinucleotides of the asymmetric duplex are chemically
equivalent between the two packing orientations and are initially crystallographically

indistinguishable. These atoms initially cannot be assigned to either of the two packing
orientations and therefore were not used to determine the occupancies. The atoms which
are distinguishable between the packing orientations occur at the 3-10 and 4-9 base pairs
of the central dinucleotide. The base pairs of this central dinucleotide are unique to each
packing orientation as a result of the differences in the hexanucleotide positions in the
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asymmetric duplex between the two packing orientations (see Figure 4.3 ). In the OC
orientation, the base pairs in the central dinucleotide are CYT 3 - GUA10 and CYT4 

GUA 9. In contrast, in the OG orientation the base pairs of the central dinucleotide are
GUA3 - CYT10 and GUA4 - CYT9. Within these base pairs of the central dinucleotide,
the atoms of the imidazole ring of the guanine base and the pyrimidine ring atoms nearly

overlap with atoms of the alternative packing orientations (see Figure 4.3). The positions
which are most distinguishable between the two orientations in the central dinucleotide are

the N4 atoms of cytosine residues, and the N1 and 06 of the guanine residues. Only
these atoms which have distinguishable positions between the two packing orientations
were chosen to represent each of the packing orientations in the occupancy refinement.
The refined occupancy values for the six structures were obtained by an iterative
process, alternating occupancy and temperature factor refinements with positional

refinement (see phase 3 of Table 4.4). For all structures the maximum resolution limit of
the data included in the occupancy refinement was determined by the limits of the weakest
data set.
Following the occupancy refinement, the total number of electrons were calculated
for the two models from the refined occupancy values of the three selected atoms. The

number of electrons associated with each base pair of the central dinucleotide were
summed giving the total electrons for each base pair. The occupancy of the packing
orientations for each base pair was calculated as the fraction of the total electron& The
occupancy values obtained from the refinement of the central dinucleotide were then

assigned to the models and positional refinement was continued. Because the initial
positional refinement was conducted with both models assigned as 50% occupied, the
positional refinement following the first occupancy refinement included a simulated

annealing routine in order to allow the atoms of both models to find positions appropriate

for the new occupancy values. The alternating occupancy and standard positional
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refinement continued with the addition of water molecule positions until the residual

density in 2(Fo-Fc) difference maps could no longer be reliably assigned as water
molecules.

For the GG/CC, 4mCC, GG-MC1, 4mCC-MC5, and 4mCC-MC1 crystal
structures, the occupancy values for the base atoms of the internal dinucleotide converged
using the refined temperature factors for those atoms used in the occupancy refinement.

For the GG-MC5 structure, the occupancy values of the central base pairs were initially

varied over 7% in the final stages of refinement. This data set was of lower resolution
and the electron density information in these regions were not as distinct as the same

regions in the higher resolution structures. The consistent refinement of the occupancies
and the isotropic temperature factors of these atoms are expected to be increasingly

difficult with lower resolution data. Therefore, for the GG-MC5 structure, the average
temperature factor for the central base pair for each model was assigned to each of the
base atoms of central base pair prior to the occupancy refinement.
Calculations of the observed differences in crystal packing energies (AGeocc),

intramolecular and crystal packing interaction energies, The observed difference in free
energy between the two packing orientations (AG°0ce) was calculated from the refined
occupancy values for each of the structures assuming a Boltzmann relationship between

two states. AG.= is defined in equation 5.

AG°0cc = -RTIn[%0G/%0c1

Eq. 5.

In Equation 5, %OG and %OC are the occupancy values of the OG and OC orientations

obtained from the refinement of the six asymmetric duplexes. R is the gas constant

(1.987 cal / K mol) and T is the temperature (296 °K)
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All intermolecular energy terms and intermolecular lattice interaction energies were

calculated in X-PLOR using the parmnahle forcefield. The solvation free energies were
calculated from the coordinates of the final models from each refinement. The solvent
accessible surfaces (SAS) of the hexamer duplex in the context of the crystal lattice was

calculated using the Connolly rolling ball method (Connolly, 1983). The thermodynamic
solvation parameters for DNA surfaces described in Chapters 2 and 3 were applied to the

exposed surface areas to obtain the solvation free energies (SFEs) of the hexamer duplex
in the crystalline environment.
In order to better account for the differences interactions between two orientations,
the crystal packing models included the packing interactions between the duplexes in the
lattice of the alternative packing orientation. In this model, the additional packing
interactions were considered for the OG model in the alternative Oc lattice, and the Oc

model in the alternative OG lattice. Highly unfavorable van der Waals contacts were
created when placing each model in their respective alternative lattices. In order to
account for these interactions, the energies in both the alternative lattice (pvdWfutdn) and
self-consistent lattice (pvdWdn) were calculated for each dinucleotide in the duplex. The
contribution of each van der Waals packing interaction term, pvdWdn and pvdWAkdn, to
the total van der Waals energy of a dinucleotide (pvdWTdn)was scaled by the probability
of occurrence of each of the two interactions using a Boltzmann distribution between the

two states (Equation 6).

PARdn = exp [pvdWAlidn / pvdWAlidn +pvdWdn]

Eq. 6.

129

The total van der Waa ls lattice interaction energy for each dinucicetide (ApvdWTdn)

is defined by equation 7.

pvdWTdn = (PAltdn)PvdWidtdn+ (1-PAitdn)pvdWdn

Eq. 7.

The total packing van der Waals energy for the OG or OC orientations (pvc1W0G or

pvdWcoc) is simply the sum of the three component pvdWTdn energies for a hexamer

duplex.
The SFEs for each packing orientation were also calculated in the context of the

self-consistent lattice, and the alternative lattice. The SFEs of each packing orientation
included the solvation free energy contributions from both solvent exposed and for buried

surfaces. The exposed and buried surface areas were both calculated using the Connolly
rolling ball method (Connolly, 1983). The buried surface areas were obtained from the
difference between the exposed surface areas of the duplex in the context of the crystal

lattice minus the exposed surface areas of the isolated hexamer duplex. The free energies
for both buried and solvent exposed surfaces were calculated by applying the atomic

solvation parameters (ASPs) derived for solvating DNA surfaces (Kagawa et al., 1989).
The calculation of the free energy associated with burying surfaces in this manner results

in a favorable negative free energy for burying hydrophobic surfaces and an unfavorable
positive free energy for burying hydrophilic surfaces.
All solvation free energy terms were tabulated as energies per dinucleotide which

included the contributions from both buried and exposed surfaces. As with the packing
van der Waals energies, the solvation free energies were calculated in both the ma

consistent and alternative packing models. The scaling factor applied (PAID) to the
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solvation free energies were the same factors determined by the van der Waals interaction

energies for each dinucleotide (PAildn). The total solvation free energy for each
dinucleotide (SFETdn) is defined in Equation 8.

SFETdn = (1-PAlidn)SFEdn + (PAltdn)SFEAltdn

Eq. 8.

