I CHAPTER 1

DNA Structures and Spectra

The study of the physico-chemical bases of the interaction of drugs with DNA, as well
as the expression of genes and the genetic inheritance of biological characteristics,
began in earnest with the quest for the structure of DNA itself, which was ultimately
“solved” in 1953. The earliest research on DNA structure used optical spectroscopic
methods, which are still used for studying drug—DNA interactions. By 1950, Maurice
Wilkins and Ray Gosling began to study DNA structure using X-ray diffraction and
obtained the first diffraction images of DNA fibers. With help from Alec Stokes, their
colleague at Kings College, they proposed that the patterns resulted from a helical
structure.

In 1951, Rosalind Franklin also joined the faculty at Kings College. Franklin
worked closely with Wilkins and Gosling, but by using her own techniques, she
obtained better X-ray images of DNA than anyone had done previously. These images
clearly showed the helical structure of DNA, and enabled the identification of the
locations of the phosphate sugars. These data also revealed that the DNA had two
forms, depending on environmental humidity, which Franklin and Wilkins called the
A and B forms of DNA. Meanwhile, Francis Crick and James Watson of Cambridge
University were also working on DNA structure. They obtained some of Franklin’s
data and, by combining her data with their own analyses, built the first correct DNA
model. In 1953, their paper was published in Nature [1], along with papers by Wilkins,
Stokes, and Wilson [2], and Franklin and Gosling [3]. Sadly, Franklin succumbed to
cancer in 1958, but Wilkins, Watson, and Crick shared the Nobel Prize in Physiology
and Medicine in 1962.

It is likely that modern molecular genetics would not exist without this basic
structural knowledge, and since that time, spectroscopic studies have continued to
expand our physical understanding of DNA structure. There remains growing need to
understand the structure of DNA and its interactions with drugs, mutagens, RNA, and
protein ligands. DNA is no longer regarded as a rigid cylinder, but as a highly plastic
and adaptable molecule, capable of many structural variations, each having unique and
important biological consequences.
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2 DNA STRUCTURES AND SPECTRA

The aim of this chapter is to explain the most fundamental concepts of DNA
structure, especially the terminology and factors that describe its primary, secondary,
tertiary, and quaternary structures. It will describe the structures and spectroscopic
properties of DNA, as well as relate these to its biophysical characteristics.

1.1. DNA STRUCTURES

1.1.1. Primary (Chemical) Structure

The monomeric units of nucleic acids are called nucleotides. These consist of a
phosphate, a sugar, and a special aromatic moiety called a purine ( pur) or pyrimidine
(pyr) base. Figure 1.1 shows the chemical structures and names of the common bases
and sugars and also the numbering of the ring atoms (C and N) of bases. This [UPAC [4]
numbering system is used throughout this book. All of the carbon atoms in the DNA
bases and sugars are given unique position numbers. This is also true of the nitrogen
atoms in the aromatic rings of the bases. All other atoms or groups (H, O, NH,, and P)
are numbered according to the carbon or nitrogen atoms to which they are directly
bound. The thymine methyl group is given the unique number of C7 by [UPAC. (An
alternate number of C5M is used in the PDB database, but will not be used in this book.)
The sugars have the B-p-stereoisomeric configuration shown in Figure 1.1, which is a
reference to the relative orientations of the OH groups. The atoms belonging to the
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FIGURE 1.1. Chemical structure of nucleic acid constituents, the normal bases (a) and sugars
(b). In DNA and RNA, the R group is the attached sugar ring. Isolated bases have R=H. The
IUPAC [4] nomenclature for naming atoms are given here, and is used exclusively in this book.
All C and aromatic N have unique atom position numbers, whereas the other atoms and groups
(H, O, NH,, and P) are numbered according to the carbon or nitrogen atoms to which they are
directly bound. The thymine methyl group is given the unique number of C7 by [UPAC.
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sugar moiety are distinguished from those of the base by one or two superscript prime
marks (i.e.,” or ) on the atom number. The chemical unit that contains only the sugar
and base is called a nucleoside; the phosphate ester of a nucleoside is called a
nucleotide.

Nucleosides are abbreviated by combining an uppercase letter representing
the base and a lowercase letter representing the sugar. For example, adenosine, which
has a ribose sugar and an adenine base, is called “rA” (see Fig. 1.2). Deoxycytidine,
with a 2'-deoxyribose sugar and a cytosine base, is “dC” (Fig. 1.2). Nucleotides
are denoted by adding a “p” to represent each phosphate, as shown in Fig. 1.2; thus, for
5'-nucleotide, the abbreviation is “pN,” and for 3’-nucleotide, “Np.” If the base in
Fig. 1.2 (bottom left) is guanine, it is referred to as guanosine-3'-monophosphate, often
abbreviated as 5'-GMP.

