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Abstract

The primary focus of this dissertation is on the importance of the structure
of DNA, and its individual components, in the protein-DNA recognition process.
The research described herein centers on two distinct areas of investigation. In
the first, the crystal structure of a DNA fragment contained in a regulatory region
of the E. coli genome has been determined, and its importance in the context of
site specific recognition has been inferred.

The existence of distinct families of DNA-binding proteins, which 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. Using x-ray crystallography, the structure of the DNA
hexamer d(CGGTGG)/d(CCACCG), a part of the interior operator (O,
nucleotides +44 to +49) of the gal operon, co-crystallized with spermine, was
determined to a resolution of 2.5 A. Analysis of the structure reveals a number of
distortions from canonical B-DNA, including a novel non-Watson-Crick
hydrogen-bonding scheme between adenine and thymine in the GTG region.
The ability of this sequence to adopt unusual conformations in its GTG region
may be the critical factor that confers sequence selectivity to the binding of Gal

repressor. In addition, this is the first conclusive example of a crystal structure of

spermine with native B-DNA, providing insight into the mechanics of

polyamine:DNA binding, as well as possible explanations for the biological
action of spermine.

In the second series of studies, nucleosides and nucleotides modified at
the sugar moiety have been synthesized in an effort to structurally characterize

novel oligonucleotides. These molecules have been studied in the context of

ii



protein recognition, and as potential antisense constructs, anti-viral agents and
enzymatically resistant molecular probes. The major goal in the design of
antisense oligonucleotides is the creation of enzymatically stable
oligonucleotide analogues that form stable duplexes with their»natural
complements. thile extensive studies have been carried out on
oligonucleotides modified in their bases and phosphate backbones, sugar
modifications have received little attention. In this study, 1-(2',3"-dideoxy-B-D-
erythro-hex-2'-enopyranosyl) thymine was used as a nucleoside substitute in
the synthesis of the dimer ApT (2'-deoxyadenosine-(3'-6')-[1-(2',3"-dideoxy-B-D-
erythro-hex-2'-enopyranosy!) thymine] phosphate). Comparative CD studies
indicate that the global structural parameters of ApT" in solution are
isomorphous with those of natural ApT. ApT", relative to natural ApT, was also
found to possess an increased resistance to degradation by nucleases. The
results indicate that oligonucleotides end-capped with 2',3'-dideoxy-B-D-
erythro-hex-2'-enopyranose nucleosides may be effective antisense agehts.
The crystal structure of a precusor molecule, 1-(2',3'-dideoxy-B-D-erythro-hex-
2'-enopyranosyl) thymine was also determined and compared with that of the

active conformer of AZT, in an effort to assess its potential activity against HIV.
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1 Significance and Baékground

1.1 The Importance of DNA Structure in Biology

The double helical structure of DNA proposed by Watson and Crick in
19531 provided a unifying concept to molecular biology. It led to the discovery
of the genetic code and the understanding of how that code is utilized in the
creation of usable biological products. Also, it provided a simple mechanism for
the transmission of genetic information by complementary hydrogen bonding of
base-pairs, and an explanation of mutations as a result of errors in the reading
of the genetic code. In the time since the discovery of the double helix, these
ideas have been explored in depih, and much has been learned about the
complexity of the biological mechanisms controlling these events.

A crucial biological process, inherent to all living systems, is the
conversion of genetic information into usable biological products, viz. the
transcription of genetic code for protein synthesis. The polymerases, repressors
and activators involved in transcription initiate their action by binding to specific,
short base-pair sequences of an effectively infinite molecular chain of DNA.
However, before specific binding can occur, the proteins must locate and
recognize these targets.

When considering even a simple organism such as E. coli, the
magnitude of this problem becomes apparent. The E. coli genome usually
contains single operator and promoter sites for each operon. It also contains -
approximately 107 base pairs of DNA. Comparatively, each cell contains a
much smaller number of copies of each particular regulatory protein (i.e. ~10 lac
repressor molecules, ~5000 RNA polymerase molecules, etc.). This implies that

the DNA double-helix possesses sequence dependent features which



regulatory proteins are able to recognize and bind to with a tremendous degree
of specificity. However, to date, it is not understood exactly how DNA is able to
confer sequence specificity to the binding of regulatory proteins. One of the
major goals of this dissertation is to provide insight into a potentially critical
recognition factor, which was discovered in the crystal structure of
d(CGGTGG)/d(CCACCG), a sequence of DNA contained in a regulatory region

of the E. coli genome.

1.11 The Mechanics of the Regulatory Process: The gal Operon

The most elementary regulatory mechanisms used in bacteria obey the
following rule: A system is turned "on" when it is needed and "off" when it is not
needed. Since almost all reaction processes in living cells are catalyzed by
enzymes, a cell can effectively regulate the activities of its metabolic pathways
by altering the amounts of available enzymes in response to environmental
| factors. Cells conserve a great deal of energy and vastly improve their
efficiencies by synthesizing only the necessary enzymes, a process which is
initiated when a certain molecule or group of molecules called inducers
appear in the cell. When a given set of proteins are not required, the expression
of the genes coding these proteins is prevented by repressor proteins, which
block transcripﬁon by binding to specific regions of the genomic DNA called
operator sites. The inducers promote expression by conformationally altering
the repressor proteins, so that they are no longer able to bind to the operator
sites, or by interacting with a positive regulator protein, like the cyclic AMP
receptor protein (CRP) found in E. coli. bacteria, and converting it into a
form which binds to a genomic region called a promoter. The CRP bound

promoter facilitates the binding of RNA polymerase, and hence, provides a



starting point for transcription. A section of genomic DNA containing a collection
of operators and promoters, and the sequences coding the enzymes whose
expression they regulate are referred to as an operon. Operons may be
defined as constitutive and non-constitutive systems; constitutive systems
continue to express their genes at a significant level, even when the operon is
"off", while in non-constitutive systems, gene expression is almost completely
suppressed in the "off" state. The sequence of DNA which is the focus of this
study is contained in a regulatory region of the E. coli genome called the gal
operon, a constitutive operon which may be the new paradigm replacing /ac for
the mechanisms of regulation of gene expression in prokaryotic systems.

The gal operon exhibits a dual role in cellular metabolism: a) it is
responsible for the catabolism of the sugar galactose, which the cell utilizes as
an alternative energy source when glucose is not available, and b) one of the
structural genes encoded in the operon converts uridinediphosphoglucose to
uridinediphosphogalactose (in the absence of exogenous galactose), which
must be available at all times, as it is a precursor in the synthesis of the E. coli
cell wall. The three structural genes in the gal operon encode the enzymes
galactokinase (galK), galactose-1-phosphate uridyltransferase (galT) and
uridine diphosphogalactose 4'-epimerase (galE) (each cistron is approx. 1100
base-paifs long?). The mechanism of catabolism by the three gal enzymes is
summarized in Fig. 1. Overall, the concerted action of the enzymes convert
galactose to glucose 1-phosphate, which is utilized as an energy source in E.

coli bacteria.
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A schematic representation of the gal operon is provided in Fig. 2.
Regulation of the operon occurs at two levels3, with primary repression
occurring in the absence of galactose, mediated by the Gal repressor, GalR,
and a second level of regulation operating in the presence of galactose, which
is' mediated by cyclic AMP (adenosine monophosphate) and CRP (i.é.‘glucose
concentration) and a second repressor protein, called the Gal isorepressor,
GalS. GalR binds to two operator sites, O (exterior operator), located upstream
of the promoter sites and O (interior operator), located downstream within the
galE gene, which are separated by 114 base-pairs. The repressors bound to Og
and Oy bend their corresponding DNA segments and interact with each other to
form a closed loop complex (Fig. 3), blocking transcription from the overlapping
promoter sites Py and P24. At the primary level, galactose induces transcription
by interacting with GalR and altering its conformation, so that GalR no longer
recognizes its binding sites, Og or O|. The inactivation of‘ GalR in the presence of
galactose induces gene expression from P1 and P2 by a 10- to 15-fold increase,
depending on the secondary factors described above. GalS functions in a
similar manner to GalR, repressing transcription by binding to O; and Og, but
only when GalR is inactivated. GalS attenuates expression of the gal genes to a
much smaller extent than GalR, since it binds with a lesser affinity to the DNA
operator sites, and also because GalR epistatically suppresses the inactivation
of GalS by galactose3, for reasons, and by a mechanism, that are not fully
understood. It is interésting to note that this prevention of complete galactose-
induced inactivation of GalS actually suppresses transcription of the gal genes
by a 2- to 4-fold amount (i.e. galactose induces transcription by a factor of more
than 30 in the absence of GalS!). In contrast to the secondary negative control
exerted by GalS, a secondary positive control is exercised by the cAMP-CRP

complex. Cyclic-AMP-CRP binding switches transcription initiation between



start sites from S¢ and S entirely to S14 (by covering the P2 promoter site when
it binds). In high glucose environments, cAMP synthesis is inhibited®, so that
levels of available cAMP-CRP are low. In the absence of cAMP-CRP, no
allosteric control is exercised on the binding of RNA polymerase, which then
binds with equal facility to the promoter sites Py and P». This has the effect of
attenuating the expression of the gal genes, because an uqusually large
proportion of transcripts initiated at S, are aborted at the tri- to hexa-nucleotide
stage®. This second layer of control provides the gal operon with the
remarkable ability to modulate its expression in response to two separate

factors, galactose and glucose.

. RNA Polymerase
Repressor

Fig. 2 The gal operon of E. coli and the unlinked galR gene. P1 and P are overlapping
promoters, differentially regulated by cAMP-CRP complex. S1 and S represent the start
points of transcription for P1 and P) respectively. Transcription starts from either of Sy or
S2 in the absence of cAMP-CRP, but is only stimulated from S1 in its presence, since
cAMP-CRP binds to and blocks the P; site. Each transcript is polycistronic, encoding E,
T, and K (epimerase, transferase, kinase). Gal repressor protein, the galR gene product,
interacts with two sites in the operon, Og and O, to inhibit transcription. Both O and Oy,
whose centers of symmetry are 114 base pairs apart, function in repression of both
promoters. (Not drawn to scale).



Fig. 3 Gal repressors bound to Og and Oy bend the corresponding DNA segments and
interact with each other to achieve repression. +1 refers to the start site of transcription
from the Pj promoter. (Not drawn to scale).

The concerted effect of the various controlling mechanisms on the
expression of the gal enzymes is summarized in Table 1. The multiple levels of
control are required because the enzymes of the gal operon constitute an
amphibolic system. They are needed for degradation of galactose as a carbon
and energy source as well as for the biosynthesis of complex carbohydrates in
cell walls and cell membranes. Physiologically, these two processes are
unrelated. The dual negative control of gal provides E. coli. with the ability to
adapt to both catabolic and anabolic requirements of the galactose pathway.
However, one fundamental aspect of the regulatqry process in gal and the
other known regulator systems is not understood: What sequence specific
property of DNA confers the enormous degree of specificity to the binding of
regulatory proteins required for biological function? To gain insight into this
problem, the crystal structure of a critical region of the interior operator (O)) of

the gal operon has been determined, and some intriguing structural features



have been discovered in this region which may be pivotal in the recognition of

Oy by Gal repressor. Before describing the structure, some of the basic

principles of DNA structure will be first discussed.

Galactose Glucose Rate of Expression
Low High Low

Low Low Low

High High Moderate

High Low High

Table 1 Table summarizing the effects of cellular concentrations (qualitative) of

galactose and glucose on the rate of expression of the gal genes. Galactose concentration is

the primary "switch" for transcription, since it disables the GalR and GalS repressors.

Glucose modulates expression to a lesser extent, by altering the level of cCAMP. At low

glucose concentration cAMP synthesis is induced, increasing the level of cAMP-CRP,

which, when bound to Py, allosterically enhances the initiation of transcription.



1.2 DNA Structure and Nomenclature

1.21 Bases, Nucleosides and Nucleotides

Deoxyribonucleic acids are long, fibre-like polymers made up of a linear
array of monomers called nucleotides. Nucleotides are constructed from three
components: a nitrogen heterocyclic base, a 2'-deoxyribose sugar, and a
phosphate residue. There are four types of bases found in DNA, which belong
to the monocyclic pyrimidine family or the bicyclic purine family. The bases
and their atomic numbering schemes are shown in Fig. 4.

The bases are joined from N(9) in purines and N(1) in pyrimidines to C1'
of the 2'-deoxy-D-ribose sugar, to form the four unique nucleosides. The
nucleosides are always in the B-form, with the base on the same side of the
sugar as C5' (Fig. 5). }

The nucleotides, which are the phosphate esters of nucleosides (Fig. 6),
form the basic building blocks of DNA. Successive nucleotide units in an
oligonucleotide chain are joined by phosphodiester linkages between O3' of
one nucleotide and O5' of the next. Oligonucleotide sequences are written in
the 5' to 3' direction, using only the abbreviated names for the bases. For
example, the oligonucleotide dimer 2'-deoxyadenosine-(3'-5')-2'-

deoxythymidine phosphate in abbreviated form is d(ApT), or simply d(AT).
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Purines Pyrimidines

NH, O NH, 0

6 6 4
Ly L (K O
/ﬁ N7 /'3 NP NH, ° l}l/go 1}1 0
H H H o
Adenine Guanine Cytidine Thymine

Fig. 4 Sﬁuctures of the purine and pyrimidine bases found in DNA, in their major
tautomeric forms. The common abbreviated names for the bases are (A) adenine, (G)
guanine, (C) cytidine and (T) thymine.

Fig. 5 Structure of a deoxynucleoside showing the atomic labeling convention. The four
nucleosides found in DNA are named deoxyadenosine, deoxyguanosine, deoxycytidine
and deoxythymidine, respectively.
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Fig. 6 Examples of nucleotides and oligonucleotides at neutral pH.



1.22 Nucleotide Geometry

The overall geometry of the DNA double-helix is a consequence of the
conformational preferences of its individual nucleotide units. The geometry of
nucleotides is described by the phosphate backbohe torsion angles o, B, v, 6, €
and ¢, the furanose ring torsion angles 6gto 84, and  for the glycosidic bond
(Fig. 7). However, because there is a strong interdependence between many of
these torsion angles, nucleotides can be more simply described using only four
sets of parameters: the sugar pucker, the syn-anti conformation about the N-
glycosidic bond, the conformation about the exocyclic C4'-C5' bond, ahd the

geometries of the C-O and P-O ester bonds.

Fig. 7 TUPAC torsion angle notation for polynucleotide chains.
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1.221 Sugar Pucker

The furanose sugar ring is generally non planar, and can be puckered in
an envelope (E) conformation with four‘coplanar atoms and the fifth atom out of
plane by 0.5 A, or in a twist (T) conformation which has adjacent out-of-plane

atoms oppositely disposed about the plane made by the other three (Fig. 8).

.8 N Cs' 2N
@ AN/ (b) .V
; %) 0
4 2 1 4 3 1
' 3' '
X N cs 3 N
() (d) \ 4 \o f
4 1 h .
2! 2'
3 3
2T T2

Fig. 8 Examples of some sugar puckering modes, viewed with the plane made up of
atoms C4', O4' and C1' perpendicular to the plane of the page. (a) Envelope C3'-endo, 3E.
(b) Envelope C2'-endo, 2E. (c) Symmetrical twist C2'-exo-C3"-endo, %T. (d) Asymmetric

twist, with major C3'-endo and minor C2'-exo, 3T5.

Atoms displaced from these planes on the same side as C5' are called endo;
those on the opposite side are called exo. Since the transition between E and T
forms is generally a facile process, statistically it is expected that puckered
conformations should be predominately asymmetric. Thus, an abbreviated
notation has been devised to distinguish between large deviations from

planarity (major puckering) and small deviations from planarity (minor
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puckering). Using this notation, superscripts for endo atoms and subscripts for
exo atoms precede or follow the letters E or T for major and minor puckering
respectively.

An elegant treatment of puckering in furanose sugars, using the concept
of pseudorotation, was devised by Altona and Sundaralingam?. Using the
pseudorotation concept, sugar puckers are treated in terms of two parameters:
the degree of pucker (or maximum torsion angle), vmax, and the phase angle, P.
Using the endocyclic torsion angles 8¢ to 84 (see Fig. 7), P is calculated from
equation (1):

(62+04)—(61+63)
20, #(sin 36° + sin 72°)

(1)

tan P =

By convention, P = 00 is defined such that 6, is maximally positive,
corresponding to the symmetrical twist, 3T. The mirror image pucker, 23T, has a
phase angle P = 1800° (Fig. 9). At every phase angle P, the sum of the five
torsion angles is always zero. The maximum out-of-plane pucker, vmay, is given
by:

B9
cos P

Vinax = (2)

In 2'-deoxyrivbonucleotides, potential energy barriers limit the
pseudorotation and lead to preferred puckering modes. There are two ranges of
pseudorotation phase angles that are found to be preferred: C3'-endo at 0° < P
< 36° (in the "north" of the cycle, or N) and C2-endo at 144° < P < 190°
("south”, or S). Deoxyribose puckering preferences are described in more detalil

in Fig. 10.
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Fig. 9 Pseudorotation cycle of the furanose ring in nucleosides. Values of the phase
angle P are given in multiples of 36°. Envelope and twist forms alternate every 18°. After
rotation by 1800 the mirror image of the starting position is found. On the periphery of the
cycle, the signs of the endocyclic torsion angles are indicated as (+) positive, (-) negative or
(0) for an angle of 0°, From Ref. 7.
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Fig. 10 An energy map of 2'-deoxyribose conformations as a function of P. P = 00 is at
the top of the circle, and increases incrementally in a clockwise fashion. The puckering
amplitude which is given by vmax, (Eqn. 2) increases radially from the central dot
representing a planar 2'-deoxyribose. The ring represents the path of true pseudorotation
with Vmax = 0.4 A; filled circles describe energies calculated when all five torsion angles 6,
are constrained to the path of pseudorotation; empty circles correspond to only 6
constrained and other torsion angles relaxed. The largest deviations occur at P~ 2700 (O4'-
exo puckering). Drawn molecules show relaxed geometries and belong to nearest empty
circles in the energy plot. Numbers in the diagram represent energies (kcal/mole) above

global minimum. From Ref. 8.
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1.222 Syn-anti Conformation of the Base

In nucleotides, the planes of the bases are almost perpendicular to the
planes of their respective sugars, and they typically bisect the 0O4'-C1'-C2'
angle. Therefore, principally two regions of conformational space are occupied
by bases, which aré described by the glycosidic torsion angle x: the syn and
anti conformations. The torsion angle g is defined by atoms O4'-C1'-N9-C4 in

purine nucleotides, and by 04'-C1'-N1-C2 in pyrimidine nucleotides (Fig. 11).

syn anti
ap 4

180°
-ac ac

high

syn
) “'..L; 0
-90 ﬁ +90

+90°

Fig. 11 IUPAC definition of syn and anfi conformational ranges shown for a
pyrimidine nucleoside (darkened portions of the circles). i is defined by the atoms O4'-
CI'-N1-C2, and the base is towards the viewer. The high-syn (+ac) conformation overlaps
with the anti region and the high-anti (-sc) conformation overlaps with part of syn.

Generally, both pyrimidine and purine nucleotides show a preference for
the anti conformation, since it moves the bulkier portions of the bases (02 of

pyrimidines and N3 in purines) away from the sugar. x is also strongly

correlated with sugar pucker (again, mainly for steric reasons), which, for
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pyrimidine nucleosides, falls in the range -180° <y < -1380 for C3'-endo, and
the range -144° <y < 1150 for C2'-endo ©. There is one important exception to
the general preference for anti-forms. NMR10, CD11 and X-ray diffraction
studies?2,13 ghow that guanine prefers to adopt the syn-form in
mononucleotides, in alternating d(CpQG) tract oligomers and in Z-DNA. This is
supported by classical potential energy!'4 and quantum mechanical
calculations15, which suggest that this effect arises from a favorable
electrostatic interaction between the N2 amine of guanine and the 5'-phosphate
anion, associated with polarization of one of the nitrogen non-bonding electrons

towards the purine ring.

1.223 The Orientation About the C4'-C5' Bond

In oligonucleotides, the rotation about the C4'-C5' bond (defined by the
torsion angle v), determines the positioning of theS'-phosphate group relative to
the sugar and base. The orientation about y populates three main
conformational ranges, which are all staggered (Fig. 12). However, these three
conformational ranges, +sc, -sc and ap are not uniformly populated, showing a
strong dependence on the presence of a 5'-phosphate?6-18, sugar puckér and
base’9-22, In purine nucleosides, the +sc and ap conformers occur with equal
frequency in both C2'-endo and C3-endo puckers, while -sc is only rarely
observed with C2'-endo. Pyrimidine nucleosides show a strong preference
exclusively for +sc, regardless of sugar pucker (the +sc conformer is stabilized
by hydrogen bonding interactions which are described later). The
predominance of the +sc and ap conformations, when compared to the -sc
conformation, results from the gauche effect23. The gauche effect directs torsion
angles of groups X-C-C-Y, where X and Y are electronegative substituents like

OH or F, into + or - gauche (+sc or -sc) and tends to avoid ap. Thus, +sc and ap
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conformations of yare favored, since they correspond to the -sc and +sc

conformations of the torsion angle 05'-C5'-C4'-04' (Fig. 12).

+SC ap
O 1
H o4 > 04’
05\01' v \01'
¥ ‘)Y H H
-SC
H v o4
) \m.
05'

Fig. 12 The three conformations observed in oligonucleotides around the torsion angle
Y, viewed down the C5'-C4' bond. The +sc conformation, which places the phosphate

directly over the ribose sugar, occurs the most frequently. In nucleosides and nucleotides,
the -s¢ conformation, which corresponds to an ap conformation around the torsion angle
05'-C5'-C4'-04/, is rarely observed due to the gauche effect.

In nucleotides, the +sc conformation dominates for both purines and
pyrimidines and is independent of sugar pucker. In both nucleosides and
nucleotides, the +sc conformer is stabilized by hydrogen bonding interactions
between C6(H) pyrimidine or C8(H) purine and O5'. The increased selectivity
for +sc conformations of yin nucleotides arises from the fact that nucleotides
realize stronger base-O5' hydrogen bonding interactions than nucleosides,

because the phosphate attached to O5' renders this atom more electronegative



than O5'-H in nucleosides. Crystallographic evidence for the existence of
hydrogen bonds between base protons and O5' has been observed in the
crystal structures of UpA24.25 and 5-aminouridine26 (for a review which

discusses C-H hydrogen bonding, see Ref. 27).
1.224 Orientation About the C-O and P-O Ester Bonds

The C-O and P-O ester bonds play a crucial role in determining inter-
nucleotide geometry, and thus, global oligonucleotide structure. Severe steric
hindrance between the phosphate group and sugar moiety restricts the C-O
torsion angles,  (C5'-05') and & (C3'-03'), to the ap, and ap to -ac ranges
‘respectively. NMR studies?8 of several dinucleotide phosphates indicate that
is related to sugar pucker, moving from ap to -ac, as sugar pucker changes
from C3'-endo to C3'-exo. Inter-nucleotide base-stacking, which is a primary
force in determining the structure of oligonucleotides, also directly influences
£29,

Rotations about the P-O ester bonds, o (P-O5') and ¢ (O3'-P) are also
restrained, particularly in right-handed helical oligonucleotides, since the
formation of the right-handed Watson-Crick double-helical conformation is only
possible when o is in the -sc range, and ( lies in the -s¢ to -ap range30.
Theoretical studies on dimethyl phosphate3? and ethyl methyl phosphate32,
suggest that the orientation of P-O bonds is dictated primarily by the gauche
effect, showing energy minima at C-O-P-Oegter torsion angles in the +sc, +sc
and -sc, -scranges. In a C-O-P-Ogster system, with two lone pairs of electrons at
O and an adjacent polar bond P8+-08-ggter, the +sc and -s¢ conformations
place one of the lone pairs of electrons ap to the adjacent polarized P-O bond,

where it can donate electrons into the bond (Fig. 13). In the all-trans orientation
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of the C-O-P-O-C chain, the lone-pair orbitals are not anti parallel to the polar
P-Oester bonds, a state which is 7 kcal/mol higher in energy than the +scand -sc
conformations.