In equation 8, SFEdn and SFEARdn are the solvation free energies per dinucleotide
associated with the hexamer duplex in the self-consistent and alternative crystal packings

respectively. The total SFEs for the OG and OC orientations (SFEGc or SFE0c) is the
sum of the three SFETdn dinucleotide energies in each hexamer duplex.

The differences in the packing van der Waals energies (ApvdW) and SFEs (ASFE)
are the differences in free energies between the 00 minus OC orientations (Equations 9

and 10).

ApvdW = pvdWoG - pvdWoc

Eq. 9.

ASFE = SFE0G - SFE0c

Eq. 10

The total difference (00 minus OC) in van der Waals energy (AvdWTot) includes
contributions for the differences in intramolecular van der Waa ls energies (AvdWint), and

the packing van der Waals energy (ApvdW) (Equation 11).

AvdWrot = AvdWint + ApvdW

Eq. 11.

Structural analysis of the Z-DNA crystal structures. The helical parameters of the

final DNA structures were calculated using the nucleic Acid Slructure Evaluation

(NASTE) program (Basham et al., unpublished).

131

Results

The final chapter of the thesis describes experiments designed to study the relative
significance of van der Waals and solvent interactions in determining the orientation of Z
DNA hexamer duplexes in the crystal lattice of the P212121 space group. The

significance of these forces are studied by monitoring the change in distribution of the
duplex between the two distinct packing orientations in response to 5 modifications to the

parent structure previously solved by Schroth et al.(1993) to 1.3 A resolution. The
crystal packing interactions were manipulated with the methylation of a single cytosine
residue and the demethylation of four specific C5 methylated cytosine residues of this

asymmetric hexamer duplex. The distribution of the hexamer of the two packing
orientations observed in these crystal structures provides a measure of the difference in

free energy between the two packing orientations (AG *). The observed AG°0ce are
compared to the calculated lattice interaction van der Waals energies (MpvW'ref) and

solvation free energies (AASFOref). In addition, the observed structural differences
indicate differences in the manner in which each duplex optimizes crystal packing

interactions.

Crystallization of the six asymmetric hexamer duplexes, The six asymmetric
hexamers studied crystallized as Z-DNA under the conditions reported on table 4.5. The
initial conditions and the equilibrium cationic strength (CS) which yielded diffraction
quality crystals, and the time required for the appearance of each crystal are listed on table

4.5. The two hexamer sequences with fully methylated external dinucleotides crystallized
at the extremes of the equilibrium CS values. The parent GG/CC hexamer crystallized
under the lowest salt concentrations with an equilibrium CS value of 0.7 M while the

4mCC hexamer required an equilibrium CS of 6.24 M . The differences in the
equilibrium CS between these fully methylated hexamers likely reflect the presence of the

polyamines in the crystallization set-ups. Polyamines were not considered in the

Table 4.5. The crystallization conditions used to obtain diffraction quality crystals of the six asymmetric hummer duplexes. The
table reports the initial concentrations for the DNA, buffer, MgC12, polyamine, and precipitant. In all experiments, the buffer
was a sodium cacodylate pH7, the polyamine (PA) was spennine, and the precipitant was 2- methyl -2,4- pentanediol (MPD).
The well (MPDW) and reservoir (MPDr) concentrations of precipitant are reported as percentages of the MPD/Water volume to
volume ratios. The initial DNA concentration are reported as single stranded DNA concentrations.
Structure

ssDNA(mM)

Buffer (mM)

MgC12(mM)

PA (mM)

GG/CC

1.4

14

21

2.8

1.4 / 10.0

10

0.7

4mCC

1.4

30

30

0.0

0.5 / 20.8

28

6.2

GG-MC1

1.6

31

8

2.4

0.4 / 16.3

55

2.6

4mCC-MC1

1.5

30

4

2.4

0.4 / 17.1

30

2.0

GG-MC5

1.4

24

4

2.4

0.4 / 19.0

37

1.9

4mCC-MC5

0.7

30

5

3.0

1.0 / 20.8

35

1.0

MPDw(%)/MPDr(%) Time (days) CS(M)1

1. The values for the cationic strength (CS) were estimated from the equilibrium magnesium and sodium concentrations by the
relationship CS = E22 [mg2+] 12[Na4].
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calculation of the equilibrium CS although they are known to stabilize the Z-conformation

(Rich et al.,1984). The presence of spermine in the crystallization solutions would
therefore reduce the magnesium concentration required to crystallize a sequence as Z
DNA. The remaining hexamer sequences each have a single hemi-methylated external
dinucleotide, and crystallized at slightly higher equilibrium CS (ranging from 1.04 M to

2.57 M) as compared the GG/CC hexamer duplex.
Unit cell determinations, and data collection, The six asymmetric hexamer duplexes

crystallized in the orthorhombic P2/2/2/ space group, and have unit cell parameters
characteristic of crystals of Z-DNA hexamers (table 4.6). Therefore, the crystals of these
asymmetric hexamer duplexes are isomorphous, indicating that the structural changes
resulting from the modifications to the parent DNA strands were not large enough to

completely disrupt the crystal lattice of these Z-DNA hexamers. This allows the study of
the crystal lattice interactions with direct comparisons between the structures of these

asymmetric duplexes.
The number of reflections observed versus the total possible reflections (percent
completeness) for each data set are given on table 4.7. The table reports the percent

completeness for data between 8 to 1.3 A resolution. The X-ray diffraction data for each
structure represent data sets collected from a single crystal of each sequence. The six
crystals diffracted to better than 1.6 A resolution, as judged by the highest resolution shell
that is approximately 40% complete for reflections with intensities (I) greater than 20(1).
The high resolution data allows the determination of the orientation of the hexamer in the
lattice, and the occupancy of each orientation.

Itefmement of the six asymmetric hexamer duplex crystal structures, Table 4.8
reports the resolution limits, number of reflections, the final number of assigned waters,

and final R-factors in the refinement the six crystal structures. In addition, table 4.8
reports the root mean square deviations in the bond distances (RMSbond) and angles
(RMSangle) for the final OG and OC models. The refined structures in all cases fit
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Table 4.6. Unit cell parameters and space groups determined for the six crystals of
asymmetric Z-DNA hexamers. The cell lengths a, b and c are reported in A units, and the
interaxial angles a, (3 and y are reported degree units. The space group was determined
using the xprep routine in the SHELXTL PC refinement package (Siemens, 1990).
Structure

a

b

c

a

(3

y

Space Group

GG/CC

17.865 30.822 44.797

90.0

90.0

90.0

P212121

4mCC

18.012

30.770 44.62

90.0

90.0

90.0

P212121

GG - MC5

17.991

30.775 44.944

90.0

90.0

90.0

P212121

4mCC - MC5

18.026 30.823 45.009

90.0

90.0

90.0

P212121

GG - MC1

17.937 30.791

44.940

90.0

90.0

90.0

P212121

4mCC - MC1

17.852 30.813 45.110

90.0

90.0

90.0

P21212/
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Table 4.7. Comparison of the completeness of the data sets collected for the GG/CC,
4mCC, 4mCC-MC5, GG-MC1, GG-MC5, and the 4mCC-MC1 crystals. The percent
completeness is fraction of the total possible number of reflections which are observed for
each of the reported resolution shells. The % completeness for each resolution shell, and
accumulated over all shells were calculated using reflections having intensities (I) better
than 2 a(I). The high resolution limit used in the refinement of each structure is
highlighted with bold characters.
Resolution range