Natural nucleic acids, RNA and DNA, are polynucleotides, the backbone of which
consists of alternating sugars and phosphodiesters, as shown in Fig. 1.3. In RNA
(ribonucleic acid) the sugars are ribose, and four nucleosides, rA, rU, rC, and rG,
predominate. In DNA (deoxyribonucleic acid), the sugars are all 2’-deoxyribose, and
four nucleosides, dA, dT, dC, and dG, make up essentially the total structure of all
known DNAs. For both of these polynucleotides, each sugar has two ester linkages at
the 5’0 and 3’0 atoms. The DNA chain is described as having a “direction,” which is
defined as the contiguous set of atoms starting at the 5’0 and going to the 3’0 (5’ — 3).
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FIGURE 1.2. Chemical structure of nucleoside and nucleotide. A common nucleoside analog
is inosine, which is similar to similar to guanosine, except that the —NH, group is replaced by
an H.



4 DNA STRUCTURES AND SPECTRA

9
290—£|'=0 &)
& OCH; 0. pagae HOCH; 0. Base
1( H
ay h 1@1
8]} OH (l) H
90—1:==0 20—P=0
OCH, 0. Base % OCH; Base
b H H
% H:H H;H ﬁg o W H
% o oW 3¢ "
?& eo_llv—_(_) ?: 90—17':0
] (=] .
2 bew, 0. pase _.3\ OCHz O paga
-~
o L; ) J kH H7
% HH llH o H
\ 0 OH 0 H
eo_kia=0 20--P=0
OCH: 0, pase é“sz 0. Base
H:H %;H @
@ o om HO? H
290_]:::0 4
0
RNA chain DNA chain
r(pNpNpNpNp) d{NpNpNpN)

FIGURE 1.3. Chemical structure of polynucleotide. The terminal oxygen atoms, O5" and O3’,
are named according to the carbon atoms to which they are directly bound.

(Note that these oxygen atoms are designated as 5" and 3', according to the carbon atom
of the sugar to which they are bound.) This set of atoms is called the “backbone” of the
DNA. Thus, a polynucleotide is abbreviated as . . .pNpNpNpNpNpNp. . ., where the
left end is called the ““5’ end” and the right end, the “3’ end.” These are also known as
“the five-prime end” and “the three-prime end.”

All the common DNA bases are uncharged at neutral pH. At lower pH, however,
adenine (A) and cytosine (C) have positively charged protonated NH* forms, as
shown in Fig. 1.4. Uracil (U) and thymine (T) have negatively charged deprotonated
forms (N) at higher pH, while guanine (G) has both a positively charged protonated
form (at lower pH) and a negatively charged deprotonated form (at higher pH; see
Fig. 1.4).

In contrast, all the phosphate residues in nucleotides or polynucleotides are
negatively charged at the pH at which one normally works with these compounds.
This means that there must always be sufficient counter-cations present in the
environment to neutralize the electronic charges on the DNA. The monoester
and diester forms of phosphoric acid exist in an ionization equilibrium, as shown
in Fig. 1.5. Therefore, in every nucleotide, at either end of a polynucleotide (5'or 3"),
the phosphate has a doubly negatively charged form (DNA—O—PO5>") at pH higher
than 7 (i.e., at pH >7). On the other hand, all of the phosphodiester linkages in the
polynucleotide chain have a single negative charge (—O—PO, —O—) at neutral pH.
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FIGURE 1.4. Ionization of aromatic bases (nucleosides) in DNA and RNA.

It should be noted that the two nonester P—O bonds are nearly equivalent to each other,
so that each of these bonds has semi-double-bond character, and the single negative
charge is shared between the two oxygen atoms.

1.1.2. Bond Lengths and Bond Angles

The secondary structure of DNA (or any polynucleotide) consists of three-
dimensional regions that have ordered, locally symmetric, structures. The local
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FIGURE 1.5. Ionization of phosphate.
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three-dimensional structure is given by a list of atomic coordinates (see discussion
below and Table 1.2, at the end of Section 1.1.3).

The three-dimensional structure of a DNA (or polynucleotide) molecule can be
fully defined by listing either the (1) atomic Cartesian coordinates, or (2) the bond
lengths, the bond angles, and the internal dihedral torsion angles. While the former
type of list (1) is simpler to write out, the latter (2) better clarifies the physico-chemical
properties, and has the advantage of listing characteristics that are not limited to a
specific location in space, but that can be freely translated or rotated. Dihedral torsion
angles are explained more fully in Section 1.1.8. The term dihedral torsion angles is
often shortened in the literature, to either forsion angles or dihedral angles. In this
book, we will use the term dihedral angles throughout.