When nucleotides are built into polynucleotides, the allowed
conformational space for a and { narrows considérably, and the +sc, +sc
conformation is forbidden for steric reasons33.34, Polynucleotides only adopt
the -sc conformations in o and -scto -ap conformations in { (corresponding to a
right-handed helix) to avoid unfavorable non-bonded internucleotide contacts
(except in rare cases; i.e. Z-DNA (left-handed) forming sequences, where
changes in other torsion angles force a and { into different ranges). Steric
arguments dictate30 that allowed values of { in right-handed Watson Crick DNA
depend intimately upon sugar pucker; in B-DNA (C2'-endo pucker), { adopts
conformations towards the -ac range, while in A-DNA (C3'-endo pucker), the

-Sc range is preferred.

-sc ap

Fig. 13 Description of the gauche effect. The -sc conformation of the C-O-P-O group is
favored because it places an oxygen lone pair ap to the polarized P-O bond, which
optimizes electron donation to the polar bond. In the gp conformation, the orbitals and the
adjacent P-O bond are in +sc and -sc positions and electron transfer is diminished.
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1.23 The Structure of DNA

The primary structure of DNA has each nucleoside joined by a
phosphodiester bond from its 5'-oxygen to the 3'-hydroxyl of one neighbor and
by a second phosphodiester from its 3'-hydroxyl to the 5-hydroxy! of its other
neighbor (Fig. 6 shows this for a dimer, d(ApT)). Thus, the uniqueness of a DNA
strand lies solely in the sequence of the bases. In right-handed double helical
DNA (the focus of this dissertation) two single strands of DNA align in an anti
parallel fashion (i.e. 5'-3' to 3'-5') and interact via a series of complementary
hydrogen bonds, coiling into a double helix which has the phosphates on the
outside, with the hydrogen-bonded base-pairs on the inside stacked upon one

another, like coins in a roll.
1.231 Hydrogen Bonding in DNA

Right-handed, double-helical DNA utilizes highly specific hydrogen-
bonding motifs to establish the fidelity of DNA transcription and translation. The
base-pairing pattern in DNA is called Watson-Crick péiring. In the Watson-
Crick scheme, adenine pairs with thymine, and guanine with cytosine in
complementary oligonucleotide strands. The imino N-H and amind NHo groups
of the bases act as hydrogen-bond donors, while the sp2-hybridized electron
pairs on the keto oxygens and on the ring nitrogens act as hydrogen-bond
acceptors (Fig. 14). Hydrogen-bonds are largely electrostatic in nature, with a
- +0.2e charge on the hydrogens, and a -0.2e charge on the oxygens and
nitrogens. However, hydrogen-bonding interactions differ from pure electrostatic

interactions in that they show a strong directional dependence, with donor-H-
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acceptor angles of 160°-180° providing optimal strength3S, which falls off
rapidly outside that angular range. This stringent geometric requirement of
hydrogen-bonds is responsible for the high degree of sequence specificity in
duplex formation. Interaction energies of Watson-Crick base-pairs, calculated
by quantum mechanical methods36, suggest that A:T base-pairs, which are
stabilized by two hydrogen-bonds, are much weaker than C:G, base-pairs,
which are stabilized by three (the calculated interaction energies in kcal/mole

are -7.00 for A:T and -16.79 for C:QG).

c1 O

Fig. 14 Watson-Crick base-pairing for C:G (top) and T:A (bottom). Hydrogen-bonds
are depicted as dashed lines.
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- While Watson-Crick base-pairing is the dominant pattern in DNA, other
schemes have been observed in the solid state37. However, all of the non-
Watson-Crick base-pairings in DNA which have been observed are
mismatches; i.e. either they involve chemically modified bases, or they pair A
with a base other than T or G with a base other than C. Since the emphasis of
t‘his study is on possible protein recognition factors in unmodified DNA, base

mismatches will not be discussed further here.

1.232 Base Stacking Interactions

In aqueous solution, the hydrophobic effect is the major driving force
which shapes the secondary structure of DNA. When a non-polar substance is
dissolved in water, it disrupts the hydrogen-bonding network between water
molecules, which cluster in an ordered manner around the surface of the solute
molecule so as to orient their protons away from the hydrophobic surface.
Therefore, the water molecules at the water:solute interface lose entropy, which
is an energetically unfavorable situation. To minimize this loss of entropy, non-
polar molecules in aqueous solution tend to aggregate, minimizing their surface
area to volume ratio, thus releasing a greater number of ordered water
molecules into the disordered bulk water of the surroundings. In DNA, the
minimization of hydrophobic surface area is achieved by maximizing the contact
between the hydrophobic surfaces of the bases via the formation of a double-
helix, with the hydrophilic phosphates on the outside and the hydrophobic
base-pairs on the inside, stacked upon one another. However, while
hydrophobic interactions are primarily responsible for inducing base-stacking,

other forces, namely dipolar and London dispersion forces, provide additional
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stabilization, and more importantly, convey sequence specificity to the base-
stacking process.

London dispersion forces are attractive forces between proximal atoms
~that arise from electrokinetic interactions between the atoms. At any instant, the
electronic charge distribution within atomic groups is asymmetric due to
electron cloud fluctuations. These instantaneous dipoles created in one group
of atoms polarize the electronic system of neighboring atoms or molecules, thus
inducing parallel dipoles which attract each other. Dispersion forces are
additive and decrease with the sixth power of distance. They are independent of
temperature and increase with the product of the polarizabilities of the
interacting molecules38. In addition, bases possess permanent dipoles, which,
combined with dispersion forces, lead to appreciable sequence dependent

variations in stacking energies (Table 2).

1.233 The Two Distinct Conformations of Right-Handed Double-
Helical DNA -- A-DNA and B-DNA

Studies of DNA structure in solution and in the solid state
(comprehensively reviewed in Ref. 40) have revealed that DNA is capable of a
high degree of structural polymorphism, and that global DNA structure is
intrinsically related to the extent of hydration of the double-helix. Two distinct
conformations of right-handed double-helical DNA have been identified: The A-
form, which occurs at low humidity (high salt), and the B-form, which occurs at
high-humidity and is the prevailing conformation in vivo. A- and B-form DNA
adopt globally regular structures which are described by a range of

characteristic features. All double helical DNA possess characteristic
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Stacking Energies
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Table 2 Total stacking energies (kcal/mol dimer) for the ten possible dimers with B-
DNA geometry obtained from quantum mechanical calculations39. Arrows indicate the 5' to
3' direction. ‘



grooves, whose dimensions depend implicitly upon DNA conformation.
Grooves form because the two glycosidic bonds branch off from the same side
of the helix and because base-pairs are displaced from the helix axis. Thus, the
outer envelope of the double-helix is not cylindrically smooth, but displays two
grooves of different widths and depths. The minor groove is on the 02
(pyrimidine) or N3 (purine) side of the base-pair while the major groove is on
the opposite side (Fig. 15a). The dimensions of the major and minor grooves
are used to describe the overall shape of the DNA. The global parameters,
vertical rise per base-pair and base-pair twist, define the pitch of the helix.
Sideways inclination of the base-pairs permits the separation of the bases
along the helix axis to be smaller than the van der Waals distance, 3.4 A,
yielding a shorter, fatter helix. A detailed description of how DNA structure has

been parameterized is provided in Fig. 15.

Strand

Fig. 15a Definitions of local reference axes (x,y,z) at the first two base-pairs of an n-
base-pair double helix. View is into the minor groove. Shaded corners locate attachments
of bonds to sugar C1' atoms. Curved arrows indicate 5'-to-3' direction of each backbone
strand. Bases along strand I are numbered from 1 to n in a 5'-to-3' direction, and bases
along strand II are numbered from n+1 to 2n, also in a 5'-to-3' direction. Base-pairs are
numbered from 1 to n, in agreement with the bases of strand 1. From Ref. 41. |
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groove  ¢c—————— groove
1

Fig. 15b Positive roll opens the angle between base-pairs towards the minor groove.
View is along the long base-pair axis from strand I to strand II, (along -y). Curved arrow
represents the rotation of base 2 relative to base 1, about the y axis. From Ref. 41.

2
2n-1
Strand + (@ Strand
I 5 I
1 2n

Fig. 15¢ Positive tilt opens the angle between base-pairs towards strand I. View is from
the minor groove side (along +x). Curved arrow represents rotation of base-pair 2 relative
to base-pair 1, about the x axis. From Ref. 41.
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Fig 15d Schematic view of the minor groove of an A-DNA helix, showing the positive
inclination of one base-pair. From Ref. 41. |

—

Fig. 15e Illustration of positive propeller twist, viewed down the long axis of a base-
pair. The usual propeller twists in A- and B-DNA are negative in this convention, which is
used because it is consistent with sign definitions for torsion angles. From Ref. 41.
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ROTATION
27
Coordinate frame Tip(9) Inclination ()
i
-
Opening (o) Propeller twist (w) Buckle («)
Twist (Q) Roll (p) Tilt(7)

Fig. 15f Definitions of various rotations involving two bases of a pair (upper two rows)
or two successive base-pairs (bottom row). In the top row the motions of the two bases are
coordinated, and in the middle row their motions are opposed. Columns at the left, center
and right describe rotations about the z, y and x axes, respectively. The standard coordinate

frame is defined at the upper left. From Ref. 41.
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TRANSLATION

Coordinate frame y displacement (dy) x displacement (dx)

Stagger (Sz) Stretch (Sy) Shear (Sx)

Rise (Dz) Slide (Dy) Shift (Dx)

Fig. 15g Definitions of various translations involving two bases of a pair (upper two
Tows) or two successive base-pairs (bottom row). In the top row the motions of the two
bases are coordinated, and in the middle row their motions are opposed. Columns at the
left, center and right describe translations along the z, y and x axes, respectively. The
standard coordinate frame is defined at the upper left. From Ref. 41. '



1.234 A-DNA

The general anatomy of A-DNA follows the Watson-Crick model with anti-
parallel, right-handed double-helices. The planes of the sugar rings are parallel
to the helix axis, and the phosphate backbone is on the outside of a cylinder of
about 24 A in diameter. The bases are displaced 4.5 A away from the helix axis,
into the minor groove (negative x displacement), creating a 3 A hollow core
down the helix axis, a shallow minor groove, and a deep major groove. There
are 11 bases in each helical turn of 28 A, corresponding to a vertical rise per
base-pair of 2.56 A (Table 3). To maintain the normal van der Waals separation
of 3.4 A between stacked bases, base-pairs roll away from each other by 10°-
15° (see Fig. 15b), and successive base-pairs slide (in the negative direction)
away from one another. The concerted action of roll and slide causes base-
pairs to incline by approx. 20° (Fig. 15d), macroscopically resulting in a
shortened helix, which still maintains the mandatory separation of the stacked
bases. This sort of helical contraction, inherent in A-form helices, occurs when
DNA is in a low humidity (typically less than ~75%) environment, where the
amount of available water is insufficient to fully hydrate the individual
phosphates in the backbone. The DNA conformationally adjusts in low humidity
environments by globally adopting C3'-endo sugar puckers, which closes the
distance between adjacent intrastrand phosphates to 5.9 A (Fig. 16). The
shorter distance between adjacent phosphates allows water molecules to
bridge them, so that overall, less water is required to hydrate the phosphate

backbone of the DNA. The sugar-backbone torsion angle conformations

~ adopted by A-DNA are shown in Table 4, and the structure of a canonical A-

form double-helix is depicted in Fig. 17.
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1.235 B-DNA

The B-form of the DNA double-helix is favored in humid environments (=
95% relative humidity), and is thus the predominant conformation adopted by
DNA in vivo. B-DNA adopts a longer, narrower helical conformation than A-
DNA, with a rise per base-pair of 3.4 A (Table 3), and 10 base-pairs per full turn
of the helix (which corresponds to a 34 A helical pitch, and a 36° base-pair
twist). The helical diameter is about 20 A. Bases stack above their neighbors on
the same strand and are perpendicular to the helix axis, which they straddle.
The sugar puckers populate the south-eastern quadrant of the pséudorotational
cycle (i.e. C2'-endo to O4'-endo), which causes a relatively large 7.0 A
separation of the intrastrand phosphates (Fig. 16). The sugar-backbone torsion
angle conformations adopted by B-DNA are shown in Table 4, and the structure

of a canonical B-form double-helix is depicted in Fig. 18.

Fig. 16 Nucleotides in C3'-endo (left) and C2'-endo (right) conformations as observed
in A- and B-type polynucleotide helices. Phosphate-phosphate distances are indicated in
Angstroms. From Ref. 40.
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Table 3 Average Helix parameters for A- and B-DNA (From Ref. 42)

Structure Helix = Base-Pairs Twist Displacement Rise per Inclination Sugar Groove Width  Groove Depth
Type Sense  per turn perbp of helixaxis bp(A) (deg) Pucker (A) (A)

(deg) (A minor  major minor  major
A-DNA R 11 32.7 4.5 2.56 20 C3-endo 11.0 27 28 13.5

B-DNA R 10 360 -02t0-1.8 3.3-34 -1t0o-6 C2'-endo 5.7 1.7 75 88

Se




Table 4 Average Torsion Angles (°) for DNA Helices (From Ref. 43)

Structure Type « B Y 3 € g y4
A-DNA -50 172 41 79 -146  -78 -154
B-DNA -41 136 38 139 -133  -157 -102
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Fig. 17 a) A space filling model of A-DNA, viewed parallel to the helix axis. b) The
same model rotated by 90° so that the view is down the helix axis, showing the 3 A hole in
the center. ¢) To show the relative dimensions of the grooves in an A-form helix, an A-
RNA double helix has been tilted by 32°. This view shows the depth of the major groove
(M) and the shallowness of the minor groove (m). All diagrams are from Ref. 40.
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Fig. 18 a) A space filling model of B-DNA, viewed parallel to the helix axis. b) The
same model rotated by 90° so that the view is down the helix axis. ¢) To show the relative
dimensions of the major groove (M) and the minor groove (m) in a B-form helix, the model
has been tilted by 30°. From Ref. 40.
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1.3 Why Study the DNA Fragment, d(CGGTGG)/d(CCACCG)?

No simple code has been found correlating DNA sequence with the
bihding of regulatory proteins44-46, However, distinct families of DNA-binding
proteins, employing related structural motifs for recognition, suggest that
common sequence elements exist in DNA regulatory regions. The duplex trimer
GTG/CAC (hereafter referred to as just GTG) appears approximately five times
more frequently than statistically expected in functionally important sites of
protein-DNA interaction, suggesting a possible role in the overall regulatory
process47.48. In complexes of regulatory proteins bound to their consensus
sequences the DNA is bent at GTG sites49-51, NMR spectra of the /ac operator
sequence47.48 and physico-chemical results of cis- and trans-diammine-
dichloroplatinum(ll) binding to DNA sequences containing GTG%2.53 reveal
’striking helical perturbations in the region of the GTG trimer. Furthermore, it has
been suggested that specific features must be inherent to the trimer GTG to
result in the anomalously short lifetime observed by NMR for the T-A base pair
in this sequence®4.

The unusual conformational deformability of, and structural features
associated with, GTG sequences may significantly contribute to sequence
specific protein-DNA molecular recognition processes involving these
sequences. To study possible structural anomalies at a GTG site in a DNA
control region (while avoiding any attenuating influence molecular symmetry
may have on conformational freedom) a non-self-complementary sequence
corresponding to a fragment of the gal operon contéining this trimer has been
investigated. Although many DNA control regions that are the target sites of

regulatory proteins exhibit pseudo-dyad symmetry in their sequences, it has
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been demonstrated that repressor-operator contacts in the /ac system are not
symmetric across the pseudo two-fold operator sequence®5, thus highlighting
the need for structure determinations of asymmetric or non-self-complementary
DNA fragments. The similarity between the lac and gal repressor and operator
sequences suggests that the asymmetry in contacts in the /ac system may also
be observed in the gal system.

A review of the Nucleic Acid Database37 indicates that less than five
percent of all DNA crystal structures compiled to date have resulted from studies
on non-self-complementary sequences. One reason for the paucity of structural
data from non-self-complementary sequences is the increased difficulty in
preparation of crystalline samples suitable for x-ray diffraction experiments
relative to more commonly studied self-complementary sequences, viz. the
additional steps of synthesizing and purifying a second strand, and the problem
in achieving a crystallization >solution devoid of excess single strand
contaminant. Compounding the difficulty of growing suitable crystals of non-self-
complementary sequences is the inability of these sequences to take
advantage of the molecular two-fold symmetry that often facilitates the
crystallization of self-complementary strands. With the exception of a nonamer,
the few non-self-complementary sequences that have been reported are
dodecamers which crystallized as B-DNA duplexes.

B-DNA, the moét biologically relevant conformation of DNA, is the best
candidate for structural studies into DNA molecular recognition features.
Analysis of crystal packing in unmodified B-DNA structures can help
characterize possible molecular recognition features by illustrating which sites
interact and how they are used in the aggregation of surrounding molecules.

However, the family of unmodified B-DNA crystal structures is fairly limited,

being represented exclusively by dodecamers and decamers: dodecamer -
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packing modalities most often lead to the space group P212124 and less
commonly to R3, whereas decamer structures are evenly distributed among the
space groups P212121, C2 and P6. Given the individual packing preferences
for these duplex lengths, it is reasonable to expect that other duplex lengths that
adopt the B-form may display additional types of packing arrangements and,
thereby, permit further understanding of the types of intermolecular contacts
available for molecular recognition processes.

While structures of duplexes less than ten base pairs in length are
common choices for study in other forms of DNA, viz. A- and Z-DNA, their under
representation in the B family is, likely, a consequence of the difficulty in
obtaining suitable crystals (a problem recognized in the report of a self-
complementary phosphorothioate hexamer56 whose structure has been solved,
but whose unmodified sequence diffracted only to 8 A resolution). Difficulties in

crystallization of shorter strands in the B-form without the aid of stabilizing drugs

may result from a greater variety of, but less discriminating (or possibly |

~sequence dependent) contacts B-type duplexes present to surrounding
molecules compared with A- or Z-type duplexes. This explanation is consistent
~ with the fact that B-DNA crystals are generally weaker scatterers of x-rays than
A- or Z-DNA crystals. This weaker scattering suggests that B-DNA yields less
uniform (and/or, possibly, less rigid) crystal packing arrangements. Limiting
crystal structure studies of B-DNA to dodecamers and decamers may restrict the
packing types to just those arrangements that will accommodate these strand
lengths.

Reported here, is the 2.5 A crystal structure of the GTG-containing, non-
self-complementary hexamer d(CGGTGG)/d(CCACCG), which is part of the

interior operator of the gal operon (O}, nucleotides +44 to +49)57. The

sequence, novel among oligonucleotide crystal structures, is the first example of
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an unmodified hexamer crystallizing as B-DNA. Furthermore, the structure
analysis reveals a new packing arrangement for B-DNA duplexes.

Also described in this dissertation is the key role that the polyamine,
spermine, plays in DNA association. This is the first conclusive example of a
crystal structure of spermine complexed with native B-DNA. A spermine
molecule was tentatively identified bound to a B-DNA dodecamer$8, but it did
not refine in a well behaved manner. Spermine, (NHz(CH2)3NH,(CH,)o)o4+, is
a member of the family of aliphatic, polycationic ligands presént in essentially
all prokaryotic and eukaryotic cells that interact with anionic cellular
components such as membranes®9.60 and nucleic acids. Through their
interactions with DNA, polyamines play an important role in a diverse array of
fundamental biological processes (for reviews see Refs. 61-64). Polyamines are
necessary for normal cell growth and differentiation®1. In vivo a correlation is
found between intracellular polyamine concentration and nucleic acid
synthesis, and in vitro polyamines enhance both transcription and
translation®9.66, Polyamines also stabilize duplex DNA against thermal
denaturation87-69, condense DNA in chromatin7® into compact structures,
stabilize triplex DNA71, and induce B-DNA to Z-DNA and B-DNA to A-DNA
transitions®3.72, An additional biological function undertaken by polyamines
that is well documented is their ability to increase the fidelity of type I restriction
endonucleases’3.74, However, mechanistic details describing how polyamines
accomplish this are sfill unavailable. In this dissertation a possible explanation
for this phenomenon is provided. A second aspect of polyamine:DNA
interaction that remains obscure is the specificity of polyamine binding. Such
binding may occur through charge-charge interactions in a dynamic, non-
specific manner, driven by the release of bound ions89.75-77, as formulated in

the theory of Manning”8. Alternatively, a static association may occur where
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polyamines utilize sequence dependent structural properties of DNA in the
binding process, employing direct or water mediated hydrogen bonding
interactions with DNA bases and phosphate oxygens, and van der Waals
interactions with hydrophobic regions of DNA79-84, The results of this structural
study support the latter theory of association, with spermine molecules

associating with specific regions of the DNA via water mediated contacts with

backbone and base atoms in the major groove, which appear to stabilize some

intriguing structural anomalies in the DNA duplex.
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Chapter |l

Experimental Section

Synthesis, Purification, Crystallization and Crystal
Structure Determination of d(CGGTGG)/d(CCACCQG)
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2.1 Synthesis and Purification

, The two strands of the hexamer, d(C(1)-G(2)-G(3)-T(4)-G(5)-G(6)) and
d(C(7)-C(8)-A(9)-C(10)-C(11)-G(12)) (where the numbers indicate base
position), were purchased from the Regional DNA Synthesis Laboratory,
University of Calgary. For crude purification of the respective single-strands,
and for separation of excess single-stranded material from annealed duplex,
anion-exchange high pressure liquid chromatography (HPLC) was used. All
HPLC was done on a Varian LC Star 9010 solvent delivery system coupled with
a Varian LC Star 9050 UV/vis detector. For anion exchange chromatography,
the system was fitted with a VYDAC 3040L54 analytical column, which
incorporates a weak, DEAE-type anion exchange function into a thin polymer
. film covering the surface of a silica matrix. To protect the column, the system
was also fitted with a teflon solvent filter and a 2 cm guard column, which was
simply a shorter version of the main separating column. All samples were
injected into the system using a 500 L injector loop. The solvents used as
eluants were: A) 80% 0.125 M sodium phosphate - 20% acetonitrile (v/v, pH
6.0), and B) 80% 0.375 M sodium phosphate - 20% acetonitrile (v/v, pH 6.0).
Acetonitrile was added to the eluants to compensate for the slightly hydrophobic
nature of the ion exchange material. The eluant flow rate, and the optimized
solvent program used for purification are detailed in Table 5. Once optimized,
purification of the resbective single strands, and the separation of excess
single-stranded DNA from double-stranded DNA were accomplished in a single
step. HPLC profiles of each single-strand and of annealed duplex are shown in

Fig. 19.
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Time (min.) %A % B

0-25 100 0
32 40 60
34 40 60
39 100 0
41 100 0

Table 5 Solvent program for the crude purification of d(CGGTGG)/d(CCACCG) by
anion-exchange HPLC. The flow rate used was 2.0 mL/min. (A) is 80% 0.125 M sodium
phosphate - 20% acetonitrile (v/v, pH 6.0), and (B) is 80% 0.375 M sodium phosphate -
20% acetonitrile (v/v, pH 6.0). Levels of (A) and (B) were varied linearly between steps in
the program.

