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Abstract

The primary focus of this disserlation is the importance of the structure of DNA in the pro-

tein-DNA recognition process. The research described herein centers on two distinct areas ol

investigation.

In the first series of studies, the stability of a C-C mismatch-containing DNA sequence was

investigated in an effort to obtain diffraction quality crystals. Determining the structules of DNA

sequences with C-C mismatches is important in order to understand their structure and how they

are able to escape corection by repair systems. The effect of pH, ionic strength, cation type and

polyamines on the stability of the mismatch containing sequence d(CGGCCGCCG) was investi-

gated with UV and CD thermal melting studies.

In the second area of investigation, the structure of a DNA fragment was investigated

through X-ray crystallography. The existence of distinct families of DNA-binding proteins, rvhich

employ related structural motifs for recognition, suggests the involvement of common sequence

elements in DNA regulatory regions. One sequence that is represented frequently in functionally

important sites involving protein-DNA interactions is GTG/CAC. In an attempt to further explore

the sequence dependent effects observed in the structure of d(CGGIGG)/d(CCACCG), a DNA

fragment from an E. coli regulatory region, the structure of the DNA dodecamer d(CGGf-

GGCCACCG)/d(CGG|GGCCACCG) was determined. The DNA dodecamerv/as co-crystallized

in the presence of spermine and cobalt hexammine resulting in two structures which were solved

to resolutions of 1 .95 Ä. and 7 .7 5 Å respectively. Analysis of the structures revealed a number of

distortions from the ideal A-type conformation. No unusual distorlions, however, were found in

the GTG region.
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.HAPTER 1 Introduction



1.1 Background and Signif,rcance

The study of nucleic acid stmcture has grown into a vast field which continues to

play a key role in furthering our understanding of DNA repair and regulation of gene

expression. Nucleic acids are conformationally complex molecules. This complexity is

sometimes masked by the simplicity of the classic DNA double helix. The dynamic nature

of these molecules is shown by the readiness of oligonucleotides to be structurally respon-

sive to changes in changes in hydration, counter-ions, or by ligand binding, and can be

highly sequence dependent (Mazu¡ 1989; Robinson & Wang, 1996;Rouzina & Bloom-

fleld, 1998; Y. Kim et a|.,1993).X-ray crystallography permits investigation at an atomic

level of sequence specific effects and structural anomalies in a variety of environments.

1.1.1 The Importance of DNA Structure

Francis Crick summarized the relationships among DNA, RNA and protein in his

scheme "the central dogma of molecular biology": DNA directs its own replication and its

transcription to RNA which, in turn, directs its translation to proteins (Figure i - I , Crick,

1970). At each step of replication, transcription and translation interactions between pro-

teins and nucleic acids occur. While much insight has been gained in the last decade as to

the nature of these interactions, the mechanism of the recognition processes is still not

completely understood. In the following sections the importance of protein-DNA recogni-

tion is discussed as it relates to DNA mismatch repair and to the regulation of gene expres-

sion.
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Maintaining the fidelity of the genetic code is crucial for cell survival. Conse-

quently, the replication of DNA must be a carefully controlled process. However, the for-

mation of uon-Watson-Crick pairs does occur during DNA replication and recombination.

These mistakes, if uncorrected, lead to mutations in the genetic code. The expressed pro-

teins may be ineffective and their malfunction can lead to genetic disease or death of the

organism. The correction of mistakes in the genetic code is carried out by a complex set of

DNA proofreading and repair enzymes.

The efficiency of recognition and repair of the mismatched bases is dependent both

otr the type of rnismatch and on the sequences flanking the mismatch site (Kramer et ctl.,

1984; Dohe t et a|.,1985). If a mismatch adopts a geometry similar to a Watson-Crick base

pair (W-C b.p.) then it \¡/ill not be repaired efflrciently, but if the helix is perturbed, then it

is easily repaired (Hunter et aL.,1986). Out of the 8 possible mismatches, C-C mismatches

are the least efficiently repaired. Howeve¡ there is no simple "wobbling" of the C-C base

pairs that yields a W-C b.p. hydrogen-bonding envelope. To date, very little structural

information is available on the pairing possibilities of C-C mismatches in oligonucleotide

anti-parallel duplexes.

1.I.2.I C-C mismatches

C-C mismatches have been implicated in the disease known as fragile X syndrome

(Chen et aL.,1995). Fragile X syndrome is a common genetic cause of mental retardation

and is so named because of an aberration resulting in triplet expansion in a fragile gene on

tlre X chromosome (Kremer et aL.,1991). The mechanism giving rise to this chromosomal

abnormality is not yet known. However, current thinking is that during DNA replication,

12



the gene-replicating machinery slips and makes multiple copies of small segments of

DNA (Sutherland & Richards,1994). The resulting tandem repeat can become expanded

even fufiher by slippage during chromosomal replication. The repeating segment in the

fragile X site is CCG. The individual strands of (CCG)' can form hairpin loops rvhere the

DNA doubles back on itself to form a base-paired helix with every third base pair being a

C-C mismatch.

Determining the structures of DNA sequences containing C-C mismatches is impor-

tant in order to understand their structure and how they are able to escape repair. Work

towards obtaining the first X-ray crystal structure of an anti-parallel C-C misrnatch con-

taining DNA fragement was carried out by a former student in this laboratory, Mei Chen.

Difficulties were encountered in attempting to crystallize the dodecamer d(CGCT-

GGCCACCG). UV and CD experimental results on the C-C mismatch-contaning

dodecamer indicated that the sequence could adopt a double stranded dodecamer as well

as folding back on itself in a hairpin structure (Chen, 1997). The conformational flexibility

is likely due to the instability resulting from the incorporation of two C-C mismatches -
C-C mismatches are the least thermodynamically stable of all the mismatches (Aboul-Ela

et aL.,1985). To reduce the possibility of conformational flexibility and thus increase the

likelihood of obtaining diffraction quality crystals we designed the 9-mer sequence,

d(CGGCCGCCG), which contains a single C-C mismatch in the center of the duplex

flanked on both sides by G-C base-pairs.
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1.1.3 Regulation of Gene Expression

Most regulatory mechanisms used in bacteria obey the following rule: a systent is

turnecl "on" when it is needed and "off" wlten it is not needed. For example, in E. coli

under conditions of active growth, only about 5o/o of the genome is actively transcribed at

any given time; the remainder is either silent or transcribed at a very low rate. When

growth conditions change, some active genes are turned off and some inactive genes are

tumed on. One of the most effective ways to control the expression of genes in response to

euvironlnental change is through a repressor or an activator protein which recognize

changes in the concentration of signal molecules. Gene expression is then regulated by the

complexation of the regulatory protein with a specific control region on the DNA. How-

evet, before specific binding can occur, the protein must locate and recognize its target.

When considering even a simple organisrn such as E. coli, the magnitude of this

problerrr becomes apparent. The E. coli genome contains approximately 5 x 106 base pairs,

which are sufflicient to encode about 3000 genes. While the relative lengtli of DNA is near

infinite, there are only a few copies of each particular regulatory protein in the cell. How

these ptoteins efficiently locate their relatively small target sites on the DNA remains

uncertain. Three theories of searching mechanisms have been proposed (von Hippel &

Berg, 1989;Bustamante et a|.,1999): (i) the sliding, (tt) the inter-segment transfer and (iii)

intra-dornain association and dissociation theories, all involving some degree of protein-

sliding along the DNA. How then, does the sliding protein recognize its binding site?

Three factors implicated in the recognition process are: (i) electrostatic interactions

betrveen specific amino acids of the proteins and the phosphate backbone at the target site,

14



(ii) hydrogen bonding between the amino acids of the proteins and the bases in the cognate

sequence and (iii) sequence-dependent confomational inhomogeneities along the DNA

helix that could decrease the diffusional mobility of the protein at the target sequence. The

truth, likely, embraces each of these to some extent. The work presented in this thesis is an

atternpt to investigate the last factor, namely, structural inhomogeneity in the DNA helix.

One particular sequence found frequently in sites involving protein-DNA interac-

tions is GTG/CAC. This dimeric trinucleotide appears in the consensus sequence of regu-

latory regions at a frequency greater than statistically predicted, suggesting a role in the

overall regulatory process (Lu et a\.,1983). By looking at its structure within the context

of a known plotein-binding region it is possible to gain insight into how this trimer rnay

function as a signal to searching proteins. The region chosen for structural investigation in

this thesis coûres from the regulatory region of the gal operon.

1.1.3.1 The gal Operon

The gal operon is a constitutive operon, meaning that it continues to express its

genes at a significant level even when the operon is "offl'. The constitutive nature of the

operon and complex control mechanisms are likely results of its dual role in cellular

metabolism. It encodes enzymes responsible both for the catabolism of galactose in the

absence of glucose and for the conversion of uridinediphosphoglucose to uridinediphos-

phogalactose (UDP-galactose) in the absence of exogenous galactose. (UDP-galactose is a

precursor in E. coli cell wall synthesis and is required at all times.)

The three structural genes in the gal operon encode the enzymes galactokinase

(galK), galactose-1-phosphate uridyltransferase (galT) and uridine diphosphogalactose 4'

15



epimerase (galE)' overall, the concerted action of the enzymes convert galactose to glu-

cose 1-phosphate, which is utilized as an energy source inE. colibacteria(Figure 1-3).

The gal operon (Figure 1-4) is regulated by a small ensemble of proteins that utilize

interdependent pathrvays of positive and negative transcriptional regulation. Transcription

of this operon occurs at two partially overlapping, mutually exclusive promoters, pl and

P2 (Adhya & Miller, 1979), separated by only five base pairs. These two promoters are

differentially affected by cAMP-GRP (cyclic adenosine monophosphate - cyclic AMp

receptor protein cornplex). Binding of cAMP-CRP activates transcription from p1 while

depressing transcription from P2 (kani et al., 1989; Goodrich & Mcclure, lggz).In addi_

tion to regulation by cAMP-CRP, transcription of the gal operonis also subject to negative

control mediated by the repressor protein GalR. GalR, a dimer in solution, binds to the two

operator sequences, op and O¡, which flank the transcription start sites, thus blocking

trarrscription from pl and p2 (choy & Adhya, 1992; choy et ar.,Igg|).The activity of

GalR is modulated by the binding of galactose or fucose, which releases GalR-mediated

repression through an allosteric mechanism (Weickert & Adhya ,lgg3).The concerted

effect of the various controlling rnechanisms on expression is summarized in Table 1-1.
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Figure l-3 The galactose catabolism pathway.
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TABLE 1-l Summary of gøI expression in response to sugar concentrations.
Galactose concentration is the primary "srvitch" for transcription. Glucose modulates expression, to a
lesser extent, by altering the level of cAMP.

Galactose Glucose Rate of Bxpression

Low High Lorv

Low Low Low

High High Moderate

High Low High

galR PrûnÒter Pl
r-------------t

galE galT gal-K

CRP. CAMP

I

Prr:r:roLer P2 0r

Figure 1-4 Schematic of gd operon.

Transcription of the gal genes is controlled by two overlapping tandem promoters, designated P1 and P2,
which are flve bases apart. The gal repressor GalR is encoded at some distance upstream. The dimeric
GalR binds to t\¡/o operator regions Os and O¡ flanking the gal promoters at the indicated positions. A
CRP binding site is located immediately upstream of P 1. Binding of CRP to this site activates
transcription from P1 and represses transcription from P2.

%

I

t
GalR
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I.1.3.2 Choice of DNA Sequence

A previous investigation of the structure of a short DNA fragment contained rvithin

the interior operator of the gal operon, d(CGGfGG)/d(CCACCG), showed significant

anomalies at the GTG site (Tari & Secco, 1995). Despite the rationale for the observed A-

T base-pair openíng, the question remains as to whether the anomaly is inherent in GTG or

the result of crystallization conditions, or perhaps, just a fortuitous choice of sequence. To

test whether the anomaly will occur in a similar environment, the study of the self-cornple-

mentary l2-mer CGGTGGCCACCG was undertaken. This 12 base pair (b.p.) seqlrence

was chosen for two reasons. First, the hexamer alone crystallizes with two duplexes

related by aZ-foÃ axis perpendicular to the helix axis such that one duplex stacks on the

other to make a continuous, but not covalently linked, 12b.p. helix. Thus, the expectation

is that the 12-mer sequence could take advantage of this packing arrangement with little, if

any, structural rearrangement. The second reason relates to ease of crystallization. Self-

complementary sequences facilitate crystallization as rro purification is required to

achieve an exact i :1 ratio of complementary strands. If an exact ratio is not achieved it can

greatly interfere with crystallization.

Formation of poor quality crystals is often encountered with nucleic acids. The poor

crystal quality can be tliought of a resulting from the shape of the B-type double helix,

which approximates that of a cylinder. In the crystal tlre "B-DNA cylinders" can adopt a

side-by-side close hexagonal packing arrangement with the cylinders also stacking end-

on. In this type of hexagonal lattice there is a high degree of rotational disorder associated

with the molecules. By incorporating structural characteristics that favour the ordered

assembly of the DNA molecules it is possible to increase the likelihood of obtaining high
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quality crystals. For instance, by incorporating overhanging base pairs into the design of

the DNA sequence an interlock is created between the end-on stacked helices to prevent

rotational disorder in this dirnensìon. The second construct chosen for investigation, GGf-

GGCCACCGC, contains the GIG trimer as well as two overhanging base pairs at the ter-

mini. The desired effect of the overhanging b.p.'s was to reduce the possibility of

rotational disorder between the stacked helices and thus increase the likelihood of obtain-

ing diffraction quality crystals.

1.2 Overview of Macromolecular X-ray Crystallography

1.2.1 The Need For X-rays

The most obvious way to determine the shape of objects around us is to look at

them. If the objects are small it becomes necessary to use a microscope. However, there is

a lirnit to how small an object can be and still be visible under a microscope - you cannot

image objects that are smaller than the wavelength of light you are using. In order to

obtain atomic resolution, it is necessary to use wavelengths that are comparable to the

interatomic distances, i.e. X-rays. Unfortunately, it is not possible to build an X-ray rnicro-

scope to look at molecules as X-ray lenses do not exist yet. However, an X-ray lens can be

sirnulated mathematically on a computer. in the case of a microscope, light strikes the

object and is diffracted in various directions. The lens then collects the diffracted rays and

reassembles them with perfect phase fidelity to form an image. With X-rays, it is possible

to detect the diffraction from the molecule, but the loss of all phase information makes it

necessary to use a computer to reassemble the image. The irnage obtained in a crystallo-
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graphic experiment is not really a picture of the afoms per se, but a map of the distribution

of electrons in the molecule in the crystal.

1.2.2 X-ray Sources

X-rays are produced by accelerating a beam of electrons into a rnetal anode from

which core electrons are ejected. The wavelengths of X-radiation produced (as a result of

the cascade of adjacent shell electrons filling in the core shell vacancies) are dependent on

the type of anode metal. The resulting radiation is filtered either with a thin metal foil or

by using the intense low order diffraction from a graphite crystal to obtain a nronochro-

matic beam. Fot most macromolecular work, the target is copper and the characteristic

wavelength is 1.54 Å. en altemative source of X-rays is obtained when a beam of elec-

trons is bent by a magnet. This is the principle behind synchrotron radiation sources which

are capable of producing X-ray beams that are orders of magnitude more intense than

those produced by a conventional lab-based rotating anode generator. The high intensity

source greatly reduces data collection times and allows for smaller crystals to be used. A

furlher advantage is that the X-ray spectrum is continuous from around 0.5 to ¡.0 Ä. the

use of shorter wavelengths has been found to increase crystal lifetime as well as to

decrease the noise due to scattering from air. The main drawback associated with synchro-

tron radiation is that few facilities exist, access is restricted, and it is often necessary to

travel long distances with fragile crystals.