All nucleic acid base residues are nearly planar, having deviations from planarity
of less than 0.2 A. Typical bond lengths and angles for the nucleoside base residues
are given in Fig. 1.6 [5]. These aromatic moieties are central to the genetic significance
of DNA, and contribute significantly to its energetic stability through the inter-residue
van der Waals attractive forces between the r electrons in the aromatic rings. “Stacking
interactions” of this type are revisited throughout this book.

FIGURE 1.6. Average bond lengths (A)and bond angles (°) in 1-substituted uracil and cytosine
and in 9-substituted adenine and guanine [10].
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Unlike the nucleotide bases, the furanose sugar rings are not planar, but have out-of-
plane puckering in either an “envelope” or a “chair” conformation (Section 1.1.4). To
better understand this puckering, it is instructive to examine the conformation of
tetrahydrofuran (Fig. 1.7a), which is the unsubstituted prototype of the five-membered
sugar rings in nucleosides. According to electron diffraction [6,7], microwave [8], and
theoretical [9] studies, this simple five-membered ring is also not planar, butis puckered.
The bond distances agree well with standard, alkane-like C—C and C—O values (see
Fig. 1.7), but it is the bond angles that cause the nonplanarity. These angles are
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FIGURE 1.7. (a) Geometry of the unsubstituted furanose five-membered ring, tetrahydro-
furane, as obtained from electron diffraction data [6-9]; (b) geometric data for ribose in
nucleosides with C3'-endo puckering; (c) geometric data for deoxyribose in nucleosides with
C2'-endo puckering [10].



8 DNA STRUCTURES AND SPECTRA

significantly smaller than both the standard sp’-tetrahedral geometry (109.5°) and the
expected internal angles for a planar five-membered ring (540°/5 = 108°). In addition,
the bond angles are not fixed, but fluctuate in the ranges shown in Fig. 1.7a. Much of the
flexibility of the DNA backbone is attributable, at least in part, to these sugars.

The C—C and C—O bond distances in nucleoside furanose sugars are nearly the
same as those in tetrahydrofuran, whereas more pronounced differences are seen in the
bond angles (Fig. 1.7). The five-membered sugar ring can acquire a variety of
puckering structures, which will be described in detail in Section 1.1.4, following
discussion of the canonical three-dimensional structure of DNA in Section 1.1.3.

The phosphate groups bridging between nucleosides are phosphodiesters, in which
the ester (P—O) “single” bonds have some double-bond character due to m-electron
delocalization. This is reflected in the fact that the P—O bonds in these mono- and
diesters range within 1.59-1.63 A (Fig. 1.8) [5,10], which is an interatomic distance

FIGURE 1.8. Geometric data for phosphoric acid esters: (a) monoester in higher pH;
(b) monoester in lower pH (protonated); (c) diester [10].
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that s slightly shorter than that of standard single bonds. Likewise, the valence P—O—C
bond angle is ~120°, which is wider than expected for an oxygen atom with sp*
character. Since these are single bonds with some double-bond characteristics, they
have the effect of allowing a somewhat reduced amount of torsional flexibility in this
portion of the DNA backbone.

In the single protonated phosphomonoesters (Fig. 1.8b), which occur at the very
ends of the DNA chain, the P—OH bond distance is close to 1.57 A. This is shorter than
the P—O ester bond but longer than the two P—O bonds that carry the negative charge.
The two unesterified P—O bond distances (1.46-1.56 A) vary as a result of environ-
mental influences in the crystalline state and are distinctively longer than the P=0
double bond of 1.40 A. If the phosphomonoester is not protonated but exists as adianion
(Fig. 1.8a), then the three unesterified P—O bonds are electronically equivalent.
Likewise, the two unesterified P—O bonds in the diester anion (Fig. 1.8c), which
links the DNA residues, are also electronically equivalent.

1.1.3. Canonical Structure of DNA: B-DNA

DNA has significant structural plasticity and can adopt a wide range of three-
dimensional conformations. DNA rarely exists as a single strand, but prefers to
associate into double-stranded, or “duplex” structures, the most common of which are
known as the “A,” “B,” and “Z” conformations. More than 90% of known DNA
sequences have three-dimensional conformations that fall into a family of structures
called “B-DNA.” For example, the cellular DNA found in Escherichia coli, virus P22,
and the chromatin of all higher organisms are all B-form structures. As described in
Section 1.1, the polynucleotide chain is a heavily charged polyanion that is neutralized
by cations such as K™ and Na™. These cations can have a significant effect on DNA
structure, but as a first approximation, one usually considers the generalized B-DNA
structure to be independent of the kind of counter-ion.