DNA samples were prepared and purified as follows: 1) Two 5-6 mM
solutions of the individual DNA strands were prepared by dissolving 4.0-5.0 mg
of each strand, respectively, in distilled, deionized water (dH>O, 400 pL). 2)
Before injection into the HPLC, volumes of the single-strand solutions
corresponding to approximately equi-molar amounts of each strand were
combined in an Eppendorf vial, stirred, and the volume of the new solution
containing both strands was made up to 500 pL with dH»O, and allowed to sit
for ~ 5.0 min. to anneal the strands (waiting for 5 min. did not seem critical, as
the complementary strands annealed almost immediately). 3) Samples were
injected into the HPLC using a 500 pL syringe, and the peaks corresponding to
the hexamer DNA duplex in successive runs were collected in 10 mL

polypropylene test tubes and stored in a freezer.
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Fig. 19a Anion-exchange HPLC trace of a 50 pM solution of d(CGGTGG) in dH,0,
using the solvent program from Table 5.
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Fig. 19b Anion-exchange HPLC trace of a 50 uM solution of d(CCACCQG) in dH0,
using the solvent program from Table 5.
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Fig. 19¢c Anion-exchange HPLC trace of a 50 uM solution of the annealed duplex,
d(CGGTGG)/d(CCACCG) in dH20 (with d(CCACCG) slightly in excess), using the
solvent program from Table 5.
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The volumes of each of the single-strand stock solutions required to yield

equi-molar amounts of each strand (and thus no large excess of one strand

after annealing) were determined empirically by titrating one strand against the

other on the HPLC. Mixtures of the single-strand solutions with volume ratios
were employed that maximally suppressed the respective single-stranded
peaks on the HPLC trace. In addition, these mixtures were always made to
contain a slight excess of the d(CCACCG) strand, since the elution time of
d(CCACCQG) differed greatly from the elution times of both d(CGGTGG) and the
annealed duplex, respectively (the d(CGGTGG) strand and the duplex had
similar elution times, and were difficult to resolve). In a single run, the most
material that could be purified without a loss in resolution was about 0.5 mg (0.3
umoles) of each single-strand. After all of the material was processed, test-
tubes containing the purified duplex DNA solution were pooled and
concentrated to a 3-4 mL volume on a Savant Speed Vac Concentrator,
connected to a TRIVAC high-vacuum pump and two sequential dry-ice:ethanol
cold-traps. To avoid problems caused by the precipitation of sodium phosphate
(from the HPLC eluants), further concentration of the DNA solution was not
attempted. Desalting of the DNA solution was carried out using Millipore Sep-
Pak C-18 cartridges (one for every 2 mL of DNA solution), and the following

protocol:

1) The cartridge was washed with 10 mL HPLC grade acetonitrile, followed by
a wash with 10 mL dH»0.

2) 2 mL of 0.5 M ammonium acetate were added to the cartridge.
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3) Using a 1 mL polypropylene syringe, the DNA solution was added to the
cartridge, and the eluted material was collected and re-injected on to the
cartridge three times to assure quantitative binding of the DNA to the

cartridge.
4) The cartridge was washed with 10 mL dH20 to remove all traces of salt.

5) The DNA was eluted using five 1 mL fractions of a 60% HPLC grade
MeOH:40% dH20 (v/v) solution.

6) The eluant containing the desalted DNA was concentrated on a Speed Vac

Concentrator to a fine, white powder (about 6.5 mg were obtained).

The purity of the DNA after anion-exchange HPLC was 70%-80%
(determined by analysis of a small amount of the purified sample by anion
exchange HPLC using the solvent program from Table 5). Further purification of
the DNA was required, since it was later found that crystals did not grow from
samples of DNA that contained more than 5% impurity (determined by HPLC)
mainly in the form of an excess of one of the single strands. A second round of
purification of the DNA using anion-exchange HPLC was then attempted, with
little success. More effective, however, was reverse-phase HPLC, carried out
using a Hamilton PRP-1 semi-preparative column, fitted with a teflon filter and
guard column. Samples were loaded bn to the column via a 500 pL injector
loop. The solvents used as eluants were A) 0.1 M triethyl ammonium acetate
(TEAAC) (pH 7.0), and B) HPLC grade acetonitrile. The flow rate and solvent
program used for purification are shown in Table 6. A sample HPLC run is

shown in Fig. 20. The semi-pure DNA was prepared and purified as follows: 1)
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The DNA (6.5 mg) was dissolved in 1 ml dH20. 2) 50 plL aliquots were taken
from this solution, diluted to 500 pL with dH20, and injected. 3) Peaks
corresponding to the double-stranded DNA were collected in 10 mL
| polypropylene test tubes, pooled, concentrated on a Speed Vac Concentrator
‘down to about a 1 mL volume, and desalted by the same protocol as shown for
the DNA obtained from the initial anion-exchange purification. The desalted
DNA was concentrated on a Speed Vac Concentrator to a fine, white powder,
which was greater than 95% pure (this is evidenced by the HPLC trace of a
sample of the pure DNA, shown in Fig. 21). The final yield of pure DNA was 3.1
mg. The measured UV absorption characteristics of the hexamer duplex in
dH20 are; Amax, 256 nm and &zs6, 8.0 x 104 L x mol-1 x cm-1. The measured &5
of the hexamer is 7.8 x 104 L x mol-! x cm-1. This corresponds well with the €260
value of 8.1 x 104 L x mol-1 x cm-1, derived from empirical calculations85 on a

hexamer duplex with an identical sequence to the DNA used in this study.

Time (min.) %A % B

0-5 90 10
10 70 30
15 50 50
20 90 10
22 90 10

Table 6 Solvent program for the final purification of d(CGGTGG)/d(CCACCG) by
reverse-phase HPLC. The flow rate used was 2.0 mL/min. (A) is 0.1 M triethyl
ammonium acetate (pH 7.0), and (B) is HPLC grade acetonitrile. Levels of (A) and (B)
were varied linearly between steps in the program. |
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Fig. 20 Reverse-phase HPLC trace of a 200 UM solution of the semi-pure annealed
duplex, d(CGGTGG)/d(CCACCG) in dHO, using the solvent program from Table 6.
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12.377

Fig. 21 Reverse-phase HPLC trace of a 20 M solution of the fully purified DNA
hexamer, d(CGGTGG)/d(CCACCG) in dH0, using the solvent program from Table 6.
The area under the impurity peak is less than 5% of the area of the DNA peak.
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2.2 Crystal Growth

The purified DNA, d(CGGTGG)/d(CCACCQG) (hereafter referred to as
DHEX), was crystallized using the hanging drop vapor diffusion method. In this
méthod, a hanging drop containing an aqueous solution of DNA, various co-
“factors and a water soluble, non-volatile precipitant is suspended in a sealed
chamber over a reservoir filled with a solution that is identical in all respects to
the droplet solution {minus the DNA), except for the precipitant concentration,

which is made higher in the reservoir (Fig. 22).

*—— QGlass Cover
Slip

Droplet

-<«— Sealed Reservoir

Reservoir Solution

l

Fig. 22 A schematic diagram of a vapor diffusion cystallization setup. A DNA-
containing droplet, with about 1/100 the volume of the reservoir solution is suspended
from a glass cover slip and sealed in the reservoir. The concentration of precipitant is
higher in the reservoir solution, causing the diffusion of water out of the droplet, leading to
precipitation/crystallization of the DNA in the droplet.
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Over time, water diffuses out of the droplet and into the reservoir to
equalize the concentrations of precipitant in the droplet and reservoir.
Dehydration of the droplet increases the concentrations of precipitant, DNA and
co-factors, and eventually leads to supersaturation of the droplet in DNA (and
co-factors), and to precipitation. The formation of DNA crystals and not
disordered precipitates upon supersaturation depends critically on a number of
factors, including rate of diffusion, purity of the DNA and co-factors, relative
concentrations of co-factors and DNA, temperature, molecular properties of the
DNA and the co-factors, pH and ionic strength to name a few. The exact
combination of these factors required to yield diffraction quality DNA crystals
must be determined empirically, by screening a wide range of conditions.
Conditions are screened by varying the relative concentréﬁons of DNA, co-
factors and precipitant, as well as the droplet:reservoir precipitant gradient, over
a reasonably fine grid. If certain conditions produce crystals, the crystals may be
too small or of insufficient quality for diffraction measurements. In this case, a
finer grid is screened around the conditions that produced the crystals, or the
co-factors are changed to increase the chances of obtaining crystals of
diffraction quality. In this section, the crystallization of DHEX will be described in
detail, including the selection of co-factors and starting conditions, the range of
conditions sampled, and the experimental details.

Crystals of DHEX were grown.from droplets containing aqueous
solutions of DHEX, a precipitant and co-factors. The precipitant used was 2-
methyl-2,4-pentanediol (MPD). MPD is an ideal precipitant because it is non-

volatile and water soluble, but sufficiently hydrophobic so as not to solvate DNA.
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The co-factors used in DHEX crystallization droplets were:

1) Sodium cacodylate (dimethyl arsenate) as a buffer. Buffer solution is
required to constrain the pH of the droplets to biologically reasonable

- values (around 7.0). Media that are too acidic or basic can alter the ionic
form of the bases, or actually chemically degrade the DNA. Sodium
cacodylate is the most commonly used buffer for DNA crystallizations
because it is a stable compound that only weakly interacts with DNA. Also, it
has a favorable buffering strength in the pH ranges of 5 to 7 (pK2=6.19), and

strong anti-bacterial activity.

2) Magnesium chloride as a counter-ion to the negatively charged DNA.
Cations are essential for maintaining the electrostatic neutrality of nucleic
acids in solution. Cations play an important role in the crystallization
process, since they both stabilize DNA against thermal denaturation®/, and

facilitate the condensation of DNA into compact structures?0.

3) The polyamine, spermine (see Section 1.3). Spermine, like all polycations,
stabilizes compact nucleic acid structures. However, spermine, with four
positive charges, differs from metal cations in its ability to interact
simultaneously with several duplexes. This capacity is maximized both by
the polymorphic nature of the interactions (electrostatic, hydrogen bonding

~and hydrophobic) of spermine and by the length (approximately 15 A).
Spermine is able to mediate interactions between DNA molecules in ways
that are unlike effects of other cations, and in the case of DHEX, was critical

to the success of crystallization.



Before setting up crystallization trials, an approximate measure of the
solubility of DHEX in a representative crystallizing solution had to be
determined, so that appropriate starting conditions could be chosen. The
reagents used in the solubility test and all crystallization setups were; Cettified
A. C. S. grade magnesium chloride hexahydrate (Fisher), spermine
tetrahydrochloride ((N,N'-bis[3-aminopropyl]-1,4-butanediamine)tetrahydro-
chloride, Sigma), Cacodylic acid, sodium salt hydrate (sodium cacodylate,
Aldrich), Gold label 2-methyl-2,4-pentanediol (MPD, Aldrich) and distilled,
deionized H2O (dH20, obtained locally). The solution chosen for the DHEX
solubility test contained; 1 mM DHEX, 10 mM MgCl2+6H20, 5 mM Spermine, 30
mM sodium cacodylate, and 15% v/v MPD. A 5 uL droplet of this solution was
placed on a silanized glass cover slip (25 mm x 25 mm, Fisher), weighed, and
observed}under a microscope at 30x magnification while uncovered. After about
10 minutes, a brownish precipitate began to appear, indicating that the
saturation point of the droplet solution had been reached. At this point, the
droplet was immediately re-weighed. From the change in weight, the final
concentrations of the reagents in the droplet were calculated. From this test, it
was determined that saturation of a 2 mM DHEX crystallizing solution occurs
between 30% and 35% MPD (v/v) at room temperature. Therefore, for the initial
set of trial crystallizations, a reservoir MPD concentration of 35% (v/v) was used.
Since crystals of nucleic acids are frequently unstable at room temperature, all
crystallizations were equilibrated at 4° C. Lower temperatures also slow the
equilibration process and nucleation kinetics, which can increase the chances
of forming larger, more ordered crystals86.

All crystallizations were set up on plastic Linbro tissue culture 24-well
plates, with 1.7 x 1.6 cm wells (3.5 mL capacity). Droplets were suspended on

Fisher 2.5 x 2.5 cm glass cover-slips, which were silanized prior to use with a
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dimethyldichlorosilane solution. The glass cover-slips with the droplets were
sealed over their respective wells with Dow Corning high vacuum silicone
grease. In each crystallization trial, 5 uL droplets were suspended over 500 pL
reservoir solutions. Droplets were made by mixing an appropriate volume of a
prefabricated "drop stock" containing a mixture of MPD, MgCly, sodium
cacodylate, spermine and dH20, which, when mixed with a solution of DHEX in
dH20, yielded the desired concentration of all components in the droplet.
Concentrated solutions of spermine, sodium cacodylate, etc. were used to make
the drop stock, and the correct proportions calculated using a spreadsheet
program. Inherently, it is extremely difficult to precisely measure and work with
volumes on the order of 1-5 pL, which was necessitated in this experiment by
the small droplet sizes used. Therefore, a much larger volume of drop stock for
each set of conditions was made than was actually required in a droplet (0.5 mL
of drop stock was typically made for each set of conditions, using Pipetman
pipettes), to maximize precision and accuracy. MPD, which is highly viscous,
was always added last to the drop stock, and the entire solution was
subsequently drawn back into the pipette tip and re-dispersed several times, to
insure that the MPD was quantitatively transferred. Since water rapidly
evaporates from droplets exposed to the air (saturation can occur in 5-10
minutes), it was imperative to minimize such exposure. Therefore, when a
series of droplets were made on a single plate, the separate drops and
reservoirs were made and sealed quickly and sequentially. Crystallization set-
ups were done at room temperature and transferred into a 4° C cold-room as
quickly as possible. The initial crystallization conditions screened, and the

sampling intervals for each reagent, are described in Fig. 23.
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Fig. 23 A depiction of a 24-well crystallization plate. The reservoirs are shown as
circles, glass cover-slips as squares and crystallization droplets as small darkened circles.
The view is from the top. Twelve crystallization trials are contained on a single plate.
DHEX and MgCl; concentrations were varied as shown. All droplets (5 uL) contained 30

mM sodium cacodylate buffer (pH 7.0) and 7% (v/v) MPD. Spermine concentration was
varied from plate to plate, in increments of 1 mM, from 0 mM to 5 mM. The reservoirs
with droplets were filled with 500 puL 35% (v/v) MPD solutions, which contained sodium

cacodylate, spermine and MgCly in the same concentrations as in their respective droplets.

The initial crystallization trials were stored in a cold-room at 4° C, and
were checked on a weekly basis. After 1 week, there was evidence of
precipitate formation in most of the droplets. After 3-4 weeks, no change in the
appearance of the precipitated material in the droplets was observed, but the
droplets continued to shrink, which indicated that the saturation points of the
droplets was being reached well before the MPD concentration in the droplets

reached 35% (v/v). Most of the droplets contained a brown, cloudy precipitate.
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However, long, hexagonal barrel-like crystals did form in droplets with
concentrations in the ranges 1-2.5 mM DHEX, 10-20 mM MgCl2 and 5 mM
spermine. Confirmation that the material in these droplets was crystalline was
obtained by examining the crystals in the drops under polarized light. The
barrel-like fragments uniformly extinguished the polarized light when rotated in
the beam, at 90° intervals. However, the crystals were too small to be used for
the acquisition of x-ray diffraction data; the largest crystals had dimensions of
about 0.05 mm x 0.04 mm x 0.1 mm. These larger crystals appeared in the
droplets with concentrations of 1 mM and 2.5 mM DHEX, 10 mM MgClo and 5
mM spermine. It was observed that the crystals were thermally unstable, re-
dissolving at room temperature in less than a minute. Thus, all subsequent work
with and handling of DHEX crystals was done in a low temperature environment
(the 4° C cold-room). In an attempt to grow larger crystals, two strategies were
employed. Firstly, a narrower range of droplet conditions were sampled on a

finer grid, around the conditions which yielded the larger crystals in the initial

trials. Secondly, since it was observed that the droplets were reaching

saturation before the MPD concentration had reached 35% (v/v), the MPD
concentration in the reservoir was lowered to 25% (v/v). DHEX concentration
was varied ffom 1 mM to 3 mM, in increments of 1 mM, MgCl> concentration
was varied from 7.5 mM to 15 mM in increments of 2.5 mM, and spermine
concentration was varied from 4 mM to 6 mM in increments of 1 mM. The MPD

‘concentration in all the droplets was increased to 10% (v/v), to further lessen the

MPD concentration gradient between the droplet and reservoir. Sodium

cacodylate buffer (pH 7.0) concentrations in all droplets were held at 30 mM,
and all crystallizations were equilibrated at 4° C. Large showers of small
crystals appeared in many of the droplets within 2-3 weeks and did not grow

larger with time. However, in the droplet containing 2 mM DHEX, 10 mM MgCl,
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and 5 mM spermine, only a few small crystals were observed after the two week
period, and these continued to grow for 6 months. After 6 months growth
ceased, and the droplet contained two large diffraction quality crystals of similar
size (0.1 x 0.1 x 0.40 mm3 and 0.15 x 0.15 x 0.3 mm3, respectively) with well-
formed, hexagonal barrel-like habits. A number of crystallizations were then set
up using conditions identical to those which yielded the large crystals. These
set-ups also yielded large crystals of similar dimensions, and over the course of
three years about a dozen such crystals were required to determine unit céll
and space group, to perfect x-ray data collection techniques, and finally, to
collect the diffraction data which led to the solution of the crystal structure of
DHEX. It should be noted that subsequent experiments using seeding
techniques and variable droplet sizes did not improve crystal quality or size. In
fact, seeding droplet solutions with DHEX microcrystals usually produced only a
shower of small, unusable crystals. The crystals used for data collection were
mounted in sealed glass capillaries (0.2 mm or 0.3 mm in diameter), and
surrounded with small amounts of mother liquor. The mounting of all crystals
was done in a cold room at 4° C, using a locally developed mouth pipetting

device. Photographs of DHEX crystals are shown in Fig. 24.
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Fig. 24 Photographs of crystals of DHEX. In a), a screw dislocation results in the
formation of a "unicorn's horn" at the end of the crystal. In b), the crystallographic
symmetry manifests itself macroscopically, in the formation of ridges at the end of the

crystal, which are related by a six-fold axis.
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2.3 Acquisition of X-ray Diffraction Data

2.31 The Diffraction of X-rays from Crystals

' When x-rays strike an atom, the undulating electric field component of the
electromagnetic waves induces a sympathetic oscillation in the atom's electrons
(the electrons oscillate with the same frequency as the impinging radiation). The
oscillating electrons, in turn, coherently re-emit the radiation. When
monochromatic x-rays strike a collection of atoms in a molecule or crystal, the
re-emitted or "scattered" radiation from the respective atoms forms an
interference pattern called a diffraction pattern. The diffraction pattern is the
mathematical inverse of the electron density distribution of the diffracting object,

and-is related to it by a Fourier transform (3).
b) = _[f(r)em(b'f)dv (3)

f(r) is a function of real space and F(b), the Fourier transform, is a function of
reciprocal space (i.e. if r represents a vector in real space with length y, then b is
a vector in reciprocal space with dimensions proportional to 1/y). From the
reciprocal space function F(b), the original real space function f(r) can be

regenerated by taking the inverse Fourier transform of F(b) (4).
f(r)= JF g-2milor)gy” (4)

In both equations (3) and (4), integration with respect to V or V" has to be
calculated over the whole space, which is direct space in (3) and reciprocal

space in (4).
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A mathematical property of Fourier transform pairs of paramount
importance in crystallography involves the transformation properties of products

of functions, like F(b)*G(b) (5).
FT'[F(b)eG(b)]=f(r)"g(r) (5)

F(b) and G(b) are functions of reciprocal space, and FT-1 represents the
execution of an inverse Fourier transform operation on the product of the two
functions. The result of taking the Fourier transform of a product function is not
| simply the produc-t of the respective transforms of F(b) and G(b), f(r)+g(r), but
instead, it is the convolution of f(r) and g(r) (a convolution operation is
represented by the symbol n). The convolution of two functions is represented

by the following integral;

C<u)=f<r)f‘g<r>=jf(r)-g<u—r>dr (6)
S

where S is the r space. The integrand is a function of u and r (u is a vector which
translates g(r) with respect to f(r)), while the integral is only a function of u.

Pictorial examples of convolutions are provided in Fig. 25.
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Fig. 25 (a) The convolution of the function f(x) with a one dimensional lattice of Dirac
8(x-a) delta functions. (b) The convolution of the function f(x,y) with a two dimensional

lattice. A crystal is simply a convolution of a three-dimensional lattice with the asymmetric
portion of a molecule or group of molecules.

The transformation properties of products of functions and convolutions of
functions can be summarized in two statements: 1) The Fourier transform of a
product of two functions is equal to the convolution of the respective Fourier
transforms of the iwo functions. 2) The Fourier transform of a convolution of two
functions is equal to the product of the respective Fourier transforms of the two
functions. Therefore, since a crystal is a convolution of a molecular fragment
and a three-dimensional periodic lattice, the diffraction pattern from a crystal is

the product of the Fourier transform of the molecular fragment and the Fourier
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transform of the lattice (which is called the reciprocal Iattice). The relationship

between a crystal and its resultant diffraction pattern is illustrated in Fig. 26.
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Fig. 26 Diffraction patterns obtained by shining a laser light source on different object
masks which represent molecules, lattices and crystals. Diffraction patterns are shown in
the upper panel, and the object masks which created them in the lower panel. The different
masks are of: a) a molecule, b) a lattice, ¢) a crystal (convolution of the molecule and
lattice). The diffraction pattern from the "crystal" in c) is simply the reciprocal lattice
(diffraction pattern b)), sampled at points in the molecular transform in a) that are non-zero.
(i.e. the product of the respective Fourier transforms of the molecule and lattice). In d), €)

and f) diffraction patterns from masks with a variety of lattice sizes are shown, to illustrate
the reciprocity between the dimensions of the diffracting object and the diffraction pattern.
Diffraction patterns from larger lattices are more finely sampled. From Ref. 87.



To derive the diffraction pattern from the electron density, a number of
simplifications can be made. Since crystals are made up of three-dimensional
periodic lattices of molecules, only a very small portion of the crystal is unique.
The unique portion of the crystal is contained in the unit cell. The unit cell is
one of the "bricks" from Which the crystal is built; it is always chosen as the
ensemble of lattice points comprising the smallest box with the highest metric
symmetry. Since the unit cell possesses intrinsic symmetry, only a portion of it is
unique. This unique portion of the unit cell is called the asymmetric unit.
Therefore, to derive the diffraction pattern that would be generated from a given
crystal, only the atomic contents of the asymmetric unii need be known. The
equation describing-the diffraction pattern from a crystal is obtained by taking
the Fourier transform of the electron density in the crystal, using an expression

which is analogous to equation 3);

N
F(b) = Z fjeZni(bor) (7) |
j=1

At a given point in reciprocal space described by the reciprocal lattice vector b,
F(b) is a complex function called the structure factor, which describes the
amplitude and phase of the scattered wave giving rise to the diffraction spot
located at b. The electron density in (7) is assumed to consist of a series of N
discrete point atoms in the unit cell. The "scattering factor", fj, for each atomis
proportional to the number of electrons in the atom. The integral in equation (3)
is replaced by a sum in (7) because the diffraction pattern is only non-zero at
reciprocal lattice points. Each reciprocal lattice point in a diffraction pattern
represents a discrete spatial periodicity defined by its Miller indices, h, k and

l, as shown in Fig. 27.
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Fig. 27 a) A portion of the reciprocal lattice derived from an orthorombic unit cell. The
Miller indices, (h,k,]) of the diffraction spots are shown. The (2,1,2) spot is drawn as a
hollow circle. Each of the reciprocal lattice points represent different spatial periodicities in
direct space (lattice planes), which correspond to their Miller indices. b) The inverse
Fourier transform of the (2,1,2) diffraction spot is a series of lattice planes, which cut the
unit cell h times along a, k times along b and 1 times along c. ¢) The diffraction process is
geometrically analogous to the "reflection” of x-rays from these lattice planes. Constructive
interference between waves, and hence diffraction, only occurs when the x-rays strike a
given set of planes at certain angles, which are given by Bragg's Law (shown in the

Figure).
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The explicit form of the structure factor equation is:

N
F(hkl) = Z o~ sin® 6)/A 2mi(hx-+ky+1z) ®
j=1

where h, k and | are the Miller indices of the diffraction spot, and x, y and z are
the fractional coordinates along the direct lattice axes a, b, and ¢ of each atom
in the asymmetric unit. An extra exponential term has been added to (8) to
account for the attenuation of the scattered x-rays resulting from thermal
vibration of atoms in the lattice. This extra term corrects for the isotropic
(spherical) thermal vibration of the atoms, with B=8x2u2, where u is the root
mean square amplitude of atomic vibration. With high quality x-ray data from
crystals that diffract to high resolution, the isotropic thermal correction can be
replaced by a tensor, which corrects not only for the extent of thermal motion of
atoms, but also for the anisotropy in the thermal motion of individual atoms.