(A)

8.00 - 2.57

GG/CC
Shell( 1 Accum.(%)
97.10
97.10

4mCC
Shell(%) Accum.(%)
92.49
92.49

4mCC-MC5

Shell(%) Accum.(5)
91.86
91.86

2.57 - 2.05

92.62

94.91

79.30

86.04

81.89

86.99

2.05 - 1.80

88.00

92.67

72.99

81.83

71.46

81.98

1.80 - 1.64

82.87

90.30

64.66

77.67

58.63

76.32

1.64 - 1.52

72.29

86.74

46.30

71.48

44.54

70.07

1.52 - 1.43

55.76

81.83

38.81

66.20

30.06

63.55

1.43 - 1.36

50.32

77.45

35.19

61.90

25.09

58.24

1.36 - 1.30

44.37

73.39

27.42

57.72

5.17

51.79

Resolution range
GG-MC1
(A)
Shell(%) Accum.(%)
8.00 - 2.57
85.37
85.37

GG-MC5
Shell(%) Accum.( %)
89.32
89.32

4mCC-MC1
Shell(%) Accum.(%)
91.60
91.60

2.57 - 2.05

66.63

76.24

74.76

82.22

85.61

88.68

2.05 - 1.80

49.33

67.49

58.08

74.42

75.96

84.58

1.80 - 1.64

41.25

61.14

44.35

67.12

66.67

80.21

1.64 - 1.52

26.39

54.30

33.46

60.49

49.57

74.20

1.52 - 1.43

12.88

47.62

26.32

54.95

40.30

68.75

1.43 - 1.36

00.00

40.99

22.63

50.48

30.95

63.46

1.36 - 1.30

00.00

36.02

4.79

44.92

23.60

58.53
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Table 4.8. Parameters for the refinement of the crystal structures of the six asymmetric
hexamer duplexes. The table reports the final R-factors, occupancies, and the number of
assigned water molecules for each crystal structures. The occupancy was calculated as
the average of the occupancies for the 3-10 and 4-9 base pairs. The five energy
difference between the two packing orientations was calculated assuming an equilibrium
between two distinct states and is the energy differences relative the G packing
orientations. The RMSbond and RMSangle are the root mean square deviations from the
equilibrium values calculated in the X-PLOR refinement program using the parmnahl e
forcefield. The deviations were calculated for the final structures of the G and C models
omitting the hydrogen atoms.

Table 4.8.
GG/CC

4mCC

GG-MC5

4mCC-MC5

GG-MC1

Resolution Range (A)

8.0 - 1.3

8.0 - 1.4

8.0 - 1.6

8.0 - 1.5

8.0 - 1.6

Number of Reflections

4741

3250

2229

2912

2024

3374

55

49

31

56

16

48

19.42

19.56

19.14

19.10

18.63

17.25

RMSbond (HOC) (A)

0.02/0.01

0.02/0.02

0.02/0.02

0.02/0.01

0.02/0.02

0.02/0.02

RMSangle (00/0C) 0

3.4/3.3

3.9/3.5

3.8/4.0

3.6/3.7

4.0/3.9

3.5/3.5

Occupancy3

68/32±1

50/50±1

43/57±3

70/30±1

47/53±0

54/46±1

Number of Waters(solvent)
R-factor2

4mCC-MC1

8.0

1.4

(%0G / %OC)

-0.44 ± 0.03

AG* 0c01

0.00 ± 0.02 +0.29 ± 0.09 -0.50 ± 0.05 +0.07 ± 0.00 -0.09 ± 0.03

(kcal/ mol duplex)

1. AG°

= -RT In (%0G/%0c) where R is the gas constant (1.987 cal/ °K mol ), and T is the temperature (296 °K).

2. R-factor =R = EIF01 -1Fc1/11Fol in which IF0Iis the observed structure factor, and Fol is the calculated structure factor
3. Confidence limits are defined by the standard deviation of the average.
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reasonable well to the observed data as indicated with fmal R-factors less than 20%.
Spermine molecules were not observed in any of the six crystal structures, and the
unambiguous assignment of a magnesium water complex was possible only in the

GG/CC structure (Schroth et al., 1993).
A comparison of the characteristics of the electron density at the external
dinucleotides and the central dinucleotides indicate that the duplexes distribute between

two discrete orientations in the crystal lattice. Figure 4.4 shows a comparison of 2Fo-Fc
electron density maps calculated for the 2-11, and 3-10 base pairs for the GG/CC
structure (panel A and B), and the 3-10 base pairs of the 4mCC structure (panel C), and

the GG-MC5 (panel D) structure. The electron density maps in this figure were
calculated with the atomic coordinates of the OG model for each structure. The electron
densities of the 2-11 base pair (panel A) has the typical features of the 1-12, 5-8, and 6-7
base pairs of the external dinucleotides. These sites are characterized by well defined
electron densities associated with the DNA atoms and the absence of observed density in

the intervening spaces between the atoms of the base pairs. The electron densities of the
3-10 base pair (panel B) of the same GG/CC structure are also distinct for a majority of

the DNA atoms. However, in contrast to the electron densities of the 2-11 base pair, the
3-10 base pair has residual electron density between the base atoms of the OG model

(thick bonds). This residual electron density is observed for the 3-10 base pair of the
4mCC (panel C) and the GG-MC5 structure (panel D) as well as in the remaining crystal

structures. Residual electron density is also observed between the base atoms of the 4-9
base pair in all structures. Thus, the unassigned density in these crystals are localized in
the region of the central dinucleotide. The comparison of the electron densities of the
base pairs of the external and central dinucleotides suggests that additional scatterers not
included in the OG models are present at the central dinucleotides but not at the external

dinucleotides.
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Figure 4.4. Comparison of 2Fo-Fc electron densities of the fully occupied 2-11 base pair
and the partially occupied 3-10 base pair. The density maps were calculated for the 2-11,
and 3-10 base pairs for the GG/CC structure (panels A and B), and the 3-10 base pairs of
the 4mCC (panel C), and the GG-MC5 (panel D) structures. The density maps were
calculated with the atomic positions of the OG packing orientations. The models for both
packing orientations are drawn in the figure with the OG models drawn with thick bonds,
and the OC models drawn with the thin bonds. Each panel shows a 2.5A thick section
along the crystallographic c-axis. The positions of the atoms for the Oc models in all
structures are highlighted with filled circles.
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The ability of a single model to phase the external dinucleotides but not the central
dinucleotide is consistent with the presence of two discrete packing orientations related by
the interchanging of the strand assignments in the asymmetric unit of the crystal

structures. The hexanucleotides which comprise the hexamer duplex in all structures are
chemically equivalent at the two external dinucleotides (sans methyl groups of the

cytosine residues). Thus, the residues of the external dinucleotides would not be altered
by the interchanging the hexanucleotides in asymmetric unit, either strand assignment

would result in external d(CG) dinucleotides. The hexanucleotides differ in the two
central residues with two central cytosine (CYT) residues for CC strand and two guanine