The polynucleotide chain of B-form DNA is characterized by a “right-handed”
helix. This term derives from the fact that when one points along the central, helical
axis with one’s right thumb, the fingers curl in the direction of the twist of the strand.
For a right-handed helix, the strands curl counterclockwise when the helical axis is
pointing upward. In B-form DNA, two such helices run in antiparallel directions
with respect to each other, and are interwound coaxially (Fig. 1.9b). The 5’ end of
one strand is paired with the 3’ end of the other, in a head-to-tail orientation. The two
helices are held together through hydrogen bonds between two base residues, one
from each strand, forming specific base pairs. The B-form helix makes one complete
turn in about 10 residues, has a diameter of about 24 A and has a “pitch” of about
35.5A (Table 1.1). The pitch of a helix is the amount of rise necessary for one
complete turn of 360°.

The standard base pairs consist of guanine to cytosine (G-C) and adenine to thymine
(A-T). These are called Watson—Crick base parings (Fig. 1.10) (for other possible
pairings, see Section 1.1.11). These bases are aromatic moieties with internal
n-electron delocalization. This delocalization both flattens the individual bases and
stabilizes the vertical stacking of these bases. Such stacking interactions are an
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FIGURE 1.9. The side views of idealized fragments of (a) A-DNA, (b) B-DNA, and
(c) Z-DNA, along with their approximate helical turns [276]. The A form has the tightest
helical turn and hence is the shortest. Its base pairs also have the greatest amount of tilt with
respect to the helical axis. The helical turn for the Z form is the least compact and stretches the
longest distance. Note that the alternation of syn and anti glycosidic dihedral angles within the Z
formis emphasized here as a twisting of the backbone ribbon. The B form has a moderate helical
turn and length, with regular glycosidic dihedral torsion angles. (See color insert.)

TABLE 1.1. Geometric Characteristics of Different DNA Helical Forms

Form
Structural Characteristic A B Z
Helical sense Right-handed Right-handed Left-handed
Diameter 255A 23.7A 184 A
Repeating unit 1 BP 1 BP 2 BP
Rotation per repeating unit (z,) 32.7° 35.9° —60°
Base pairs (BP) per turn (mean) 10.7 10.5 12
Tilt of BP relative to helical axis +19° -1° -9°
Rise/BP along axis (p) 2.56 A 3.38A 3.71A
Pitch/turn of helix (P) 282A 355A 44.6 A
Mean propeller twist +18° +16° 0°
Sugar pucker C3'-endo C2'-endo G: C3'-endo
C, T, A: C2'-endo

Glycosidic dihedral torsion anti anti G: syn

angle (%) C, T, A: anti
Minor groove Wide and shallow Narrow and deep Narrow and deep
Major groove Deep and narrow Deep and wide  Shallow

Source: Data compiled from Refs. 10, 67, 198 and 277.
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FIGURE 1.10. B-DNA structure, viewed along the helical axis. A G-C base pair is “above” an
A-T base pair. (See color insert.)

important source of the energetic stability of DNA. The base pairs form planes that are
stacked on top of one another along the axis of the double helix, and are oriented
roughly perpendicular to the helical axis. As will be discussed later, the base pairs
rarely form perfect planes; rather, the two bases are usually slightly twisted with
respect to each other in a propeller-like manner. Not surprisingly, the angle between
the planes of the two bases is a measure of a phenomenon called the “propeller twist.”

As noted above, the phosphate groups of DNA are negatively charged, and as there
are many phosphate groups in the DNA strands, the overall molecule has a very large
net charge. The electrostatic repulsion between two DNA strands is sufficient to
prevent their association into a duplex. To counteract this tendency, a sufficient
concentration of cations must be present to maintain electroneutrality. The primary
cations in the cellular environment are the monovalent ions, K and Na™, which are
hydrated in solution. They stabilize DNA by electrostatically clustering around the
phosphate groups, forming a loose spine along the strand. This clustering is referred to
salt condensation. Divalent cations, such as Mg2+, can also stabilize DNA, but often
do so by bridging between the two phosphate groups on opposite strands. For this
reason, divalent cations can provide greater stability to DNA, sometimes stabilizing
nonstandard DNA structures, such as distorted or triple helices.