The electron density distribution in a crystal is obtained by taking the
inverse Fourier transform of the diffraction pattern using equation (4), which,

when written explicitly for this application, becomes:

(== ©Oo

_i N —2mi(hx-+ky+iz)
p(xyz)= Z Z ZF(hkl)e (9)

h=—o0 k=00 l=—co

V is the volume of the unit cell, F(hkl) the structure factor equation for the
reflection with Miller indices h, k and |, and x, y and z are fractional coordinates

along the unit cell axes a, b and c respectively.
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In single crystal x-ray diffraction experiments, the observed quantities are
the structure factor intensities, I(hkl) = F(hkl)+F"(hkl)=|F(hkl)|2 (F*(hk]) is the

complex conjugate of F(hkl)). I(hkl) provides only the magnitude of F(hk!), and »

not the phase of this complex quantity. Therefore, electron density maps cannot
be generated directly from the intensities. There is no way to determine the
phases of structure factors experimentally, so that the phases must be
determined from a crude model of the electron density in the crystal (called
"solving the structure"). Several methods are used to derive initial models,
depending on the presence or absence of heavy atoms, the number of atoms in
the asymmetric unit and the diffracting resolution of the crystal. The methods
used to solve the crystal structure of DHEX will be discussed in a later section.
The experimental details of x-ray data collection from DHEX crystals are

discussed in the next section.

2.32 Data Collection

While x-ray data sets were collected from a number of DHEX crystals, the
information from two of the data sets provided most of the information used to
solve the structure. The two intensity data sets, A and B, were collected on
crystals from separate crystallizing drops, but grown under the conditions
described in Section 2.2. Data set A was used primarily to determine the unit
cell and diffraction symmetry, to determine the lifetime of the crystal in the x-ray
beam and to narrow down, as much as possible, the space group of the DHEX
crystals. Using a crystal measuring 0.15 x 0.15 x 0.25 mm3, data set A was
collected on a Rigaku AFC5R diffractometer at 4°C with 9 kW graphite
monochromated CuKg, radiation (A = 1.54 A) in A. Rich's lab at M.I.T. All work

on DHEX crystals prior to data collection was done in a cold-room at 4° C. The
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glass capillary containing the crystal was mounted in a brass pin using an
epoxy resin. The brass pin was then inserted in a Huber goniometer head, and
the goniometer head subsequently was mounted on the diffractometer under a
4°C nitrogen gas stream provided by a low-temperature device. The crystal was
centered in the x-ray beam manually, using an optical microscope. Once
centered in the beam, the orientation of the reciprocal cell axes in relation to the
diffractometer axis system had to be determined, as well as the angular width of
the reflections. Both the peak width and reciprocal cell orientation matrix were
determined by randomly locating and centering on reflections using a search
algorithm that executes a random "zig-zag" search of reciprocal space. From the
intensity profiles of peaks found using the search algorithm (using ® scans), it
was determined that the angular width of low angle reflections (3.5° - 4.5° on
26) were 0.5° - 0.6° at half-height. Once eight reflections were located using the
search algorithm, they were indexed by the method of Sparks88. Using this
- method, the three shortest noncoplanar reciprocal vectors (found uéing the
search algorithm) are selected to form a reciprocal basis set. The basis vectors
are assigned systematically varied combinations of indices. Each combination
of indices is used to generate an orientation matrix. Each new orientation matrix
is used in conjunction with the angular positioning of the other reflections found
in the search to generate indices for those spots. If the indices assigned to the
basis vectors are correct, then the orientation matrix derived from these vectors
is also correct, and the indices of the other reflections generated using that
matrix will be integers (reciprocal lattice points, of course, must possess integer
indices). If an orientation matrix generates non-integral indices for a‘reﬂection it
is discarded. Once the reflections are correctly indexed, the unit cell can be
determined from the orientation matrix. Using the Sparks method, the 8

reflections found in the search were indexed and the unit cell of crystal A was
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determined. The unit cell of crystal A was hexagonal, with dimensions a=b =
54.51(0.07) A, ¢ = 42.08(0.11) A, &= B =90°, y=120° and V= 108,300(359) A3.
The standard deviations in the cell parameters were minimized by least squares
refinement of the crystal orientation matrix and lattice constants with hexagonal
symmetry constraints. To further minimize errors in the unit cell parameters, the
orientation matrix was improved by alternating cycles of positional re-centering
on reflections in the peak list and searches for new higher angle reflections. The
best cell obtained for crystal A was: a= b = 54.60(0.07) A, ¢ = 42.30(0.05) A, o =
B=90° y=120° and V= 109,200(317) A3 (using 17 reflections between 3.5°
and 6.5° on 20, that were well distributed in reciprocal space), and the
orientation matrix that yielded this cell was used to locate reflections during data
collection. Data were collected in the ranges 0 — h, -k — k, -l — I, out to a
maximum 26 value of 30°, corresponding to a maximum resolution of 2.95 A.
Data were collected using o scans of width 0.7 + (0.3)tan® degrees. The base
scan width of 0.7° was selected on the basis of the peak widths found for the
initial search reflections, and the tan® term compensates for peak broadening
as a function of 8. Reflections were scanned at 4° min.-1, and were re-scanned
up to four times to optimize counting statistics, if the intensity of a given
reflection, I, was not at least five times above background, o(l). o(l)=(SC + BL +
BR)1/2, where SC=the total scan counts, and BL and BR are the left and right
background counts. The intensities of three standard reflections with non-
collinear reciprocal lattice vectors were measured at 150 reflection intervals
throughout the data collection, to monitor crystal decay. Data collection was
terminated when the intensities of the standard reflections had dropped to
below 70% of their initial values. All data were corrected for crystal decay,
Lorentz and polarization effects. The Lorentz factor takes into account the fact

that, due to the geometry of data collection, some reflections are in a "reflecting
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position" for longer periods of time than others. The value depends on the
scattering angle, and on the data collection method. The polarization factor
corrects for the loss in the intensity of waves whose electric field vectors are
normal to the plane from which they are reflected, relative to those waves
whose electric field vectors are parallel to the planes. The polarization
correction depends on the state of polarization of the incident x-ray beam and
on the scattering angle of the diffracted beam. ¥-scans of DHEX crystals in
prior experiments showed small fluctuations in transmission coefficients (less
than 10%), so that the application of an empirical absorption correction to the
data from crystal A was deemed unnecessary. In total, 3203 reflections were
collected from crystal A, with 841 bbserved above o(l). The intehsity weighted
reciprocal lattice showed 6/mmm symmetry, with Rsym=14.3% and a
redundancy factor (average number of equivalents per unique reflection) of 4.3,
for all data above o(l), yielding 269 unique reflections. The expression for Rsym

is:

o Do 2R =IAKD|
o thl zil(hkl)i

where i is the number of symmetry equivalent reflections being averaged and
(I(hkl)) is the average value of the symmetry equivalent I(hkl) values. In addition
to the Laue symmetry of the diffraction pattern, all reflections 0,0,1, | == 6n, where
nis an integer, were systematically absent, indicating a 61 or 65 screw axis
parallel to the crystallographic ¢ axis. The Laue symmetry of the diffraction
pattern, in conjunction with the systematic absence along c¢*, permitted

assignment of the space group of the DHEX crystals to one of the two

74



enantiomorphous space groups, P6122 and P6522. Structure solution and
refinement later confirmed the correct space group as P6122 .

Data set B was collected in our laboratory on a Rigaku AFC6S
diffractometer at 4°C with 2 kW graphite monochromated CuKg, radiation (A =
1.54 A), from a crystal of dimensions 0.20 x 0.20 x 0.35 mm3. The crystal was
kept at 4° C uSing a fixed nozzle low-temperature device, which cools a
nitrogen gas stream by passage through a dewar filled with liquid nitrogen. The
temperature is controlled by mixing room temperature gas with cooled gas, and
is fine-tuned by a heater mounted upstream of the exit nozzle. Great care was
taken to insure that the temperature of the crystals remained between 0° C and
4° C for the duration of the experiment. It should be noted that the temperature
reading on the control console of the low temperature device was measured
well upstream of the exit nozzle, and was generally about 15° C lower than
actual temperature of the gas at the exit nozzle. Therefore, the temperature was
always measured manually at the exit nozzle using a mercury thermometer.
Mounting, centering, unit cell determination and optimization, peak width
determination and data collection were carried out using methods already
described for crystal A. Only the important differences between the data
collection procedures for crystals A and B will be described. The unit cell was
determined using 6 centered reflections, and the cell parameters subsequently
refined using 10 reflections between 5.30° and 9.75° on 26, yielding as a final
cell; a= b = 54.45(0.06) A, ¢ = 42.10(0.04) A, or= = 90° and 7= 120° (V =
108112(279) A3.). The quality of crystal B was excellent, evidenced by the

narrow symmetric intensity profiles of the search reflections (Fig. 28).
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The angular width of all scanned peaks was 0.19° to 0.25° in o.
Preliminary diffraction experiments revealed that DHEX crystals decay fairly
rapidly in the x-ray beam; decay starts after about 3 days, and once started,
renders the crystal useless for the acquisition of diffraction data about 1 hour
after the onset of the decay. Since all the required preliminary crystallographic
information was obtained from crystal A, crystal B was to be used to acquire
high quality data that would be used for structure determination and refinement.
To maximize data quality, a data collection strategy was employed which
maximized the time spent scanning individual reflections, to increase the signal-
to-noise ratio of the data, while minimizing the overall residence time of the
crystal in the beam to avoid problems with crystal decay. o scans were used in
data collection, with a base scan width of 0.35° in w, which was increased with 8
in the same manner as for crystal A.

To minimize data collection time, only. a unique set of diffraction data was
collected. Since the Laue symmetry of DHEX crystals is 6/mmm, this
corresponded to 1/24 of the reciprocal sphere of reflections, with indices 0 < h <
k, 0 < I. Data were collected in shells, extending from low resolution, to a
maximum resolution of 2.5 A (20 = 38°). To optimize counting statistics,
reflections were scanned at 2.0° min.-1, and then rescanned up to eight times,
or until the l/o(l) ratio was greater than 5. Data were corrected for Lorentz and
polarization factors, but no corrections for absorption effects or time-dependent
decay were required. Data set B was the better data set collected from a DHEX
crystal, comprising 392 reflections with Fg > o(Fg) between 20-2.5 A, (1233
unique data were collected, with 719 observed above 0c(Fg) and 338 observed
above 2¢6(Fp)) providing a ratio of 65 data per base pair. While this ratio is lower
than anticipated, it is consistent with the inherent weaker scattering of B-DNA

crystals (particularly non-self-complementary B-DNA) and is commensurate in
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percentage data observed with several other published structures89. Merging
both data sets (Rmerge=14.7%, calculated using an expression analogous to
Eqn. (10) for equivalent reflections between data sets) yielded 414 reflections
with Fo > o(Fo) observed between 20-2.5 A. The slight variability in unit cell
dimensions between crystals coupled with the difficulty in properly scaling data
sets from the different size crystals militated against using the merged data set.
The need for internal consistency and a data set absent of any averaging effects

dictated that data set B be used for structure solution and refinement.

2.4 Structure Solution and Refinement

2.41 Primary Phasing

As previously discussed in section 2.31, the structure factor phases
cannot be obtained experimentally. To determine an approximate set of initial
phases, which can subsequently be improved using various refinement
techniques, a crude model of the electron density in the crystal must be derived.
While the electron density is not directly accessible from the structure factor
intensities, all of the information about the electron density in the crystal is
contained in the intensities. It is pdssible to extract the information present in the
intensities by taking the Fourier transform of F(hkl)*F*(hkl)=|F(hk!)|2 directly,
using Eqn. (4);

P(u) is called the Patterson function, u is a vector in real space, and h is a

reciprocal space vector with indices h, k and I. From convolution theory, and
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Eagn. (11), the following relationship is derived;

P(u)=FT![F(h)F"(h)]=p(r)p(-1),
and from Egn. (6);

P()=[p(r)+p(r-u)av (12)
Vv

Evident from equation (12) is that the Patterson function, P(u), is the self-
convolution of the electron density. P(u) is large for vector translations u
between regions in the crystal of high electron density. In crystals of
organometallic compounds, for example, the largest Patterson "peaks"
correspond to vectors between the metal atoms. To solve the crystal structure of
DHEX, the structure factor intensities and the Patterson map were used to orient
and translate a DNA model in the unit cell, using methods described below.
From the unit cell dimensions and space group, the volume of the
asymmetric unit was calculated to be 9008 A3. From the value of 1300-1600
A3/base-pair, commonly observed in A- or B-DNA oligonucleotide crystals, it
was apparent that the asymmetric unit contained one full hexamer duplex. The
most prominent feature on the native Patterson map (Fig. 29) was a column of
more than nine flat, elliptical peaks, spaced by 3.4 A, and inclined by
approximately 26° with respect to the crystallographic ¢ axis, with the xy
projection of the column bisecting the crystallographic a and b axes. On the
basis of the Patterson map alone, the following assertions regarding crystal
structure were made: 1) The crystal is made up of stacked B-form double
helices; 2) The orientation of helix axis of the duplex in the asymmetric unit is
coincident with the direction of the column of Patterson peaks; 3) Fulfillment of

1) and 2) require that the duplex in the asymmetric unit be positioned
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approximately 1.7 A away from the dyad at [x, 1-x, 5/12] in P6122 or the dyad at
[x, 1-x, 1/12] in P6522, so that the two-fold symmetry operation would stack a

second hexamer on the first, with an interhelix separation of 3.4 A.

Fig. 29 A 40 A x 40 A x 40 A section of the Patterson map generated using 6.0 A - 3.0
A data (above 2.00(Fp)) from data set B. This map clearly shows the "stacking peaks",
spaced by 3.4 A, which are characteristic of B-DNA. The orientation of the helix axis of
the DNA, which coincides with the orientation of a line drawn through the stacking peaks,
is clearly visible in this view. The map is shown superimposed on the unit cell, with ¢
(labeled "Z") in the plane of the page and a (labeled "X")towards the viewer. For
convenience of visualizing the stacking distance and orientation, a canonical B-DNA model
with the DHEX sequence, and center of mass coincident with the origin is also shown. The
model was oriented using the Rossmann and Blow rotation function.

80



Using the X-PLOR progrém suite90, the helix axis of a standard B-DNA model
with the proper sequence, adapted from the fiber model of Arnott43 was first
oriented using the rotation function of Rossmann and Blow®1, with data greater
than 2.00(Fo) in the range 6.0 - 3.0 A. Using the Rossmann-Blow method, a B-
DNA model with the correct sequence was generated and positioned with its

center of mass at the origin of a model unit cell and its helix axis parallel to the ¢

axis of the model cell. The axes of the model unit cell were mutually orthogonal

(with axial lengths of 60 A), and the space group symmetry of the cell was P1.
The rotational search was carried out by looking for agreement between
Patterson functions calculated using the model crystal and the observed data.

The function used to evaluate the agreement is;

R(C):JPl(x)oPM(Cx)dV (13)
\Y

where P41 and Py are the Patterson functions derived frbm the observed data
(the "target crystal") and model crystal, respectively, and C is a rotation operator
that rotates the coordinate system of Py with respect to P4. The volume of
integration is spherical, and centered at the oﬁgin. The radius of the sphere of
integration is chosen to coincide with the maximum molecular dimension of the
model. If there exists a sufficient dégree of isomorphism between the model
structure and the crystal structure, a maximum in the rotation function R(C)
indicates a potential orientation of the search molecule in the target crystal.
Since the rotation function depends on overlap of Patterson peaks
corresponding to intramolecular vectors, the model unit cell axial lengths are
made large enough (at least 2 times the largest molecular dimensions) and the

model cell symmetry is set to P1, so that the Patterson peaks generated from the
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search model exclusively represent vectors between intramolecular features.
Also, as mentioned above, problems with interference from intermolecular
vectors are avoided by setting the radius of integration in Eqn. (13) to the largest
molecular dimension of the search molecule. Rotations were performed using
the Eulerian angles 61, 62 and 63, which correspond to sequential rotations of
the model in a fixed orthogonal system around the z, x and z axes, respectively
By convention, a positive rotation corresponds to a clockwise rotation of the
model. A search of the entire rotational asymmetric unit 0° < 61 < 360°, 0° < 02 <
90° and 0° < 63 < 60°, in 1° intervals, revealed a prominent, broad solution,
between 2.5¢ and 2.7¢ above background, at 62 = 26°-27° and 83 = 35°-45°,
With 61 held constant, the angular spread in 82 and 63 corresponds to errors in
atomic positions of less than 1 A in the regions of the search model furthest from
the origin. The orientation about 64, however, was less well resolved. The
angular spread in 94 was 25°, and with a central value of 61=100°. Since
“streaking" of rotation function peaks in 61 and 63 is commonly observed at low
02 values when searching with Eulerian angles, a rotation function was
performed using the pseudo-orthogonalized Eulerian angles92, 6, = 01 + 03,
02, and 6. = 01 - 63, which generally yields sharper, more well resolved peaks.
A search using the pseudo-orthogonalized Eulerian angles provided the same
solution, but did not improve the quality of the map. lt is therefore likely that the
ambiguity in 64 (which was set up in this system to represent the orientation of
the helix around the helix axis) arose due to the unusual nature of the Patterson
map from this structure. The intense "stacking peaks" dominating the Patterson
map obscured the weaker features of the map necessary to provide information
about the helical orientation of the molecule in the asymmetric unit.

Since the orientation of the model about the helix axis could not be

accurately determined at this stage, the symmetry restrictions on possible
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translation solutions described above, as well as packing considerations were
necessary to properly position the model in subsequent translation searches.
Translation searches using the linear correlation coefficient between Fy2 and
Fc2 as the target function were then carried out in the two possible
enantiomorphous space groups, P6122 and P6522, with data from several

resolution ranges. The expression for the linear correlation coefficient is;

N
21 21

N N

C=

(14)

where a=|Fg| (observed structure factor moduli) and b=|F¢| (calculated structure
factor moduli from the model), or, a=|Fo]2 and b=|F¢|2 (structure factor
intensities). N is the number of observations. The correlation coefficient runs
from -1 to 1, with a coefficient of 1 indicating perfect parameter correlation, and
a coefficient of -1 indicaﬁng perfect inverse parameter correlation. At the initial
stages of the structure determination process, the correlation coefficient is
superior to the commonly used R-factor (Eqn. 15) for assessing the correctness

of a model.
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The expression for the R-factor is;

ZHFo(h)l“lec(h)”
h

D IFo(h)]

h

R=

where Fo(h) and Fc(h) are the observed and calculated structure factors, and k
is a scale factor. It has been shown®3 that the theoretical value for R which
would be obtained by using as a model the proper kind and number of atoms,
randomly distributed in an acentric cell, is 0.59. It has also been shown that the
square of the residual, R' = X ||Fo(h)| - k||F¢(h)]|2, is a linear function of the
negative logarithm of the likelihood of an atomic model being correct, assuming
that all observations are independent and normally distributed®4. Therefore,
since R and R' are closely related, the R-factor is relatively insensitive to errors
(or.changes) in the model when it is high (> 0.40), but becomes extremely
sensitive to the correctness of the model when R drops (below about 0.30). The
general trends in R-factor "sensitivity" are evident from a plot of 10-R' vs. the
likelihood that a structure is correct (Fig. 30). The correlation coefficient, C,
changes linearly with the correctness of the model, and is thus extremely useful
when R is high. However, when R drops below 0.25, the correlation coefficient

approaches 1.0 and is no longer useful.
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Fig. 30 A plot of 10-R', where R’ is the square of the residual, vs. L, the likelihood that
the model from which the residual is calculated is correct. It is evident from this plot that
when R' is high, it is an insensitive measure of changes in the validity of a model.

The translation solutions in P6422 were always at least 3.3c above the
mean of the correlation coefficient maps, and among the top 30 peaks (for a
search of the entire translational asymmetric unit; 0.0-1.0 along &, 0.0-1.0 along
b and 0.0-5/12 along c (fractional coordinates)), whereas, the best solution in
P6522 was 2.0c above the mean and not within the top 500 peaks. The
solutions placed the model (in the only feasible positions from the standpoint of
crystal packing), approximately 1.7 A from the dyad axes at ¢ = 5/12 and ¢ =
1/12 in P6422 and P6522, respectively. To determine the correct orientation of
the model around the helix axis, correlation kcoefﬁcient searches using 7 - 3 A

data were made (Fig. 31), by rotating the correctly positioned model around its

helix axis in each possible space group. The results in P6122 were
unambiguously superior to those in P6522. Rigid body refinement (described in

the next section) on the P6422 solution, where the entire DNA model was
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treated as a rigid body, converged at an R-factor of 43.9% using 8.0 - 3.0 A data

above 2.00(Fo). After this point, refinement was continued using least squares
techniques, simulated annealing and manual refitting of the model to difference

electron density.

0.601

Correlation Coefficient

0 50 100 150 200 250 300 350
Helix Axis Rotation (degrees)

Fig. 31 To accurately determine the orientation of the B-DNA model around its helix
axis, the linear correlation coefficient between Fo? and F¢2 was plotted as a function of

rotation of the model about its helix axis. Prior to the search, the model was positioned in
the unit cell, with its helix axis inclined in accordance with the information provided by the
Patterson map. In P6122 a prominent solution, 2.63¢ above background, appears
corresponding to a rotation of the model by 130°. A finer rotation search between 120°-130°
was then performed to precisely orient the model at 126°.
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2.42 Refinement

After a crude model of the crystal structure has been determined, its fit
against the observed data can be improved by various refinement techniques.
The most commonly employed technique is the method of least squares. Least
squares refinement involves deriving a set of linear equations in which the
variables are the shifts from the trial parameters already obtained during
primary phasing (i.e. x, y, z and temperature factors; Bjso in the case of isotropic,
or six b paraméters in the case of anisotropic). This is done by expanding the
complex structure factor equation in a Taylor's series about the trial parameters,
retajning only the first-derivative terms on the assumption that the shifts needed
are sufficiently small that the terms involving second and higher order

derivatives are negligible:

A|F0|=Z(a“:cl/axi)AXi+(achVBYi)AYi+(a|FcVaZi)Azi'*'(achVaBi)ABi (16)
i
The sum is over the number of observations, i. Using the linearized structure

factors, the quantity that is minimized is the square of the residual, R', with a

weighting function (w) applied to each term in the sum:
R'w = Z w|[Fo(h)| - Kl|Fc(h)|[? (17)

Unit weights were used for all refinements of DHEX.

Least squares refinement is only feasible on systems that are
overdetermined. Crystals of small molecules which diffract to atomic resolution
typically possess about 10 independent observations for each parameter that is

refined. Thus, refinement of small molecule structures is generally a
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straightforward process when a good model is available. Macromolecular
crystals, which can contain thousands of atoms in the asymmetric unit, do not,
except in rare cases, diffract to atomic resolution. The lack of resolution,
combined with an observation/parameter ratio which is often less than unity,
makes the refinement of macromolecular structures by least squares.intractable.
The problems with refinement of macromolecular structures are ameliorated by
using two strategies; 1) the number of parameters can be lowered by dividing
the structure into a set of discrete rigid bodies (the application of constraints), or,
2) the x-ray data can be augmented by additional observations obtained from
the known structural properties of portions of the macromolecule derived from
small molecule crystallography and spectroscopic data (the application of

restraints). When restraints are applied, the function that is minimized becomes
R = E + kX (1 8)

where E represents the conformational energy and X the crystallographic term.
The factor k controls the contribution of X to the total residual R. The restraint or

energy term is of the form:;

1 1
E= Z‘z‘Kb (bj~bg )2(bonds)+z—2K,c(»;i — 1, )* (bond angles)
+Z Kg[1+cos(m8; +8)] (torsion angles) (19)

+Z(Ar‘12+Br'6) (non -bonded interactions) +.....