(GUA) residues for the GG strand. The two packing orientations would therefore be
distinguishable at the central dinucleotide with overlapping coordinates of CYT and GUA

residues at the 3-10 and 4-9 base pairs of the asymmetric unit. This is consistent with the
observations from the 2F0-Fc electron density maps sections in figure 4.4.
A quantitative difference in the distribution of the duplex in the OG orientation is

observed with a comparison of the 3-10 base pair in the GG/CC structure, the 4mCC,

and the GG-MC5 (figure 4.5). Figure 4.5 shows 2(F0 -Fc) difference electron density
map sections of the central 3-10 base pair of the GG/CC (panel A), 4mCC (panel B), and
the GG-MC1 (panel C) crystal structures. The maps were calculated using the atomic
coordinates of OG models and the assigned water molecules. The difference in the OG
occupancy is evident in the increased residual electron density in the intervening spaces

between the base atoms of the OG models (panels B through D for the GG/CC through

GG-MC5 structures). The electron densities of the base pairs shown in figures 4.4 and
4.5 strongly suggest that a better description of the crystal structures for these asymmetric
,hexamer duplexes is a composite model which consists of a distribution of the hexamer
duplex between the two packing orientations.
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Figure 4.5. Comparison of 2(Fo-Fc) difference electron density maps of the 3-10 base
pairs of the GG/CC, 4mCC, and GG-MC5 crystal structure& The GG/CC structure is
shown in panel A, the 4mCC structure in panel B, and the GG-MC5 structure in panel C.
Each section shows a 2.5 A thick slice along the crystallographic c-axis with contouring
of the positive difference electron density. The occupancy ratio of the OG:Oc models in
each of the structures are given at the bottom of each of the panels. The maps were
calculated with the OG models assigned as 100% occupied, therefore the positive electron
density indicates the presence of additional density which is not accounted for by the OG
model. A comparison of these sections shows qualitatively that as there is increased
residual positive density as the occupancy of the OG model decreases. In addition, the
residual density in the region of atoms of the central base pair very nearly fit the atom
positions of the Oc models. Each panel shows a 2.5 A thick section along the
crystallographic c-axis. Residues GUA 3, and CYT10 (or MCY10 for the 4mCC and
GG-MC5 structures) of the OG model are drawn with thicker bonds while the CYT 3 and
GUA10 residues of the OC models are drawn with thin bonds. The positions of the
atoms for the Oc models in all structures are highlighted with filled circles.

A

C

67:33

50:50

Figure 4.5

43:57

144

Occupancy refinement, To study the effect of the modifications of the duplex
structure on the thermodynamics of helix packing in the crystal lattice, a quantitative

measure of the distribution of the hexamer duplex between the two packing orientations
was obtained with a refinement of the occupancy of the OG and OC models in each of the

structures. Following the identification of two packing orientations in the crystal
structures, the two separately refined models of both packing orientations were combined

and re-refined as a composite model (see steps 2 and 3 of table 4.4). In the initial
positional refinement of the composite model, the OG and OC models were each assigned

as 50% occupied (ie. both OG and OC models contributed equally to the composite
model). Following the initial positional refinement routines of the composite model,
select atoms of the central dinucleotides were used in occupancy refinement of the two

packing models. The base atoms of the 3-10, and 4-9 base pairs of the central
dinucleotide in the hexamer duplex are the only atoms which can be absolutely assigned

to either OG and OC models. Of these atoms, the 06 and N1 atoms of the guanine
residues, and N4 atom of the cytosine residues were the most distinguishable between the

two packing orientations (figure 4.5). Therefore, only these three atoms per base pair
were considered to be reliable indicators of the strand sense in the occupancy refinement.
The final refined occupancy values for each of the two packing orientations in the

crystal structures are listed on table 4.8. The distribution of the duplex in the OG
orientation varied from 43% to 70% in the six crystal structures. The occupancies reflect

a difference in lattice interaction energy (AC) between the OG and OC orientations
ranging from +0.29 to -0.50 kcal mor 1 duplex-1. These values are an indicator of the
relative thermodynamic stability of the duplex in the OG orientation in each of the

structures. The refined occupancy values are not correlated with the time required for the

appearance of crystals (compare to table 4.5). This suggests that the occupancies
determined for these crystals are not likely to be solely a function of the differences in the

rates of crystal growth. The observations are consistent with the generally accepted
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model which considers the crystal growth process as being a dynamic equilibrium
between the DNA molecules in solution and at the growing crystal surfaces (Stout &

Jensen, L. H. 1989). Therefore, the observed differences in occupancies in these crystal
structures allow the study of the thermodynamics of crystal packing interactions.
.
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diticroccaialattiszdnicractign&aalirsx The observed AG'occ and the calculated
differences in lattice energies predicted in the initial modeling of the structures are listed

on table 4.9. The observed AT= of the 4mCC reference structure is 0.00 kcal moil
duplex-1, therefore the AGeocc values reported for the remaining five structures represent
the effects associated with removing specific methyl groups from the 4mCC reference

structure. The AG°0cc values obtained from the final refined occupancy values show that
the stability of the OG orientation in these crystals follow the order 4mCC-MC5 > 4mCC

MC1 > 4mCC > GG-MC1 > GG/CC > GO-MC5. The relative significance of van der
Waals and solvent interactions in determining the orientation of the duplex in the lattice
are examined in comparisons of AG*ccc to the calculated solvation free energies

(MSFE °ref) and van der Waals interaction energies (MpvdW'ref). Both calculated
energies represent the differences in interactions at the crystal surface relative to those of

the reference 4mCC structure. These calculated energies do not include the effects of
crystal packing distortions of the DNA structure or the on lattice interactions. Therefore,
the calculated and observed energies reflect the effects of differences in key interactions
on the distribution in the crystal as determined by the equilibrium between the Z-DNA

hexamers in solution and the growing crystal surface.

The comparisons of MSFE'ref and AG'occ for the six crystal structures suggest
that solvent interactions play a significant role in determining the orientation of the

duplex. The MSFE °ref energies calculated for the hemi-methylated structures are able to
account for the differences in AG'occ resulting from each demethylation at the external

dinucleotides of the reference 4mCC structure (figure 4.6). A linear least squares fit of
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these data results in a slope of 0.645 with a y-intercept of 0.019 (R71.94). Thus, for the
five structures with similar steric constraints imposed by METH4-10 group, the observed

differences in AC= are explainable in terms of the differences in solvent interactions
relative to the reference 4mCC structure.