Many of the most important structural characteristics of B-form DNA, as well as
those of A- and Z-form DNA (see later sections), are summarized in Table 1.1. The
atomic coordinates in B-DNA were given first by Wilkins and his collaborators
[11-13], and later revised by Arnott and others [14-16]. Table 1.2 lists the atomic
coordinates of B-DNA given by Arnott and Hukins [15]. These are the geometrically
preferred structural parameters (bond lengths, bond angles, dihedral angles, etc.)
describing a DNA structure that is linear and not distorted by drug binding.
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TABLE 1.2. Cylindrical Polar Coordinates of a Nucleotide Residue in B-DNA“

Atom r(A) 0 (°) 7 (A)
Phosphate 0O1 8.75 97.4 3.63
02 10.20 91.1 1.86
03 8.82 103.3 1.29
Pl 8.91 95.2 2.08
04 7.73 88.0 1.83
Deoxyribose C5 7.70 79.8 277
05 6.22 66.0 1.83
Cc4 7.59 69.9 2.04
C3 8.20 69.9 0.64
C2 7.04 73.2 —0.24
Cl 5.86 67.4 0.47
Adenine N9 4.63 76.6 0.42
C8 4.84 93.0 0.50
N7 3.95 105.4 0.43
C5 2.74 94.0 0.28
N6 1.83 154.0 0.14
Co6 1.41 107.2 0.15
N1 0.86 40.1 0.03
C2 2.17 30.6 0.04
N3 3.24 47.0 0.16
Cc4 3.33 70.5 0.28
Guanine N9 4.63 76.6 0.42
Cc8 4.82 93.2 0.50
N7 3.92 105.7 0.42
C5 2.70 94.0 0.28
06 1.71 154.6 0.13
Co6 1.39 109.3 0.15
N1 0.92 37.9 0.03
N2 3.01 4.2 —0.10
C2 2.28 28.7 0.03
N3 3.29 46.7 0.16
c4 3.33 70.3 0.28
Cytosine N1 4.63 76.6 0.42
Co 4.99 92.2 0.52
C5 435 107.0 0.47
N4 276 136.6 0.27
C4 2.94 110.0 0.32
N3 2.31 83.9 0.22
02 3.69 47.9 0.18
C2 3.40 67.4 0.27
Thymine N1 4.63 76.6 0.42
Co6 5.01 923 0.52
Me 5.40 119.8 0.58
C5 4.38 106.9 0.47
04 2.82 136.3 0.27
c4 2.98 111.9 0.32
N3 2.36 85.2 0.23
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TABLE 1.2. (Continued)

Atom r(A) 0 7z (A)
02 3.64 47.8 0.18
C2 3.42 67.3 0.27

“Coordinates for successive nucleotide residues may be obtained by adding 36.0° to 6 and 3.38 Atoz All
base coordinates refer to one residue. To generate coordinates of the dyadically related base pair, change the
signs of 0 and z.

Source: Ref. 15.

1.1.4. Deoxyribose Moiety as a Flexible Joint

To be biologically relevant, a DNA duplex must maintain a sufficiently regular structure
to be recognized by proteins as a line of letters spelling genetic information. At the same
time, however, it must also have enough flexiblity to allow its strands to dissociate and
associate during transcription and replication. One source of this flexibility is a pecu-
liarity of the deoxyribose moiety. The sugars act as a junction between the phosphate
groups and the sidechain (the base residue) and can function as a partial “universal
joint,” which provides just the right amount of flexibility to the whole DNA structure.

As mentioned in Section 1.1.2, a saturated, five-membered ring (like deoxyribose
ring) is not planar, but has an envelope (E) or a twist (T) geometric conformation
(Fig. 1.11). In an E conformation, one of the member atoms (C or O) protrudes from
the plane formed by the other four atoms; in a T conformation, two adjacent members
are out of plane, with one above the plane (up) and the other below it (down). Ten
possible E forms of the deoxyribose ring are shown in Fig. 1.12: C1’-endo, C2'-exo,
and so on. Here, “C1’-endo” refers to a geometry in which the C1" atom is projected
outward and upward (toward the same side on which the glycosidic bond is located)
with respect to the C2/C3'C4O plane. It also is denoted as ' E, where the “E” refers to
the envelope form and “1” refers to C1’. The fact that the “1” is raised (superscripted),
reminds us that the C1’ is oriented upward, or in the endo conformation. The term “C2’-
exo” refers to a geometry in which the C2’ atom is projected downward (toward the
side opposite to the location of the glycosidic bond) from the C1’C3’C4’O plane. It has

FIGURE 1.11. Two possible conformations of a saturated five-membered ring (or a deoxyri-
bose ring) (E—envelope form, T—twist form).
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{a)

FIGURE 1.12. Conformations of the deoxyribose ring. (a) Side views of each of the 10 defined
envelope forms, with the associated P (= angle of pseudorotation) value. Carbon atoms and
bonds are indicated by solid lines and dots (e) if they are on the reader’s side of the ring, while
dashed lines and hollow dots (0) indicate bonds and atoms located on the far side of the ring.
An “O” indicates an oxygen atom located in the far side of the ring. (b) The relation between
the pseudorotation angle P and the conformation of deoxyribose ring. E is an envelope
conformation. N indicates “north,” or P ~ 0, and S indicates “south,” or P ~ 180°.

the label of ,E, indicating that it is an envelope form with the C2’ oriented downward, or
in the exo conformation.