1.2.3 The Crystal Lattice and Unit Cell

A crystal is a regular, repeating array of atoms or molecule in three dimensions. It

can be regarded as being a convolution of a molecular fragment and a three-dimensional
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periodic lattice (Figure 1-5). The lattice is defîned by three axes and the angles between

them. Along each axis direction there is a repeat distance, referred to as the unit cell trans-

lation or unit cell repeat. The unique portion of the crystal is defined as the unit cell. The

basis vectors of tire unit cell are denoted a, b, and c, and angles between them cr, B, and y

(Figure 1-5). In crystals used in experiments the periodicity is never perfect. These imper-

fect crystals can be regarded as being composed of small mosaic blocks (Figure 1-5).

lci

Figure 1-5 The crystal lattice, unit cell and mosaicity.
(a) Representation of a two dimensional molecule, (b) is a two dimensional lattice, and (c) is the

convolution of the molecule with the lattice, i.e. atwo dimensional crystal. A three dimensional crystal is
simply 'the convolution_of a molecule (or the unique portion thereof) and a three dimensional lattice. (d)
The unique portion of the crystal, the unit cell. (e) An imperfect crystal composed of small mosaic
blocks, rvhich can be considered as optically independent fragments.

l.2.4Diffraction Theory: Interaction of X-rays with a Crystal

The scattering of an X-ray beam by a crystal results from the interaction between the

electric component of the beam and the electrons in the crystal. When a monochrolnatic

X-ray beam strikes an electron, the electron starts to oscillate in the direction of the elec-
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tric vector of the incident beam. In the case of elastic scattering, tliis oscillating electron

acts as transrnitter and radiates X-rays with the same frequency. The scattered radiation

has the same wavelength as the incident radiation, and this is the radiation responsible for

the interference effects in a diffraction experiment. The intensity of the radiation scattered

by a free electron is independent of the incident wavelength. Electrons in an atom are

bound by the nucleus and are, therefore, not free electrons. However, to a good approxi-

tnation, they can be regarded as such if the frequency of the incident radiation v is greater

tlran the natural absorption frequencies, vtp al the edges of the scattering atorn (i.e. the

wavelength of the incident radiation is shofier than the absorption-edge wavelength).

Wlren v = vtt, the electrons in the atom can no longer be treated as free electrons, ancl the

scattering factor becomes complex (the details and imporlance of this are discussed later).

For most purposes the electrons in an atom can be treated as free electrons, as is the case

for most atoms in a macromolecular structure. The ability to scatter X-rays is referred to as

the "scattering amplitude of an atom", also known as the "atomic scattering factor", I The

scattering factor is dependent on the number of electrons and their positions within the

electron cloud. Atomic scattering factors also decrease appreciably as a function of

(sin 0)/1, (Figure 1-6) due to interference effects from the scattering between the electrons

surrounding the nucleus.

When monochromatic X-rays strike a collection of atoms in a molecule or crystal,

the scattered radiation from the respective atoms forms an interference pattem called a dif-

fraction pattern. X-ray scattering from a single molecule would be extremely weak and

nearly impossible to detect. Thus, X-ray crystallography experiments are carried out on
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crystals containing extremely large numbers of molecules arranged such that the scattered

waves add up in phase and raise the scattering amplitude to a measurable level.

Figure 1-6 The atomic scattering factor as a function sinO/À.

The atomic scattering factor/for carbon as a function of sin0/1,, expressed in units of the scattering by
one electron. Reproduced from Drenth (1994).

The scattering from a unit cell depends on the type and arrangement of atoms within

it. The observed diffraction pattern results from addition of the scattered waves from each

of the atoms. The resultant wave scattered in one direction is the composite of the waves

scattered by the atoms in that direction. For j atoms in the unit cell at positions 1 with

respect to the origin, the amplitude of each wave is given by the atomic scattering factor,

fi. The phase of the wave, with respect to a wave scattered by hypothetical electrons at the
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origin of the unit cell, is 2n1.S, where S, the scattering vector, is perpendicular to the

reflecting plane (Figure 1-7). The resultant wave is given by the structure factor, F(S):

lt(,s) : exp2ni(rr. S) (EA 1-1)

Figure 1-7 The scattering vector and reflecting plane.
The direction of the incident wave is indicated by so and that of the scattered wave as s. Both vectors are
of length. 1/À. The. incide¡t wave can be regarded as being reflected against the plane that makes equal
angles with so and s, with 0 as the reflecting angle. The vector S is perpendicr¡lár to this plane ana iS¡ :
2sin0/1..

To calculate the scattering from the entire crystal, it becomes necessary to take into

account the scattering from all of the unit cells in the crystal. Relative to the first unit cell,

another unit cell has its origin at t x a, u xb, and y x c, where t, u, and v are whole nurl-

bers, and a, b, and c are the basis vectors of the unit cell. With respect to the first origin,

scattering due to this cell is

n

Lf'
Ì

F(S)exp(2æita.S)exp(2æiøb.S)exp(2nivc.S)
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The waves scattered by a

cells. Assuming that the crystal

wave scattered by the crystal is

crystal is then the sum of the waves scattered by all unit

has a very large number of unit cells (iz7 x r77 x n j), the

as folìows:

nl n2 n3

K(,S) : tr(^S) I."p l2n it (a.Ð I fexp l2niu(b. S)1 )exp l2n iv (c. 
^S) I reo r -zr

/:0 y:0

For an infinitely large crystal, the three summations over the exponential function in

Equation I-2 are zero unless the following conditions are met:

a.s : h; b.s : k; c.,s : I tEol_3)

wlrere h, k, and / are whole numbers. These conditions are known as the Laue conditions.

Bragg's law is another way of looking at the conditions for diffraction. The diffrac-

tion spots can be considered as reflections, because tlie crystal can be thought of a being

composed of thousands of mirrors that reflect the X-rays. These mirrors are called the

Bragg planes. When light is reflected from a mirro¡ the angle of incidence is equal to the

angle of reflection. The same is true of Bragg planes: when the angle of incidence is equal

to the angle of reflection, the light rays hitting the plane in phase, exit in phase. Rays frorn

one plane have identical path-lengths and rays reflected from different planes have differ-

ent path-lengths. In order for the scattered radiation from multiple planes to be in phase,

the difference in path-length must be equal to an integral number of wavelengths. The dif-

ference in path-length depends on the angle of incidence and the distance between the

planes. The relationship is known as Bragg's law:
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2dsinj : ì"

where ¿/ is the distance between reflecting lattice planes,

the wavelength (Figure 1-8).

(EO 14)

0 is the reflecting angle and À is

Figure 1-8 Bragg's law.

The difference in path-length befween the rays reflected form the two planes is twice the distance /.
Simple geometry tells us that the-upper angle in the little triangle must be 0. The distance / is equal to
dsinO. For the two rays to be in phase, twice / must be equal to the wavelength.

In considering diffraction from a crystal, the planes that divide the unit-cell vectors

a, b, and c into an equal number of parts are called lattice planes. If the lattice planes

divide the a vector of the unit cell into h equal parts, the first index for this set of plar-res in

h. The second index, fr, is related to the division of b and the third index, /, to the division

of c. These are called the indices of the reflections from the crystal, or Miller indices.

Thus, the scattering by a crystal can be regarded as reflections by the lattice planes and the

spacing between these planes, d(ltkl), is equal to lllS(hkl)1. The structure factor for n atoms

can now be written as
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F(hkt) :
n

Y, "*pl2ri(ltx 
+ ky + lz)l

Ì

(EO 1-5)

F(hkl) : lF(hkl)l' exp iu(hkl) (EO 1-6)

wlrere x, y, and z arethe fractional coordinates along the lattice axes a, b, and c of each

atom in the unit cell. lF(hkl)l is the structure factor amplitude and u(hkl) is the phase

(Figure i-9).

Figure 1-9 Argand diagram.
Tlre composite scattered wave can be represented as a vector with amplitudelF(hkl)l and phase a(hkl).

Up to this point the size of the electron density cloud has been considered to be inde-

pendent of temperature, which is true under most conditions. if this were to hold in the

definition of the atomic scattering factors, the scattering of X-rays by a crystal would also

be independent of temperature. However, the scattering of X-rays is not temperature inde-
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pendent. The atoms in the crystal vibrate about an equilibrium point, thus effectively

smearing out the electron cloud and increasing the size of the atom. The greater the ther-

mal vibrations, the weaker the scattered intensity becomes, especially at high scattering

angles, due to destructive interference (i.e. a result of differing path-lengths of the scat-

tered radiation). Thus a correction factor needs to be applied to the atomic scattering fac-

tors to account for this diminished scatterìng power. In the case of isotropic vibrations, the

correction factor is given by

where B:8n2i2,where il it th. root mean square amplitude of atomic vibration. Tl-re

structure factor is then given by

T(is otrop ic) : ..n-[(¡ t'f e11

n

F(hkt) : >fj"*n-[(¡t':'e"-]."0 l2ni(hx + ky + tz)]L^_ll

(EO 1-7)

(EQ 1-B)

As it is the distribution of electrons in the crystal that are observed in a crystallo-

graphic experiment, an expression relating the electron density to the diffraction pattern is

required. The electron density distribution, p(xyz), in a crystal is obtained by taking the

inverse Fourier transform of the diffraction pattern as shown below

1*p(xyz): L,,- I lF(hkl)lexp(iu(hÆl))expl-2ní(hx+ ky+ tz)l (Eo1-s)

' ,.0.,
wlrere V is the volume of the unit cell and lF(hkl)l is the structure factor amplitude and

u(hkl) the phase, Zn(hx + lq + lz).

29



In a single crystal diffraction experiment the observed quantities,l(hkl), are propor-

tional to the square of the structure factors, lF(hkq(.I(hkt)provides only the magnitude of

the structure factor, and not the phase. Therefore, electron density maps cannot be gener-

ated directly fì'om the intensities. This is known as the "phase problem" and is discussed in

a later section.

1.2.5 Crystallization and Crystal Mounting

Crystallograpliic structure determination begins with the growth of a suitable crys-

tal, and the production of diffracting crystals is often the bottleneck in tlie process. The

hanging-drop vapor diffusion technique is the lnost popular method for crystallization of

macromolecules. The principle of vapor diffusion is straightforward. A drop composed of

a mixture of sarnple and reagent solution is placed in vapor equilibrium with a liquid re-

servoir of reagent. Typically the droplet contains a lower reagent concentration than the

reservoir. To achieve equilibrium, water leaves the droplet and eventually ends up in the

reservoir. As water leaves the droplet, the sample undergoes an increase in supersatura-

tion. Both the sample and reagent increase in concentration as the water leaves the droplet

for the reservoir. The supersaturated state is a thermodynamically unstable state which can

develop either in a crystalline or an amorphous phase when it returns to equilibrium. Equi-

libriurn is reached when the reagent concentration in the droplet is approxirnately the same

as that in the reservoir. The formation of crystals depends critically on a number of factors

including temperature, pH, ionic strength and the molecular properties of the sample to

name a few. The combination of the factors required to obtain diffraction quality crystals

must be determined empirically by screening a wide range of conditions.
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A macromolecular crystal usually consists of between 30o/o and 80% solvent of crys-

tallization and as such is an unusual state of crystalline material. As a result there are gen-

erally relatively few intennolecular interactions between the macromolecules. The

tnacromolecules are tenuously held together by a series of hydrogen-bonds in a network of

solvent.

Crystal mounting methods are designed to maintain the high solvent content of the

crystals. The crystals can be mounted in one of two ways: (1) sealed in a thin-walled glass

capillary with a small amount of the crystallization solution to prevent dehydration , or (2)

suspended by surface tension in a thin film of cryo-solution and flash-frozen to

cyro-temperatures (around i00 K) on a small nylon loop. The purpose of the cryo-solution

is to prevent the formation of ordered ice, which would interfere witli the scattering due to

the sample. The cryo-solutions are designed to approximate the equilibrium conditions of

the crystallizattonreagents in the droplet with the exception of an added cryo-protectant,

suclr as glycerol, ethylene glycol, or MPD (2-methyl-2,4-pentanediol). Sufficient cryo-

protectant concentration is indicated by transparent glass formation on flash cooling.

1.2.6 Data Collection

Most data collection is done by the oscillation method with an area detector, usually

an image plate or CCD detector. The purpose of the oscillation method is to stimulate a

reflection fully via an angular rotation. In this technique the crystal is rotated through a

small angle, Ö (0.1 to 1.5 o) about an axis perpendicular to the X-ray beam. As the crystal

rotates, successive reciprocal lattice planes satisfy the diffraction condition and the dif-

fraction pattern is recorded on the area detector (Figure 1-10). Provided the rotatio¡ angle
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is not too large, adjacent levels will not overlap and data from many layers can be col-

lected on each image. The rotation angle is chosen depending on the detector, crystal cell

dimensions, Bravais lattice type, properties of the incident X-ray beam, and crystal mosaic

spread.

/\

Detector

Figure l-10 The oscillation geometry.

The plane of the reflections in the reciprocal sphere that is approximately perpendicular to the X-r'ay
beam gives rise to an ellipse ofreflections on the detector.

The raw data images consist of a two-dimensional array of spots (i.e. reflections) on

the detector. There are a number of steps which must be carried out in order to obtain a set

of scaled and indexed structure factor intensities from the raw data images. The major

steps involved are: (1) visualization and preliminary analysis of the diffraction pattern

(spot identihcation), (2) indexing of the diffraction pattern, (3) refinement of the crystal

and detector parameters, (4) integration of the diffraction maxima, (5) relative scaling

between images, (6) precise refinement of crystal parameters using the whole data set, and
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(7) merging and statistical analysis of the measurements related by space-group symmetry

(Otrvinowski & Minor,1997). Once a data set has been obtained the only problern remain-

ing is to solve the structure.

1.2.7 Structure Solution Methods

There are two rnain approaches to solving macromolecular structures or equiva-

lently solving the phase problem. The first approach involves perturbing the structur e (e.g.

by the addition of a heavy atom) and/or the diffraction pattern and using the differences to

gain phase information. One application of this approach, made possible by the broad

spectntm ernission of synchrotron radiation, is known as multiple-wavelength anomaloús

dispersion (MAD) phasing. The second approach is to guess at the phases. This tecl-rnique

is known as molecular replacement and requires knowledge of what the molecular struc-

ture is expected to look like.

1.2.7 .1 Patterson Function

As noted earlier, the structure factor phases cannot be determined experimentally.

Wliile the electron density is not directly accessible from the measured structure factor

intensities, all of the information about the structure is contained in the intensities. The

Fourier transform of tlie intensities (amplitudes squared), known as the Patterson function

(Equation 1-10 ), yields a map of the vectors between atoms (Figure 1-11). For relatively

small numbers of atoms, it is possible to work out the original positions of the atoms that

rvould give rise to the observed Patterson peaks. For large numbers of atoms the Patterson

map quickly becomes too complex to solve directly. The Patterson function is useful in

both MAD and molecular replacement approaches to structure solution.
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I
P(u, v, w) : îl,r(n, k, l)exp {-2ni(hu + kv * l*)}

ltkl

(EO 1-10)

P(u, v, rv) is called the Patterson function, V is the unit cell volume, u, v, w is a vector in

real space, and h, k, I is a reciprocal space vector with indices h, k, and l.

Figure 1-11 Patterson function.
(a) A trvo-dimensional unit cell with only rwo atoms. (b) The corresponding Patterson map.

1.2.7.2 MAD Phasing

The theoretical basis for MAD phasing lies in the atomic scattering factors. In the

calculation of atomic scattering factors (see section "l.2.4"onpage 22) it was assumed

that the frequency of the incident wave was large compared to the resonance frequency of

the atom. For wavelengths normally used in crystallographic studies, this assumption

(a)

2f\,t'
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TABLE 1-2 Elemental absorption edges.

Atomic No. Element Edge (Å)

6 C 43.7

l N 30.9

8 o 12.4

26 Fe t.743

21 Co 1.608

30 Zn l.284

34 Se 0.979

35 Br 0.9202

The presence of f" in the structure factor leads to a breakdown in Friedel's law.

Friedel's larv refers to the relationship between a reflection hkl and its partner ltA.ncan be

slrown that the magnitude of F(hkt) andF(-hlcl) are equivalent and that the phases are equal

but opposite in sign rvhen there is no anomalous scattering (Figure 1-13). Thenl} phase

shift in the imaginary portion of the atomic structure factor correction results in an anoma-

lous difference betweenlE(hkl)landlF(hkl)l (Figure 1-13). The presence of/'results in

differences in the structure factor amplitudes at different wavelengths. Tliese differences

can be exploited in order to gain phase information.