The presence of the METH4-10 group of the 4mCC, 4mCC-MC5, 4mCC-MC1,
GG-MC5, and the GG-MC1 structures which is absent in the parent GG/CC structure is
expected to favor the OC orientation. This results from an unfavorable steric interactions
(equivalent to 43 kcal mor 1 duplex-1) betweeen this methyl group and the GUA12

residue of a symmetry related hexamer duplex (see bottom of table 4.3). With the large
magnitude of this steric interaction, the OG orientation is not expected in any of the

modified structures. The observation of a distribution between the two orientations in all
structures with the METH4-10 group further supports the significance of solvent
interactions in determining the orientation of the duplexes in the lattice.
The significance of van der Waals interactions in determining the orientation of the

duplex in the lattice is not supported in the comparison of the calculated MpvdW'ref and

the AGeocc. The observed AG.= for the five structures with the MET H4-10 group are
not well correlated with the differences in MpvdW'ref (table 4.9). In addition, the
calculated Mpvd\rief are relatively small (approximately 2%) in magnitude as
compared to the 43 kcal moll duplex-1 introduced by the single METH4-10 methyl

group. In comparison, the effects of a single methylation on MSFE°ref total 0.6 kcal

moll duplex-1. The calculated differences in MSFE °ref for the 5 structures range in
values between 0.3 and -0.3 kcal mol' 1 duplex-1 and thus account for the solvent effects
equivalent to a full methyl group. This comparison suggests that the differences in
MpvdWeref are less able to explain the differences in the distribution of the duplex in
these crystal structures.
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d&SFE'ref = +0.6450Gocc + 0.019 R= 0.945
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Figure 4.6. Plot comparing the difference in solvation free energies between the 00 and
Oc models relative to the reference 4mCC structure and observed difference in lattice
interaction energies (AG'occ). The open circle represents the energies for the reference
structure. The closed circle represents the energies for the parent GG/CC structure. The
closed squares represent the energies for the remaining hemi-methylated structures.
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The MSFEref for the GG/CC structure is not consistent with the trend relating the

MSFE °ref and AC= established by the reference and hemi-methylated structures.
The inconsistency between the calculated MSFE'ref for this structure reflect the
differences in crystal packing interactions associated with the METH4-10 group. The
effects of removing the steric clash on the stability of the OG orientation is illustrated with

dashed line between the plotted energies for the GG/CC and 4mCC structures (figure

4.6). The differences in MSFE'ref is +0.6 kcal mo1-1 duplex' 1 and the difference in
ACocc is +0.44 kcal mot' 1 duplex-1 between the parent and reference structures. Thus,
based on the relationship between MSFE'ref and AG'Occ, the destabilizing effect of this
methyl group is estimated to be +0.74 kcal mot 1 duplex-1. This energy likely reflects
the penalty associated with the steric clash of the METH4-10 group, and is greatly
reduced from the expected 43 kcal mol' 1 duplex' I calculated in the initial modeling of the

structures. This comparison shows that the van der Waals energies were overestimated in
the modeling which results from the inability to predict the flexibility of the duplexes.
The details of each crystal structure provide information on the effect of crystal

packing forces and short range interactions on the DNA duplex structure. The crystal
lattice interactions are observed to differ for the structures with fully versus hemi

methylated external dinucleotides. The effect of the MTH4-10 methyl group on the
crystal lattice interactions and the internal stability of the asymmetric duplex are discussed

in a comparison of the reference 4mCC and the parent GG/CC structures. The effect of
removing methyl groups from MCY residues of the external dinucleotides will be
discussed with comparisons of reference 4mCC structure with the four hemi-methylated

structures. The hemi-methylation effects will be discussed in terms of the differences in
packing interactions and helical characteristics observed in these structures.

Table 4 9 Calculated differences in internal and lattice van der Waals energies, and solvation free energies between the OG and OC
orientations for the crystal structures of the six asymmetric hemmer duplexes.

Structure

AASFE'ref AApvdW'ref

ASFE

AvdWint

ApvdW

AvdWTor

AG.occ

GG/CC

+0.60

-43.46

+2.2

+2.7

-4.1

-1.4

-0.44

4mCC

0.00

0.00

-3.6

+11.1

+6.7

+17.8

0.00

GG-MC1

0.04

+0.94

-2.1

-0.5

-2.9

-3.4

+0.07

GG-MC5

0.30

+0.85

+2.3

+6.3

-5.5

+0.8

+0.29

4mCC-MC1

-0.10

-0.65

+0.4

-5.5

-5.5

-11.0

-0.09

4mCC-MC5

-0.26

-0.73

+0.2

+4.1

-12.0

-7.9

-0.50

AASFE'ref and AApvcArrof are the differences in energies (OG minus Oc) relative to the 4mCC reference structure calculated in the
original modelling of the structures (table 4.3).
ASFE - The difference in SFE (OG minus Oc) in the crystal lattice.
AvdWint - The difference in internal van der Waals energies (OG minus OC).
ApvdW - The difference in lattice van der Waals energies (OG minus 0c).

AvdWTot - AvdWint ApvdW.
AG' 000 - The difference in free enegy between OG and OC (OG over OC) as calculated from the differences in the distribution of the
hexamer duplex in the crystal lattice of each structure.
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Comparison of the _parent GG/CC and the reference 4mCC structures. The

occupancy of OG orientation decreases from 68% to 50% in the GG/CC versus 4mCC
structures respectively showing that the METH4-10 methyl group has an overall
destabilizing effect on the OG packing orientation. This result is qualitatively consistent
with the initial modeling which predicted the destabilization of the OG orientation due to

unfavorable van der Waals interactions.
The existence of unfavorable van der Waals contacts in the 4mCC crystal structure
are supported in a comparison of the internal and packing interactions calculated for the

parent GG/CC and reference 4mCC crystal structures (table 4.9). The OG orientation of
the 4mCC structure has a relatively unfavorable ( +6.7 kcal mol' 1 duplex-1) positive van

der Waals lattice interaction energy (ApvdW, 00 minus Oc). The decreased magnitude
of the van der Waals packing interaction energies in the 4mCC structure (less than 43 kcal

mor1 duplex-1) when comparing initial model calculations (table 4.9) to the energies
derived from the crystal structure indicate the DNA structure has adjusted to accommodate

the large unfavorable steric interaction. The difference in internal van der Waals energies

of the 00 packing orientation in this 4mCC structure versus the parent GG/CC structure
increases (2.7 to 11.1 kcal mol' 1 duplex-1). This supports the existence of the steric
penalty against the OG orientation in the 4mCC structure (table 4.10).
It could be argued that the inherent structure of the 4mCC duplex somehow resulted

from the avoidance of the unfavorable contact in the crystal packing. However, a
comparison of the structure of the MCY4 residue in the OC versus MCY10 residue in the
OG orientation indicate structural perturbations result from lattice interactions when the

hexamer is in the OG orientation. The methyl group environment of the MCY4 residue in
the OC orientation is relatively free of crystal lattice contacts and therefore is expected to

represent the unperturbed structure of this residue. In the OG orientation, the methyl
group of the MCY10 residue is observed to be in vdW contact with the N7 atom of