Since the internal dihedral angles within the deoxyribose ring are all interdepen-
dent, a change in one of the angles must affect all the others. Only two parameters are
needed to define the conformations of all the dihedral angles (z;) within the ring. The
first parameter (z,,.x), defines the maximum out-of-plane pucker, or maximum
dihedral angle within the ring. The other parameter is the pseudorotation phase angle,
or P. Every E or T form is regarded as a “stop” in the pseudorotation cycle of the
five-membered ring. For any given value of P, the sum of all of the positive dihedral
angles in the ring must be equal to the sum of all the negative dihedral angles:
Z++ztut+zs=0.

One can also write an equation for the out-of-plane coordinate z; for the atom j,
given any value of P and z,ax:

%= ZmaxSin(144°j + P) (1.1)
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By definition, P =0° when the sugar ring of a nucleotide is halfway between the
C2'-exo (-E) and the C3’-endo (°E) forms. This is a symmetric twist form, written as
%T, where the 3 and 2 refer to the neighboring endo and exo conformations (notice that
the vertical positions of the numbers is important). Since the pseudorotation cycle
resembles a compass, the sugar pucker angles that are close to the %T form are often
called “north” or “N.” Similarly, when the sugar ring has a pseudoration angle of
P = 180°, it is halfway between the C3'-exo (sE) and the C2-endo (*E) forms. This is
the twist form %T, which is called “south” or “S.”

The P values corresponding to different deoxyribose ring conformations can be
seen in Fig. 1.12. In this description, the E and T conformations alternate every 18° as
one moves around the pseudorotation cycle. Real sugar rings need not fall within these
discrete categories, but may exist at any energetically allowed P value. Thus, the
conformation of every deoxyribose moiety in a DNA chain can be represented by an
angle P. It is noteworthy that these different conformations also have different angles
() between the glycosidic bond and the average plane of the deoxyribose ring (see
Section 1.1.8).

Different DNA conformations actually have different energetic preferences for
their sugar conformations arising from both environmental conditions and DNA
sequence. Thus, the conformation C3’-endo (P ~ 0°, 3E, or N) predominates in A-form
DNA, while that of C2'-endo (P ~ 180°, 2E, or S) is the most common in B-DNA (see
Section 1.1.8). Table 1.1 summarizes these comparisons.

1.1.5. Variations of B-DNA Structure

Considerable variations have been found among the structures of B-DNA studied
by X-ray diffraction of single crystals of oligodeoxyribonucleotides. A stru-
ctural study by Dickerson and Drew of the self-complementary dodecamer,
d(CGCGAATTCGCG),, revealed that this oligomer contains a variety of deoxyribose
conformations, although the overall structure is still in the category of B-DNA [17]; it
still has a double-helix structure, with a pitch of 35.8 A, which corresponds to 10.1 base
pairs (bp) per turn, and, unlike A-form DNA, all the base-pair planes are nearly
perpendicular to the helical axis. However, standard B-form DNA has its sugars in the
C2'-endo (or “south”) conformation, whereas the deoxyribose conformations found in
this structure indicate that they are, in reality, greatly dependent on the nucleotide
sequence (see Table 1.3). Higher-resolution studies of this dodecamer confirmed these
results [18,19].

An extreme deviation from the B-DNA canonical structure was found by Nelson
and others [20], in the “A-tract sequence” of the oligonucleotide duplex:

d(CGCAAAAAAGCG)+d(GCGTTTTTCGC)

Here it was found that the extended string of contiguous (non-alternating) A-T base
pairs results in an increased “propeller twist” within each base pair. In other words the
bases within an A-T base pair are non-planar with respect to each other, and are rotated
in opposite directions (contrarotated) along their longitudinal axis, as seenin Fig. 1.13.
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TABLE 1.3. Deoxyribose Conformations in the Crystal of DNA Double-Helix
Dodecamer, d(CGCGAATTCGCG),

Residue Conformation Residue Conformation
C, C2'-endo Cis C2'-endo
G, Cl'-exo Gy Cl’-exo
C; Ol'-endo Cis O1'-endo
Gy C2'-endo Gie C2'-endo
As Cl'-exo Ay C2'-endo
Ag Cl’-exo Aig C2'-endo
T, O1’-endo Tio Cl’-exo
Tg Cl'-exo Tao Cl'-exo
Co Cl’-exo Cyy C1’-exo
Gjo C2'-endo Gy C2'-endo
Ci C2'-endo Cys C1’-exo
Gy, Cl’-exo Cou C3'-endo

Source: Ref. 17.

The average angle of rotation is 20°, which improves the overall stability of the helix by
maximizing purine—purine base-stacking interactions. In this case, the helical repeat
averages 10.0 bp per turn, and the helical structure is still similar to that of B-DNA.
Nevertheless, A-tracts have unusual properties that prevent them from associating into
nucleosomes, and short runs cause bending of the DNA.