In a MAD experiment an anomalous scatterer (a heavy atom) is incorporated into

the macromolecular structure and complete data sets are collected at multiple wave-

lengths. In order for a MAD phasing experiment to be successful, the signal from the

anontalous scatterer must be sufficiently large relative to the signal from anomalous plus

non-anomalous scatterers. The anomalous signal from each heavy atom depends on the

absorption edges of the atom and the incident wavelength. The strength of the anomalous

scattering effect depends on the wavelength of the X-rays, which will change both the nor-
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The expected signal from a MAD experiment can be calculated using the following

equations:

p erturb ati on due fo f " : (NA/2Nr) t'' (Zfo " / Z 
"n)

perturbation due to f ': (NA/2Nr) I /' 
Qfn' (¡",) - f¡' (X¡)) I Z 

"n

where NA : number of anomalous scatterers, with anomalous scattering factors/"

andf '.

N1 : total number of atorns in the structure.

Zeff : effective nonnal scattering power for all atoms.

Since the perlurbation due to f" and.f ' are orlhogonal, the net expected signal can be

taken to be the root-mean-square sum of these two quantities. Thus in order to maximize

the expected signal, knowledge of the anomalous scattering factors in the crystal environ-

llent is required. The irnaginary component of the anomalous scattering is proportional to

the atomic absorption coefficient for the atom and can be obtained from X-ray absorption

spectra. The relationship befweenf" andf is known as the Kramers-Kronig dispersion

relation (James, 1948) and allows for the calculation of/' from the experimentally deter-

rnined/". The maximum perturbation due to/" is achieved at the energy of peak absorp-

tion,;f"max. The maximum perturbation due to/' is achieved between structure

arnplitudes at the energy of the inflection point of the edge (/ min) and at a remote energy

(/'remote, typically on the high-energy side of the absorption edge), and is proportional to

l/'rnin -/'rernotel. In a three-wavelength experiment, diffraction data are collected at X-

ray energies con espollding to/'in ax, f 'min and/'rernote.
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A remarkable feature of anomalous scattering is that it does not fall off with

(sin 0)/À. This means that tlie contribution of anomalous scattering to the total measured

intensity actually increases at higher resolution. Thus the phasing power of a liigh resolu-

tion data set is much higher than tirat of a lower resolution data sett. The MAD phasing

signal is relatively small in both cases so great care must be taken during data collection to

rninimize errors in the intensity measurements.,

To understand MAD pliasing it is necessary to return to the structure factor equation,

now including the wavelength-dependent anomalous scattering terrns, for an individual

reflection h at r.vavelength À:

r.runrber of kincls

^r(r): oFr(h)+ 
I 

ottu¡h)l|.Ë),,
(EO 1-11)

where oF1 is the structure factor representing the normal scattering component for

all the atoms. oFo is the normal scattering component for all the anomalous scatterers.

This factorization separates out the wavelength dependence so that it is contained solely in

the anomalous scattering factors/'andf", which are independent of atomic positions.

In the simplest case of only one type of anomalous scatterer, the magnitude of the

measured intensity l^n(n)l' can be expressed in terms of its cornponents:

(EQ r-12)l'ren>l' :1or{,,11'*

a(^.)lno7ù|z *

b(^,)lF r(h)llF A@lcos [@7(å) - a ¿(h)l t
c( ,)lF r(h)llr A@lsin [Õ7(å) - @ AØ)]
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In actuality there are two measurements for each wavelength, because the observation for

lF(h)l may be treated as an observation of lF(h)l with the value of/" inverted. To obtain the

values for the thlee unknowns, at least three observations are necessary and data collection

over two wavelengths is required. However, MAD experiments are generally carried out

at three wavelengths resulting in over-determination of the system.

The essence of MAD phasing is that if the anomalous scatterers can be located in the

unit cell then the corresponding phase angle @4can calculated. From the MAD phasing

equations values for lFll and (Õ1- @¡) are obtained. Thus, if Oais known @-¡ can be cal-

culated and a Fourier transform of lFll and (Þ1 (Equation 1-9 ) will yield an electron den-

sity rnap corresponding to all tlie atoms in the structure. For most MAD stmctures the

anomalous scatterer sites are located using a Patterson rnap based on the anomalous differ-

ences (i.e differences between Bijvoet pairs, lF(hkt¡l andlF(hkl)l). Tlie resulting Patterson

map contains only the interatomic vectors between the anomalous scatterers and their sur-

roundings and is generally simple enough for direct solution. The corect enantiornorph

for the anomalous-scatterer partial structure must be determined ((Þ4 versus -Qa) in order

to obtain an electron density image of the macromolecule. The choice of enantiornorph

cannot be determined directly from the MAD data. In order to determine the correct

choice electron density maps must be calculated with both enantiomorphs. The correct

choice of enantiomorph is indicated by an interpretable electron density map. At this point

it is possible to fit a starting model to the electron density and to begin refinement.
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entation. A function to evaluate this agreement was originally defined by Rossrnann and

Blow (Rossmann & Blolv, 1962) as

R(c) : [r r{Ðrr(c )dv (EO 1-13)

U

where P1 and P2are Patterson functions, C is a rotation operator that rotates the coordinate

system of P2 with respect to P 
1 , and U is a volume of integratiolr, usually spherical, cen-

tered at the origin. The rotation function exploits the fact that the intramolecular vectors

depend only on the orientation of the molecule and not on its position in the unit cell. Thus

in the evaluation of the rotation function only the intramolecular vectors in Patterson map

need be considered. Typically the search model is considered within a large unit cell of P1

symmetry to eliminate intennolecular vectors in its Patterson map. Since all vectors in a

Patterson map start at the origin, the vectors closest to the origin in the observed Patterson

map will generally correspond to the intramolecular vectors. Thus by choosing an appro-

priate integration volume, U, it is possible to confine the rotation search to just the

intramolecular vectors. A maximum of the rotation function R(C) indicates a potential ori-

entation for the search model in the target crystal.

Once the orientation of the search model is known, the position in the unit cell must

be found. The only difference between correctly and incor¡ectly positioned molecules is in

the intermolecular vectors. The intermolecular vectors are dependent on the position

within the unit cell and the symmetry of the cell. Traditional translation functions compare

sets of intermolecular vectors from the model in the unit cell of the unknown structure
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with the observed Patterson. The simplest translation function is similar to a correlation

function and is given by:

T(*, y, z) : Z fi.rr(h, k, l, x, !, ,¡fiurçh, k, l)
h.k.l

(Ea 1-r4)

(EO 1-15)

where the F2.u¡. are the calculated structure factor intensities of the model for each reflec-

tion, h, k, and l, at allpositions, x, y, and z, within the unit cell and F2o5, are the observed

structure factor intensities. When T(x,y,z) is a rnaximum the model stmcture should in

best agreement with the observed data. An altemative to the translation function is a trans-

lation search whereby the search model is moved on a grid within the unit cell and at each

point the calculated structure factor amplitudes and the observed arnplitudes are compared

by calculating an R-factor (Equation 1- 1 5 ) as a function of the molecular position. The R-

factor is a measure of the percent difference between the observed and the calculated

structure factor arnplitudes. Thus the molecular position with the lowest R-factor is likely

the best solution.

I llF ou,(t , k, t)l lF,nt,(h, k, t)ll

I
h,k,l

1.2.8 Refïnement

The goal in macromolecular crystallography is to obtain an accurate model based on

the observed diffraction data. Once an initial model has been obtained, the positions of

atoms in the crystal and their thermal parameters are optimized based on the agreement

between the observed and calculated diffraction data. The refinement of a macrolnolecular

R _h

lF obs(h, k, l)l
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structure is a difficult optimization problem because it is poorly determined (low observa-

tion to parameter ratio) and highly linear (the atornic coordinates are highly interdepend-

ent). The target functions for optimization are complicated functions of the parameters

(positions and B-factors of the atoms), with many local minima in addition to the desired

global minimum, which often results in the rnodel adopting conformations other than the

desired "best fit". Some of these problems have been addressed in the design of crystallo-

graphic refinement techniques. The apparent ratio of data-to-parameters can be increased

by incorporating chemical infonnation in the form of restraints or by reducing the confor-

mational freedom of the model with constraints. The careful choice of the refinement tar-

get can reduce the signifìcance of local minima, but does not completely eliminate them.

If the starting model is poor', the significance of local rninima is still very high, but can be

overcome lvith the use of molecular dy,namics-based simulated annealing. In a crystallo-

graphic refinement, the goal is to find a glcbal minimum of an energy target

(Equation 1-16 ) as a function of the atomic coordinates.

tr:tr -L.,, E 
(Eo1'16)

D-Echem+wx-.uyEx-.uy

where 8"h.. contains empirical information about the restraints on the system, Ey_ru, is

related to the difference between observed and calculated data, andwy_ru, is a weight cho-

sen to balance the gradients arising from the two energy terms such that the model is

chernically reasonable and agrees with the diffraction data.

The ernpirical energy term is generally based on harmonic restraints. Typical restraints

include bond lengths, angles, torsion angles, and as well as a non-bonded contact interac-
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tiolls. The restraints are entered as energy terms and the parameters are derived from the

average geometry and deviation observed in high resolution structures found i' the

Nucliec Acid Database r,vhich contain bases, sugars or the phosphodiester linkage.

Erh",,r: I ku?_ ro)2+ I Äe(e_ 0o)2+ (Ea1-17)

bonds angles

Æ, cos (nþ + d) + >1or-t' + br-6)
IJ

The X-ray energy term is dependent on the optimization method. Several methods

have been developed for the refinement of macromolecules, including partial and full

matrix least-squares (Hendrickson, 1985; Tronrud et al.,Ig81),conjugate gradient mini-

mization (Jack & Levitt, I978) and molecular dynamics-based simulated annealing

(Brtinger et a\.,1987). One method implemented recently is based on a maximum likeli-

hood function which has been found to reduce the significance of local minima (pan¡u &

Read, 1996; Murshudov et a\.,1997; Adams et al., l'I9g).The maximum likelihood target

can be used alone in first order gradient descent minimizations or incorporated into molec-

ular dynarnics-based simulated annealing approaches.

In essence' the maximum likelihood is quite simple: the best model is most consist-

ent with the observations. To say that a model is consistent with an observation means

that, if the model \Ã/ere correct, there would be a reasonably high probability of making an

observation with that value. With the observations taken as a set, the probability of making

the entire set of observations is an excellent measure of the quality of the model. If the

observations are assumed to be independent, the joint probability of making the set of

I
dihedrals
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observations is the product of the probabilities of making each individual observation. In

the case of crystallographic refinement, it is not strictly true that the diffraction observa-

tions are independent. However, this approxirnation has been irnplemented in crystallo-

graplric refinements with success (Pannu & Read, 1996). The probabilities of making an

observation have to include the effects of all sources of error, including not just measure-

ment errors, but also errors in the model itself. A function, 04, is used to obtain an esti-

mate of the model elrors and incompleteness. To make this estimate as unbiased as

possible, cross-validation is used by setting aside a randomly selected set of typic ally l0%

of the diffraction data (often referrèd to as the test set) for the calculation of o4, while the

rernaining 90o/o (or working data set) is used in the refinement of the target function. The

o4 function along with the model structure are used to compute the expected value of

'lFourltcv and the coresponding variaric" o2t¡lcv(which takes into account all errors,

not just those associated with the model). The X-ray energy term is then given as:

F:
,4 - ray

The crystallographic refinement proceeds iteratively with successive optim ization

calculations followed by model validation. The overall progress of a refinement is moni-

tored by the R-factor (Equation 1-15 ) which can be calculated from the working data set,

Rruorl<ing, and the test data, R¡r... Large discrepancies between Rworking and R¡.. are gen-

erally indicative of problems with the model. Deviations from ideal geometry and poor

(t I
lr+,)rlo "u,l- 'lF ou,l'c')' (Ea 1'18)

rking'o ML /
I

hkl e wo
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coffelation with electron density maps are also indicators that further refinement is neces-

sary.

As indicated earlier, if the starting model is extremely poor, the rnodel structure may

become trapped in a local-minimum conformation. To fully optimizethestructure it

becomes necessary to resort to other optirnization methods such as molecular dy¡amics-

based simulated annealing which explores a greater region of conformational space. Sim-

ulated annealing requires the definition of a target function based on the parameters of the

system, a generation mechanism to create a Boltzrnann distribution of conformations at a

given temperature, and a seqtlence of temperatures at which the Boltzmann distribution is

computed' It is irnportant to note that the temperature in a sim¡lated-annealing refinement

has no physical meaning. It does, however', denote the likelihood of overcoming barriers in

the target function. With the rninimizatron target, E, (Equation 1-16 ), defined as the

potential energy of the system, it is possible to use molecular dynamics to generate

changes in atornic coordinates consistent with tlie Boltzmann distribution at a given tem-

perature. Molecular dynamics consists of the numerical integratio¡ of Newton's equations

of motion:

2
ô r.I.Um._' :

I)
ôt-

AE

ôr.
T,U

(Ea 1-1s)

whe¡e r¡,,, and m¡ ãta the coordinates and mass of atom i respectively, and E is the poten-

tial energy given by Equation 1-16 . The success of simulated annealing depends highly

on the annealing schedule. A common annealing schedule is to heat the system briefly to a

high temperature and then allow it to cool slowly. At each step in the cooling process,
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molecular dynamics are perfotmed; the annealing schedule is complete when the system

has returned in its starting temperature. The temperature needs to be high enough to allow

confonnational transitions, but not so high that the model moves too far away fro'r the

correct structure. While seemingly unreasonable from a biological point of vierv, the

annealing process allows the model to escape local minima in the target function and reach

a better fit with the data.
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2.1 The Reagents and DNA Molecules

In crystallizing macromolecules it is important to control the quality of all reagents

used. Any variations in the reagents can lead to reproducibility problems in the crystalliza-

tion experiments' The reagents used for all solution studies and crystallization trials are

listed in Table 2-1. All reagents were dissolved in nanopure filtered water (dH2O, Milli e

filter) to give a set of stock working solutions. The choice of reagents and how they inter-

act with the DNA will be described later.

TABLE 2-1 Reagents for solution studies and crystallization trials.

Reagent Form Source Concentration
Barium chloride

Cacodylic acid

Calcium chloride

Cobalt hexammine

Cobalt nitrate

Cupric chloride

Magnesium chloride

Manganous chloride

Z-methyl-2, -pen-
tanediol

Níckel chloride

Potassium chloride

Sodium chloride

Spermindine

Spermine

Strontium chloride

Zinc chloríde

anhydrous

sodium salt hydrate 98% purity

anhydrous

chloride salt

certified A.C.S grade

hydrate 99.9%o purity

hydrate 99.3Yo purity

99+%o purity

hydrate 98% purity

certified A.C.S. grade

analytical reagent grade

99%o purity

tetrahydrochloride 95% purity

certified A.C.S. grade

Science Boreal is Limited

Aldrich

Damon Educational Inc.

Eastman Kodak Company

Fisher Scientific

Damon Educational

A ldrich

Baker Chemical Company

Aldrich

British Drug Houses Ltd.

Fisher Scientific

Mallinckrodt

Aldrich

Sigma

Macalaster Scientifìc

Fisher Scientifìc

200 mM

250 mM

200 nrM

I 00 nrM

200 nrM

200 nrM

200 mM

50% (v/v)

200 nrM

800 mM

800 mM

100 mM

100 mM

200 mM

200 mM

The DNA molecules, including the brominated derivatives, were synthesized by

Midland Certified Reagent Company (Midland, Texas) using phosphoramidite chemistry.

The DNA oligomers were provided in pure fonn as the ammonium salt, after purification

by high perfornance liquid cluomatography. Table 2-2 confains the DNA sequences stud-
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ied and some of their physical properties. Working solutions of the DNA were prepared by

dissolving 5-15 mg of the DNA in 50-150 pL of dH2o to give a concentration of 10-15

mM' The actual DNA concentrations were determined by diluting 1 ¡rL of the DNA stock

with 999 pL of dH2o a'd taking uv absorption readings ar 260 nm (Shimazu uv_

21 01PC scanning spectrophotometer with match ing quartz SLIPRASIL UV cells, path-

length of 1 crn and approximate capacity of 1.4 mL). The DNA concentrations were then

calculated using Beer's law and the extinction coeffìcients (SS values used) in Table 2-2.

Azao : eruocl (EO 2-1)

where A and e, respectively, are the absorbance and extinction coefficient at 260nm, c is

the concentration of the DNA and / is the pathlength of the trv cell.