The four terms in Eqn. (19) describe bond length, valence angle, torsion angle,
and non-bonded interactions. Ky, is the bond stretching force constant and K;

the bond angle bending force constant; Kg is the torsional barrier and m and &



the periodicity and the phase of the barrier. A and B are the repulsive and the
long-range non-bonded parameters, respectively. The summation extends to
the i bonds, j valence angles, 6 torsion angles and all non-bonded contacts. For
the refinement of DHEX, all of the terms shown in Eqn. (19) were included, as
well as an additional term which was required to maintain Watson-Crick
hydrogen bonding between base-pairs. The weights of the empirical energy
terms relative to each other and relative to the x-ray term must be chosen in
such a way that everything is put on an appropriate scale: an overestimate of
geometric restraints will produce a stereochemically perfect model with a high
crystallographic R-fabtor; on the contrary, an underestimate of the same weight
will result in a low R-factor, and a model with unreasonable bond lengths and
angles. Energy restrained conjugate gradient least squares minimization using
the CHARMM®5 potential (modified to maintain the planarity of the bases, and
with intra- and inter-molecular electrostatic energy terms omitted) with 6.0-3.0 A
data above 2.0c(Fg) was then carried out with X-PLOR and convergence was
reached at an R-value of 26.9%. To this point, all base-pairs were strongly
restrained to Watson-Crick geometry, and the molecule displayed sterically
strained geometry in the vicinity of the T-A base-pair. Restraints on base-pairing
were relaxed, and the refinement continued by simulated annealing. Simulated
annealing is a molecular dynamics simulation, in which the atoms move in a
force-field that includes a crystallographic term. Molecular dynamics of free

atoms consists of solving Newton's equation of motion:
q

max(t)/o = -gradiEror. (20)

Etot is @ potential energy function. To take into account the effect of the medium
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and the approximations used to calculate the total energy, dynamical effects

can be better represented by a set of Langevin equations

md2x;(t)/t2 = —grad,Eqo +f; (1) + ~mbjax; (t)/at (21)

where bj is a frictional coefficient used to prevent atoms from moving away too
much from their original positions, and fi(t) is a random force with Gaussian

distribution and properties:

0,

(fi(t)) =
f,(0)) = 2kgTobm;3(t). (22)

(fi(t)

To is an artificial temperature and kg is Boltzmann's constant. The simulation

starts from an initial set of coordinates. Each atom is assigned a random velocity

from a Maxwellian distribution corresponding to the temperature selected, and
Eqn. (21) (or (20)) is integrated at a given temperature for a given time (usually
fractions of a femtosecond). New velocities are then assigned, eventually at a
new temperature, and the calculation continued. The simulation is normally
performed over a period of a few picoseconds. The potential energy field the

atoms move in, Ejpt, is the sum of two terms:

Etot = Eemp + Exray. (23)

Eemp represents an empirical energy function analogous to that defined by Eqn.
(19), while Exray is an "experimental" energy term deécribed by the weighted
residual, R'w (Eqn. (17)). Simulated annealing refinement involves heating the
"system" from an initial value of 300 K to 2000-4000 K (it is important to note that

the temperature does not represent a physical temperature, but rather a
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parameter controlling the refinement), performing molecular dynamics and
subsequently cooling the system gradually, repeaﬁng the dynamics at each
cooling step. Although unreasonable from the biological point of view, the
advantage of going to high temperatures is that the model can escape local
minima in the function being minimized, increasing the radius of convergence of
the method with respect to classical least squares.

From a starting temperature of 2000 K, the annealing process was
performed in 34 stages with 500 steps of molecular dynamics (0.35 fs) at each
stage (a total of 6 ps). The target temperature of the system was decreased in
increments of 50 K between stages to a final temperature of 300 K. The system
was then minimized by energy restrained conjugate gradient methods for 300
steps. The strain in the vicinity of the T-A base-pair was alleviated as it adopted
a non-Watson-Crick hydrogen bonding scheme, and the R-factor dropped to
24%. A refined |Fp| - |Fc] omit map confirmed the T-A geometry (Fig. 32).
Spermine molecules were then clearly visible on difference density maps, but
were excluded from the refinement until refinement of the DNA alone had
completely converged. Restrained conjugate gradient refinement was
continued with the gradual incorporation of higher and lower resolution data.
The correct orientation of the model around the pseudo two-fold axis of the helix
was readily confirmed, as the incorrect orientation refined poorly, yielding
unreasonable geometry and a discernibly inferior fit to calculated electron
density maps. With the correct orientation, the model fit well into calculated
electron density on 2|Fg| - |Fc| maps (Fig. 32) while maintaining good geometry.
One and a half spermine molecules and seventeen water molecules were

located on difference Fourier maps.
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Fig. 32 a) Refined IF,! - IF:| omit map contoured at 2.60 around the T4 thymine and A9
adenine. The map was made by excluding the adenine and thymine atoms from structure
factor calculations, refining the remainder of the structure by energy restrained conjugate
gradient least squares for 20 cycles, and then calculating the difference map. b) A view into
the duplex major groove with a 2|Fy - IFcl map and the corresponding sequence orientation
given in the schematic representation on the left. The map is contoured at 1.06. The
electron density maps in a) and b) were drawn using SETOR9,
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Only those regions of electron density that were approximately spherical
and greater than 2.5c above the mean on difference density maps were
considered as possible water molecules. Each potential water molecule was
carefully studied on a graphics terminal for reasonable hydration geometry. A
large increase in the temperature factor of a possible water molecule or its loss
of reasonable hydration geometry resulted in that position being rejected as a
solvent site. The spermine molecules were manually fitted into difference
density using FRODO®7, and then included in the refinement with restraints on
bond lengths and angles. Refined omit maps of the spermine molecules show
clear continuous envelopes of electron density around the molecules at the
2.60 level (Fig. 33). B-factors of all atoms were refined individually. Currently,
the structure is refined to an R-factor of 21.8% using 338 8.0 - 2.5 A data above
o(Fp) and 22.1% for 392 data between 20 - 2.5 A data above 6(Fp) (R=21.6%
for Fo>206(Fp)). As a further check of the structure, the model was refined
against the merged data set (A & B, described in Section 2.32) yielding an R-
factor of 23.2% with no perceptible differences in the structure. The average
r.m.s. deviations from ideal bond lengths and angles in the final structure are
0.029 A and 5.2°, respectively. The positional errors of the atoms in the final

structure determined from a Luzzati plot 98 are less than 0.25A.
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b)

Fig. 33 IF! - IF;! omit maps contoured at 2.6c around a) the first spermine (spermine A,
in text) molecule in the asymmetric unit and one of its two-fold symmetry related mates,
and b) the second spermine molecule in the crystallographic asymmetric unit (spermine B,
in text). Spermine B lies on a crystallographic two-fold axis which is approximately
perpendicular to the plane of the paper. Both a) and b) were drawn using SETORY,
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3.0 Nomenclature

In the lexicon of solution studies, "opening" is a general term referring to
the disruption of a base-pair's internal H-bonds and exposure of the inter-base-
pair region to solvent54.99-101 without regard to any description of the
disruption. However, in crystallographic nomenclature for nucleic acids41,102
the term "opening" has a specific meaning and is distinct from any other term
that describes distortion from normal Watson-Crick geometry, i.e. "shearing".
"Opening" refers to rotation of the bases in their molecular planes relative to
each other resulting in exposure of the inter-base-pair region to the major
(+opening) or to the minor (-opening) grooves. "Shearing" refers to a lateral shift
of the bases (within a base-pair) with respect to each other perpendicular to the
helix axis but in opposite direcﬁons toward the major and minor grooves (see

Figs. 15f, g). To avoid the potential source of confusion in the use of the term

"opening", it will be italicized when used strictly in the crystallographic sense.

3.1 The Structure of d(CGGTGG)/d(CCACCQG)

Using the techniques described in the previous section, the structure of
DHEX was determined at 2.5 A resolution. The overall helix structure resembles
that found for B-DNA. The sugar conformations are generally C2'-endo. The
minor groove is narrow (5.5 A, measured by averaging P-P distances across the
minor groove and subtracting 5.8 A to account for the van der Waals radii of the

phosphates) and 7 A deep, while the major groove is 12 A wide and 9 A deep.
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The average rise/base pair is 3.47 A, and the average helical twist/base pair is

37.6°, corresponding to 10.2 base pairs/turn of the helix.

3.11 Helix Morphology

Graphs of some of the helical parameters are shown in Fig. 34. While the
global structural parameters are unexceptional, striking anomalies do exist in
the vicinity of the T4-A9 base pair. The distortion at T4-A9 arises as a result of
over-twisting in the duple* at this point, relative to G5-C8. Instead of interacting
in a Watson-Crick sense (with T4(0O4) hydrogen bonding with A9(N6) and
T4(N3) hydrogen bonding with A9(N1), as shown in Fig. 14), only one hydrogen
bond is formed between T4(02) and A9(N6) (Fig. 35). The 46° helical twist,
relative to the 36° twist of canonical B-DNA, causes a shortening of the C1'---
C1' distance across the T4-A9 base-pair of almost 1 A and decreases the T4/G5
base step rise from the ideal 3.4 A to 2.9 A. Without compensatory structural
adjustments these contractions would lead to severe steric clashes between the
hydrogen bond donor and acceptor atoms of A4 and T9, and to a series of close
contacts between base atoms across the T4/G5 step. However, these highly
unfavorable steric interactions are avoided to a large extent by a 20° buckle in
T4-A9 towards G3-C10 and, even more dramatically, by a 4 A shear, in which
thymine is rotated by 30° into the major groov‘e, while adenine is rotated by 12°
in the opposite direction, into the minor groove. With the exception of the
positive shear, the helical parameters in the T4/G5 step adopt the combination
of low rise, negative roll and positive cup (across a base-pair step, B1/B2, cup =
buckle(B1) - buckle(B2)) typically observed in over-twisted base steps103. The

results of this work are consistent with those of a recent solution study involving
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much longer strands of DNA104; there it had been deduced that torsional stress,

i.e. over-twisting, favors base unpairing.
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Fig. 34 Plots showing the variations in a) rise (A), and b) helical twist (°) across the
helix. The average values of the rise and twist, as well as the corresponding values of the
parameters in ideal B-DNA are also plotted. The correlation between twist and rise (i.e.
high twist with low rise and low twist with high rise) is evident when comparing

corresponding values of twist and rise in a) and b).
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Fig. 34 Plots showing the variations in c¢) shear (A), and d) buckle (°) across the helix.
The average values of the shear and buckle, as well as the corresponding values of the
parameters in ideal B-DNA are also plotted. The large shear in the T4+A9 base-pair is
evident in c¢). The correlation between buckle, rise and twist (i.e. bases in over-twisted
steps tend to buckle away from the over-twisted step (positive "cup") to avoid steric clashes
across the step, which arise because over-twisting decreases the vertical rise across the
step) is evident when comparing corresponding values of twist, rise and buckle in a), b)
and d).



Fig. 35 a) Cartoon comparing the T+A base-pairing scheme observed in this structure
with that of ideal B-DNA. TOP: A Watson Crick T*A base-pair, with hydrogen bonds
shown as dotted lines. Over-twisting of the helix in this structure causes steric clashes
between adenine and thymine, which are relieved by shearing the bases away from each
other (in the directions shown by the arrows). BOTTOM: The result of the shearing has
thymine rotated out into the major groove, with adenine moved by a lesser extent into the
minor groove. A different hydrogen bonding scheme is adopted by the sheared base-pair
(hydrogen bond shown as dashed line), which forms only a single hydrogen bond between
the primary amine of the adenine (N6) and a keto-oxygen of thymine (O2). b) ORTEP105
stereo diagram of the ideal starting model (hollow bonds) in the region of the T+A base-pair
with the experimentally observed conformation superposed (solid bonds). Hydrogen bonds
are shown as dotted lines.
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The shearing of the AT base-pair globally alters the structure of the helix,
by creating 2.0 A and 1.3 A "bumps" in the surfaces of the major and minor
grooves, respectively (Fig. 36). Such bumps may play a key role in protein
recognition, as discussed in a later section.

Conformational features in the vicinity of C1-G12 and G2:C11 are
unusual, but this is not totally unexpected, as terminal base pairs are subject to
end-effects and have a tendency to fray if not stabilized by adjacent molecules.
The large helical twist in the C1/G2 step of 48°, a partial opening (25°) into the
minor groove and a 1.6 A shear of the terminal C1-:G12 base-pair seems to
facilitate hydrogen bonding between C1(N4) and a phosphate oxygen
belonging to nucleotide C8 of a symmetry related duplex. The high twist in the
C1/G2 step is accompanied by a 29° buckle in G2:C11 towards G3-C10. The
results of high twist across the C1/G2 and T4/G5 steps in the context of the

global structure of the duplex are shown in Fig. 36.
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<+—— T4 - methyl

Fig. 36 Space-filling representation of the hexamer duplex looking into the major
groove. The sugar-phosphate backbone in shown in blue. The buckle in the G2¢C11 base-
pair results from helical over-twisting in the C1/G2 step. Helical over-twisting also causes
thymine (yellow) to bulge out by 2 A into the major groove, exposing the imino proton to
solvent. The figure was drawn using SETOR7S,
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3.12 Sugar-Phosphate Backbone

In the crystallographic refinement, care was taken to impose only
negligible restraints on the sugar-backbone torsion angles, to avoid biasing the
torsion angles towards the restraint values in the final structure. The
deoxyribose sugars of DHEX populate the C2'-endo region of the
pseudorotational cycle (see Fig. 9), with the exception of the sugar on the

terminal C7 nucleotide, which adopts a C2'-exo conformation (Table 7).

| Nucleotide Phase Amplitude Pucker
C1 128.7 49.0 C1*-exo
G2 221.9 33.6 C4'-endo
G3 185.4 50.2 C3'-exo
T4 163.5 45.5 C2'-endo
G5 176.5 53.5 - C2'-endo
G6 101.7 41.9 O1'-endo
C7 334.2 18.7 C2'-exo
Cs8 159.5 441 C2'-endo
A9 177.4 45.1 C2'-endo
C10 115.0 58.2 C1'-exo
C11 168.5 27.5 C2"-endo
G12 124.8 50.1 C1'-exo

Table 7 Sugar puckering parameters for DHEX sugars. The puckering phases and
amplitudes were determined using Eqns. (1) and (2).
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As evident from Table 7, the largest deviations from C2'-endo puckering
occur in terminal nucleotides. The ends of oligonucleotides are not stabilized by
3'-phosphodiester linkages, and are subject to fraying. Consequently, terminal
nucleotides tend to exhibit a higher degree of thermal motion than the interior
nucleotides of the helix. Thus, the sugar-phosphate torsion angles possess
more conformational freedom than the same parameters in interior nucleotides.
A second consequence of the high thermal motion is that the electron density
around terminal nucleotides is less well resolved, making the precise
determination of sugar puckering modes more difficult.

The exocyclic torsion angles are distributed fairly evenly around the
values observed in canonical B-DNA (Fig. 37), and all glycosidic torsion angles,
%, are in the usual anti-conformation. However, unusual phosphate-backbone
conformations exist in nucleotides G2, G5 and C10, which are correlated with
the anomalies in helical parameters observed in DHEX. In each of the three
nucleotides, the torsion angle o adopts a +scto +ac conformation instead of the
-sc conformation normally observed in B-DNA (Fig. 37). As described in Section
1.224, the -sc conformation of « is required for the formation of a right-handed
double-helix, if it is assumed that the usual conformations are adopted by the
other exocyclic backbone torsion angles (Table 4). Therefore, a +sc
conformation around o is only possible in a right-handed double-helix if
compensatory adjustments in other exocyclic torsion angles occur?06, In DHEX,
two distinct families of backbone conformers were observed which maintained
the integrity of the helix in the presence of a +sc conformation of «; they have
been designated the By*y* and Bytg- conformations, where B refers to the DNA
type and the subscripts refer to specific torsion angles superscripted with the
sense of rotation required to acheive the conformation from the canonical form

of the DNA. The Byty* conformation (Fig. 38) is attained via a "crankshaft”
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rotation around the O5' and C5' atoms of a nucleotide around their bond central

point, yielding final conformations with o, 34° (G2) and 105° (G5), and v, 320°
(G2) and 160° (G5). In the By*y* conformation the O5' elbow points away from

the helix rather than over the deoxyribose sugar as in ideal B-DNA.

Fig. 37 A conformational ring, showing the distribution of sugar-phosphate backbone
and glycosidic torsion angles (°) in DHEX. Black circles represent the values of the
respective torsion angles in canonical B-DNA.



Fig. 38a A stereo view of a dinucleotide section of canonical B-DNA. Oxygen is
stippled, carbon is dark gray, phosphorous is banded and nitrogen (representing N1 or N9,
the remaining base atoms are omitted for purposes of clarity) is shown in light gray. In this
figure the torsion angles o and vy in the -sc and +sc conformations, respectively.
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Fig. 38b A stereo view of the T4/G5 base step in DHEX, which adopts a Botyt
conformation. T4 is the upper nucleotide. The shading scheme is the same as in Fig. 38a.
A crankshaft rotation around O5' and C5' of nucleotide G5 invert . with respect to its
~value in canonical B-DNA, so that it adopts a +ac conformation. A correlated change in ¥
occurs, with its conformation changing from +sc to +ap. It is also important to note that the
Bg*y* conformation shortens the intrastrand phosphate-phosphate distance between the
Bgty* nucleotide and the nucleotide on the 5'-side of it. The P-P distance across the T4/G5
step (shown in the figure) is shortened from its value of 7.0 A in ideal B-DNA to 5.7 A.
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The By*p- conformation (Fig. 39) found in nucleotide C10, is distinct from
the Bo*y* conformation both in terms of the mechanism by which it must be
attained and in its effect on the surrounding helical parameters. The Bg*p-
conformation is obtained from canonical B-DNA by a crankshaft rotation of P
and O5' around the central point of the bond between the atoms. The rotation
results in a and B adopting +sc conformations. The torsion angle vy is unaffected,
and remains in a+sc conformation. In both the By+y* and By*p- conformations,

the sugar puckers are unaffected and remain in the C2'-endo family.

£

Fig. 39 A stereo view of the A9/C10 base step in DHEX, which adopts a Bo*p-
conformation. A9 is the upper nucleotide. The shading scheme is the same as in Fig. 38a.
A crankshaft rotation of the P and O5' atoms around their bond central point, inverts
with respect to its value in canonical B-DNA, so that it adopts a +sc conformation. A
correlated change in B occurs, with its conformation changing from +ap to +sc. The
intrastrand phosphate-phosphate distance is shortened between C10 and C11 (not shown)
to 5.8 A.
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In canonical B-DNA, the transition of the phosphate backbone to the
Ba*y* or Bo*g- conformation has important structural consequences: i) The
intrastrand phosphate-phosphate distance is shortened — in the presence of a
Butyt conformation, between the By*y* nucleotide and the adjacent phosphate
on-the &' side, and in the presence of a Bo*p- conformation, between the the
Bytp- nucleotide and the adjacent phosphate on the 3' side; ii) in the presence
of the Bg*y* conformation, the base of the Ba*y* nucleotide becomes over-
twisted with respect to the adjacent base on the 5' side, and in the presence of
the By*p" conformation, the base of the By*g- nucleotide becomes under-twisted

with respect to the adjacent base on the 5' side (Figs. 40, 41).

Fig. 40a A stereo view of a dinucleotide section of canonical B-DNA with the same
shading scheme as Fig. 38a. This view shows the relative disposition of the sugars and
base atoms in a base-step with the ideal 36° twist angle.
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Fig. 40b A stereo view of the T4/GS5 base step in DHEX, which adopts a By*y*
conformation. T4 is the upper nucleotide. The shading scheme is the same as in Fig. 38a.
The Bqtyt conformation in nucleotide G5 induces a high twist angle in the T4/GS base-
step of 46° by displacing T4 (which contains the sheared thymine) towards the major
groove (which faces the left side of the diagram).
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Fig. 41 A stereo view of the A9/C10 base step in DHEX, which adopts a By *p-
conformation. A9 is the upper nucleotide. The shading scheme is the same as in Fig. 38a.
This view shows how the Bo*g~ conformation in nucleotide C10 reduces the helical twist
in the A9/C10 base-step to 22° by displacing A9 towards the minor groove (which faces the
right side of the diagram).



From a biological standpoint, the Bo*y* and Bg+g- conformations (herein
referred to as the a* conformations) are important because they provide an
oligonucleotide with a means of accommodating mechanical stress (i.e. over
twisting). They are also mechanisms through which the helix can adapt to
localized regions of low humidity. When DNA is transferred from high humidity
to low humidity (see Section 1.234), the DNA undergoes a B-to-A transition,
which involves a decrease in the intrastrand phosphate distances (so that less
water is required to hydrate the phosphate backbone) via a global change in
sugar puckers from the C2'-endo to the C3'-endo conformation. The o*
conformations can be utilized in B-DNA to effect an identical contraction across
the phosphates in the backbone while maintaining the C2'-endo sugar pucker.
Localized deficiencies in hydration could be caused by the presence of cations,
or, by close contact with another macromolecule (i.e. a protein searching for its
target site). Alternatively, if the a+ conformations are stress induced, water is
"squeezed" away from the backbone to accommodate the concomitant collapse
of the intrastrand phosphates. Since adjacent phosphates in the vicinity of the
ot nucleotides are less hydrated, the anionic phosphates are less shielded,
and can thus experience stronger electrostatic interactions with cationic amino
acids, spermine, etc. In addition, contraction of the phosphates creates a region
of high charge density along the backbone. Molecular electrostatic field
calculations on DNA models107 show that the contraction of intrastrand
phosphates caused by a B-to-A transition increases the surface maximal field at
the DNA backbone by almost 20%—the calculations do not account for the
effects of phosphate hydration, so that the differences in electrostatic fields
between A- and B-DNA in solution are probably even more dramatic. In
summary, a "twist induced" dehydration of the backbone provides a mechanism

for transmitting information about base-pair geometry through the backbone.
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Since the at conformations are associated with proximal modulations in the
dielectric character of the surrounding medium, increases in the electrostatic
field along the backbone and a corresponding lowering of the electrostatic
potential, they provide additional features which can act in conjunction with
altered base-pair geometry. Whether the at conformations are induced by
hydration deficiencies, or are a means of compensating for mechanical stress,

or both, they may play a significant role in the protein recognition process.

3.13 Thermal Parameters

In DHEX, average isotropic temperature factors range from 7 to 39 A2 for
phosphate groups, from 7 to 38 A2 for ribose units, and from 3 to 26 A2 for
bases with overall mean values of 21, 18 and 9 A2, respectively. As is
commonly observed in macromolecular structures, the B values of a few of the
atoms refined to a pre-selected minimum (2.0 A2), a physically meaningless
situation caused by phasing errors in the structure factors that is observed
frequently in macromolecular crystal structures. The phasing errors probably
arise from the inability to correctly account for the scattering by disordered bulk
solvent in the crystal. The B values increase from the inside to the periphery of
the double helix, reflecting the increased flexibility of the helix sugar-phosphate
backbone and/or an overall rotational motion of the molecule. The terminal
nucleotide C7 displays the highest degreé of thermal motion, with average base
and sugar B values of 26 and 38 A2, respectively. The high thermal motion in
C7 is probably the result of fraying of the terminal G6+C7 base-pair, combined
with the fact that C7 resides in a relatively "open" region of the crystal lattice. A
more detailed depiction of the thermal motion trends in DHEX is displayed in

Fig. 42. Average thermal parameters for the tWo spermine molecules, spermine
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A and spermine B, are 20 and 42 A2, respectively. The average thermal

parameter for solvent is 13 A2.