Many other DNA oligomers have been crystallized and analyzed by X-ray
diffraction, some of which are listed in Table 1.4. Those with duplex B-DNA structures
are listed in the middle column [21-29]. A more complete review of single crystal
X-ray diffraction studies of oligonucleotides is available in Ref. 30.

1.1.6. Participation of Water Molecules in B-DNA Structure

So far, we have considered three factors that stabilize the double-helix B-DNA
structure: (1) hydrogen bonding between complementary base pairs, (2) n-electron
interaction between the bases stacked vertically, and (3) electrostatic forces
between the phosphate group (PO, ") and solvated cations (Na™, K™, Mg”", etc.).
Another indispensible contribution to the stability of the DNA structure is hydra-
tion. This is demonstrated by the fact that the sodium salt of a DNA (Na"-DNA) fiber
produces different X-ray diffraction patterns depending on the relative humidity of
its environment. These fibers produce a clear, standard, B-DNA X-ray diffraction
pattern only if the fiber is maintained in an environment with 92% relative humidity.
When the humidity drops lower than 75%, the X-ray diffraction pattern changes
significantly, indicating that the conformation of the DNA fiber has changed to that
of A-form DNA. When the humidity drops below 60%, it becomes difficult to obtain
a well-defined X-ray diffraction pattern, suggesting that the DNA no longer has a
well-defined structure [31].
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Axis

FIGURE 1.13. The central d(A)-d(T) tracts of the structure of double-helix DNA oligomer,
d(CGCAAAAAAGCG)-d(GCGTTTTTT CGC) [20]. Only the bases are depicted.

High-resolution X-ray diffraction studies of single crystals of DNA oligomers have
also revealed that DNA has a spine of water molecules along its minor groove [18,32].
As shown in Fig. 1.14 for B-DNA, this spine of water molecules has a zigzag shape
running along the helix; they alternate between radial positions, where one H,O
molecule is located deep inside the minor groove while the neighboring H,O molecule
is located toward its outer edge. All of these water molecules stabilize the structure
through hydrogen bonding to the O and N atoms of the duplex.

In most cases, groove-binding drug molecules such as netropsin [33] replace the
spine of water molecules, thereby stabilizing both the duplex structure and the
drug-DNA complex.

1.1.7. Partially Dehydrated Structure: A-DNA

In Section 1.1.6 we noted that the sodium salt of a DNA (Na-DNA) fiber adopts
a conformation that is largely in the A form when the relative humidity is >75%,
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TABLE 1.4. Oligodeoxyribonucleotides Subjected to X-Ray Crystallographic
Studies”

A-DNA B-DNA Z-DNA
CCCCGGGG [35] CGCGAATTCGCG [21] CGCG [53]
GCCCGGGC [36] CGCAAAAAAGCG [20] CGCGCG [51]
GGCCGGCC [24] CGCAAAAAATGCG [22] CGCGCGCG [51]
GGGCGCCC [37] CGCATATATGCG [23] CGCATGCG [54]
CTCTAGAG [38] CGTGAATTCACG [24,24] CGTACGTACG [55]
GTACGTAC [39] CGATCGATCG [26]

ATGCATGC [40] CCAACGTTGG [27]

GGTATACC [25] CCAGGCCTGG [28]

GGGATCCC [41] ACCGGCGCCACA [29]

GGGTACCC [42]
GGGGCCCC [43]
GGATGGAG [44]
GTGTACAC [45]
ACCGGCCGGT [46]

“Reference numbers appear in brackets.

s
40 50 A

y
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[1] 180 ¢ —s 360°

FIGURE 1.14. A spine of water molecules in the minor groove of B-DNA. This is a projection
of the B-DNA structure on a plane that is formed by unrolling of a cylinder, that is, constructed
by linking all P atoms in the duplex. As given in Table 1.2, every P atom is located at r = 8.91 A
from the helix axis, and therefore the P cylinder should have a circumference of 2nr =56.0 A
Thus, the plane for projection should be a rectangle of 33.8 x 56.0 A as shown here. The
projections of polynucleotide mainchains are running from the lower left corner toward the upper
right corner. A line of large and small circles is seen, along the minor groove that lies between two
parallel polynucleotide chains. The small circles represent water molecules located deep inside
the groove; the large circles represent water molecules located closer to the surface of the groove.
The deeper water molecules form hydrogen bonds with O and N atoms (shown by “X”) of the
base residues (shown by horizontal lines projected out from C1” atom in the mainchain), whereas
the shallow water molecules form hydrogen bonds with the O atoms in the diphosphoester and
the deoxyribose ring [18, 52].
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and adopts a B-form conformation when the humidity is ~92%. That the A and B
forms are different conformations of the same DNA molecule is confirmed by the
observation that changes in humidity induce reversible changes between A and B
conformations [31].