TABLEz-2 The DNA sequences.
The extinction coefficients at 260 nm rvere calculated accordin.q to Fasman (Fasman, 1976) forboth thesingle stranded (SS) and doubte srranded (DS) tñA s;;;io"'" '" '

DNA Sequence Abbrev. Extinction Coefficient (260 nm) Molecular lVeight (g/mol)
CGGCCGCCC r03 (ss)

r 08 (ss)

r 08 (ss)

r07.3 (ss)

r44.2 (DS)

r5 r.2 (DS)

r5 r.2 (DS)

r 50.2 (DS)

2692.79

3636.4

3726.3

3636.4

CCGTGGCCACCG l2mer

CCGTGG[sBrC]CACCc Brl2mer

CGTCGCCACCCC CGl2mer

2.2UV and CD Solution Studies

The absorption of trv light by molecules occurs when the energy of the incident

radiation is the same as that of a possible electronic transition in the molecule. Although

electronic transitions arise between ground and excited states of the entire molecule, the

majority of the action can usually be assigned to parts of the molecule where electrons are

loosely bound (chromophores). The UV absorbance of DNA is almost entirely due to its

aromatic bases which exhibit a n-rc* electronic transition around 260 nn(Table 2-3).
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When the bases are incorporated into the DNA double helix, there is a reduction in the UV

absorbance due to electronic interactions between the stacked bases. This phenomenon is

known as the hyperchromic effect. Thus by monitoring the UV absorbance of DNA as a

function of temperature it is possible to monitor the denaturation of duplex DNA a'd gain

information about its thermal stability. The plot of absorbance versus temperature is

referred to as a melting curye and the temperature at the midpoint of the transition is

referred to as the melting temperatur€, Tm. If the DNA is denatured in a cooperative proc-

ess, the denaturation will occur over a narrow temperature range. If the DNA is slowly

unzippered, howeve¡ the thermal denaturation will occur over a broader temperature

range- Thus the shape of the thermal denaturation profile can also yield some information

as to the stability of the natured DNA conformation.

TABLE 2-3 Light absorption characteristics for the nucleosicte monophosphates (Bush, 1974).

Nucleoside À,nu* (nm) l0-a x e (Lmol-lcrn-l)

Adenosine 259.5 l,49
Guanosine 276 0.9

Cytidine 271 0.91

Thymidine 267 0.97

Information about the local conformational environment of the chromophores can

be gained if a plane-polarized light source is used. Plane-polarized light is the sum of two

beams of left- and right-circularly polarized light of the same frequency and intensity. The

different interaction of the left- and righc circularly polarized light with an asymmetric

chromophore results in circular birefringence and circular dichroism. The bases of DNA,

being planar, are not optically active (i.e. they do not show circular birefringence or circu-
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lar dichroism), but once they are substituted by a chiral moiety like a furanose, optical

activity is induced.

When the plane-polarized light is passed through a solution containing an asymmet-

ric chromophore, one of the components is slowed down relative to the other. Thus, the

two components of the plane-polarized light emerge from the sample out-oÊphase and the

angle of polarization is altered (Figure 2-1b). This phenomena is known as circular bire-

fringence. Circular dichroism results from the differential absorption of the lefl and riglit-

circularly polarized component in the region of an electronic transition. The two compo-

nents of the plane polarized light emerge from the sample not only out-of-phase, but hav-

ing different intensities. The emergent beam becomes elliptically polanzed,with its major

axis tilted through the angle caused by the circular birefringence (Figure 2-Ic). Circular

dichroism is measured by determining the ellipticity of the emergent light. Ellipticity, 6l, is

defined by:

@(degrees):32.98 (e t - e ùl C (EA 2-2)

where e¡ and tB âre the extinction coefficients for the left- and right-circularly polarized

light, respectively, / is the pathlength and C is the concentration of the sample.

(a) (b) , (c)

Figure 2-1 The effect of an optically active medium on plane-polarized light.(a) illustrates the original.plane-po.larizèd.light is the sum of rwo circularîy polarùed beams, in iu; tneoptical.activity is caused by the different indices of refraction, white in ("iË"rh õil.I;i;ri;; and CDare active, givìng the elliptical polarization.
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2.2.1 C-C Mismatch Solution Studies

It was desirable to charactenze the stability and behaviour of the gmer sequence

under a variety of conditions, prior to beginning crystallization trials, given the propensity

of the C-C mismatch dodecamer sequence d(CGCTGGCCACCG) to adopr both hairpi'

and duplex structures(Chen, 1997). Factors knorvn to affect the confonnation and stability

of DNA include: pH, cation concentration and type, and polyamine binding. The effect of

these factors on the gmer were investigated in a series of UV and CD experiments.

Solutions were prepared for UV and CD experiments by direct dilution from the

DNA stock solution into the desired buffers. Samples rvere allowed to eqr-rilibrafe for 24

hours before readings were taken. Concentrations were calculated frorn optical density

readings at260 nm, using the theoretical extinction coefficients in Table2-2.

Al1 DNA absorption spectra were measured using a Shimazu IJV-2101pC scanning

spectrophotometer and a HAKKE G water bath. Thennal denaturation studies were car-

ried out in Teflon-stoppered quartz microcuvettes with I crn pathlengths. Sample heating

was camied out in a step-wise manner, allowing the sample to equilibrate for 5 minutes

before readings were taken. Melting curves were follow ed, at275 nm, the wavelength at

which the greatest change in absorbance occurred throughout melting (Figure 2-2)
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,", _ (4.0198)(sample voltage -_blank voltage)(sensitivity)

- 

(ÊQ 2'3)

rvhere 4.0198 is a conversion factor, / is tlie sample pathlength (cm) ancl c is the DNA con-

centration (M).

2.2.1.1 Characlerization of tl.re gmer

The 9rner seque'ce is capable of forming either a self-conrplementary double

stranded duplex or a hairpin structure. Only the duplexed lorm of the gmer rvill contajn the

c-c r¡isrnatch ofinterest. Since the thennal denaturation ofDNA is an equilibrium proc-

ess, iuformation about the strand stoichiornetry can be gained by investigatiou of the T,,,

dependence on DNA concentration. If the DNA fonns solne sort of single stranded strì.lc-

ture, for exar.nple a hairpin structule, its rnelting temperature will be DNA concenh.ation

ir.rdepender.rt; if the DNA forms a duplexed structure its Tm will show a DNA conceutra-

tion deper.rdence (Figure 2-3). To detennine which species is present in solution, the

dependence of the melting tenlperature on the gmer strand concentration u,as determined.
(a)

cGGCCcCC

(b)

s. )'CGGCCGCCG
+

_,c c c c c c c c c,

K.{

cccccccce''

IIJ¿"I¿JJ,

Figure 2-3_ _Possible thermal denaturation equilibria.
structur€s and denatura^tion equiribria for the gnrer sequenie. fis the fraction oftotal strand
concentration on the Ieft-hand side of rhe equilibrium änd c1 is the total DNA str.and conientration.











2.2.1.2 Stabilization of the gmer Sequence

UV themal denaturation studies were carried out in order to find conditions under

which C-C mismatch is most stable. This information provides a starting point for the

crystallization trials. Table 2-5 summarizes the conditions investigated.

TABLE 2-s UV buffers.

pH IDNAI lNaCacodylatel I ca tion I lpolyaminel
7 0.005 mM 25 mM l6 mM MgCl2

5 0.006 nrM 25 nrM I6 nrM MgCl2

5 0.008 mM 25 mM

5 0.008 mM 25 mM I mM NaCl

5 0.008 mM -25mM l0 mM NaCl

5 0.008 mM 25 mM 50 mM NaCl

5 0.008 nrM 25 nrM I mM MgCl2

5 0.008 mM 25 mM 5 rrrM MgCl2

5 0.008 mM 25 mM I mM ZnCl2

5 0.008 mM 25 rnM 5 mM ZnCl2

5 0.008 nrM 25 mlvt 5 mM MgCl2 0.25 nlM Spernrine

5 0.008 mM 25 mM 5 mM MgCl2 0.25 mM Spermidine

5 0.008 mM 25 mM 5 mM MgCl2 0.25 mM Co(NH3)6C13

The stability of a C-C mismatch is dependent on the solution environment as well as

its sequence context. Peyret et al. have shown that in the sequence context ACT/TÇA the

mismatch exerts the greatest destabilization on the duplex and in the context CCG/GCC

the mismatch displays its greatest stability (i.e. destabilizes the duplex to a lesser extent)

(Peyret et al.,1999).It has also been shown that C-C mismatches are considerably more

stable at lower pH (Avizonis & Kearns, 1995; Battacharyya & Lilley, 1989; Brown et al.,

1990), presumably due to protonation at the N3 atom of cytosine, allowing for the forma-

tion of a more stable herniprotonated C-C pairing interaction (Figure 2-9).
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The thermal denaturation of the gmer was followed using lfV spectroscopy. The UV

thermal denaturation was carried out in a}5mMNa cacodylate, 16 mM MgCl2 buffer at

pH 5 and pH7. The melting temperature was increased by approximately 3oC at the lower

pH. This increase in stability is not as great as observed in other C-C mismatch containing

sequences (ccA, Boulard et a\.,1997; ceA. Brown et al., i990); however, given the

sequence context this was not unexpected. The effect of pH on the thennal denaturation

profile of the 9mer sequence can be observed in Figure 2-l0.Thestabilization by 3oC is
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2.2.2 l?mer Solution Studies

IJV thermal stability studies carried out by Mei Chen, a former student in this labo-

tafory, on the I2mer in the presence of MgCl2 indicated that the sequence adopts a d¡plex

form with a rnelting temperature of -70oc in a 25mM Na cacodylate, 16mM Mgcl" pH

6'9 buffer (Chen, 1997). Crystals were obtained of the l2mer grown in the presence of

zinc.It was unknown what, if any, effect zinc would have on the conformation of the

72met. Preliminary analysis of the diffraction data indicated that thel2mer had adopted a

B-type conformation with the helix axis parallel to the c-axis. The length of the c-axis

was, however, too short to accommodate the symmetry related helices stacking upon each

other. In order to investigate the possibility that the zinc was inducing a hairpin conforma-

tion in the DNA the effect of zinc on the thermal stability of the l}mer was investigated.

Attempts to carry out the thermal denaturation of the 72mer in presence of zjnc

under conditions similar to the initial studies done by Mei Chen proved unsuccessful.

Wlren the 12mer is heated in a25 mM Na cacodylate pH 7 buffer with zinc concentrations

above 5mM, the DNA begins to aggregate at temperatures above 35oC. The thermal dena-

turation was successfully carried out in 25mM Na cacodylate, pH 7, with lmM ZnCl2 and

MgCl2 (Figure 2-17). The addition of zinc results in a slight destabilization of the helix,

but the decrease in T- is not sufficiently large enough to suggest a drastic change in DNA

conformation.
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The initial crystallization screening process is carried out over alarge coarse grid of

conditions. The reagents used in the screening process for all of DNA sequences studied

are described below.

Buffers: The choice of buffer is influenced by a number of considerations 
- the buffer

must be able to maintain the proper charged state of the DNA, it must be stable and it

should not interact strongly with the DNA molecules. The pH of the crystallization drop is

one of the variables that affects crystallization, thus it is critical that the pH of the droplet

is controlled tluoughout the lifetime of the droplet. It is also critical that the pH of the

crystallization media is near neutràl otherwise the ionic form of the DNA bases.may be

altered or chemical degradation of the DNA may occur. Sodium cacodylate (dimethyl

arsenate) was used as it is stable, only weakly interacts with DNA and has a favourable

buffering strength in the pH range of 5 to 7 .4 (pKa:6.19). It also has the added benefit of

being an anti-microbial agent.

Metal lons: Metal ions play an important role in biological functions associated with

nucleic acids. Mono- and divalent cation salts are used to stabilize the negative charge on

the phosphate backbone and are essential for maintaining the electrostatic neutrality of

nucleic acids in solution. How the metal interacts with the DNA depends on its molecular

properties, which is correlated to its location in the periodic table (see Figure 2- 18). The

salts used in the crystallization trials were sodium chloride, potassium chloride, barium

chloride, calcium chloride, magnesium chloride, strontium chloride, copper chloride,

cobalt(III) hexammine, cobalt(Il) nitrate, manganous chloride, nickel chloride, and zinc

chloride.
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Precipitating Agents: The precipitating agent used in the crystallizaTions was 2-methyl-

2, -pentanediol (MPD). MPD is an ideal precipitant because it is non-volatile and water-

soluble, but sufficiently hydrophobic so as not to solvate DNA.

The crystallizations were set up using the hanging drop technique on VDX 24-well

crystallization plates, with 1 .7 x 1.6 cm wells, and siliconized,22 mm circle glass cover

slides (Figure 2-20). The general technique consisted of placing a droplet (2to 15 pL) of

the DNA sample mixed with crystallization reagent on a siliconized glass cover slide

which was then inverted and sealed with Dow Corning high vacuum silicone grease over a

500 ptI- reservoir soltttion (see Figure 2-21).Droplets were made by mixing an appropriate

volume of a crystallization stock (containing mixtures of the crystallization reagents) and

an aqueous solution of the DNA oligomer. In preparing crystallization experiments, it is

critical that the results be reproducible. Iliis is a very difficult task when working with the

srnall volumes typically encountered in setting up a crystallization droplet. Reproducibil-

ity was improved by preparing large volumes (100 to 500 pL) of the crystallization stock

from the stock reagent solutions (see Table 2-1). The volume of stock reagents required to

achieve the desired crystallization stock were calculated using a spreadsheet program

(EXCEL). Aliquots of the crystallization stock were then used in the crystallization set-

ups- Typical DNA concentrations encountered in the crystallizationdroplets is 0.1-1 rnM.

The working DNA stock of 10-15 mM was diluted with dH2O to obtain a concentration of

0'5-1.5 mM. This allowed reproducible volumes of > I pL to be used in the crystalliza-

tion set-up.
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In the screening phase a large nnmber of conditions needed to be surveyed. In order

to reduce the amount of DNA material required, small (2 to 3 pL) hanging drops were uti-

lized. The screening process involved setting up two-dimensional grids on the VDX plates

with one crystallization parameter being varied in each direction. In the initial-stages of

the screening process the concentration increments of variables were generally quite large

(t 10-30% on the mean concentration). The results of the crystallization screens r.veLe

observed under a stereo-zoom microscope fitted with a cross-polarizing attachment. DNA

crystals examined under the microscope have tme edges, while precipitate or dust parti-

cles do not' Crystals can appear as-needles, blades, plates and various other geornetric

shapes. The use of crossed polarizers can indicate whether a material is crystalline. In a

typical crystallization droplet there are often rnultiple crystals with different orientations.

When these crystals are observed in the dark field, i.e. with the polarizers at 90" to each

other, they will exhibit extinction as the crystal is rotated tluough g0" (this is true as long

as the crystals are not cubic). Figure 2-22 shows typical examples of what one rnight

observe in a crystallization experiment.

Conditions from the initial screen that resulted in mircocrystalline precipitate or

phase changes (e.g. oil formation) were subjected to a second coarse grid search i¡volving

two new crystallization parameters (see Figure 2-23). Conditions resulting in crystalline

material were subjected to finer grid searches (+ 1-10% of the mean concentration) in

order to optimize the conditions and obtain the best possible single crystals. After optimi-

zation of the crystal-yielding conditions, larger droplets (10 to 15 ¡rL) were utilized for

obtaining crystals for data collection.
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2.3.1 Crystallization of d(CGGCCGCCG)

From the UV and CD results it rvas detennined that the nonamer was stable over

only a very narrow temperature range and at a low pH. As a result all crystallization trials

were carried out at 9 oC and pH 5. Low concentrations of a divalent cation appear to be

critical for stabilization of the duplex. The affinity of the divalent cation for the backbone

or base atolns does not seem to affect the stabilization at the low concentrations encoun-

tered in a crystalization droplet. The addition of small quantities of spermine were found

to increase the temperature range over which the duplex is stable as well as increasing the

overall stability (as indicated by the sharper rnelting profile and higher melting tempera-

ture in Figure 2-16).It was also found that the duplex stability could be further increased,

without threat of precipitation often encountered with the addition of high concentrations

of divalent salts, by increasing the ionic strength with the addition of sodium salts.

The range of crystallization conditions investigated are summarized in Table 2-6.