GUA12 (carbon to nitrogen distance 2.92 A). When the MCY4 residue in the OC
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orientation is modeled in the context of the MCY10 residue in the OG orientation, an
unfavorable steric interaction between the methyl group and the N7 of the adjacent

GUA12 is created (MCY4 methyl carbon to GUA12 N7 nitrogen distance is 2.42 A).
This closer approach results in an estimated 10 kcal mol-1 residue-1 increase in the van
der Waa ls packing interaction energy. The evidence suggests that methylation creates an
unfavorable contact in the OG orientation which is accommodated at the expense of less
favorable intramolecular interactions and a decreased occupancy of the OG orientation.

Comparisons of the 4mCC and the hemi-methylated structures, The remaining
modified structures examine the effect of removing a single methyl group from the

external dinucleotides from the reference 4mCC structure. The structures with hemi
methylated d(CG) dinucleotides were found to have different helical characteristics as

compared to the 4mCC structure. The structural differences were observed to affect the
packing interactions in the crystal lattice. Removing a methyl group from the external
dinucleotide in all cases resulted in negative differences in ApvdW energies and lower

AvdWint as compared to the reference 4mCC structure (table 4.9). These differences in
the packing interaction energies (table 4.9), and the internal energies indicate that each
structure adapted to the introduced structural perturbations and optimized the lattice

interactions in different manners. These differences are apparent in comparisons of the
atomic positions and helical parameters between the fully and hemi-methylated structures.

The differences in the structures is shown with a comparison of the RMS deviation

between the base atoms for the dinucleotides in the hexamer duplex (figure 4.7). Panels
A and C are comparisons of the OG models, and panels B and D are comparisons of the
OC models. The open circles in all panels are comparisons between the GG/CC and
,4mCC structures which have fully methylated external dinucleotides. From panels A and
C, the comparisons of OG models of the fully methylated structures show that the

deviations range from 0.36 to 0.43 A over the three dinucleotides. This comparison
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shows that the introduced steric collision between residue MCY10 and GUA12 was
accommodated in the fully methylated structures with relatively small structural changes

In contrast, greater structural differences are apparent when comparing the 4mCC

structure to the hemi-methylated structures. This is evident with larger deviations (> 0.60
A) associated with the demethylation of the 5-8/6-7 dinucleotide (panel A) and for the

demethylation of the 1-12/2-11 dinucleotide (> 0.45 A) (panel C). These comparisons
indicate greater structural differences at both external dinucleotides of the hemi- methylated

OG structures with smaller differences at the central out-of-alternation dinucleotide.
In similar comparisons of the OC orientation of the 4mCC and hemi-methylated
structures (panels B and D), the hemi-methylated structures differ from fully methylated

structures based on larger deviations at the external dinucleotides. Steric collisions are
not expected with the hexamer in the OC orientations, thus these differences likely reflect
the inherent differences in the structures of the hemi- and fully methylated duplexes.
The structural adjustments are apparent at both external dinucleotides whether fully

or hemi- methylated. This is not unexpected when considering the interactions within the
crystal lattice. In the crystal lattice, the hexamer duplexes are stacked end to end

153

Figure 4.7. Comparison of the final structures of the fully and hemi-methylated
structures with root mean square (RMS) deviations calculated for dinucleotides of the OG
and OC models. Panels A and C are comparison of the OG packing models, and panels
B and D are comparisons of the OC packing models. Panels A and B are comparisons
showing the effect of hemi-methylation at the 5-8/6-7 dinucleotide. Panels C and D are
comparisons showing the effect of hemi-methylation at he 1-1212-11 dinucloetide. All
comparisons are with the reference 4mCC structure and therefore represent the effects of
demethylation of specific MCY residues in the asymmetric duplex. The filled squares (R)
and cross filled squares (M) are comparisons of the 4mCC-MC1 and GG-MC1 structures
with the reference 4mCC structure. The filled diamonds () and cross filled diamonds
(0) are comparisons of the GG-MC5 and 4mCC-MC5 structures with the reference
4mCC structure. The open circles (0) in all panels are the comparison between the parent
GG/CC and reference 4mCC strictures. The RMS deviation was calculated between the
atomic coordinates of non-hydrogen base atoms of the dinucleotides and excluded the
atoms of the methyl groups. The RMS deviations were calculated using the X-PLOR
refinement routine (Brunger, 1992).
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generating continuous helices of Z-DNA (figure 4.2). In this packing arrangement, the
opposing ends of the hexamer duplex are interacting through strong base stacking

interactions. Thus, the consequences of adjustments at one end of the hexamer duplex
are expected at both ends of the duplex. The structural modifications of either external
dinucleotide are likely to significantly affect other non-stacking lattice interactions. In
particular, the steric interaction between the METH4-10 group in the OG orientation and
the end residue GUA12 of the external dinucleotide is expected to be very sensitive to any
adjustments at this interface. The differences in the duplex structure influence the ability

of each structure to optimize the lattice interactions. This is consistent with the observed
differences in ApvdW between the fully and hemi-methylated structures (table 4.9).
These adjustments are expected to be apparent in changes in the helical parameters.
The differences between the fully methylated structures, and the hemi- methylated

structures are most apparent in the differences in the twist angles between the structures

of the OG models (table 4.10). The average helical twist for all hemi-methylated CG

steps in the OG models is -15.7 ± 0.3' as compared to -11.6 ± 1.0' for the same step of
the fully methylated structures. Thus, the end base pairs of the hemi-methylated
dinucleotides are underwound by approximately 4° as compared to the fully methylated
dinucleotides of the OG models.
In the OC models, a large difference observed at the CG base step between the 5

