












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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