The crystallization droplets were set up using 1 pL of 0.25mM or 0.5 mM gmer with 1 and

2 ¡t'L of the crystallization stocks. The droplets were equilibrated over a 17 .5o/o MpD res-

ervoir. To date no useable crystals have been obtained. The most promising results so far

have yielded a microcrystalline precipitate (Figure Z-24).
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tions for data collection. The improved conditions did not result in an increase in the dif-

fraction resolution which indicated further optimization of the crystallization conditions

was required.

The interaction of zinc and other transition metal cations with DNA is believed to be

pH dependent (Kejnovsky and Kypt, 1998; Lee & Latimer, 1993). It was reasonable,

tlrerefore, to investigate the effect ofpH on the crystallization of the T2merin the presence

of zinc. Crystallizations were carried outusing the i:1 Zn:P crystallization conditio's rvith

pH values ranging from 6 to 8. The pH of the sodium cacodylate buffer was adjusted (with

dilute NaOH or HCI) to achieve thè desired pH prior to preparing the crystallization stock

solution. While the crystals obtained at pH 7 .5 had the best morphology, diffraction qual-

ity was unchanged. It was believed that the poor crystal quality was either a result of rota-

tional disorder between the stacked DNA helices or the low MPD concentration (2.8%) i'
the droplet (high droplet precipitant concentrations have been linked with better quality

crystals). The effect of the MPD concentration could be investigated simply by increasing

its droplet and/or reservoir concentration. The rotational disorder problem required the

design of a new DNA construct. The alternate DNA construct, GGIGGCCACCGC

(GGl2mer), was designed to have two overhanging base pairs in order to interlock the

stacked helices and reduce the possibility of rotational disorder (Figure 2-26). With the

l2mer sequence it was found that simply increasing the MPD concentration in the droplet

lead to mass precipitation. In order to increase the MPD concentration a new coarse grid

search of the zinc-containing crystallization conditions was required.
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2.3.2.2 Cobalt Nitrate Crystal Form

The possibility existed that the crystals grown in the presence of zinc would not

yield high quality crystals, thus alternate starting conditions were sought. Specifically the

effect of the divalent-cation type was investigated. The starting point for these trials con-

sisted of droplet concentrations 0.73mM l2mer, 4.26 mM spermine, 2g.4 mMNaCl,

14.2 mM NaCac pH 7.01, 2.8% MPD and 1 1 mM divalent cation salt (based on the 1 : 1

Zn:P conditions). The divalent cation salts used were BaCl2, MnCl2, NiCl2, CuCl2, SrCl2,

and CoQ'üO3)2. Promising results (i.e. oillphase change, microcrystalline precipitate or

quasi crystal formation) were observed for BaCl2, MnCl2, NiCl2, and Co(NO3)2. optimi-

zations were carried out by varying the pH as well as the NaCl, divalent salt, spennine,

DNA and MPD concentrations. Atteinpts to optimize the NiCl2 resulted in oils, quasi

crystals, or very poorly shaped crystals, none of which could be used for data collection.

The BaCl2 and MnCl2 conditions provided very small needle-like crystals which were dif-

ficult to reproduce and unsuitable for data collection. The only conditions that provided

suitably sized, reproducible crystals were the Co(NO3)2 conditions. The results of these

crystallization trials are summarized in Table 2-9.The two crystal forms obtained are

shown in Figure 2-28.The crystals obtained from the low MPD concentration conditions,

despite their appearance, did not diffract past 8 Ä.. Attempts were made to collect data on

the higher MPD conditions at BNL, however, the crystals did not freeze well and no usa-

ble data was obtained. Room temperature data were not collected as all crystals were lost

due to ambient temperature instability problems in the laboratory.
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of 2 months, from the 1:1 mixtures with condition numbers 1, 3, 7,21,23, and24 and,

from the 2:1 mixtures for condition numbers 3, 11 and 13. The crystal yielding conditions

were broken down into two separate optimization matrices, those with spermine and those

with cobalt hexammine. The variables investigated and the optimal conditions are summa-

rized in Table 2-lI îor the spermine conditions and in Table 2-I2 for the cobalt hexam-

mine conditions. Photographs of the crystals grown in the presence of spermine and those

grown in the presence of cobalt hexammine are shown in Figure 2-29. Both crystal forms

had hexagonal bar-like habits. The crystals grown in the presence of cobalt hexammine

also exhibited spike-like growths on the ends of the crystal, similar to the "unicorn's horn"

observed in the crystals of the non-self-complementary hexamer (Tari, 1995).

The crystallization trials based on the results of Drew and Dickerson (Wing et al.,

1980) werepreparedby mixing 1.5 pL of 1.0 mM l2merwith 1.5 pLL of crystallizarion

stock (60 mM NaCac pH 7 .0, 1.2 mM spermine, 30 mm MgCl2, 20% MpD) which was

tlren equilibrated over a35Yo MPD reservoir. No precipitate was obtained even after an

extended period of time (3 weeks) indicating a lack of supersaturation. The MpD concen-

tration in the droplet was increased until precipitation occurred. After two weeks small

crystals were found in droplets with an MPD concentration of 19,/o. The range of condi-

tions investigated and the crystal-yielding conditions are listed in Table 2-13. The crystals

gro\¡/n had a crystal habit similar to those of the l}mer grown in the presence of spermine,

but were much smaller (typically 0.1 x 0.05 x 0.05 mm3).
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TABLE 2-10 24 condition matrix.

Condition pH Polyamine N'Ionovalent Salt Divalent Salt
7.0 l2 mM Spermine 80 mM KCI 20 mM MgCl2

2 1.0 l2 mM Spermine 80 mM KCI

3 1.0 l2 mM Spermine 80 mM NaCl 20 mM MgCI2

4 t.u l2 mM Spermine 80 mM NaCl

5 t.0 l2 mM Spermine 80 mM NaCI

12 mM KCI

20 mM MgCI2

6 1.0 l2 mM Spermine l2 mM NaCl

80 mM KCI

7 6.0 l2 mM Spermine 80 mM KCI 20 mM MgCI2

8 ().o l2 nlM Spermine 80 mlr4 KCI

9 6.0 l2 mM Spermine 80 mM NaCl 20 mM MgCl2

l0 6.0 l2 mM Spermine 80 mM NaCl

II 6.0 l2 nrM Spermine 80 nrM NaCI

l2 mM KCI

20 mM MgCl2

t2 6.0 l2 nrM Spermine l2 mM NaCl

80 mM KCI
t3 1.0 l2 nrM Spermine 80 mM NaCl 20 mM BaCl2

l4 7.0 l2 mM Spermine 80 mM KCI 20 mM BaCl2

t5 6.0 l2 rnM Spernrine 80 mM NaCl 20 mM BaCl"

r6 6.0 l2 mM Spermine 80 ¡nM KCI 20 mM BaCl2

t7 7.0 l2 mM Spermine 40 ¡nM LiCl 80 mM SrCl2

20 mM MgCl2

t8 7.0 l2 mM Sperrnine 40 mM LiCl 80 nrM SrCI2

l9 7.0 l2 nrM Spermine 80 mM SrCl2

20 mM MgCI2

20 6.0 l2 mM Spermine 80 mM SrCl2

2t 5.5 20 mM Co(NH3)6C13 80 mM NaCl 20 mM MgCl2

22 20 mM Co(NH3)6C13 80 mM KCI 20 mM MgCl2

23 5.5 20 mM Co(NH3)6C13 l2 mM NaCl

80 mM KCI

24 5.5 20 mM Co(NH3)6C13 40 mM LiCl 20 mM MgCl2
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TABLE 2-13 Drerv and Dickerson based crystallization conditions.

Variable Ranges lnvestigated Optimized Conditions

ISpermine] 0.2 - 0.9 mM 0,28 mM 0.28 mM

[Na Cacodylate] l2-30mM 8mM 8 nrM

pH 7.t 7.t 7.1

INaCI] 0-8mM 0 rnM 0 nrM

IMgCl2] 2-l8mM 3 nrM 4 nrM

droplet MPD t0 - 25% l9y. t9%

IDNAI 0.2 - 0.75 mM 0.2 mM 0.2 rnM

reservol r 20 -3s%MPD 35% lvlPD 35% MPD

In order to facilitate an eventual crystal structure determination of the 12mer, crys-

tals of the bromo derivative DNA, Brl2mer, were also sought. The crystal producing con-

ditions from the 24-condition matrix results of the 72mer sequence were used as a starting

point. Only the spermine-based conditions yielded suitable crystals, see Table 2-I4 and

Figure 2-30 for results.

TABLE2-14 Brl2mer crystallization conditions in the presence of spermine.

Variable Ranges Investigated Optimized Conditions

ISpermine] 5 - 19 mM 6mM

INa Cacodylate] 13 -27 mM 15 mM

pH 7.1

INaCl] 30-66mM 33 mM

IMgCl2] 6-20mM 8.25 mM

droplet MPD 7.5 - t6% '7.5%

IDNAI 0.3 - I.0 mM 0.238mM

reservolr 30 - 50% MPD 50% MPD
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smallest diameter capillary that will accommodate the crystal. The capillary is the¡ cut

with a capillary cutting stone (25 x25 x 0.65 mm, Hampton Research) so that both ends of

the capillary are open. The funnel end of the capillary is then attached to a flexible piece of

tubing which is attached to a syringe. The free end of the capillary is then placed into the

crystallization droplet and a small amount of mother liquor is drawn up. The capillary is

then removed from the droplet and a small amount of air is drawn in. The result is a small

"slug" of mother liquor in the capillary which serves to keep the crystal in the droplet

environment. The crystal can then be drawn into the capillary. The excess mother liquor

surrounding the crystal must be wibked away (with sterile paper rvicks, Hampton

Research) to reduce the amount of background scattering due to solvent and to help pre-

vent crystal slippage during data collection. The open end of the capillary is sealed with

epoxy before the fumel end is trimmed and also sealed. The sealed capillary is secured in

a brass rnounting pin (3 mm in diameter an 12.5 mm in length, Harnpton Research) with

the crystal at an approprìate height above the pin (determined by the for particul ar X-ray

diffractometer). If the crystal droplet volume is small, the mother liquor may evaporate

before the crystal can be drawn up into the capillary. To increase the time available,

mother liquor or reservoir solution can be added to the droplet. Sometimes the crystal

requires dislodging from the cover slip, other crystals, or precipitate in the droplet. DNA

crystals are very fragile, therefore any manipulation must be carried out with avery steady

hand and fine precision tipped tools. The crystal manipulation is accomplished with acu-

puncture needles or rabbit whiskers as they are strong yet flexible enough so as not to

damage the crystal.
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v/ithstand higher MPD concentrations) and the ability to prevent ice formation. The cry-

osolutions used for the various crystal forms are summarized in Table 2-15.

TABLE2-1s CryoprotectionConditions

Crystal Form Polyamine NaCacodylate
Monovalent

Salt Divalent Salt ]\,I PD

l:l Zn:P

l2merlBrlZmer

4.26mM

Spermine

l4.2mM
pH 7.l

28.4 mM NaCl ll mMZnCl2 30%

high MPD zinc

l2mer

ImM
Spermine

18.3 mM

pH8

37.3 mM NaCl 5.3 rnM ZnCl2 33V"

high MPD Co(NO3)2

l2mer

lmM
Spermine

18.3 mM

pH8
37.3 mM NaCl 8mM

Co(N03)2
33%

Spermine

I 2nrer

l6 mM

Spermine

26.7 n¡M

pH 7.1

46.7 mM NaCl 13.3 mM
MgCl2

s5%

Spermine

Br I 2nrer

6mM

Spermine

l5 mM

pH 7.1

33 mM NaCI 8.25 nrM

MgCl2
s5%

Co(NH3)63*

l2mer

13.3 mM

Co(NH3)6C13

26.7 mM

pH 7.1

40 mM KCI 3 rrM MgCl2 41%

Drew&Dickerson
l2rner

0.28 mM

Spermine

8mM
pH 7.1

4 mMMgCl2 48%

For cryogenic temperature data collection the crystals are suspended in a thin film of

cryosolution on a thin nylon loop (20 pm fiber diameter) and flash frozen in liquid nitro-

gen. The nylon loops are mounted in hollow stainless steel microtubes (0.65 mm diameter,

24 mm in length with snap notches, Hampton Research). The microtubes, after being

snapped off at the 10 mm mark, are glued into a copper pin.The copper pin is attached to a

metal base/vented-cap system which allows the copper pin to be secured to a magnetic

platform on the goniometer head or to be screwed into a 1.8 mL cryovial for storage and

shipping (Hampton Research). Immediately prior to crystal mounting the crystals aÍe cry-

oprotected by adding a small volume (20-40 pL) of the cryosolution to the crystal droplet.

To facilitate flash freezing of the mounted crystal, the copper-pin assembly is attached to

the end of a crystal wand (chrome plated steel wand 9.6 mm in diameter with a magnet
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Figure 2-35 X-ray diffraction pattern for the l:l zn:p lzmer crystal.

Figure 2-36 X-ray diffraction pattern for the l:l zn:p Brl2mer crystal.
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Figure 2-37 X-ray diffraction pattern for the low MPD Co(NO3)212mer crystal.

Figure 2-38 X-ray diffraction pattern for the spermine \zmer crystal.
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Figure 2-39 X-ray diffraction pattern for the cobalt hexammine l2mer crystal.

Figure 2-40 X-ray diffraction pattern for the Drew & Dickerson based crystal.
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The data collection at cryogenic temperatures was carried out at the NSLS synchro-

tron (Long Island, NY) on beamlines X8C, Xi2B and,XI2C equipped with a CCD detec-

tor (either an ADSC Quantr-tm 4 or Brandeis 81.3 detector, depending on the bearnline), a

cryostat (a low temperature device, Oxford Cryostream from Oxford Cryosystems) a'd a

monochromator (recall synchrotron radiation is broad spectrum). The mounted, flash-fro-

zen crystals were quickly removed fì-om the cryovials (while submerged under liquid

nitrogen) and then mounted on a Huber goniometer head (with a magnetic base support,

Harnpton Research) already in place on the diffractometer under the cold gas stream from

the cryostat. The crystaìs were marìually centered in the X-ray beam using a CCD video

device (Figure 2-41). Like the room temperature data sets, these data sets were also col-

lected using the oscillation method, the only difference being much shorter exposure times

due to the high intensity of the synchrotron X-ray source. Data collection parameters for

tlre various crystals fonns are listed inTable 2-I7.

Figure 2-41 centered flash-frozen loop-mounted crystar.
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TABLE2-17 Cryogenic temperature data collection parameters.

Crystal Form
Exposure

Time
^ó

þ range

Wavelength(s)
&

Beamline Distan ce
Resolution

Limits
l:l Zn:P pH 7 .5

l2mer

20 seconds lo 1200 0.9789 A

X8C

200.0 mm 3.s Å

l:l Zn:P pH 7

Br I 2mer

I 0 seconds 1.50 3600 0.9r89Å

0.9r93 Å

0.9057 Å

X8C

200.0 mm 3.s Ä

sperm i ne

I 2nrer

40 seconds lo I 6go 1.2847 Å,

xt2B
I20.0 mm r.9s Å

spermrne

Brl 2nrer

30 seconds

40 seconds

40 seconds

lo JJJ -

3600

33go

0.9n6 A

0.9240 A

0.9tl6 Å
xt2c

99.6 nlm 2.t 
^

Co(NH3)63+

l2ner

60 seconds lo I 900 t.2827 Ã

X I28

100.0 nrm t.7s Ã

Drew&Dickerson
I 2nrer

60 seconds lo I 900 t.2827 Å,

X I28

150.0 nrm 2.7 
^

high MPD zinc

I2mer

60 seconds IO t.2827 A

X I2B

I 50.0 nrnr -4Ã

hígh MPD
Co(NO3)2

60 seconds lo t.2827 A

xtzB
I50.0 nrnr -44

2.4.2 Data Processing

The data collection results in a series of two-dimensional images which must be

indexed, integrated, merged and scaled to provide a three-dimensional data set (the third

dimension given by rotation of the þ angle) of structure factor magnitudes ,lR(hkl)l.In the

oscillation method, a given diffraction image is recorded over an angular range. If the

angular range is larger than the rocking cuïve (typically around 0.5o), a subset of the

reflections is fully stimulated and a further subset is partially stimulated. The partially

stimulated reflections, referred to as partials, will appear on contiguous images. The inte-

gration of the reflections from the raw data images requires knowledge of their index and

position on the detector. While an approximate position for the strong reflections can be
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easily found by image-recognition softu'are, the weak reflections can be for"¡nd o¡ly by

prediction based on the information from the strong reflections. The software suite HKL

(Otwinowski & Minor, 1997) - used for processing all data sets collected in section

2.4.1- uses an autoindexing routine which finds a ferv dozen strong reflections to calcu-

late the crystal cell parameters and the crystal orientation in the laboratory reference frame

as well as generating indices for the reflections used. This infonnation is then usecl to

refine the crystal aud detector parameters as well as to predict the diffraction pattem. Once

the reflections can be accurately predicted for a diffraction image the pixels corresponding

to a given reflection can be collectèd and the intensity of the reflection integrated from the

images. Tlie final step in the data processing involves scaling and merging the data from

the individual images to form one complete data set. This step yields refined unit cell

parameters, a mosaicity for the crystal ¿rs rvell as a number of statistics i¡cluding the

agreement between symmetry related reflection, R,n"rg". The data collection statistics for

tlre various crystal forms are summarized in Table 2-lg &.Table 2-19.
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TABLE 2-18 Room temperature data collection statistics.