Fig. 42 A space-filling rendition of DHEX, with nucleotide C7 shown on the upper left,
and nucleotide C1 shown on the bottom of the diagram, facing the viewer. The atoms are
colored according to their thermal parameters. Dark blue represents small (< 8 A2) thermal
factors and white represents large (> 40 A2) thermal factors, with colors ranging from light
blue through red, orange and pink as thermal parameter values increase. This Figure was
drawn using SETOR96,



3.14 Crystal Packing

This crystal structure exhibits a packing arrangement which, until now,
had not been observed in crystals of native B-DNA. Helices stack end-on-end to
fdrm continuous wire-like strands, which are kinked by 35° at every second
helix. Adjacent strands criss-cross, and \)vind around 12 A solvent channels
parallel to the crystallographic ¢ axis (Fig. 43), much like wires in a twisted cable
having a central core. Non-stacked, symmetry related DNA molecules form
direct and water mediated backbone-backbone, and backbone-major groove
contacts. Direct (less than 3.4 A) contacts between potential hydrogen bonding
atom pairs exist between a phosphate oxygen of nucleotide C8 and C1(N4) of a
symmetry related helix, with another between terminal O3' atoms of nucleotide
G12 in related molecules. The sugar-phosphate backbones of crossed helices
interlock, forming molecular contacts between the phosphates of nucleotides
A9 and C10 on adjoining duplexes. The P(9) - P(10) distance of 4.3 A is similar
to the close approach of phosphates observed in the decamer
d(CGATTAATCG)103 where adjacent symmetry related molecules meet at the
backbones of strands running in opposite directions in a fashion similar, but not
identical to the interlocking arrangement observed in DHEX crystals. A more
detailed analysis of the geometry in this region is limited by the resolution of the
data since, at 2.5 A resolution the electron density appears continuous in the

immediate region of the interlocking phosphates.
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Fig. 43 Continuous wire-like strands of hexamers represented as cylinders around the
61 (bottom) and 3; (top) axes. A crystallographic two-fold relating molecules 1 and 2
(same molecules shown in Fig. 44) is indicated by an X on the 3 axis. This figure was
drawn with SETORS.
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3.15 Spermine-DNA Interactions

The 1.5 spermine molecules in the crystallographic asymmetric unit
stabilize the observed crystal packing through an extensive network of solvent
mediated DNA-spermine and spermine-spermine lattice contacts. The positively
charged primary amino termini of each crystallographically distinct spermine
molecule experiences water mediated interactions with symmetry related
spermine molecules in the crystal. In addition, the primary amino group at one
end of the first spermine (spermine A) stitches together two symmetry related
DNA helices through water-bridged interactions with backbone oxygen atoms,
while the primary amino group at the opposite end of the molecule sits in the
major groove of a third DNA molecule forming water mediated contacts with
base atoms in nucleotides C10 and G3 (Fig. 44). A direct contact between
spermine and DNA was observed, between O5' of nucleotide C1 and one of the
secondary amines of spermine A. The second spermine molecule (spermine B),
‘which is located on a crystallographic two-fold axis, splices stacked DNA
molecules by spanning their major grooves and forming water mediated
contacts with symmetry related base atoms of nucleotide C7 and adjoining
backbone oxygens. Fig. 45 shows some of the specific contacts made between
spermine B and DNA. The finding of spermine in this structure is the first
conclusive evidence for the polyamine complexed with native B-DNA in a

crystal structure.
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Fig. 44 ORTEP!05 stereo diagram showing a detailed view of some of the
intermolecular contacts involving spermine A and crossed helices in the crystal. For clarity,
only the sugar-phosphate backbone atoms of the DNA molecules are shown, along with the
bases involved in hydrogen bonding interactions. Spermine molecules are drawn with solid
bonds, and DNA with hollow bonds. Thin lines depict potential hydrogen bonds, and
water molecules are drawn as darkened spheres. The C10-G3 base-pair forms a water
mediated contact with the primary amino terminus of one spermine, while one of the
secondary amines of the symmetry related spermine shown makes a direct contact with O5'
of nucleotide C1 on the same DNA molecule. Simultaneously, these spermine molecules
bridge the minor grooves of other symmetry related helices (symmetry related spermine
molecules which display this are shown at the top of the figure). Methylene carbon atoms
of the crossed spermine molecules form direct hydrophobic contacts. The phosphate
backbones of the helices shown interlock, and form direct major groove-backbone
hydrogen bonding contacts, between N4 atoms of nucleotide C1 and phosphate oxygens of
nucleotide C8.
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Fig. 45 ORTEP105 plot showing a detailed view of contacts made by spermine B and
stacked DNA molecules in the structure. Spermine is drawn with dark bonds, and DNA
with hollow bonds. Water molecules are drawn as cross-hatched spheres, and possible
hydrogen bonds are represented by thin lines. Spermine B forms water mediated contacts
with the two-fold related primary amines of nucleotide C7, and with adjoining backbone
oxygens.



3.2 Structure and Biological Implications — DNA

3.21 The Influence of Crystal Packing

The non-Watson-Crick hydrogen bonding scheme adopted by the
sheared T-A base-pair in this structure has not been observed in the GTG
regions of any other native B-DNA crystal structures bearing the trimer108-110,
Thus, it may be argued that the helical distortions observed in the GTG region of
this structure are értifacts of crystal packing forces. The explanation for the T'A
shear would be that the molecule has yielded to the stress of packing forces by
distorting at its weakest point (Fig. 46). Whether the stress is induced by contact
with surrounding molecules in the crystal or by contact with a non-specifically
bound protein molecule seeking its cognate sequence, the distortion would be
expected in the same region, i.e. at T-A in the GTG trimer.

The novel packing arrangement observed in this structure, with helices
locked together via sequence specific backbone-backbone (at the §'- and 3'-
phosphates of A9) and backbone-major groove interactions, provides an
analogy to the interactions found in repressor-operator complexes46. Docking
experiments?11 using an ideal B-DNA model in place of the observed structure,
show that canonical B-DNA lacks the proper three-dimensional shape to
achieve the close inter-helix contact and electrostatic complementarity realized
by the symmetry related helices in this structure. In the context of protein-DNA
recognition, this suggests that the inherent conformational flexibility of the GTG
trimer, and this sequence as a whole, provide it with the ability to mediate

sequence specific interactions between Gal repressor and gal O.
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Fig. 46 A ladder diagram showing the variations in stacking energies (between base-
pairs) and hydrogen bonding energies (to the right) with sequence for the DHEX structure.
All energies shown were derived from quantum mechanical calculations using a canonical
B-DNA model (from Refs. 36 and 39). The highlighted numbers represent the stacking
energy across the T4/GS5 step (which is over-twisted in DHEX), and the hydrogen bonding
energy of the AT base-pair (which is sheared); both energies are at the global minimum in
the structure. It is evident from this diagram that DHEX deformed at its weakest point.



3.22 Base-pair Opening

An alternative and more compelling explanation for the distortion at GTG
is that base-pair shearing at T-A is an intrinsic property of the trimer that can
result in protein recognizable features on the DNA. Solution results of base-pair
opening at T-A in the GTG trimer47.48,52,54,112 gyggest that the observed
distortion originates in solution leading to the conclusion that the crystallization
process, aided by spermine, has captured (rather than induced) a pre-
recognition or transition-state-like conformation characterized by base-pair
opening at T-A.

Base-pair opening in solution has been well documented54,100,101,113-
117_ but the nature of the open state has remained undefined. While it is
possible that the state is not structurally unique, the present analysis provides
one description which is consistent with the solution results. Base-pair shear, as
observed here, results in an open state that exposes the T4 imino proton to
solvent. Shearing of T-A would explain the unusually high rate of thymine imino
proton exchange with solvent in the GTG region of the /ac operator observed
well below the melting temperature of the operator duplex4’. Base-pair shear
could be the "specific feature" inherent to GTG that Leroy et al54 have
suggested may account for the anomalously short T-A lifetime in solution in the
sequence d(GTGCG)/d(CGCAC). Shearing may also occur in platinated
double-stranded oligonucleotides containing GTG, where, with NMR112 and
~ chemical probes®2, thymine has been shown to bulge out and no longer pair
with the complementary adenine.

The distortion at GTG in the present structure affects three of the thyfnine

substituents, viz. the N(3)-imino H, C(5)-methyl, and O4, which may provide
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specific recognizable features to a searching protein. The most novel feature of
the base-pair opening is exposure of the imino H to the major groove
presenting a hydrophilic interaction site, which may be a potential recognition
contact. In normal Watson-Crick geometry this H is inaccessible to either protein
or solvent. The opening also accentuates the protrusion of the C(5)-methyl
group into the major groove. There is ample experimental evidence for the
significant role of the thymine methyl in determining the sequence specificity of
many DNA binding proteins that recognize major groove featuresi18. A
molecular dynamics perturbation thermodynamics study119 indicates that
protein-driven desolvation of this hydrophobic group makes a substantial
energetic contribution to the specificity of protein-DNA interactions and that the
extent of this contribution increases with the solvent accessible area of the
methyl group. Since shearing of the T-A base-pair in the present structure
increases the solvent accessible region around the methyl group, an
enhancement in the fidelity of protein recognition would be expected. The
shearing also results in greater exposure of O4 to potential H-bonding
interactions with solvent or protein in the major groove than in the Watson-Crick
base-paired T-A, providing an additional recognition contact.

Regardless of its origin in this fragment of gal Oy, the helical distortion at
the GTG trimer could act as a molecular detent (an image suggested by Lu et
al.,47) in the rod-like track the DNA presents to the searching Gal repressor,
thereby retarding the movement of the protein sufficiently to allow a more
thorough examination of the flanking sequences. Evidence for GTG involvement
in Gal repressor recognition of its cognate DNA sequence is found in ethylation
interference studies where it has been shown that’ ethylating the two
phosphates within the GTG trimer (in every case for both the internal and

external operators, i.e. O) and Og) inhibits or reduces repressor binding?20. One
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explanation for this observation is that ethylation prevents a conformational
contortion at these phosphates which in the native DNA is favorable to protein
interaction. Furthermore, there is evidence that conformational flexibility is
associated with GTG in the gal operon. It has been demonstrated by
electrophoretic analysis of repressor binding to gal OF and O] that the DNA
bends at or near the regions containing the GTG trimers121, Overall, in the gal
system, GTG appears functionally important in various stages of the recognition

process.

3.23 Structure and Biological Implications — Spermine-DNA

While the results of this study confirm that spermine-DNA binding is
polymorphic in nature, the specificity of polyamine-DNA binding is still open to
considerable debate. Binding may occur through charge-charge interactions in
a dynamic, non-specific manner, driven by the release of bound ions69.75-77,
Alternatively, a static association may occur where polyamines utilize sequence
dependent structural properties of DNA in the binding process, employing direct
or water mediated hydrogen bonding interactions with DNA bases and
phosphate oxygens, and van der Waals interactions with hydrophobic regions
of DNA79-84_ In this structure spermine binding to DNA embodies aspects of
both the dynamic counterion condensation and static-specific models, with the
crystallographically unique spermine molecules binding with specificity to
different regions of the duplex. However, the results also suggest that an
additional feature, not previously considered, exists in DNA potentially
conferring specificity on the binding of spermine viz. electrostatic field variations
in the phosphate backbone which arise from conformational modulations in the

phosphate backbone.
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There is strong evidence that the complexation of spermine with DNA in
the present crystal structure occurs with a high degree of specificity, utilizing
differences in the electrostatic properties of the phosphate backbone. Close
contacts (< 4 A, after account‘ing for the van der Waals radii of the amino groups
and phosphates) between the cationic centers of the spermines and the
backbone occur predominately in the vicinity of the a+ phosphates which, as
noted above, are regions of the DNA with increased electrostatic potential. The
results of this study are corroborated by those from a theoretical study of
spermine-DNA complexes by Zakrewska and Pullman82 in which models of
spermine bound to the DNA backbone were used. Zakrzewska's study
indicated that spermine complexes with A-DNA are over 1.5 times stronger than
the corresponding complexes of B-DNA with spermine. Since the phosphate
backbone in the vicinity of the at phosphates is "A-like", it is reasonable to
~ assume that spermine should associate more stongly with these sites. Also,
symmetry related spermine A molecules span the minor groove across
phosphates adjacent to the sheared T-A base pair (Fig. 47) and this
interphosphaté distance, P(5) to P(10), is 1.3 A shorter than in ideal B-DNA
suggesting that spermine stabilizes this altered conformation.

In Iith of the evidence that sperminé binding in this structure displays
sequence specificity, it may be argued that spermine binding occurred in
solution, resulting in a complex whose lifetime was sufficiently long so as to
furnish the crystallization process with the necessary building blocks (much like
the manner in which DNA-drug complexes are considered to form). The
observation that the slight curvature in spermine A follows the contour of a DNA
duplex suggests that spermine is associated with that particular duplex.
Furthermore, the observation that spermine spans the minor groove and forms

close contacts with ot phosphates suggests that spermine stabilizes the altered
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backbone and base conformations. The appealing aspects of the above
description are that it offers a rationale for the crystallization process and, in

consideration of the following arguments, has implications for protein

recognition.

Fig. 47 Symmetry related spermine A (drawn with dark bonds) molecules span the
minor groove in the vicinity of the at phosphates and seem to stabilize the sheared T-A
base-pair. Thin lines are drawn to show close contacts (< 4 A, after subtracting the van der
Waals radii of the phosphates and amino groups) between anionic phosphates and cationic
amino groups. This figure was drawn with ORTEP105,
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Spermine may help aggregate DNA by stabilizing the stacking of duplex
strands in solution. In the present hexamer duplex the most energetically
favorable of the six end-to-end stacking possibilities is predicted to be 3'-G6
over 5-C7122 suggesting the association into dimers of duplexes. Spermine (B)
| can then bind to amenable base and backbone contacts at the stacking junction
conferring additional stability on the dimer in solution. In this déscriptfon, a

dimer of hexamer duplexes (resembling a self-complementary dodecamer), the

most prevalent strand length observed in B-DNA crystal structures) with three -

bound spermine molecules (an A across each of the T-A base-pairs and a B at
the dimer junction) collectively constitutes the "crystal packing unit". The role of
spermine B, inferred from inter-molecular contacts, is to stabilize the dimer of
duplexes as spermine B makes only one DNA contact in the crystal other than
with the two stacked duplexes. Spermine A molecules make a number of
contacts with several duplexes and other symmetry related spermine
molecules; they can be regarded as molecular handles which facilitate the
aggregation of DNA molecules and the crystallization process by providing an
asymmetric surface that incoming dimers from solution latch onto through direct
and water mediated interactions.

The flexibility of DNA in solution and its susceptibility to transient opening

at T'A base pairs54.100,101,113-117 can provide spermine with the necessary

sequence specific cues for binding, through the disposition of the phosphates
on the backbone and hydration patterns along the duplex. More specifically, the
over-twisting across the T4/G5 base step causes shearing of the T-A base pair
and the corresponding adoption of at conformations in the phosphate
backbone at nucleotides G5 and C10. The contraction of the backbone in the
vicinity of G5 and C10 accompanying the conformational adjustments facilitates

stronger electrostatic interactions with cationic spermine molecules that are
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non-specifically bound in the vicinity. The spermine molecules respond by
associating with the backbone near G5 and C10, tethering phosphates across
the minor groove and, thereby, locking the sheared T-A out of its classical
Watson-Crick arrangement. Spermine stabilizes the sheared base-pair by
"pinching" together the minor groove across the G5 and C10 phosphates, and
additionally by competing with the phosphates around nucleotides G5 and C10
for waters of hydration, thus stabilizing the ot conformations. The implication of
this spermine-DNA association in solution for protein recognition is that in
control regions, where the sequence GTG/CAC is a common element, spermine
has the ability to stabilize a sheared T-A base pair. Consequently, the thymine
methyl, O4 and imino H substituents protrude into the major groove and can act
as signals to a non-specifically bound protein searching in proximity to its target
site.

Whether spermine provides the driving force for the observed deviations
from canonical B-DNA through its binding alone, or alternatively, by "capturing”
a transient distortion in the DNA, cannot be ascertained conclusively from this
study. The focus here has been on the latter description which is consistent with
the finding that polyamine binding to DNA is sensitive to secondary
structure83.123-126  With this crystal structure as a model, one can envision
spermine increasing the fidelity of type Il restriction endonucleases in the
following ways; i) by associating with specific sequences of DNA, and directly
participating in the protein-DNA interaction process, by providing an altered set
of hydrophobic/electrostatic recognition contacts, and ii) by stabilizing structural
deformations in DNA target sequences which would facilitate recognition by the
restriction enzyme. It is feasible that spermine accelerates target sequence

location by either one or a combination of these factors in vivo.
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In conclusion, molecules in the crystal structure of the
d(CGGTGG)/d(CCACCQG) fragment of the gal operon display a distorted B-DNA
conformation best described as a pre-recognition or transition-state-like
- conformation which spermine appears to stabilize. The unusual structural
features observed in the GTG region provide supporting evidence for the
hypothesis that the GTG trimer plays a "signaling role" in the overall regulatory

process.
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Chapter IV

The Structures and Properties of a Nucleoside and a
Nucleotide Dimer Containing Modified Sugars



4.1 The Structure of the Pyranosyl Nucleoside 1-(2',3'-did'eoxy-[3-

D-erythro-hex-2'-enopyranosyl)thymine and a Comparison with AZT

As part of an ongoing series of studies of modified nucleotides, 1-(2',3'-

dideoxy-B-D-erythro-hex-2'-enopyranosyl)thymine (1) has been synthesized. |

The compound was first synthesized by Yamazaki, Matsudo, Sugiyama, Seto
and Yamaokal27 to demonstrate a new method of preparing 2',3'-unsaturated
pyranosy! nucleosides. Several hexeno- and hexano-pyranosyl nucleosides,
like their pento-furanosyl! analogs, have long been known to exhibit significant
biological activity. Only recently have the pyranosyl compounds been
investigated as potential anti-Human Immunodeficiency Virus (HIV) drugs128.
Presently, the most effective nucleoside drug used against acquired
immunodeficiency syndrome (AIDS) is 3'-azido-3'-deoxythymidine (AZT), the
structural characteristics of which have been well documented?29-131 and their
relationship to its activity inferred131-132, However, the adverse side effects of
AZT have necessitated the search for drugs with an equal or greater efficacy but
lower toxicity. The difficulty in designing nucleosides as therapeutic agents for
AIDS patients stems from the lack of detailed structural knowledge of the active
sites of the cellular kinases responsible for phosphorylation of the nucleoside
analogs. Also, detailed information about the active site of the viral reverse
transcriptase which incorporates the resulting nucleotide into the growing DNA
strand is still unavailable (The 2.9 A structure of HIV reverse transcriptase
complexed with Nevirapine has recently been published!33, however, only the

Co backbone coordinates (except in a few regions) were used in the refinement

and some inaccuracies in sequence assignment may exist. It is also reported

that the Nevirapine probably alters the conformation of the nucleotide binding
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site). Therefore, using AZT as the best available model, it may be possible to
effectively screen the pyranosyl compounds for anti-HIV activity by comparing
| the structural parameters of these strategically modified nucleosides with those
of AZT. In this context, the present crystallographic study has been undertaken
in"an attempt to investigate the conformational features of (1) for comparison

with those of AZT, as a predictive tool for its activity.

4.2 Experimental Procedures
4.21 Synthesis and Crystallization

Compound (1) was synthesized by condensation of permethylsilyated
thymine with 3,4,6-tri-O-acetyl-D-glucal (Sigma) (Fig. 47), using a method

analogous to that devised by Kondo, Nakai and Goto134 for uracil.
4.211 Reagents

All reactions, up to ahd including the coupling of the silyated base to the
sugar, had to be executed under completely anhydrous conditions. Solvents
and reagents were dried as follows:

1) Benzene -- Anhydrous benzene (1 L, Aldrich) was decanted into a flask
containing CaClz (5.0 g), sealed, and allowed to sit for 3 hrs. The benzene was
then filtered under vacuum, and refluxed over 1 g of finely divided sodium for 6
hrs. The benzene was then distilled into a flame dried flask and sealed.

2) Triethylamine (TEA) -- Reagent grade TEA (500 mL, Aldrich) was refluxed for
6 hrs. over finely divided CaHz (2 g) and distilled into a flame dried flask and

sealed.
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3) Chlorotrimethylsilane (TMSCI) (Aldrich) -- Prepared using the same method

as for TEA.

Si(Me)

O o/ 3

H
HaC NC T TMSCITEA HC Ny
l /K Benzene - | /k
T o 7 days N cl)
H Si(Me),
° /Si(Me)3
H.C
3 \ N

| 1) FeCl; in EtOACc, 2 hrs.

-

2) Seperate o, p anomers
by flash column chromatography

70% EtOAc/ 30% Hexane

3) Deacetylate in 15:85
NH,OH/MeOH, 4 hrs.

Fig. 48 Reaction scheme for the synthesis of 1-(2',3'-dideoxy-B-D-erythro-hex-2'-
enopyranosyl)thymine (1).



TH NMR spectra were obtained at 300.1 MHz (Bruker AM300). Signals
are quoted as d ppm downfield from internal tetramethylsilane unless otherwise
stated. Positive ion FAB mass spectra (glycerol matrix, 8-keV xenon atoms)

were obtained on a VG 7070E-HF spectrometer.

4.212 Synthetic Methods

1.0 g (7.9 mmol) of thymine (Sigma) was dried by evaporation of dry
benzene (10 mL, 3 times) then suspended in 50 mL of dry benzene. 6.0 mL (48
mmol) of TMSCI and 3.0 mL (20 mmol) of TEA were added to the mixture, which
was then sealed under a dry nitrogen atmosphere (using a teflon stopper) and
stirred for seven days. The solution adopted a yellowish hue after about 4 days
and turned brown after 6 days. After the seven days, the reaction mixture was
filtered under positive pressure (using dry nitrogen) through glass wool and the
- solvent evaporated to a thick brown oil which was used in subsequent steps
without further purification. 20 mL of anhydrous ethyl acetate were added to the
flask containing the crude bis(trimethylsilyl)thymine, along with 2.6 g (10 mmol)
of tri-O-acetyl-D-glucal and 2.6 g (16 mmol) of ferric chloride, and the solution
was sealed and stirred for 1 hr. After 1 hr., the reaction was deemed complete
(by thin layer chromatography in 70:30 (v/v) ethyl acetate:hexane). The reaction
mixture was then washed with 70 mL of saturated sodium bicarbonate solution
to remove some of the iron salts, and filtered under vacuum. The ethyl acetate
layer was then evaporated to a thick, black oil on a rotary evaporator. The
resulting solid was dissolved in 4 mL of ethyl acetate, and loaded on a 50 mL
sintered glass funnel filled with silica gel (Aldrich, 60 grade 230-400 mesh) and
eluted with a large excess of ethyl acetate. This successfully removed almost all

traces of the darker colored material. Solvent was removed on a rotary
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evaporator, leaving a thick slightly yellow oil. The crude product was purified on
silica gel by flash column chromatography, using 70:30 (v/v) ethyl acetate
hexane, yielding 542 mg (1.6 mmol, 20%) of 1-(2',3"-dideoxy-4',6'-O-acetyl-B-D-
erythro-hex-2'-enopyranosyl)thymine as a glassy solid.