8/6-7 base pair between the fully and hemi-methylated structures. The average twist

angle for this step is -17.8 ± 0.7° for the fully methylated structures versus -12.5 ± 1.3°
for the hemi-methylated structures. Thus, hemi-methylation results in an overwinding of
the 5-8/6-7 base pairs by approximately 5' relative to the fully methylated Oc structures.
It is not unexpected that these parameters should be different when comparing the hemi

and fully methylated structures. The twist angles for the crystal structures of the fully
methylated d(m5CG)3 hexamer, and the unmethylated d(CG)3 show characteristic

differences for these dinucleotides (Fujii et al., 1982). The twist angle for CG step was
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-13 ± 1° and -46 ± 1° for the GC base steps of the fully methylated structure versus -8 ±
1° and -51 ± 2° for the same steps in the unmethylated structure. In addition, the
structure and thermodynamic stability of hemi-methylated d(CG) dinucleotides as Z-DNA

have been shown to be unique in comparison to either fully or unmethylated d(CG)
dinucleotides (Bononi & Ho; unpublished).
In summary, two general methyl effects were observed in the structures of the
asymmetric duplexes. The first involved the accommodation of a steric clash associated
with the METH4-10 group through decreased occupancy of the OG orientation, and by
internal structural perturbations. The second effect was observed in the demethylation of
the d(m5CG) external dinucleotides. The demethylation of these dinucleotides allowed
the optimization of van der Waals lattice interactions in the presence of the METH4-10

methyl group. These adjustments are apparent as structural differences between the hemi
methylated and fully methylated duplexes.
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Table 4.10. Twist angles between base pair steps calculated for the OG and OC models
of the six crystal structures. The twist angles in bold type are the angles in which at least
one of the base pairs in the step is a the demethylated cytosine residue relative to the
4mCC structure. The twist angles were calculated with the NASTE program (Basham
unpublished)
Base Step

GG/CC

4mCC

GO-CI

GG-05 4mCC-C1

OG models:
CG/GC1

-12.1

-10.1

-16.2

-11.5

-13.8

-15.4

GC/GC

-49.2

-49.1

-47.3

-50.3

-48.0

- 44.1

GC/GC

-11.6

-12.9

-12.7

-11.7

-12.8

-10.7

GC/CG

-48.4

-46.8

-43.7

-46.5

-44.5

-51.1

CG/GC1

-12.1

-11.9

-15.3

-15.7

-15.6

-14.0

CG/GC

-12.7

-13.4

-10.2

-15.0

-12.3

-11.4

CG/CG

-44.2

-43.2

-42.2

-41.2

-47.0

CG/CG

-12.8

-12.8

-12.8

-10.8

-12.0

-15.8

CG/GC

-45.6

-49.6

-51.0

-50.2

-52.2

-44.8

CG/GC2

-18.3

-17.3

-12.7

-12.0

-11.2

-14.2

4mCC-05

OC models:

1

Ave. twist angle for the fully methylated CG/GC step for OG models is -11.6 ± 1.0°,
versus -15.7 ± 0.3° for the hemi-methylated steps.

2

Ave. twist angle for the fully methylated CG/GC step (base pairs 5-8/6-7) for the OC
models is -17.8 ± 0.7° versus -12.5 ± 1.3° for the hemi-methylated steps.
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Discussion

The experiments in this chapter utilize a novel system for examining the contribution

of van der Waals and solvent interactions in DNA assembly. These two competing forces
were studied in the crystal structures of six asymmetric Z-DNA hexamer duplexes.
The crystal structures of five modified sequences of the asymmetric hexamer

duplexes were solved to near atomic resolution (> 1.6 A). In these crystal structures, the
asymmetric hexamer duplexes adopts two discrete and distinguishable orientations in the

crystal lattice. The distribution between the two orientations in the five modified duplexes
and the parent duplex crystal were found to range from 70:30 to 43:57 in the ratio of OG
to OG orientation and reflect a range of -0.50 to +0.29 kcal mo1-1 duplex-1 difference in

interaction energy (AG°0cc) between the two orientations . These variable occupancies
were independent of the time required for the appearance of crystals in the crystnnization
experiments, and were therefore considered to reflect the relative thermodynamic stability

of each orientation.

The large difference in bapvdW'ref between the parent structure and the remaining
structures shows the large steric penalty against the OG orientation due to the METH4-10

methyl group. The large magnitude of the steric penalty (-43kcals mo1-1 duplex-1)
suggests that if the distribution of the duplex in the crystal lattice is dependent only on the
differences in van der Waals interactions, that there would not be a distribution between

the two orientations in any of the modified structures. The duplex in the OG orientation
is expected to never be observed in the structures with the METH4-10 methyl group. The
fact that a distribution between the two orientations is found in every structure reflects the
relative significance of the solvent interactions in determining the orientation of the duplex

in the lattice. The unfavorable solvent interactions associated with the exposure of the
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METH4-10 methyl group were significant enough to force the duplex to accept what is
expected to be a very large unfavorable steric interaction as well as compromise the
internal interactions.

The AG'occ values for the reference and hemi-methylated structures agrees with the

predictions based on the MSFEref calculated from the models of each of the structures
(table 4.8). The AG°0cc is correlated with the AASFE'ref for the hemi-methylated and
4mCC structures suggesting that the orientation of the duplex is determined primarily by

the differences in solvent interactions (figure 4.6). A linear least squares fit of these data

results in a slope of 0.645 with a y-intercept of 0.019 (R.94). The correlation between
the calculated MSFE'ref and the observed AG°

for these structures further supports

the significance of solvent interactions in the assembly of Z-DNA hexamers in the process
of crystallization.
The details of the 4mCC structure provide evidence that the METH4-10 methyl
group introduces an unfavorable steric interaction in the OG orientation involving the

methyl group at residue MCY10 and the symmetry related GUA12 residue. The
introduction of the METH4-10 group results in a decrease in the relative stability of the

OG orientation by 0.44 kcal mold duplex-'. The existence of an unfavorable steric
interaction (approximately 10 kcal mold duplex-') is confirmed with the modeling of the
unperturbed OC packing model in the OG packing orientation. In addition, perturbations
to the OG packing orientations are apparent with the increase in van der Waals packing

and structural penalties (rlvdWTot = +17.8 kcal mold duplex-').
In comparing the packing interactions between the reference 4mCC structure and
hemi-methylated structures, differences were observed in the van der Waals interaction
and internal energies. The structural differences between the fully and hemi-methylated

duplexes and are apparent as larger RMS deviations in comparisons of the fully versus
hemi- methylated d(CG) external dinucleotides. The RMS deviations reflect differences in
the characteristic twist angles observed for the fully versus hemi-methylated structures.
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These differences in structure and interaction energies reflect the variable ability of each

structure to accommodate the steric clash associated with the METH4-10 group and
optimize the lattice interactions.