Crystal Form Unit Cell
Space
group R..rg" N{osaicity Completeness l\'l u ltiplicitv

original zinc a=b=46.67

c:101.67

q=Ê=90o

v= I ?fto

R32 5.7% 0.70 99.2% 3.1

l:l Zn:P pH7

l2mer

a:b=4'7.0

c= l0l .43

o=F=90o

Y= I 20o

R32 6.7% 0.680 94% 2.9

l:1 Zn:P pH7
Br l2mer

a:b=46,99

c= 1 02.1

q=Þ=90o

t=|20o

R32 6.6% 0. go 9l.4yo 4.7

spermrne

l2mer
a=b:4 I .85

c=78.5 8

s=Ê=90o

y--120o

P6Q2 3.9% 0.460 98.s% 93

Co(NH3)61+

l2ner

a=b=4 I .8 I

c=78.67

o=0=90o

Y= I 20o

P6p2 ao/
0.2'70 96% 9.1

Drew & Dick-
erson l2mer

a=b:42.2

c=78. I

s=0=90o

f=120o

P6Q2
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TABLE 2-19 Cryogenic temperature data collection statistics.

Crystal Form Unit Cell
Space
group R."rg. Mosaicity Completeness l\'Iultiplicity

l:1 Zn:P

pH 7.5

l2mer

a=b:46.5
c:99.88

a=Þ=90o

Y=l20o

R32 1.3% 0.690 97.1% 5.6

l:l Zn:P pH 1

Brl2mer

a=b:47.0
c= l0l .99

o=0=90o

Y= I 20o

R32 8% 0. go 96% 6.s

spermtne

l2mer

a=b=41.789
c:78.112

a=Ê=90o

Y=120o

P6p2 s.3% 0.740 98% r6.5

spermrne

Brl 2nrer

a=b:41.23

c:78.55

a=Ê=90o

t:120o

P6p2 ll% 0.420 99% l7.t

Co(NH3)63+

l2rrrer

a=b:41.479
c=78. I 86

a=ß=90o

v=1200

P6Q2 < ao/
J.J /O 0.61o 98% 19.2

Drew&Dick-
erson l2nrer

a:b=4 l.
c:78.112

cr=F=90o

Y= I 20o

P6p2 9.J%o I-50 98% t 4.3

2.4.3 The MAD Experiments

In a MAD expedment it is necessary to know precisely the wavelength at which the

data is collected- The first step in a MAD data collection is to calibrate the monochromator

using X-ray absorption spectra. The monochromator is calibrated by centering on the

absorption edge of a known sample (usually a foil or film of a pure element) near the

expected wavelength of the absorption edge of the heavy atom in the crystal sample. For

both MAD experiments the heavy atom in the crystal sample was bromine wliich has an

absorption edge at approximately 0.92Å. ttre calibration element used \Mas selenium (as a
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film) which has a very sharp absorption edge at 0.979 Å. After calibration an absorption

spectrum of the crystal must also be taken in order to choose the best',vavelengths for data

collection.

2.4.3.7 Brl2mer Zinc Crystal Form

The data collection was carried out according to the parameters in Table 2-I7 for

the 1: I Zn:P pH7 BrlZmer crystal fonn. The wavelengths for data collection were chosen

based on the X-ray fluorescence scan (Figure 2-43). A full 360'of data were collected for

each of the three wavelengths, 0.9189, 0.9193 and 0.9057,4., corresponding tof,,max,

/"inflection (which corres¡ionds with/ min) and a remote energy respectively. The data

statistics are summarized in Table 2-19.The expected phasing signal is resolution depend-

ant as shown by Figure 2-42. Since the crystal diffracted only to 3.5 Å resolution, the max-

inrum phasing signal (i.e. the difference between Friedel pairs) is only about 5o/o.Inorder

to be able to measure such a small difference the internal consistency of the data needs to

be better fhan 5o/o. However, the R.".r" for the data set was 8olo and thus no useful phasi'g

information could be gained from the experiment.
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2.5 Structure Solution

2.5.1Zinc Crystal Form

From the unit cell dimension and space group of the first zinc data set, the volume of

the asymmetric unit was calculated to be 10859 Å3. From the value of 1300 - 1600 Å3 per

base-pair, commonly observed in A- or B-DNA oligonucleotide crystals, it was apparent

that the asymmetric unit contained a single dodecamer strand. The presence of diffus e 3.4

Å scattering as well as intense 3.4 Å reflections in the data set indicated that tlie DNA was

likely in a B-type conformation. However, a Patterson map of the data (room temperature

data set) did not show the expected "pancakes" of Patterson density separated by 3.4 Ã

which correspond to the base stacking in a B-DNA helix (Baikalov & Dickerson, l99g).

Attempts were made to solve the structure using molecular replacement. A- and B-DNA

models of the lzmer sequence were adapted from the fiber data of Arnott (chanderaseka-

ran & Arnott, 19s9) to be used as the search models. The best result for the rotation solu-

tion was obtained with a B-DNA helix. However, the solution indicated that the B-DNA

helix was parallel to the c axis of the unit cell. No reasonable translation solution, how-

ever, could be found. With the failure of molecular replacement an attempt was made to

use heavy atom methods. The data collected from the 12mer and Brl2m er zinccrystals

were used to calculate a difference Patterson map. This map was expected to yield vectors

corresponding to the interaction of the bromine atoms with the contents of the unit cell.

The resulting Patterson map was, however, completely uninterpretable. Two possibilities

existed: (i) the 72mer and Brl2mer crystals were not completely isomorphous and (il) the

crystals were disordered. A MAD experiment was conducted to exclude the first possibil-
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ity. Unfortunately, the zinc crystals do not freeze well and the resulting diffraction data

was too poor to yield any phasing information.

It is believed that the improved crystallizalionconditions (higher MPD content crys-

tals or the GGl2mer crystals) will yield higher quality diffraction data that should enable

structure solution. However, data has not yet been collected on these crystals due to time

constraints.

2.5.2 Spermine Crystal Form

From the unit cell dimension and space group of the room temperature data set, the

volume of the asymmetric unit was calculated to be 98i5 Ä.3. Based on the expected vol-

urxe per base-pair, it was determined that the asymmetric unit contained a single

dodecamer strand. The absence of diffuse 3.4 

^ 
scattering and intense 3.4 

^reflections
indicated that the DNA was likely in an A-type conformation. The Patterson map of the

room temperature data (see Figure 2-45) closely resembled that of another A-DNA

dodecamer crystal (Bingman et aL.,1992). A single stranded A-DNA 12mer model was

adapted from the fiber data of Arnott (Chanderasekaran & Arnott, 1989) to be used as the

search model. The rotation function yielded an orientation for the dodecarner, but attempts

to flnd the correct position were unsuccessful.
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Figure 2-45 Native Patterson map of the spermine l2mer room temperature
data.

When crystals of the Brl2mer were obtained under the spermine conditions it was

decided that a MAD experiment would be used to carry out the primary phasing. With the

asymmetric unit consisting of a single dodecamer strand, only a single bromine atom posi-

tion needed to be found. The program SOLVE/RESOLVE (Terwilliger & Berendzen,

1999) was used to find the position of the bromine atom and to calculate the initial phases

for the data. The resulting electron density map, with no DNA structural input, clearly

showed l1 of the 12 DNA bases (see Figure 2-46).
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was then subjected to further cycles of rigid body refinement resulting in an R-factor of

44.6%- At this point it was possible to build in the 3'-terminal flipped-out guanine residue.

The R-factor after rigid body refinement for the 11 base model was 41 .6%.Withthe crude

model in position, atomic positional refinement of the structure (hereafter referred to as

l2merSp) was initiated using only the native data.

2.5.2.1 Refinement of l2merSp

As noted in section section 1.2.8, crystallographic refinement involves the minimi-

zation of a global energy term consisting of an empirical energy term and an X-ray term.

A nucleic-acid-specific parameter flle was used for the empirical energy restraints which

contains information about the average values for bond distances, bond angles and dihe-

dral angles. The values resulted from a study of stnrctures at atomic resolution which con-

tained bases, sugars, or the phosphodiester linkage (Parkinson et al.,lgg6).Additional

restraints were added to restrain the bases to planarity. No restraints were required to

maintain the Watson-Crick geometry of the central i0 base-pairs. The X-ray energy target

used was based on a maximum likelihood function as implemented in the CNS program

suite (Brunger et al., 1998; Pannu & Read, 1996; Adam s et al., lg97). The maximum like-

lihood X-ray target requires setting aside a portion of the X-ray data for cross-validation

and the calculation of R¡... (section 1.2.8; Brunger, 1990) - 12% of the data was set aside

for this purpose. Tlie relative weight of the ernpirical energy term relative to the X-ray

term was chosen at the various stages of refinement in order drive the refinement towards

a lower R-factor without introducing unreasonable bond lengths and angles in the model.

The 11 base model was refined using the simulated annealing procedure incorpo-

rated in CNS with a torsion angle dynamics algorithm (Rice & Brunger, 1gg4).Torsion
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angle dynamics reduces the number of parameters being refined and hence reduces the

degree of overfitting of the data. The simulated annealing involved heating the "systern"

from an initial value of 300 K to 5000K (recall this does not represent a physical tempera-

ture, but rather a parameter allowing the system to escape local minima), performing tor-

sion angle dynamics, subsequently cooling the system in increments of 25 K accordi¡g to

the slow cooling annealing schedule (Brunger & Kmkorvski, 1990) and repeating tìre tor-

sion angle dynamics at each temperature step.

The first round of simulated amealing was caried out using the 11 base model and

all data greater than 5o in the resolution range 20 - 2.5 Å. ttre eïrors in the model in the

regions of manual building were corrected and the R-factor dropped to 29.7yo with an

R¡r." of 34.7%. Refinement continued with the inclusion of all data greater than 4o up to

2.0 Ã over several rounds of simulated annealing. This resulted in little improvement in

the R-factor. Inspection of a 2Fo-Fc electron density map revealed that the sugar confor-

mations of the terminal residues did not agree well with the observed electron density. in

order to reduce the bias of the ring conformations towards the restraint values of the

C3'-endo conformation, the nucleic acid parameter file was altered to remove all torsion

angles involving the ring conformation. In order to maintain the geometry of the sugar

pucker of residues 3 to 9, a weak dihedral energy restraint was added which allowed the

ring torsion angles of these residues to deviate up to 10o frorn their ideal values. Several

rounds of simulated annealing was carried out with the new parameter file and all data

above 3o in the resolution range 20 - 1.98 Ä. The resulting structure had an R-factor of

27 '8% (Rrr." :33.1%) and the sugar moieties of the terminal residues had an improved fit

with the electron density. Calculation of a Fourier difference electron density map for the
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lected at BNL) from the cobalt hexammine crystal form (hereafter referred to as the

l2merCo structure). The structure refinement was canied out with the CNS prograrn suite

(Brunger et al., 1998).

Rigid body refinement of the 11 base model was carried out using reflections in the

l2merCo data set with I/o greater than 5 in the resolution range 20 to 2.5 Å, çtO"l" of data

set was aside for cross-validation). The R-factor after several cells of rigid body refine-

ment was 45.6% with an R¡rr"of 45.2o/o.

Atomic positional refinement was carried out with the same modified nucleic acid

parameter fîle and simulated amealing schedule as the i2mersp structure. The first round

of simulated annealing was caried out, using all data greater than 5o in the resolution

range 20 - 2.5 Ä., on the 11 base model. The elrors in the model in the regions of manual

building were coffected and the R-factor dropped to 33. To/owithâfl Rrr.. of 36. lo/o.Differ-

ence Fourier maps revealed the location of one fully ordered and one partially ordered

cobalt hexammine ion (Figure 2-5I). Coordinates and empirical energy tenns for the

cobalt hexammine ion were obtained from HIC-Up (Kleywegt & Jones, 199g) and

included in the refinement. Continued simulated annealing ref,rnement with the inclusion

of the cobalt hexammine ions and gradual inclusion of data to 1.9,Å. and 3o resulted in a'

R-factor of 28 .5Yo (Rrr.. : 27 .3Yo).
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.HAPTER 3 -R esults and Discussion
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3.1 C-C Mismatch Results

From the UV and CD thermal denaturation studies it was determined that the C-C

mismatch-containing nonamer duplex was stable below i5oC and at low pH. This i¡for-

mation was incorporated into the crystallization trials in order to decrease the number of

crystallization parameters and to maximize the likelihood of obtaining crystals. The exper-

iments indicated that the thermal stability of the C-C mismatch duplex was increased by

the presence of a divalent cation and low concentrations of spermine. While no diffrac-

tion quality crystals were obtained, the solution studies provided valuable information

regarding the global conformationul u.r¿ stability of the nonamer sequence. The solution

studies indicated the conformational flexibility associated with the

d(CGCTGGCCACCG) sequence (Chen, 1997),which exhibited biphasic melting, was nor

present in the nonamer d(CGGCCGCCG), thus making it more likely to crystallize. The

initial crystallization screen provided promising results; further optimization of the condi-

tions shown in Figure 2-24 might yield X-ray diffraction quality crystals. No one has yet

published a crystal structure of an anti-parallel C-C mismatch, but our initial results are

encouraging.

3 .2 Cry stallographic Results

A summary of the structural parameters and atomic numbering schemes used in

describing the DNA structures is given in Appendix A.
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3'2'1 The structure of d(GGGTGGCCACCG)z - spermine form

using the techniques described in the experimentar section, the structure of
d(CGGTGGCCACCG) 

2 crystallized in the presence of spermine (hereafter referred to as

l2merSp) was determined to 1'95 ,A resolution. The central ten base pairs were found to
adopt a primarily A-type conformation while tlie terminal 5,-c and G-3, residues are

flipped out away from the helical axis. within the crystal structure each dodecamer single
strand forms base-pairing/stacking interactions with three other strands. Firstly, a major
duplex interaction is formed by the centrar ten bases 5,-GGTGG..ACC_3 , of the

dodecamer (Figure 3-1a)' These bases are involved in watson-crick base-pairing interac-
tions with a two-fold related strand 

- the chemical dyad axis of the r2mercoincides with
a crystallographic two-fold axis. The flipped-out terminar bases are stabilized by hvo
types of interactions with other symmetry related strands. The G-3, residue is primarily
stabilized by a base stacking interaction with a symmetry-rerated G_3, residue

(Figure 3-1b)' The two six-membered rings of the G-3' residues are stacked with a separa-
tion distance of approximately 3.4Å''The second interaction is formed through a water-
mediated hydrogen-bond between the G-3' residue and a 5,-c1 base from yet another
strand (Figure 3-1c)' This second interaction likely plays only a minor ¡ole in the stabiliza-
tion of this conformation as the 5'-c1 residue is partialry disordered.
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tion studies for canonical A-DNA and B-DNA (Chandrasekaran & Arnott, 1989). The tor-

sion angle rvheel in Figure 3-2 graphically illustrates the backbone torsion angles for the

l2merSp structure as well as the observed ranges for other A-DNA and B-DNA crystal

structures (Sclineider et al., 1997).