TH NMR (CDCl3) §8.07 ( 1 H, br s, NH), 6.97 (1 H, s, 6-H), 6.53 (1 H, s, 1"-H),
6.17 (1 H, m, J2 3 10.2 Hz, 2"-H), 6.76 (1 H, m, J2 3' 10.2 Hz, 3'-H), 5.39 (1 H, m,
4'-H), 4.22 (2 H, d, 6'-H), 4.01 (1 H, m, 5"-H), 2.12 (3 H, s, OAc), 2.09 (3 H, s,
OAc), 1.93 (8 H, s, Me)

MS (positive ion FAB, xenon atoms) m/z 339 (25, [M + H]+), 213 (70, [M -
thymine]t), 127 (43, [thymine + H]*)

518 mg (1.5 mmol) of 1-(2',3"-dideoxy-4',6'-O-acetyl-B-D-erythro-hex-2'-
enopyranosyl)thymine were dissolved in 40 mL of 15:85 NH4OH:MeOH, and
allowed to stir for four hours in a sealed flask. The reaction was monitored by
TLC (ethyl acetate). After the reaction was complete, the solvent was removed,
yielding 305 mg (1.2 mmol, 80 %) of compound (1) as a clear, glassy solid.

MS (positive ion FAB) m/z 255 (19, [M + H]+), 129 (42, [M - thymine]t), 127
(100, [thymine + H]*)
Crystals of (1) were obtained by slow evaporation of a methanol/ethy!

acetate solution of the compound.
4.22 Data Coliection
The unit cell and diffraction symmetry, as well as basic data collection

parameters, were determined using methods analogous to those described for

the DHEX data collection in Chapter II.



The crystal data are summarized as follows:

Unit cell; Monoclinic, a = 7.966(3), b = 18.004(3), c = 8.346 (3) A,

V = 1196.6 A3, Z (no. molecules per cell) = 4, Space group P27 (from
systematic absences and structure analysis), Calculated density = 1.411
Mgem3, u =9.13 cm1, F(000) = 536.

Data were collected at room temperature using a colorless crystal of
dimensions 0.30 x 0.25 x 0.40 mm on a Rigaku AFC6S diffractometer equipped
with an evacuated beam collimator and detector tunnel. Graphite
monochromated CuKa radiation (A = 1.54178 A) was employed with the
intensities measured 400 mm from the crystal. Measured data to 26 = 106°
included reflections h (0-8), k (0-18), /(-8-8). Scans were of the w — 26 type,
where the @ scan speed was 32° min.-1. The scan width in o was (1.57 + 0.30
tan®)° and weak reflections were rescanned up to four times and the counts
accumulated. Of the 1582 reflections measured, 1460 were considered unique.
For averaged data, Rgym = 0.035. 1285 reflections (88%) were classified as
observed having | 2 3o(l). Three standard reflections monitored throughout data
co!leétion showed less than 1% change in their intensities over the period of the
experiment indicating no decay correction was required. Lorentz-polarization
corrections were applied and an empirical absorption correction was included
in the data processing step (transmission factors, 0.875 - 1.000, based on psi-

scans of three reflections).
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4.23 Structure Solution and Refinement
4.231 Direct Methods

The structure of (1) was solved using direct methods. The term direct
methods refers to an ab initio method of solving crystal structures by deriving
the structure factor phases directly from the observed amplitudes through
mathematical relationships. For the statistical relationships relating phases to
amplitudes to be valid, two assumptions about the electron density in the model

must be made:

1) The electron density is everywhere positive, (i. e. p(r) = 0);

2) The electron density is not continuous, but is composed of discrete atoms

(i.e. Dirac delta functions).

To meet condition 2), the structure factors Fo(h) are normalized, so that
they are placed on an absolute scale, and also, so that they represent scattered
waves from discrete point atoms with no thermal motion. The expression for the

normalized structure factors, E(h), is;

IFe ()

erjz
]

[E(h)|> =K?

k is a scaling factor required to convert the relative Fg(h) values, derived from

the intensities, and modified to remove the effects of atomic thermal motion
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which are inherent in Fo(h) values, to absolute quantities based on the
scattering material in the unit cell, and ¢ is an integer inserted to account for
symmetry inherent in particular zones depending on the space group. Using E
values, condition (2) (electron density is composed of discrete atoms) can be
used to derive the relation upon which direct methods is based. For a structure
composed of well resolved and almost equal atoms (for simplicity a
centrosymmetric electron density distribution will be considered), the functions
p(r) and p2(r) are almost identical and show maxima at the same positions (if
the electron density is considered to consist of Dirac delta functions, p(r) and
p2(r) are identical). The Fourier transform of p(r) is (1/V)E(h), and for the case of

all equal atoms:

N
E(h) = Nchos(Znihorj). (25)
j=1

This expression is analogous to Eqn. (7), with the condition of centrosymmetry
reducing the exponential term to a cosine function. As is evident from Eqn. (25),
the phase term can only adopt two values; 0 and = (or '+ and -'). The structure

factor of p2(r) is defined similarly;

G(h)=Ng cos(2niber;) (26)

M=

where g is the scattering factor of the "squared" atom.

The Fourier transform of p2(r) is (1/V)G(h) and, because of the
convolution theorem (Eqn. (6)), it will correspond to the convolution product
(1/VYE(h)P(1/V)E(h).
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Since E(h) is only non-zero at reciprocal lattice points, the convolution integral

(Eqn. (6)) can be replaced by a summation;

G(h) =-\17ZEKE,,_R. (27)
k

From the ratio of Eqn. (25) and Eqn. (26);
E(h)=(f/g)G(h) =T «G(h), (28)
and Eqgn. (27) becomes;

E(h) =3 Y ExEnk. (29)
k

which is called Sayre's 'equation135. For reflections h with |E(h)| being
sufficiently large, it is likely that the sum on the right side of Eqgn. (29) will contain
more products E(k) x E(h-k) having the same sign as E(h) itself, than terms of
opposite sign. Otherwise Eqgn. (29) could not hold. This is especially true for
those terms for which |E(k)| and |E(h-k)| are large, since they are the major
contributors to the sum. Therefore, there exists a more than 50% probability that

for large E values,
s(h)=s(k)+s(h-k) (30)

where s(h) denotes the phase or "sign" ('+' or '-') of E(h). This equation remains

valid if on the left side h is replaced by -h (since s(h) = s(-h)).
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Setting -h = h1, k=h2 and h-k = hz, Eqn. (30) becomes;

s(h1) = s(h2)s(h3),
or

s(h1)+s(h2)+s(h3) = 1 (31)
if the three reflections hy, ha, h3 satisfy the equation
hi+ha+h3g=0. (32)

Reflection triples for which Eqn. (32) holds are said to be related by a X»
relation, which holds in both centric and acentric structures. If a large number of
signs is known, it can happen that an unknown reflection is contained in more

than one X2-relation. If this is the case, Eqn (30) becomes;

s(h)=zs(k)os(h——k) (33)
k

and is a better approximation of Sayre's equation. The probability for the sign of

b to be "+" is given by (for an equal atom structure);

P, =1/2+(1/2)tanh N‘1/2|E(h)[2E(k)oE(h-k) . (34)
' k
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the probability of E(h) being negative is simply P.= 1 - P,.
For phase determination in acentric structures (where phases can adopt

any value between 0 and 2r) the expanded form of Eqn. (29) for acentric

structures can be separated into its real and imaginary parts, yielding;

E(h) sincp(h)=-}glE(k»E(h—k)lsin[«p(k)w(h—k)]

and

|E<h)1cos<p<h)=%;lak)-E(h-k)lcos[<p<k>+<p(h—k>]

which by division yield,

[E(h)[sing(h) =" [E(k)*E(h-k)|sin[(k)+ (h-K)]

tang(h) = k (35)
[E(h)|cos g(h) = Y [E(k)+E(h—k)| cos[¢(k)+p(h-k)]
k

Expression (35) is called the tangent formulal38, and is the key formula for
phase determination in acentric structures.

To solve a structure by direct methods, a list of all reflections related by
2o-relations must be developed, and then using a small set of starting phases,
phases must be assigned to the remaining reflections related by the Xo-
relations. Sign indicators of greater than a probability of 95% are usually taken
as correct.

As already described, a small starting set of phases must be known in
advance to initiate the phase determining process. Three and sometimes fewer
reflections are assigned arbitrary phases at the start. These reflections are

chosen according to specific space group dependent rules to be origin



determining. The origin defining reflections are chosen so that they enter into as
many Xo-relations as possible. Other phases may have to be determined (prior
to this point) with a high degree of probability by ¥4-relations, which are special
cases of the more general Yo-expression and depend only on the magnitude of
the normalized structure factors involved. In the case of non-centrosymmetric
space groups an additional phase must be specified in order to define the
positive sense of the coordinate system (i.e. fixing the enantiomorph). Once this
is accomplished the phasing of the remaining bulk of reflections is initiated.
Once all of the Xa-relations have been exhausted using known and
probability determined phases there will likely remain some reflections to which
phases have not been assigned. Using the MITHRIL137 software package, the
unknown phases are permuted with values of 0 and = in the centrosymmetric
case, and +r/4 and +3n/4 in the non-centrosymmetric case, thereby generating
sets of phases corresponding to each permutation. In acentric structures, initial
and subsequently determined approximate phases are refined in an iterative
manner using the tangent formula (Eqn. 35). Each set of phases determined for
a given permutation of the variable phases is assessed according to its internal
consistency, the validity of the structural model the E values produce upon
Fourier transformation, and the values of various statistical "figures of merit".
Generally, a structurally reasonable model with the best overall figures of merit
constitutes the correct solution, which can subsequently be improved by least-

squares refinement.
4.232 Solution and Refinement

The structure of (1) was solved by direct methods. E-values were sorted

based on their intensities, and Yo-relations were generated for the reflections
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with the 244 largest E-values. This yielded a total of 3500 Xo-relations. Sixty-
five phase sets were generated corresponding to the different possible
combinations of the variable reflections. The best 36 phase sets generated (i.e.
the 36 phase sets with the ﬁighest figures of merit), were subjected to tangent
formula refinement. After the re-finement, the phase set with the highest
combined figure of merit yielded an E-map (an electron density map calculated
using E values) showing the complete heavy atom framework of two
independent molecules in the asymmetric unit. The non-H. atoms were refined
to convergence and subsequent difference Fourier maps revealed 21 of the
hydrogen atoms. Full-matrix least-squares refinement continued to
convergence with all non-H atoms assigned anisotropic thermal parameters
and available H's, isotropic temperature factors. At this stage, a difference map
indicated positions for four of the six methy! H's, but attempts to refine them
were unsuccessful. However, these positions' were used in oriénting all six
methyl hydrogens in ideal positions. The H of O44' A was difficult to locate.
Difference maps showed two very small peaks, both in chemically reasonable
positions to be the hydrogen of O44' A. When each peak position was refined
individually as the hydrogen, the refinement tended to shift the hydrogen toward
the other'peak coordinates. This difficulty in refining the H position, in
combination with the development of a large temperature factor associated with
the atom, suggested the possibility that the hydrogen was disordered.
Therefore, the HBA occupancy was assigned 0.5 at each of the two observed
peak positions on the difference map and refined along with all other atoms.
Their coordinates and isotropic temperature factors were allowed to vary in
subsequent refinement cycles. No attempt to determine the occupancies of the
disordered hydrogen was made. From this point, convergence of the entire

structure was reached within three cycles and yielded R = 0.0322 and wR =
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0.0413 for 1285 observed data. The maximum parameter shift was 0.16c on the
final cycle of refinement and the standard deviation in an observation of unit
weight was 1.831 for 417 variables. The function minimized was Eqn. (17),
where w = 4F,2/02(F42). A weighting analysis confirmed the suitability of the
chosen weights by showing uniform average values of Eqn. (17) over ranges of
index classes, Fp, and sin8/A. Following convergence, the peaks on the
difference Fourier map had densities corresponding to +0.16eA-3 randomly
scattered throughout the unit cell. When the complete data set was used R =
0.0387 and wR = 0.0486. The enantiomer refined was chosen on the basis of
the chirality of the starting sugar (vide supra). Scattering factors and anomalous
dispersion corrections for non-hydrogen atoms were from Ref. 138 and from
Ref. 139 for the scattering factors of hydrogen. Final atomic positional
parameters and equivalent isotropic thermal parameters are given in Table 8.
The two molecules in the asymmetric unit are displayed in Fig. 49 along with the

atom labels.
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Table 8 Final fractional positional parameters and equivalent isotropic thermal

parameters (A2) with estimated standard deviations in parentheses.

o2a
04A
O5'A
044‘A
055'Aa
N1Aa
N3Aa
Cil‘a
cz2a
C2A
C3’A
C4a
C4'A
C5A
C5‘A
Ccén
c7a
CSS'A
02B
O4B
05‘B
044'B
055‘B
N1B

N3B

X

0.4172(5)
0.4109(5)
0.7029 (4)
0.6890 (6)
1.0093(4)
0.4987(5)
0.4175(6)
0.5295(7)
0.4426(6)
0.4242(7)
0.4885 (8)
0.4412(7)
0.6694(7)
0.5033(6)
0.7474(6)
0.5277(7)
0.5378(8)
0.9347(7)
0.0621(6)
0.0613(6)
0.0367 (4)

-0.1744(6)
0.3196(5)

-0.0670(5)

0.0531(6)

y
0.8913
0.7177(3)
1.0151(3)
1.2131(3)
1.0647(3)
0.8260(3)
0.80€1 (4)
1.0030 (4)
0.8753(4)
1.0572(5)
1.1176(4)
0.7823 (4)
1.1350(4)
0.8379(4)
1.0925 (4)
0.9063(4)
0.8168(4)

1.0959(4)
0.7493(3)

0.9131 (4)
0.5965 (3)
0.4184 (3)
0.5150 (4)
0.7148 (4)

0.8313(3)

z

-0.1269(5)
0.2637(5)
0.0974 (4)
0.1916G(5)
0.2253(5)
0.1254(5)
0.0740(6)
0.0760(8)
0.0137(7)
0.1637(8)
0.2303(8)
0.2297(7)
0.2195(6)
0.3388(6)
0.0847 (6)
0.2834(7)
0.5101(8)

0.0874(7)
0.5914(5)

0.1812(6)
0.3438(4)
0.3568(5)
0.4040 (6)
0.3567(5)

0.3848(6)
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C1‘B
c2B
C2'B
C3’B
C4B
c4‘B
CSB
CS’B
C6B -

C7B

C55’B

-0.0919 (6)
0.0206(7)
-0.2608(7)
-0.2825(7)
0.0194(7)
-0.1391 (6)
-0.0717(7)
0.0174(6)
-0.1058(7)

-0.1125(9)

0.1783(7)

0.6385 (4)
0.7637(4)
0.6096 (4)
0.5419(4)
0.8515(4)
0.4901 (4)
0.7976(4)
0.5191 (4)
0.7334 (4)

0.8161(5)

0.4835(5)

0.4140 (6)
0.4544(7)
0.3739(6)
0.3208 (7)
0.2278(8)
0.2945(7)
0.1306(7)
0.3780(7)
0.2001(7)

-0.0391(8)

0.3224(8)
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O4A

Fig. 49 An ORTEP!05 plot of the two molecules (I & II) in the asymmetric unit with
50% probability anisotropic thermal ellipsoids for the non-H atoms (nominal isotropic for
H's) and atomic numbering scheme. Some hydrogens have been omitted for clarity.



4.3 Results and Discussion
4.31 Molecular Geometry

Bond lengths and bond angles are given in Table 9. The two
independent molecules in the asymmetric unit possess similar molecular
dimensions, with bond lengths and angles that are within the normal range140,
The two molecules differ most notably in their N-glycosidic torsion angles,
(O5'-C1'-N1-C6) which are 64.5(6)° (+sc) in I and 72.7(6)° (+sc) in I, as well as
in the values of their torsion angles y (C4'-C5'-C55'-055'), which are 62.0(7)°
(+sc)in 1, and 178.6(5)° (+ap) in ll. The value of y adopted in | represents a
more sterically hindered (close O55'A« « *C4'A contact), thus less energetically
favorable, conformation than the value found in ll, the attainment of which may
be ascribed to the fact that the O55'A hydrogen, H1A, is involved in an
intermolecular hydrogen bond (Table 10). The vy torsion angle in Il is stabilized
by an intramolecular hydrogen bond between H1B and O5'B (Table 3). The
05'-C1' bond differs in length from the O5'-C5' bond in |, with the O5'-C5' bond
length being shorter by 0.04(1) A. An analogous trend is observed in other
pyranosyl nucleosides, e.g. amicetin141, cytosamine triacetate142 and 1-(2',3"
dideoxy-B-D-erythro-hexopyranosyl)thymine143. However, the same is not true
in Il, where the O5'-C1' and O5'-C5' bond lengths are not significantly different
(at p > 0.05). The C1'-N1 glycosyl bond distances for I and Il are identical within
experimental error, with values of 1.468(8) A, and 1.470(7) A, respectively. The
dimensions of the thyminé moiety in I and Il are in good agreement with those of
1-methyl thymine144, thymidine145 and 1-(2-hydroxyethyl)thymine146. The

thymine rings in I and Il are essentially planar, with average deviations of
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+0.005 A and $0.013 A from their respective mean-planes through N1, C2, N3
C4, C5 and Cs.

Table 9 Bond lengths (A) and angles (°) for non-hydrogen atoms.

O2A c2a 1.221(6) 02B c2B 1.211(6)

04a c4n 1.221(7) 04B Cc4B 1.223(7)

05‘A Cl’a 1.405(6) 0SB C1‘B 1.411(6)

05‘A  C5°a 1.444(6) 0SB CS'B 1.431(6)
044‘A cC4‘n 1.436(6) 044'B CA4A'B 1.423(7)
OS55‘A CSS‘A -~ ’1.401(7) 055‘B C5S‘B 1.421(7)

N1 c1'a 1.468(8) : N1B C1‘B 1.470(7)

N1A c2a 1.373(7) N1B c28 1.379(7)

NiA Céa 1.380(7) N1B CcéB 1.378(7)

N3A c2n 1.360(7) N3B c2B 1.376(8)

N3A c4a 1.377(7) N3B C4B 1.381(7)

Cl‘A C2'h 1.490(9) ‘ Ci‘B C2‘B 1.475(8)

C2‘n C3'a 1.320(9) C2‘B C3‘B 1.306(8)

C3‘A  cCc4'aA 1.480(8) C3‘B C4‘B 1.494(8)

C4A CcSa 1.435(9) c4B CcsB 1.449(8)
C4'A  Cs5'a 1.505(7) C4'B  C5'B 1.508(7)

csa ceéa 1.330(8) CSB  C6B 1.324(8)

CSA Ca 1.499(8) CSB c7B 1.484(9)

C5'A CSS'A 1.493(8) CS'B  C55'B 1.516(8)

Cl‘a O0S‘A cCS‘a 112.5(4) Cl‘B O0S‘B CS’B 110.9(4)
Cl‘A Nla c2a 119.4(5) Cl‘B N1B C2B 118.3(S)
Cl‘A NiA ceén 119.1(5) Cl‘B NiB C6B 120.5(5)
c2a Nia Cé6A 121.5(5) Cc28 N1B C6B 120.4(5)
c2a N3a C4A 128.0(5) C2B N3B Cc4B 126.9(5)
O5‘A  Cl'A wNia 106.3(4) 05‘B Cl1‘B NI1B 105.2(4)

0o5‘a Ci'a C2‘A 113.5(5) 05'B Cl’B C2'B 112.5(S)



N1a
oz2a
oz2n
N1a
Cil°Aa
Cc2n
0O4A
04an
N3A
044°‘A
044°A
’C3’A
C4n
C4A
Céa
OS'A
OS5'A
C4'a
N1a

055‘A

Cl’'a
c2a
c2n
C2Aa
C2'h
C3‘a
C4a
C41n
C4n
C4‘a
C4‘n
C4’A
CSAa
csa
Csa
Cs5°n
CsS‘a
CS‘A
Cé6a

CS5'A

c2n
N1lA
N3Aa
N3a
c3‘a
ca'a
N3A
csa
csa
c3‘a
cs‘a
cs‘a
cén
cia
cia
ca'a
CSS‘A
cSs‘a

CSa

112._4(s)
122.7(5)
123.3(5)
114.0(S)
122.0(6)
121.2(6)
119.5(5)
125.7(6)
114.8(5)
109.1(5)
109.0(4)
110.9(S)
118.4(S)
118.8(5)
122.8 (6)
109.2(4)
106.6(S)
113.4(5)
123.2(6)

113.7(4)

N1B
02B
02B
N1B
Cl‘B
C2‘B
04B
04B
N3B
044‘B
044’B
C3'B
C4B
c4B
C6B
05B
0SB
C4’B
N1B

055'B

Ci’'B Cc2‘B

c2B N1B
Cc2B N3B
c2B N3B

c2‘'s C3‘B
C3’B C4‘B
C4B N3B
C4B csSe
C4B CSB
C4’B C3’B
C4°B C5’B
c4’B C5‘B
CSB C6B
CsB C7B
CSB C7B
C5’B C4‘B
CS’B CS5‘B
Cc5‘B CSS‘B
C6B CSB’

C55'B C5'B

112.7(S)
123.1(6)
122.5(6)
114.3(5)
121.3(6)
122.4(6)
119.5(6)
124.4(6)
116.0(5)
110.8(5)
108.3 (4)
110.1(5)
116.4(S)
118.7(6)
124.8(6)
109.6(4)
104.8(4)
114.1(5)
125.7(6)

110.5(5)
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Distances (A) Angles (°)
D ‘ A Aat , D---A H---A D-H---A
O55’A-HIA---O4B  I4x,y,z 2.79(7) 1.6(1) 170(7)
O44’A-H6A- - -O2A . I-x1124y=z 3.35(7) 2.5(3) 124(15)
O44’A-H6A™ - -O2B  I-x1f24y.]-z 2.74(6) 1.7(1) 165(10)
N3A-HI0A- - -O44'A  [-x,-1124y,z 2.89(6) 2.07(6) 165(5)
044’B-H6B- - -02A x,-124y-z  2.74(6) 1.90(7) 167(7)
N3B-H10B---044'B  -x,I/2+y,]-z 2.82(6) 1.91(8) 154(6)
O55’B-H1B---O5'B  xyz 2.726(6) 2.30(7) 104(5)

Table 10 Distances and angles for hydrogen bonds.

Puckering parameters for the pyrenose rings were found (using the
method of Cremer and Pople147) to be ¢ = 80.2°, 6 = 129.1°, Q = 0.485 A in |

and ¢ = 88.6° 6 = 130.9°, Q = 0.494 A in I. These parameters are structurally

manifested in both molecules as slightly distorted half-chair conformations
(distorted towards twist boats), with O5' endo and C5' exo. The three
substituents on the pyrenose rings adopt the less sterically hindered equatorial
positions.

Molecules in the crystal form an extensive network of intermolecular
hydrogen bonds (Table 10). A packing diagram is given in Fig. 50, in which the
disordered hydrogen bonded to O44'A is shown at only one position, viz. HBA'".