The comparisons of AGeocc and the calculated solvation free energies based on the
initial modeling of the structures suggest that the solvent interactions significantly
influence the distribution of asymmetric duplex in the crystal lattice at the surface of the

growing crystal. In addition, the comparisons between MSFEeref and ACocc provide
a relationship between solvent effects and observed stability of the OG orientation which

can be tested. The effect of removing two methyl groups of external dinucleotides from
the 4mCC structure on the stability of the OG orientation are predictable from calculated

differences in SFEs (figure 4.6). If the effect of removing two methyl groups are in fact
additive, the range of the AG'occ are expected to reflect the effects associated with

solvating two methyl groups. In addition, a similar relationship (slope) between
bASFE'ref and AG.occ is expected with the removal of the methyl groups from the
parent GG/CC structure. These studies would simply test the relationship between
calculated dASFE'ref and the observed AG°0cc.
Empirical evidence for the significance of the hydrophobic effect could be obtained

by monitoring the distribution of the duplex as a function of the presence of various

anions. The efficacy of the hydrophobic effect is expected to follow the order acetate >

Cr > Br > r (Collins & Washabaugh, 1985; Creighton, 1984). It is expected that the
occupancy of the orientation which is favored by solvent effects would increase. This
would result in wider range of AGeocc (for the sequences studied) and therefore a

shallower slope in the plot relating MSFEeref to AG.= for anions which enhance the
hydrophobic effect (acetate). A steeper slope in this plot would be expected in the

presence of the anions Br and r.
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Chapter 5

Discussion

The studies presented in this thesis have examined the relative significance of the
hydrophobic effect or solvent interactions in two relatively simple macromolecular

systems. The contribution of solvent interactions to the stability of DNA secondary
structure was examined in the well characterized B- to Z-DNA transition. The observed
relative stability of APP sequences as Z-DNA was shown to be predictable with a
quantitative analysis of the differences in solvent interactions between the B and Z-

conformations. Thus, these studies indicate that solvent interactions and the hydrophobic
effect play a significant role in determining the stability of Z-DNA. The significance of
solvent interactions in DNA assembly was studied in the crystal structures of six

asymmetric Z-DNA hexamer duplexes. This final study provided evidence that the
packing of the duplexes, which is determined by specific DNA-DNA interactions, is also
strongly influenced by solvent interactions.
Solvent interactions were estimated as solvation free energies derived from
calculated solvent-accessible surface areas. The calculated differences in solvation free

energies for sequences in the B- versus Z-DNA conformation were compared to
experimentally determined transition energies. The comparison showed that the
calculated and observed energies were of the same order of magnitude. In addition, the
calculated SFEs are able to account for the trend observed for the experimentally

determined transition energies (AG°T(B -z)). The comparison of the ACT(B-z) for
these dinucleotides as Z-DNA and the calculated differences in SFEs provided a

relationship for predicting the relative stability of APP sequences as Z-DNA. This
relationship suggests that solvent interactions account for approximately 70% of the

observed sequence dependent stability of Z-DNA. In addition, the predicted stability of
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APP hexanucleotide sequences as Z-DNA were shown to be related to the cationic

strength required for that sequence to crystallize as Z-DNA. Thus, the ability of APP
sequences to adopt the Z-conformation as predicted by SFE calculations are testable with

comparisons of the cationic conditions required for Z-DNA crystal formation. The
relationship between SFEs and the stability of APP sequences as Z-DNA have been used
to examine substituent effects the stability of Z-DNA.

The major groove methylation effects were studied in comparisons of differences in

the relative stabilities of d(TA) versus d(UA) dinucleotides. The methylation effect is
attributed to the differences in the environments in the B- and Z-DNA conformations. In

the B conformation, the methyl group is highly exposed in the major groove surface. In
the Z conformation, the methyl group sits in a pocket which decreases the overall

exposure of the methyl group, and buries both hydrophobic and hydrophilic base and
ribose surfaces. The differences in the pocket characteristics accounted for stabilization
effect of the methyl group of d(m5CG) dinucleotides and the destabilizing effect of the

methyl group of the d(TA) dinucleotides. The contrary methylation effects were found to
be related to the differences in the methyl environments between d(m5CG) versus d(TA)

dinucleotides in the Z conformation. The methyl group of the d(m5CG) dinucleotide
buries a larger hydrophobic base surface area, and a smaller in hydrophilic ribose oxygen
surface area relative to the methyl group of d(TA) dinucleotide. The removal of the d(TA)
methyl group to form d(UA) dinucleotides was predicted to stabilize the Z conformation

by increasing the exposure of hydrophilic base and ribose groups in the Z-DNA major
groove. This prediction was tested and supported in crystallization experiments with the

d(UA) containing sequence d(m5CGUAm5CG). This sequence was found to crystallize
under 2-fold lower conditions as compared to the analogous d(m5CGTAm5CG)
sequence suggesting that d(UA) dinucleotides are more stable as Z-DNA than d(TA)
dinucloetides.
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The SFE analysis of the stability of Z-DNA was extended to include minor groove

substituent effects. The contribution of the N2 amino group of the purine bases to the
stability of Z-DNA was examined by de-aminating the guanine base in d(CG)
dinucleotides to form inosine bases in d(C1) dinucleotides, and conversely the amination
of the adenine base in d(TA) dinucleotides to form 2-aminoadenine bases in d(TA')

dinucleotides. Based on the analysis of solvent accessible surfaces the N2 amino group
is shown to decrease the exposure of hydrophobic surfaces, and increase the exposure of
hydrophilic surfaces in the Z-conformation. Thus, the SFE calculations predicted that the
presence of the N2 amino group on purine bases should stabilize the Z-conformation.
The comparison of crystallization conditions which yielded diffraction quality crystal of

sequences containing d(TA) versus d(TA) and d(CG) versus d(CI) dinucleotides
supported the predictions of sequence dependent Z-DNA stability based on SFE
calculations.
The studies presented in chapter 4 described a novel system for studying the balance

of forces in DNA-DNA interactions. The crystallographic study examined the balance of
opposing van der Waa ls interactions and the solvent interactions in determining the

orientation of Z-DNA hexamers in the P2/2/2/ crystal lattice. The distribution of the
duplex between two discrete and distinguishable orientations in the crystal structures of

six asymmetric duplexes was analyzed quantitatively. The observed distributions in these
structures reflected the difference in lattice interaction energies between the two packing

orientations (AGocc). The experimentally derived AGeocc were compared to differences
in calculated SFEs (MSFE °ref) and van der Waals (AApvdVeref) lattice interaction
energies. The calculated energies reflect the differences in potential lattice interactions at

the growing crystal surface. The comparisons of the observed ACoce and the calculated

MSFE°ref and MpvdArref for the six structures indicate that solvent interactions were
significant enough to overcome what was expected to be a very large steric interaction.
This supports the significance of solvent interactions in determining the orientation of the
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duplex in the crystal lattice. In addition, a linear relationship was observed between the
calculated MiSFEref and the experimentally determined AG°0cc for five structures
which have similar steric crystal packing constraints. The differences in van der Waals

interactions (MpvdW °ref) did not correlate with the observed AGecce. These results
suggest that solvent interactions play a significant role in determining the orientation of

the Z-DNA hexamers in the crystal lattice. Thus, these studies indicate that solvent
interactions significantly influence the assembly of Z-DNA hexamers in the process of
crystallization.
In conclusion, the computational and experimental analyses of the B- to Z-DNA
transition and Z-DNA crystallization presented in this thesis have provided relatively clear

support for the significance of solvent interactions in DNA folding and DNA assembly.
The correlation of calculated SFEs with the observed sequence dependent stability of Z
DNA and with the differences in the helix packing in crystals of Z-DNA suggests that
solvent interactions contribute significantly to the folding and stability macromolecules.
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