TABLE 3-1 Backbone torsion angles and furanose ring conformations for l2
Plrase

(degrees)
Puckel

CI

C2

G3

46.4 95.2 236.0

2s3.8 192.3 50.3 85.6 206.1

146.0 I 83.3 r 86.9 84.3 214.5

15.5 C3 \endo

1 2.8 C3'-endo 5.5

I 0.9 C.3'-endo 6.7

I I .8 C3'-endo 5.5

I 9.5 C.3'-endo ó.0

I 8.6 C.3'-endo 5.8

I 6.0 C3 '-endo 5.7

ð.ú CJ:ctttlo 6.7

139.5 C.l'-etto ó.3

ó0.6 C4'-e¡o ó.5

l4ó.8 C2'-endo 6.4

162.4 C2'-e ndo

- I 0-400 C3'-endo 5.5

140-185o C2'-endo ó.ó

72.8 259.2

302.0 194.3

28t.7 18r.4

292.3 201.8

283.6 t99.8

288.4 ì98.7

295.9 206.2

289.2 195.3

275.5 233.7

283.2 214.8

255.4 242.t

- 25t.9

28s 203

199 262

T4 297.6 113.4 47.8 90.8 209.4

Gs 293.7 t'r4.t 51.8 82.2 t95.4

G6 297.5 179.7 5 t .l 83.4 207.t

c7 300.3 173.t 46.6 80.5 202.9

c8 t40.4 t85.0 t87.8 88.5 2rl.3

A9 2988 190.8 46.6 I3r.4 184.8

clo 290.0 17t.3 58.7 90.5 :8t.5

c r r 296.0 200.8 4ó.8 t36.4 I 85.4

ctz 2t4.0 143.2 45.4 t48.5

A-DNAa 308 175 42 '79 2t2

B-DNAa 330 I 36 3 I t43 Ztq

¡Fiber difìiaction data values (Chandrasekr.an & Amott, 1989).

Focusing first on the central octamer structure, the backbone torsion angles for the

most part fall within the observed range of other A-DNA structures. The cr and y torsion

angles in nucleotides G3 and C8 adopt an extende d trans,trans confornation instead of

the more comrnon gauche-,gauche+ conformation. This extended backbone conformation

lras been observed in other A-DNA structures (Haran et al., 1987; Gao et al., 1999) and is

associated \¡/ith a general opening of the helix and by an increase in the base separation
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distortion in backbone torsion angles from canonical A-DNA values are observed towards

the 3' end of the stmcture.

The sr:gar puckers for the nucleotides in the central region of the dodecamer are

C3'-endo' As the backbone torsion angles undergo distortion there is a corresponding

change in sugar ring conformation from that of pure C3'-enclo type. For the sugar groups

attached to bases 49, C 1 1 and G12 we observe a C2'-enclo conformation and for the sugar

group attached to base C 1 0 we observe a C4 '-exo conformation. Sugar puckers of the

C2'-endo type are uncomrnon in A-DNA structure although they have been observed

(Thota et al.'1993)' This change in sugar conformati onto C2'-endoresults in a change in

the P-P intrastrand separation distances starting at the C8-49 base step (Table 3-1). The

P-P separation distances observed are longer than the 6Å distances normally observed in

A-DNA structures (Lu et al., 2000). As a result of the change in sugar pucker and concom-

itant increase in P-P separation distances, the DNA backbone is extended in this region

which allows for the terminal G-3' residues to form a stable base-stacking interaction with

a synmetry related strand. The precise determination of the sugar puckering mode of resi-

due C1 was difficult due to its poor electron density. The poor electron density is likely

due to the high thermal motion resulting from the poorly stabilized flipped-out conforma-

tion. Thus its puckering mode was restrained to that of a C3'-endo type during crystallo-

graphic refinement.

3.2.1-2 Helix Morphology and Base Stacking in the central Decamer

The helix axis for the central decamer duplex is non-linear, with bending of the helix

axis occurring near the ends in the direction of the DNA major groove. Figure 3-4 illus-

trates the origin of the bent helical axis. Bending of the helix axis towards the major
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groove is the result of an asymmetrical conformation of the sugar-phosphate backbone at

the G2'C11*/G3'C10* and G5'C8"/G6'C7* base-steps rvhere only one strand of the

duplex exists in the extended ct, y conformation. Further asyÍìmetrical distortions leading

to bending of the helix axis result from the change in sugar pucker at residue A9 to the

C2'-endo conformation. The total angle of curvature (CURVES, Lavery & Skelnar, 1989),

is 32.8o. The curvature of the helix axis results in an overall shortening of the helix path-

length by 6.43%. The helical axis for the central decamer and the pattem of axis curvature

are shown in Figure 3-5.

åi--'=- -4r-.r{ c2 - cr1*

Â-i- Ì.^i-'t- c3-cro.

I.\
^._-,sq 

*-J:-\-f cs - car4; ',d)-( ¿'.¡*a }=¡¡JP c5 - c?*
,x'> I

I

G3 .- C10 *

T4 - À?r

c5 - c7*

c7 - c6r

Figure 3-4 Base-pair steps of l2merSp vierved into the major groove.
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Figure 3-5 l2merSp helical axis curvature.
ß),!!.-f.g pa-irs of the central decamer demonst¡ating bending with the helix axis calculated by
CURVES, (b) a graph of the angle of curvature per base step as calculated by CURVES.

Graphs of the helical parameters calculated for the central decamer duplex using a

curved helical axis are shown in Figure 3-6. Based on the curved helix, the average

rise/base pair is 2.68 4,, and the average helical twist/base pair is 30.5' (conesponding to

11.8 residues per turn). A noticeable feature in Figure 3-6a is the large base-pair rise for

the G3'Ci0lT4'A9 step of 3.34,Å which is considerably larger than the expected value of

2.9 Å' for A-DNA. One would also expect to find a higher twist at this step, however this is

not the case here. The twist at this step is 31.8" which is close to the expected value for

A-DNA of 32.7". The increased axial rise here is accommodated by the bending of the

helix in this region. A large negative ro11 is also associated with the G3.C10lT4.A9 base
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step (see Figure 3-6d) as well as an opening of the base pairs towards the major groove

(see Figure 3-7Ð. This is a common mode of DNA bending and has been observed in

other A-DNA structures such as d(GTGTACAC) (Thota et a\.,1993).
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Graphs of the base-pair parameters are shown in Figure 3-7 and illustrate the pattern

of distortion of the helical structure. The central four base pairs are relatively undistorted.

The structure deviates from an ideal A-type conformation as one approaches the flipped

out terminal residues the base pairs become considerably more distorted. One notable fea-

ture in Figure 3-7b is the dramatic increase in base-pair buckle starting at base pair

T4.49*. This distortion may result from the asymmetrical confonnation of the duplex

backbone in this region. The cr,y extended backbone conformation may also be responsi-

ble for the opening of base pairs G3.C10* and G5.C8* towards the rnajor groove. The

opening of these base pairs results'in a slight distortion of the inter-base hydrogen bonds,

with the minor groove H-bonds being shortened and the major groove H-bonds being

lengthened.

in A-DNA structures the purine pyrimidine base steps (RpY) have been found to

display predominantly intrastrand stacking, while the YpR steps prefer interstrand stack-

ing between the purine ring (Wahl & Sundaralingam, 1999 and references therein). The

preferred stacking mode for GpG base-pair steps is for the five-membered ring of one gua-

nine to lie directly over the six-membered ring of the other. The stacking of the dinucle-

otide steps for the l2merSp central decamer duplex are shown in Figure 3-4 and

Figure 3-8. The effect of the bending of the helix axis on the base-pair overlaps is evident

by comparing the two GpG base steps. In neither case are the guanine rings ideally stacked

due to extended backbone conformations (Figure 3-4). In the case of the G5pG6 base-step,

where the helix is less bent, the intrastrand base overlap is considerably liigher. The only

YpR base-pair step in the structure, T4pG5, exhibits a base-pair overlap typical of A-DNA

despite the altered sugff pucker of residue 49.
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The minor groove geometry for the central decamer duplex is shown in Figure 3-9.

The width and depth values observed for the central region of the structure show small

variations and are close to canonical values of 11.0 and -0.5 Å. Moving away from the

centre of the duplex, a reduction of the width of the minor groove and corresponding

increase in the minor groove depth is observed. These changes in geometry accompany
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the distortions that occur in the sugar-phosphate backbone and resultant bendin.q of the

helix in this region.
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Figure 3-8 l2merSp dinucleotide base-pair steps as viewed down helix axis.
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3.2.1.3 Crystal Packing

The unit cell packing is illustrated in Figure 3-10 and shows the DNA duplexes

packed closely around the 31 axis in the unit cell. In this mode of packing each duplex

iuteracts with 6 other duplexes and creates a solvent channel of approximately 26 Å in

diameter centred around the c axis. This general mode of A-DNA packing is characteristic

of otlrer A-DNA structures crystallized in the P6P2 space group (Frederick et al., 7989;

Bingman et al., 7992).The details of how the DNA molecules pack are unique to this

structure. The f,irst set of interactions involve the flipped out cytosine residues and penulti-

mate base-pairs packing into the shallow minor groove of two neighbouring duplexes. Tlie

next set of interactions results from the flipped out guanine bases that are tucked into the

minor groove of two other neighbouring duplexes. The final set of interactions involve

two more neighbouring duplexes (interlcrcked through their flipped out guanine bases)

which insert their flipped out cytosines and penultimate base-pairs into the minor groove

of the central DNA duplex. The overall result of this packing scheme is that the majority

of the apolar surface of the minor groove is buried by close interactions with symmetry-

related molecules (Figure 3- 1 1).
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molecules (per DNA single strand) line the major groove and make contacts with polar

DNA base atoms and/or other rvater molecules. The minor groove hydration shell is

almost completely displaced by the hydrophobic surfaces of the penultimate and terminal

base pairs of neighbouring duplexes. There are only tluee water molecules in the shallow

minor groove (Figure 3- 16c). Two of the water molecules make direct contact with polar

base atoms of residues A9 and C10. The third water molecule is involved in water-water

hydrogen-bonding linking the other two water molecules. Figure 3-17 illustrates the water

contacts made with the polar base atoms in the major and minor grooves. The sugar-phos-

phate backbone is econornically hydrated, with on average only a single water molecule

per phosphate group.
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3.2.L6 Thermal parameters

In l2merSp average isotropic temperature factors range from26 to 42 Ã2for p'os-
phate groups' ftom 25 to 45 Ã2 for deoxyribose units, and from 24 to 45Å2 for bases with
overalr mean varues oî 32.0,30.4 and 29.z Ãz,respectivery. overa, the phosphate
groups display the highest flexibility and the stacked bases are the reast flexibre among trre
DNA segments' The terminal nucleotide cl displays the highest degree of the'nal

motion' with average base and sugar B values of 45 Ã2.The high thermal motion in cl is
likely the result of its poorly stabilized flipped-out confomation. Residue G5 arso shor.vs

an increased degree of thermal *ouon than the rest of the herix with average base and

slrgar B values of 32'3 and 34.0 Å2, respectively. The average thermal pararneters for sol_

vent is 4I.6Ã2.

3'2'2 The Structure of d(cGGTGGCCAC cG)z- cobart hexammine form

The structure of d(GGGTGGCCACCG)2 crystallized in the presence of cobalt hex_

ammine (hereafter referred to as l2merco) was determined to r .7 5Å resorution usi'g the
techniques described in the experimental section. The morecurar and crystar structure of
i2merco is similar to that observed for l2merSp with an rïns deviation between the two
structures of 0'6Å' calculated for all DNA atoms. within the crystar structure each
dodecamer single strand forms base-pairing/stacking interactions with three other strands.
A major duplex interaction is formed by the central ten bases 5,-GGTGGccAcc_3, of
the dodecamer (Figure 3-18a)' These bases are involved in watson-crick base-pairi'g
interactions with a two-fold related strand 

- the chemical dyad axis of the l2mer coin-
cides with a crystallographic two-fold axis. The overail conformation of the central
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3.2.2.1 Sugar-Phosphate Backbone

The backbone torsion angles, pseudorotation angles and sugar pucker types for the

T2merCo structure are given in Table 3-3 along with values from fiber diffraction studies

for canonical A- and B-DNA (Chandrasekaran & Amott, 1989). Figure 3-19 illustrates the

backbone torsion angles for the I2merCo structure superimposed on the observed r anges

for other A- and B-DNA crystal structures (Schneider et al., 1997).

TABLE 3-3 Backbone torsion for

ô XP
(degrees)

Puckel Pi--Pi*I

(Å)

L.t

C2

G3

T4

C5

c6

C7

C8

A9

cr0

cll

Gt2

A-DNAA 308

B-DNAa 130

t75 42 79

136 3l t43

156.2 I 33.8

192.9 17.8

t82.9 13 l

r98.ó 16.9

196.2 tz.l

196.2 2l .2

201.3 24 8

t96.4 I I .l

241.3 t65.2

2l r .8 60.8

238.3 147.7

249.8 tó0.9

203 -t0-40o

262 140-185o

Cl'-e,ro

C.3 '-cntlo 
5 -7

C3'-endo 6.7

C3 '-endo 
-5.5

C3'-cndo 6. I

lJ -etl(to 5./

C3'-erulo -5.8

C.3'-endo 6.8

C2'-endo 6.4

C.4'-exo 6.6

CZ'-endo 6.5

C2'-endo

C.3'-enlo -5.5

C2'-endo ó.6

26.7 126.1

293.9 t99.2 ó3.8 86.9

t45.3 r8ó.9 t88.4 86J

292.7 176.8 50.4 80 2

294.9 I 67.8 5l .8 19.5

295.1 179.5 54.8 82.4

296.9 169.7 48.5 8t.0

148.3 r 83.7 t83.7 84.3

296.9 r 98. r 5l .0 145.9

276.4 170.2 65.4 84.5

293.4 196.t 51.3 136.8

220.6 I 3s.l 47 .2 I 46.8

292.2

205.4

2t2.9

212.'l

t95.4

?.t I .7

204,1

203,0

183.4

t82.4

192.4

32t.2

293.0

281.2

289.4

2 88.0

285. r

296.4

289-2

214.3

279.s

251 .8

212

219

285

199

aFiber diflraction data values (Chandrasekran & Amott, 1989).

The backbone torsion angles for the central octamer structure for the most part fall

within the observed range for other A-DNA structures. The nucleotides G3 and C8 also

adopt the cr(trans)/y(trans) extended backbone conformation observed for 12merSp. The

glycosidic torsion angles, N, are all in the expected anti conformation.
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The sugar puckers for the nucleotides in the central region of the dodecamer are

C3 '-endo. As the backbone torsion angles undergo distortion there is a correspondi¡g

change in sugar ring conformation from that of pure C3'-endo type. For the sugar groups

attached to bases 49, Cl I and G12 we observe a C2'-enclo conformation and for the sugar

group attached to base Cl0 we observe a C4'-exo conformation. The change in sugar con-

formation to C2'-endo results in a change in the P-P intrastrand separation starting at the

C8-49 base step (see Table 3-3). The change in sugar pucker and concommitant increase

in P-P separation create an extended DNA backbone conformation which allows for the

terminal G-3' residue to form a stable packing interaction with another terminal G-3, fi-om

a symmetry related strand. A change in the sugar pucker type is also observed for the

5'-terminal base (residue C1 adopts a Cl' -exoconformation).

3-2-L.zHelix Morphology and Base stacking in the central Decamer

The helix axis for the l2merCo central decamer duplex is also non-linear, with

bending of the helix axis occurring near the ends in the direction of the DNA major

groove. Bending of the helix axis towards the major groove results from the asymmetrical

conformation of the sugar-phosphate backbone at the G2.C71*/G3.C10t and G5.Cg*/

G6'C7* base-steps where only one strand of the duplex exists in the extended g, y confor-

mation. Further asymmetrical distortions leading to bendìng of the helix axis result from

the change in sugar pucker at residue A9 to the C2'-endo conformation. The total angle of

curvature (CIIRVES, Lavery & Skelnar, 1989) is 36.5". The curvature of the helix axis

results in an overall shortening of the helix pathlength by 7]%. The overall pattern of axis

curvature is similar to that observed for the l2merSp structure (Figure 3-5 and

Figure 3-21).
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Axis Curvature

/\/ \ \/ \_

Figure 3-21 l2merCo helix axis curvature.
ßl-!!"-t:g pa-irs of the central decamer demonstrating bending with the helix axis calculated by
CURVES, (b) a graph of the angle of curvature pe. base st"p-as calculated by CUpVÈS. 