It is interesting to note (although not shown in Fig. 50). that in both positions
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HBA and HGEA', the disordered hydrogen is involved in hydrogen bonding
interactions (Table 10). The ability to bond in both environments provides an
explanation for the observed disorder in H6A. Despite the apparent overlap of
the thymine rings in the asymmetric unit, their interplanar spacing of 3.65 A and
their 9.8° dihedral angle indicate that n-n stacking interactions play a less

important role in the crystal packing.

s

Fig. 50 Stereoscopic view prepared using PLUTO!48 of molecular packing in the unit
cell. Some of the hydrogen bonds are indicated by dotted lines. The directions of axes are
x(-a to the left), y (+b at the top) and z (+¢ into the page).
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4.32 Biological Implications

Currently, AZT has the highest therapeutic index of the nucleoside
analogs that are known to inhibit the replication of HIV-1 in vivo. AZT has a well
defined mode of action. It becomes activated, like natural nucleosides, through
phosphorylation by cellular kinases, and is subsequently combined with the
HIV's reverse transcriptase resulting in either blockage of the active site as a
competitive inhibitor of natural nucleotides, or incorporation into viral DNA
leading to premature chain termination. The structural features of AZT,
implicated as crucial in recognition by phosphorylating enzymes are two-fold.
Firstly, the relative position of the electron-rich terminus of the azido group with
respect to the thymine moiety is deemed important130,131 from the perspective
of hydrogen bonding and potential electrostatic interactions within the active
site. Secondly, it is important that the rotation of the base about the N-glycosy!
bond be energetically feasible, so that the potential for hydrogen bonding
interactions between the base and the cognate enzyme can be fully realized,
while maintaining the integrity of the interaction between the terminal azido
nitrogen and the enzyme131,

It may be suggested that any active analog of AZT must display similar
structural features. The structure of (1), in both forms I and Il, has been
compared to the structure of the purported active conformer of AZT130,131, ag
illustrated in Fig. 51. The relative position of the O44' hydroxy! (the azido
counterpart) and the thymine moiety in (1) is described by the intramolecular
distances listed in Table 11; analogous distances in AZT are included in the

table for comparison.
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Fig. 51 Stereoviews of the crystal structure conformations of the two independent
molecules of the title compound shown with N1, C1' and C2' superimposed on N1, C1'
and C2' of the purported active conformer of AZT13! (the base belonging to AZT can be
readily identified, because in AZT the torsion angle % is 3.5° (+sp)). Atom shading scheme
is; O, stippled, C, dark gray and N, light gray. Double bonds are drawn in dark gray.
Molecule I (top). Molecule II (bottom).
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Molecule I Molecule I AZT
O2A-044’A- - -6.712(6) 02B-044'B- - -6.535(6) 02-N3y- - -7.373(3)
N3A-O44°A- - -7.697(7) N3B-044'B- - -7.654(6) N3-N3'y- - -8.836(4)

O4A-044°A- - -9.213(6). 04B-044’B- - -9.227(6) O4-N3y- - -10.625(4)

Table 11 Selected intramolecular distances (&) for (1) and AZT131,

Considering the results in Table 11, and the fact that the interatomic
distances (Fig. 51) from the terminal azido nitrogen to O44' in (1) are only
1.30(1) A (1) and 1.16(1) A (1), it appears that (1) exhibits enough structural
similarity with AZT to possess a similar capacity for binding within the active site
of enzymatic phosphorylation. Although a spatial correspondence between (1)
and AZT exists, the N-glycosidic tbrsion angle y differs by approximately 70°
and 79° when comparing AZT with 1 and Il respectively. To ascertain the
importance of the differences in ¥, the energy required to rotate the base 360°
around the N-glycosyl bond (for both (1) and AZT) was calculated using
PCMODEL149 with default parameters. The base was rotated around y through
360° in 10° steps, with minimization of the remainder of the molecule at each
step. The barrier to rotation was found to be less than 1 kcal/mol higher for (1)
than for AZT. Furthermore, the energy/x-angle profile is virtually identical in both
systems. As this small difference in rotational energy would indicate, the relative
values in the crystal of the N-glycosidic torsion angle, ¥, in AZT and (1) are not

important features in this comparison.



The completion of the enzymatic phosphorylation process requires that,
at least, the following two conditions be met. Firstly, recognition of and binding
to the active site must occur. Secondly, it is critical that once bound, the
nucleoside analog presents the oxygen atom to be phosphorylated to the
appropriate enzymatic site with positional specificity. Phosphorylation will not
likely occur in any nucleoside analog which has its phosphorylation site
oriented in too different a manner from that in AZT. Fig. 51 clearly shows that the
sites of phosphorylation in AZT (05') and in the title compound (O55') are
oriented quite differently in the superimposed structures. These oxygens, i. e.
O5' and O55', can only be brought into proximity with each other by having the
pyrenose ring undergo the unlikely ring-flip to an alternative conformation with
O5'A (or B) exo and C5'A (or B) endo, which would result in severe steric
clashes between the thymine and the C6' hydrogens. The distances between
O5' in AZT and O55' in (1) are 2.336(9) A (I) and 4.02(1) A (II) in the respective
comparisons.

On the basis of the structural comparisons of (1) with AZT, the inference
is that the title compound would not effectively inhibit the HIV virus. As
~ corroborating evidence for this conclusion, it is interesting to note, that while this
work was in progress, the study cited in Ref. 128 appeared in the literature
indicating that the title compound possesses little activity against the HIV-1 virus

in vitro.
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4.4 The Evaluation of 2',3'-dideoxy-B-D-erythro-hex-2'-
enopyranosyl Nucleosides as Potential Antisense Constructs:
Synthesis, Biophysical Properties and Enzymatic Stability of 2'-
deoxyadenosine-(3'-6')-[1-(2',3'-dideoxy-B-D-erythro-hex-2'-
enopyranosyl)thymine] phosphate

In recent years, the use of antisense constructs as a potential therapeutic
tool has received much attention. Antisense oligodeoxynucleotides (ODNs) are
short, single stranded oligonucleotide analogs that are able to block the
expression of specific genes within cells. By duplexing with specific messenger
ribonucleic acid (mMRNA) targets, ODNs inhibit the translation of the mRNA into
protein at two levels150.151 (Fig, 52). A major problem with the antisense
approach, however, is the rapid enzymatic degradation of natural
oligodeoxynucleotides. Therefore, enzymatically stable oligonucleotide analogs
that form stable duplexes with their natural complements must be developed.
While extensive studies have been carried out on oligonucleotides modified in
their bases and phosphate backbones, with phosphorothioate!51 and C-5
propynyl-pyrimidine152.183 oligonucleotide derivatives showing relatively
potent effects, sugar modifications have only received a small amount of
attention. However, recent studies on 2'-O"allyl oligoribonucleotides154, carbo-

oligodeoxynucleotides55, o oligonucleotides?56, acyclic oligonucleotides157

and hexopyranose oligodeoxynucleotides158-160, indicate that sugar modified

oligonucleotides may also be effective antisense agents. Theoretical

studies161, and physico-chemical studies162 on hexopyranose nucleic acids by
Eschenmoser have indicated that steric problems preclude the formation of
Watson-Crick double helices between single stranded hexose oligonucleotides.

However, several recent studies by Augustyns et a/,158-160, indicate that
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double-helical duplex formation between single-stranded hexose/furanose
oligonuclectide hybrids and their natural complements can occur, particularly
when the hexopyranose sugars are incorporated as the 3'- or 5'- terminal
nucleotides of the hybrid chains. While the modified hexose nucleosides
studied conferred greater resistance against enzymatic degradation when
incorporated at various positions in natural oligonucleotide strands, they
suffered from a reduced duplex-forming capacity with the natural complement.
In addition to possible steric problems, a second deterrent to duplex formation is
the decrease in entropy (due to the loss of conformational freedom) when an
oligonucleotide containing flexible hexose sugars binds to its natural
complement. Therefore, assuming the presence of identical intermolecular
forces in duplex formation, complexation between single strands containing
more rigid sugars is more energetically favorable. To minimize the effects of this
entropic factor, we have, as a first step, synthesized the DNA dimer 2-
deoxyadenosine-(3'-6')-[1 -(2',3"-dideoxy-pB-D-erythro-hex-2'-enopyranosyl)

thymine] phosphate (ApT", compound (4)), which contains the conformationally
rigid unsaturated sugar 2',3'-dideoxy-B-D-erythro-hex-2'-enopyranose, as an
antisense construct with potentially increased hybridization capabilities. A 3'-
end protected molecule has been selected in this study, since (3'-5')-
exonuclease activity is the major cause of the degradation of natural
oligonucleotides in serum150. Here the synthesis of ApT" is presented, as well

as the results of CD studies on the compound, and enzyme degradation results.
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Fig. 52 a) Principle of action of antisense oligonucléotidcs. Inhibition proceeds via two
mechanisms, shown in b) and c). The mRNA strand of a DNA:RNA hybrid is a substrate
for the cellular enzyme RNase H, which selectively hydrolyzes the mRNA phosphodiester
backbone (as shown in b)). A second mechanism of inhibition is shown in ¢). The
formation of a DNA:RNA hybrid blocks the translation of the mRNA strand.
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4.5 Experimental Section

TH NMR spectra were obtained at 300.1 MHz (Bruker AMB300). Signals
are quoted as dppm downfield from internal t’etramethylsilane unless otherwise
stated.

Negative ion FAB mass spectra (glycerol matrix, 8-keV xenon atoms)
were obtained on a VG 7070E-HF spectrometer.

CD spectra were obtained on a Jasco J-500A spectropolarimeter using a
1.0 mm cell equipped for temperature control with a water bath. ApT" was
studied at 4.41 x 104 M (calculated from UV absorbance measurements) in
0.01 M sodium phosphate buffer (pH 6.8), and 0.1 M NaCl to maintain a
constant ionic strength. The CD spectrum of ApT163, was obtained in the same
buffer (with 0.001 M EDTA) at approximately the same concentration.

Final purification of ApT" and analysis of enzyme degradation products
were carried by reverse phase HPLC on an analytical C-18 (Phenomenex)
column using a Varian 9010 HPLC solvent delivery system equipped with a
Varian 9050 UV/vis detector. The flow rate was 1 ml/min..For purification of
ApT", the solvent system used was: A (0.1 M NH40Ac) and B (MeOH). A linear
gradient was used, where A was varied from 100% to 40% over 40 minutes. For
the enzyme degradation studies, isocratic elution was performed using a ratio of
- C (5% MeOH in 0.1 M triethyl-ammonium acetate (pH 7.0)) and D (50% MeOH
in 0.1 M triethyl-ammonium acetate (pH 7.0)) of 2:1. The hydrolysis of the dimers
was followed by integration of the dimer signal. The decrease in the dimer

concentration with time was fitted to a simple exponential function.

Nuclease S1 1 OD260nm of dimer in 270 mL of HoO was mixed with 30 mi of

the following buffer: 0.33 M sodium acetate (pH 4.8), 0.5 M sodium chloride,
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0.01 M zinc chloride. Nuclease S1 (4.6 mL, 1068 U) (Sigma) was then added.
The mixture was incubated at 37° C. 20 ml aliquots were removed at set times
and mixed with 180 mL of the following blocking buffer: 10 mM sodium
phosphate (pH 6.8). This mixture was heat inactivated at 95° C for 5 min. and
cooled. 10 mL aliquots were analyzed by HPLC.

Snake Venom Phosphodiesterase 1 OD260nm of dimer in 200 mL of HoO
was mixed with 100 mL of the following buffer: 0.3 M Tris.HCI (pH 8.8), 0.3 M
sodium chloride, 0.040 mM magnesium chloride. 3 mL (0.1 U) of a solution of
snake venom phosphodiesterase (Sigma) in 5 mM Tris.HCI (pH 7.5), 50%
- glycerol (v/v) was then added. The mixture was incubated at 37° C. Inactivation

and analysis was carried out as described for nuclease S1.

Bovine Spleen Phosphodiesterase 1 OD260nm of dimer in 200 mL of HoO
was mixed with 100 ml of the following buffer: 300 mM sodium citrate (pH 6.0). 3
mL (0.1 U) of a solution of bovine spleen phosphodiesterase (Sigma) in 50 mM
sodium citrate (pH 6.0), 50% glycerol (v/v) was then added. The mixture was
incubated at 37° C. Inactivation and analysis was carried out as described for

nuclease Si.

4,51 Synthetic Methods

1-(2',3'-dideoxy-4'-O-acetyl-B-D-erythro-hex-2'-enopyranosyl)
thymine (2)

254 mg (1.0 mmol) of 1-(2',3"-dideoxy-B-D-erythro-hex-2'-enopyranosyl)
thymine (1) (Fig. 53), was dried by adding and evaporating dry pyridine (3



times) and then dissolved in 5 mL of 50/50 (v/v) anhydrous methylene
chloride/pyridine. 373 mg (1.1 mmol) of dimethoxytrityl chloride and 12 mg (0.1
mmol) of 4-(dimethylamino)pyridine were then added to the solution, which was
sealed and stirred for 10 hrs. At this point the reaction was complete (as
determined by TLC, ether), and 0.19 mL (2.0 mmol) of acetic anhydride were
added to the mixture, which was sealed again and stirred for 10 hrs. The
reaction was then quenched with 1.0 mL of water, which was added dropwise,
while the reaction mixture was immersed in an ice-bath. The reaction mixture
was then washed twice with water, and concentrated to an yellowish solid on a
rotary evaporator. The solid was dissolved in 3 mL of 80/20 (v/v) acetic
acid/H20 and stirred for 6 hrs. The reaction mixture was then concentrated on a
rotary evaporator and ethyl acetate evaporated four times to remove all traces of
acetic acid. Finally the product was concentrated to a syrup in ethyl acetate, and
purified on silica gel (Aldrich, 60 grade 230-400 mesh) using ether as an eluent
by dry column flash chromatography, yielding 170 mg (0.57 mmol, 57% yield) of
(2) as a white powder.4

TH NMR (CDCl3) 84 8.10 (1 H, br s, NH), 6.99 (1 H, s, 6-H), .53 (1 H, s, 1'-H),
6.20 (1 H, m, J2, 3 12.3 Hz, 2'-H), 5.76 (1 H, m, J2t, 31 12.3 Hz, 3'-H), 5.48 (1 H,
m, 4'-H), 3.82 (2 H, m, 6'-H), 3.70 (1 H, m, 5"-H), 2.13 (3 H, s, OAc), 1.93 (3 H, s,
Me).

2'-deoxyadenosine-(3'-6')-[1-(2',3'-dideoxy-B-D-erythro-hex-2'-
enopyranosyl)thymine] phosphate (4)

430 mg (0.65 mmol) of 5'-0-4,4'-dimethoxytrityl-6-N-benzoyl-2'-
deoxyadenosine (Cruachem) and 150 mg (.70 mmol) of p-chloropheny!

phosphate (Fig. 53) were dried by adding and evaporating dry pyridine (4
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times). The resulting foam was dissolved in 5 mL dry pyridine, 610 mg (2.0
mmol) of 2,4,6-triisopropylbenzenesulfonyl chloride (TPSCI) were added, and
the mixture sealed and stirred for 4 hrs. At this point, the phosphorylation was
complete (determined by TLC, ether, followed by 12:1 CH2Clo: MeOH), and 150
mg (0.5 mmol) of (2) (dried by evaporation of pyridine), an additional 370 mg
(0.4 mmol) of TPSCI, and 250 mg (1.5 mmol) of 1H-tetrazole (dried by
evaporation of dry acetonitrile) were added, and the mixture sealed and stirred
for 24 hrs (monitored by TLC, as above). 3 mL of HoO were then added
dropwise to the reaction mixture, which was placed in an ice-bath. The product
was then extracted into methylene chloride, evaporated to a thick syrup, and
purified on silica gel (same grade as used above), using dry column flash
chromatography. A hexane/ethyl acetate solvent mixture was used as the
eluent, changing the hexane content linearly from 100% to 0% through the
course of the purification. Fractions were pooled, and solvent was removed,
yielding 305 mg of semi-pure 5'-0-4,4'-dimethoxytrityl-6-N-benzoyl-2'-
deoxyadenylyl-(3'-6")-[1-(2',3'-dideoxy-4'-acetyl-B-D-erythro-hex-2'-
enopyranosyl)thymine]p-chlorophenyl phosphate (3) (~ 50% yield) as an
orange solid.

Detritylation of (3) was carried out by adding 300 mg (0.26 mmol)to a 5
mL solution of 1.0 M zinc bromide in 85/15 (v/v) methylene chloride/isopropanol
and stirring for 20 min. Solvent was then removed and the detritylated product
dissolved in methylene chloride and washed with a minimum amount of H20.
The solvent was then removed and the solid washed twice with ether to remove
all traces of trityl alcohol. The phosphate group was then deprotected by adding
200 mg (0.2 mmol) of detritylated dimer to a solution of 330 mg (2.0 mmol) o-
nitrobenzaldoxime and 0.22 mL (1.76 mmol) 1,1,3,3,N,N, N',N'-tetramethy!

guanidinium in 3.0 ml 50/50 (v/v) dry dioxane/dry acetonitrile and stirred for 48
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hrs. Solvent was removed, and the product washed 5 times with ether, and
dissolved in 10 mL of conc. NH4OH. The ammonia solution was sealed in a
pyrex tube, and heated at 60° C for 8 hrs. Finally, the ammonia was removed by
evaporation and the solid residue dissolved in HpO. Purification of the crude
product is described above (see general procedures). The purified product was
de-salted on a C18 Sep-Pak (Sigma, using the same procedure as described in
Chapter ), yielding 43 mg (17 %) of (4) as a free-acid.

UV (in CD buffer) Amax 263, € = 20400 | mol-1 ¢cm-1

MS (negative ion FAB, xenon atoms) m/z 566 (100, [M - H]"), 333 (26, [6-dT MP
- HJ"), 330 (24, [3-dAMP - H"), 134 (107, [Adenine - HT), 125 (71, [thymine - H]")

TH NMR (D20, using HOD-signal as standard (5=4.74) ) 84 8.29 (1 H, s, 8-
H(A)), 8.26 (1 H, s, 2-H(A)), 7.32 (1 H, s, 6-H(T)), 6.44 (1 H, 1, 1"-H(A)), 6.36 (1 H,
s, 1-H(T)), 6.23 (1 H, d, J2, 3 12.0 Hz, 2"-H(T)), 5.69 (1 H, d, J2', 3 12.0 Hz, 3'-
H(T)), 4.95 (1 H, m, 3-H(A)), 4.54 (1 H, m, 4'-H(T)), 4.38 (1 H, m, 4'-H(A)), 4.21
(2 H, m, 6-H(T)), 3.86 (1 H, m, 5-H(T)), 3.79 (2 H, m, 5'-H(A)), 2.84-2.67 (2 H, m,
2'-H(A)), 1.64 (3 H, s, Me(T)) |
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4.6 Results and Discussion
4.61 Synthesis of ApT"

Using solution phase phosphotriester chemistry (see Fig. 53) the dimer
ApT" (4) was obtained by coupling 5'-0-4,4'-dimethoxytrityl-6-N-benzoyl-2'-
deoxyadenosine-3'-p-chlorophenyl phosphate with 1-(2',3'-dideoxy-4'-O-acetyl-
B-D-erythro-hex-2'k-enopyranosyl) thymine (2). After deprotection with zinc
bromide, oximate reagent and base, and purification by RP-HPLC, the final
yield of fully deprotected dimer (4) was 17%. The coupling step was extremely
slow, (24 hrs. to reach completion). This was probably due to the conformational
rigidity of the unsaturated hexopyranose sugar, which may have hindered the
formation of the proper transition state complex. Coupling was initially

attempted using H-phosphonate chemistry, but was unsuccessful. H-

phosphonate couplings were always dominated by a side reaction, where the

activating agents tried, (pivaloyl chloride, TPS-Cl and TPS-tetrazole) reacted

preferentially with O6' of (2).
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Fig. 53 a) 1.1 eq. DMT-CI, 0.1 eq. DMAP. in pyridine b) 2.0 eq. Acetic anhydride. ¢)
80:20 acetic acid:H20. d) 3.3 eq. TPS-Cl in pyridine. e) TPS-tetrazolide (1 eq. TPS-CI +
3 eq. 1H-tetrazole) in pyridine. f) ZnBr3 (1.0 M in 85:15 CH,Clp:Isopropanol). g) 10 eq.
o-Nitrobenzaldoxime + 8.8 eq. TMG in 50:50 dioxane:acetonitrile. h) conc. NH4OH



4.62 Circular Dichroism Studies

The CD spectra of ApT" at 10° C and 70° C, and the CD spectrum of
natural ApT at 10° C (from Ref. 163) are shown in Fig. 54. The virtually identical
positioning of A max., A min. and the cross-over points for ApT and ApT",
indicate that substitution of a 2'-deoxyribose sugar with 2',3'-dideoxy-B-D-
erythro-hex-2'-enopyranose at the 3-terminus of ApT has a minimal influence
on the global structural parameters. The positive and negative Cotton bands of
the ApT" spectra are highly symmetric, and as the temperature is increased to
70°C, the magnitudes of the CD maxima decrease by approximately 60%.
Overall, these features (and the signs of the Cotton bands) are consistent with

the formation of stacked, B-form minihelices in solution164.165
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Figure 54 Circular Dichroism (CD) spectra of ApT and ApT™ at 10° C, and ApT* at
70° C. The ApT spectrum is from Ref. 163. The vertical axis gives [©] in deg M-1 cm-1,

the molar ellipticity per residue.
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4.63 Enzymatic Hydrolysis of ApT" and ApT

As a means to assess the enzymatic stability of ApT", relative to its
natural analog ApT, the following nucleases were used: nuclease S1
(endonuclease), snake venom phosphodiesterase (SV PDE, (38'-5')-
exonuclease) and bovine spleen phosphodiesterase (BS PDE, (5'-3')-
exonuclease). RP-HPLC was used to monitor the degradation of the dimers,
which follows first order kinetics. With each enzyme (Table 12), ApT" showed an
increased resistance to degradation relative to ApT.

ApT" was degraded more slowly than ApT by factors of 4, 3 and 2 in
nuclease S1, SV PDE and BS PDE, respectively. These results suggest that a
2',3'-dideoxy-B-D-erythro-hex-2'-enopyranose moiety at the 3'-end of an
oligonucleotide can provide significant protection against (3'-5')-exonuclease
degradation. However, compared to results obtained from TpT# dimers, where
T# refers to a thymine nucleoside containing the fully saturated 2',3'-dideoxy-p-
D-erythro-hexopyranose sugar1%8, the unsaturated sugar moiety seems
considerably less effective. Since the spatial distribution of important functional
groups on nucleosides containing both the saturated and unsaturated
hexopyranose moieties is almost identical (Fig. 55), structural differences are
probably not the cause of the increased rates of degradation observed in ApT".
Also, the equal abundance of the 6'- and 3'-phosphate fragment ions in the
negative ion FAB mass spectrum (see Section 4.5) indicate that the stability of
the 3'-6'-phosphodiester linkage is not compromised by unsaturation of the
hexopyranose sugar, ruling it out as a contributing factor. Thus, the more rapid
degradation of the title compound is probably the result of sequence and/or

entropic effects. Experimental evidence suggests that sequence is important,
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since under similar experimental conditions, natural ApT is digested almost five
times more rapidly than TpT (from Ref. 158). Additionally, entropic factors (see
Section 4.4) dictate that the rigidity of the T~ relative to T# may favor the binding

of oligonucleotides containing the rigid sugar to nucleases.

Table 12
t1/2 (min.)
nuclease S1 SV PDE BS PDE
ApT 10.6 2.1 1.6
ApT" 42.1 6.2 3.1

4.7 Summary

The results demonstrate that substitution of a 2'-deoxyribose sugar at the
3'-end of the dinucleotide ApT with 2',3'-dideoxy-B-D-erythro-hex-2'-
enopyranose provides a substantial increase in (3'-5')-exonuclease resistance.
ApT" maintains a global structural isomorphis'm with ApT, suggesting that the
hybridization properties of oligonucleotides containing the unsaturated hexose
sugar at the 3'-end should not be compromised. Because of favorable entropic
factors, the conformational rigidity of the sugar used in this study may, actually,
increase the hybridization capabilities of oligonucleotides containing it in
positions other than at the 5'- or 3-ends, relative to oligonucleotides containing
more flexible saturated hexopyranose sugars. In future studies, attempts should
be made to synthesize longer hybrid oligonucleotide sequences incorporating
2',3'-dideoxy-B-D-erythro-hex-2'-enopyranose nucleotides at the ends and the
interior of the strands, to assess their structural and hybridization properties, as

well as their enzymatic stabilities.
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Figure 55 N1, O4' and O6' of 1-(2',3'-dideoxy-B-D-erythro-hex-2'-enopyranosyl)
thymine (T, compound (1), double bond is darkened) superimposed on the same atoms
from 1-(2',3'-dideoxy-B-D-erythro-hexopyranosyl) thymine (T#). Except for N1, the
remaining base atoms from each nucleoside are not shown. Coordinates for both sugars
were obtained from crystal structures. (Coordinates for T* are from Ref. 166, while those
for T# are from Ref. 143). The average r.m.s. difference in atomic coordinates between
models is 0.09 A.
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NMR Spectra
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Mass Spectra
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