-

Graphs of the helical parameters calculated for the central decamer duplex using a

curved helical axis are shown in Figure 3-22.Based on the curved helix the average

rise/base pair is 2.7 

^, 
and the average helical twist/base pair is 30.1" (corresponding to l2

residues per tum). As in the l2merSp structure, there is a base-pair rise for the G3.C10/

T4'49 step of 3.35 Ä lFigure 3-22a) without a substantial increase in twist. The increased

axial rise is again accommodated by the bending of the helix in this region. A large nega-

tive roll is also associated with the G3.C10/T4.49 base step (see Figure 3-Z2d) as well as

an opening of the base pairs towards the major groove (see Figure 3-23Ð.
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Figure 3-22 Plots of the global helical parameters for the l2merCo structure.
Plots showing the variations in (a) rise, (b) twist, (c) slide, (d) roll, (e) shifr, and (f) tilt across the helix.

Graphs of the base-pair parameters are shown in Figure 3-23.The central base-pairs

have adopted a relatively undistorted conformation, as observed in the l2merSp structure,

and the outer base pairs are considerably more distorted. A large increase in base-pair

buckle is observed for the outer residues (Figure 3-23b) which corresponds with asymmet-

rical conformation of the duplex backbone. The cr,y-extended backbone conformation is
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likely also responsible for the opening of base pairs G3.C10* and G5.C8* towards the

rnajor groove. The opening of these base pairs results in a slight distortion of the inter-base

hydrogen bonds, with the minor groove H-bonds being shortened and the major groove H-

bonds being lengthened.
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(a)

Figure 3-25 Unit cell packing in 12merCo.
Two views of the unit cell packing for l2merCo: (a) as viewed down the c axis and (b) parallel the c axis.

3.2.2.4 Structure of the Terminal Base Pairs

The terminal guanine, as observed in the l2merSp structure, is rotated away from

the helix axis towards the minor groove to form a small binding pocket. In this conforma-

tion the C8 atom of residue G12 makes a 3.3 Å contact with 03' of the phosphate back-

bone at residue Cl1. TIie small minor groove binding pocket is again occupied by a

symmetry-related 3'-terminal guanine. The terminal guanines are stacked such that their

six-rrembered rings overlap with an interbase separation distance of 3.4 Å 6igure 3-26).

The hydrophobic surface of the symmetry-related terminal guanine is in close contact with

(b)
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3.2.2.7 Thermal Parameters

In l2merCo average isotropic temperature factors range from 21 .5 to 40 ,Ä.2 for

phosphate groups, from 19 to 40 d2 for deoxyribose units, and from 19 to 40 Å2 for bases

with overall mean values o127.0,25.1 and24.0 Ã2, respectively. Overall the phospJrate

groups display the highest flexibility and the stacked bases are the least flexible among the

DNA atoms. The terminal nucleotide C1 displays the highest degree of thennal rnotion,

with average base and sugar B values of 40 Ã2. The high thermal motion i¡ Cl is likely

the result of its poorly stabilized flipped-out confonnation. The average thermal parame-

ters for solvent is 35.2 Å2.

3.3 Structures and Biological Implications

3.3.1 Structural Comparison

Despite the differences in crystallization conditions, the two structures, l2merSp

and l2merCo, are remarkably similar with a nns deviation for all DNA atoms of 0.6 Ä

(Figure 3-32). The two structures exhibit slightly altered patterns of helix bending as illus-

trated in Figure 3-33. The l2merCo structure shows increased bending in the centre of the

helix where the disordered cobalt hexammine binds. Significant deviations between the

two structures exist in the sugar-phosphate backbone of residues A9 and Cl0, a region

where both structures exhibit local conformational flexibility (Figure 3-34). As a result of

the movement of the sugar-phosphate backbone in this region, the phosphate group of the

partially disordered cytosine must alter its position between the two structures in order to

alleviate close packing contacts between symmetry-related duplexes. The orientation of
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3.3.2 The Influence of Crystal Packing

The origin of the high quality of the X-ray diffraction data from the i2merSp and

l2merCo crystals becomes clear when examining how the DNA molecules are packed

within the unit cell. Two DNA duplexes interlocked through their flipped-out guanine res-

idues are able to act as a molecular handle and latch on to the minor groove of a third

duplex. Through this motif, propagation of the growth of highly ordered crystals is

achieved. Thus the cylindrical pseudo-symmetry normally encountered in the crystalliza-

tion of DNA oligomers has been broken.

The local conformational flexibility in both crystal structures is likely the result of

the crystal packing alrangement. Figure 3-37 illustrates the atoms in both structures whicli

exhibit movement of greater than 0.4 Ä. There is a close-packing interaction on the minor

groove side of the phosphate moiety of rcsidue A9 which results in the movement of the

sugar-phosphate backbone between residues A9 and C10 which resides at the surface of a

small solvent channel.
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bility of DNA is an important determinant of its ability to interact with proteins

(Dickerson and Chin, 1998). There is also exists a growing number of DNA crystal struc-

tures that exhibit properties of both A- and B-DNA (Wang et a1.,1982; Malinina et al.,

1999; Ng et aL.,2000; Vargason et a\.,2001). Crystallographic studies have shown that

DNase I can bind to both an A-DNA and a B-DNA sequence, however, it can only .i.uu,

the B-DNA sequence (Suck et a|.,1988; Lahrn & Suck, l99l; Weston et a\.,1992).The

AeB conformational conversion in DNA is a phenomenon that raises important biologi-

cal and chemical questions and deserves further study.

The structures of l2merSp and l2merCo are the second instance of a DNA oligomer

with a 5'-terminal CG starting sequence crystallizing in an A-type conformation. The CG

starting sequence is common to oligonucleotides crystallized in the B-form. The first

DNA oligomer with a CG starting sequence to crystallize in the A-fonn was

d(CGCCCGCGGGCG), which exhibits a highly kinked A-DNA structure with a B-type

base-step at the terminal CG base-step (Malinina et a1.,1999). Malinina et al. speculated

that the unusual structure of the terminal base-pairs may be an intrinsic feature of the CG

base-step when placed at the ends of oligonucleotides in the A-form, or altematively tlie

distortion of the entire molecule may result in the stretching of the terminal base-step con-

formation. In the l2merSp and l2merCo structures the terminal base-pairs also do not

exist in an A-type conformation, but instead are flipped-out away from the helix axis. The

sugar moiety of the 3'-terminal residue has adopted aC2'-endo conformation, commonly

observed in B-DNA. Crystallographic studies of other 5'-CG sequences are required to

further investigate this anomaly.
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3.3.3.2 Base-Flipping

The structure of d(CGGIGGCCACCG) in the l2merSp and l2merCo crystal struc-

tures has a central ten base tract 5'-GGIGGCCACC-3' which forms'Watson-Crick base-

pairs with aZ-fold related strand resulting in a primarily A-type decamer duplex. Distor-

tion of the DNA occurs in both structures close to the 5' and 3' ends of the oligomer to

give two terminal base pairs which are oriented away frorn the helix axis. The flipped out

5'-C and 3'-G bases are stabilized by base stacking and water-mediated H-bonding inter-

actions with the terminal residues from symmetry-related strands. The structure of the

DNA decamers d(AGGCATGCCT) (Nurur & Neidle, 1gg6)and d(AGGGGCCCCT) (Gao

et al., lggg) show a similar orientation for the terminal 5'-A and 3'-T bases which are

sv/ung out of the duplex to form Watson-Crick base-pairing interactions with flipped out

bases from symmetry-related strands. While the existence of the flipped out bases in an

A-type structure is not unique, the interlocking of the duplexes through the flipped out

purine bases has not been observed before.

Base-flipping is the phenomenon whereby a base in DNA is swung completely out

of the helix into an extra-helical position where it can interact with the concave catalytic

binding pocket of the protein. Base-flipping by DNA enzymes was first observed in the

structure of a DNA cytosine 5-methyltransferase bound to substrate DNA (Klimasauskas

et al., 1994). Since that time, base-flipping has been found in some of the enzyne-DNA

complexes involved in the base excision repair pathway and predicted in others where an

enzyme requires access to an individual DNA base (Roberts & Cheng, 1998). There is lit-

tle hard data about the mechanism of base flipping as no intermediates have yet been char-

acterized. There are currently two main theories. The first theory suggests that the flipping
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is an active process in which the base is pushed out of the helix from the minor groove

side by an appropriate residue in the enzyme. Once flipped, the base is pulled into the

active site of the enzyme and trapped. The second theory is that during the normal breath-

ing of DNA, the bases naturally spend time in a completely flipped-out position, and it is

the transient conformation in the DNA that is recognized and caught by the protein.

The existence of both native DNA and protein-DNA complexes containing flipped-

out bases demonstrates that DNA molecules are very flexible and will readily undergo this

type of deformation at any required position along a DNA duplex.

3.3.3.3 A-T Base-pair Opening and Future Work

In an effort to verify the A.T opening observed in the crystal structure of

d(CGGIGGyd(CCACCG), the crystal structure of d(CGGIGGCCACCG) was deter-

mined. In the 2.5 Ãcrystal structure of ttre non-selÊcomplementary hexamer the DNA

helix adopted a B-type conformation with significant structural anomalies at the GTG site

(Tari & Secco, 1995). The A'T opening observed yielded structural features which could

serve as a signal for DNA-protein recognition. In the crystal structures of l2merSp and

l2merCo the DNA helix adopted an A-type conformation. While no structural anomalies

were found in the region of the GTG trimer, this does not dismiss the possibility of A.T

base-pair opening in the B-DNA form of this sequence. While the backbone of A-form

helices has been shown to be somewhat malleable, the sequence dependent conforma-

tional flexibility of the bases tends to be less prominent in A-DNA than in B-DNA (Gao et

aL.,1995).
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It has been shown that certain DNA sequences may favour the A-type conformation

(Frederick et al., 1987). In particular, the GpG base step has been shown to favour the

A-fonn, with poly(G)'poly(C) existing almost exclusively in the A-from (Arnott & Sels-

ing, I97 4). The source of this stabilization of the A-form has been linked to the base-pair

stacking. In the A-DNA geometry the guanines can optimally stack with the five-mem-

bered ring over six-membered ring. In order to obtain a B-form GTG containing sequence

it may be necessary to change our DNA construct to reduce the number of GpG base steps.

The self-complementary decamer sequence d(CGGIGCACCG), while still containing the

GTG trimer of interest, contains two fewer GpG base steps. The reduced number of GpG

steps are expected to yield a sequence which would be more likely to crystallize in tlie

B-form and provide further evidence for the A.T base-pair opening.

The influence of divalent cations on the DNA conformation may provide access to

the B-form of d(CGGIGGCCACCG). Metal ion coordination to nucleic acids is not only

required for charge neutralization, it is also essential for the biological function of nucleic

acids. The structural impact of the coordination of different metal ions on DNA helices

has yet to be de êiñtined fully. Among divalent cations the effects of Cu2n and Cd2+ on

DNA structure and stability are relatively clear cut. They are known to mediate the

unstacking of the bases and produce a random coil form by binding to the nucleotide bases

at high enough concentrations (Saenger, 1984). The effects of the alkaline earth cations,

such as Mg'* and, Cf+ , are equally clear cut, with their stabilization effects resulting from

binding primarily to the phosphate backbone. The effects of the transition metal ions such

as Znzn,Ni2+, Co2+, and Mn2* are less clear cut. They possess fairly strong affinities for

both the nucleotide bases as well as the phosphate backbone. As a result they are known to
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selectively stabilize some ordered structures while destabilizing others depending on the

ligand strength of the nucleotide base as well as the preferred conformatio¡ of the DNA

oligomer. The preliminary diffraction data on the zinc and cobalt nitrate crystal forms

seemed to indicate the DNA had adopted a B-type conformation. These cations may. to

bind at the N7 positions of successive GpG base steps (Froystein et al.,lgg3)and may

interfere witli the formation of the A-DNA geometry. Further investigation of the l2mer

crystals grown in the presence of Zn2+ and Co2+ ions are expected to yield the B-DNA

l2mer structure as well as to provide more information on the interaction of these transi-

tion metal ions with DNA oligomers.

While the main goal of investigation of the deformability of the A.T base-pair in a

B-DNA context was not achieved, a greater understanding of the deformability of the

A-DNA backbone'uvas gained. The interlocking of the 3'-terminal guanine residues in the

minor groove is a novel packing motif and has implications for minor groove recognition.

Design of DNA-binding drugs, based on the interactions of cobalt hexammine with the

dodecamer, which bind preferentially to GpG base steps and lock the conformation of the

DNA into an A-type structure may have applications in turning off gene expression in dis-

easese such as cancer.
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APPENDIX A DIUA Stntcture and
lVomenclature

DNA is a linear polymer that is made up of monomers called nucleotides. The nucleotide is

constructed from three components: a nitrogenous base, a2'-deoxyribose sugar, and a phosphate

group' There are four types of bases found in DNA: the purines, adenine (A) and guanine (G), and

the pyrimidines, thymine (T) and cytidine (C). The bases and their numbering scheme are shown

in Figure A-i. Each base is corurected to a sugar via a B glycosyl linkage befween the N(9) atom

in purines or the N(1) atom in pyrimidines to the C1' atom of the sugar moiety. The nucleotide

units are connected via phosphodiester linkages between the 03'and 615' atoms and the phosphate

group. The connectivity and numbering scheme for the nucleotide unit is shown in Figure A-2.
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phosphate backbone torsion angles d, þ, T, ô, e, and Ç, the sugar conformation, and the glycosidic

torsion angle 1(Figure A-3). The deoxyribose sugar adopts a conformatation in which one of the

five ring atoms lie out of the plane defined by the other four. This is termed an 'envelope' or E

conformation. The convention is to name the conformation after the out-oÊplane atom and then to

specify whether it is out of plane on the same side as the C5' atom (endo) or the opposite side

(exo). Ten such conformations exist: fle endo and five exo, which can be generalized to a contin-

uous distribution of intermediate conformations, characterized by a pseudorotation angle, P

(Altona & Sundaralingam, 1972).

lpurlnes)
C2 {pyrimilines}

Figure A-3 IIIPAC torsion angle notation for polynucleotide chains.
(reproduced from Saenger, 1984)

The results of fiber and single crystal x-ray diffraction studies have shown that DNA is

capable of a high degree of structural polymorphism, and that the global DNA structure is intin-

sically related to the extent of hydration of the double-helix. DNA can adopt two major right-

handed conformations, the A- and B-forms @igure A-4). All double helical DNA possess charac-

teristic grooves, whose dimensions depend on the DNA conformation. The minor groove is on the

a
.L'

)

)
+
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A common point of reference is required to describe the three-dimensional arrangements of

bases and base-pairs in nucleic acid structures. The geometry of a dinucleotide step is completely

defined by: (i) the base-pair parameters that describe the relative position and orientation of one-

base with respect to the other in a standard Watson-Crick base-pair (Figure A-7), and (ii) the step

parameters that describe the relative position and orientation of the two base-pairs (Figure A-5).

The base-pair step parameters can be calculated either rvith respect to local helical axes

(Figure A-6) between the two base-pairs, the so-called local base-step parameters, or with respect

to an overall helix axis, the global base-step parameters.

shift (D,) Slide (D,) Rise (I),)

Roll (p) I'Þrist (fl)

Figure A-5 Base-step parameters.
The top row describes the various translations involving trvo successive base-pairs and the boftom row describes
the various rotations between successive base-steps.A pìsitive tilt opens the angle Uet*.en Uãse-pairs towards
strand I (see Figure A-6). åpositive roll opens thè angìe between båse-pairs toüards the minãi'giooue. (repro-
duced from Dickerson, 1989).

Tilt (r)
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Base 2n-1

Strand I Stmnd ll

mínor gÍoove

Jigurg A-p Definition of the local reference axes (x,y,z).
Definition of (x,y,z) shor.vn for the first two base-pairs of an n 6us-pair double helix. The shaded corrers indicate
the bonds to sugar Cl' atoms. Curved arrows indicate 5'-to-3' direõtion of each backbone strand.

¡'""'--- --- - -7

i L__æ4 ,l
fu*"Eãdl

Shear (S,) ûuckle (rc)

Propeller trvist (ø)Stretch (Su)

r--_1 ,,-_'---\\;'ì
æ

Stagger (S,) Opening (ø)

Figure A-7 Base-pair parameters.
The left column describes various translations involving trvo bases and the right column describles the rotations
(reproduced from Dickerson, 1 989).
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