As does B-form DNA, the A-form structure [34] (Fig. 1.9a) has a double-stranded
structure consisting of two interwound right-handed helices, which run antiparallel to
each other. In contrast to B-DNA, however, the midpoint between the base-pairs is
located outside the center of the helical axis, and have an inclination angle of ~19°.
The overall structure of A-DNA is shorter, fatter, and more compact than that of
B-DNA. The helical pitch of A-DNA (~28 A)is significantly less than that of B-DNA
(~36 A), having 11 nucleotide residues per turn instead of 10. The rise per base pair is
much shorter (~2.6 A) compared to B-form DNA (~3.4 A). An important indicator of
A-form DNA is that its deoxyribose conformation is in the C3’-endo (N) conformation,
instead of the C2'-endo (S) conformation found in canonical B-DNA. These differ-
ences are summarized in Table 1.1.

Many relatively short DNA oligomers have crystallized into the A form, as
determined by X-ray diffraction studies. Some of these A-DNA structures are listed
in the first column of Table 1.4 [24,25,35-46].

In solution, a long stretch of A-DNA can be obtained by adding ethanol (85%
in volume) to the aqueous solution of long B-DNA. The biological significance of
A-DNA has not yet been clearly established, as so far there is no direct evidence for its
presence in a living system. It should be pointed out, however, that double-helix RNA
is structurally very similar to A-DNA, and that DNA-RNA hybrids have A-DNA-like
structures even in aqueous solution without ethanol. In addition, the A form may be
induced when DNA binds with certain drugs or proteins.

1.1.8. Internal Dihedral Angles

The bond lengths and bond angles in DNA remain nearly unchanged even when
there is a significant conformational change caused by the binding of a drug or
ligand. Instead, the conformational changes are attributable to changes in some of
the dihedral angles within the DNA structure. As shown in the upper left corner of
Fig. 1.15, every deoxyribonucleotide unit has seven single bonds, around which
the atomic groups at both ends can rotate nearly freely (across lower potential
energy barriers). These dihedral angles are defined as follows. If a system of four
atoms A—B—C—D is projected onto a plane perpendicular to (“normal to”) the
B—C, then the angle between the projection of A—B and that of C—D is described
as the dihedral angle about the B—C bond. The value of the dihedral angle is
considered to be positive, if a clockwise turn of the A—B bond about the central
bond is necessary to eclipse it on the C—D bond. The value is negative if a
counterclockwise turn of the A—B bond is needed to eclipse it on the C—D bond
(upper right corner of Fig. 1.15). It is convenient to remember that this definition
can be rephrased as follows. If a clockwise turn of the bond containing the
front atom about the central bond is needed for it to eclipse the bond to the rear
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FIGURE 1.15. Internal torsion angles for expressing a local conformation of deoxyribonu-
cleotide chain.

atom, then the angle is positive, regardless of the end from which the system is
viewed [47].

A histogram of the internal dihedral angles within a DNA chain can be
constructed [48] with reference to the crystallographic data from several oligo-
deoxyribonucleotides [24,25,49], and the results are shown in Fig. 1.16. The
dihedral angles a, B, and y are approximately —60°, 180°, and 60°, respectively,
for both B- and A-DNA conformations. However, B-DNA and A-DNA are distinctly
different conformers, because 9, €, and { are different. Thus, 6 = 120° 40 for B, but
0 =90° for A; e = —180° for B, but —150° for A; and { = —90° for B and —80° for A.
The torsion angle & is related to the pseudorotation phase-angle P of the five-
membered ring C1'—C2'—C3'—C4'—04’, as shown in Fig. 1.17. Thus, the distri-
bution of & values in B-DNA (shown in Fig. 1.16, lower) indicates that its
deoxyribose ring can adopt a wide range of P values, as pointed out by Dickerson
et al. [49]. The { distribution has a tail toward —60° in A, and toward —180° in B.
This unusual distribution of the dihedral angle { seems to be related to a sequence-
dependent conformational variation. Similar, but much more detailed, histograms
of the torsion angles have been obtained by high-resolution structural studies of
B-DNA, A-DNA, and Z-DNA [50].
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FIGURE 1.16. Histograms of the torsion angles in single crystals of double-helix DNA
fragments: (a) d(GGCCGGCC), [24] and d(GGTATACC); [25]; (b) d(CGCGAATTCGCG),
[21].

The dihedral angle about the N-glycosidic bond (C1’—N), which links the base to
the sugar, is denoted by the symbol . The definition of i is illustrated in the lower right
corner of Fig. 1.15. The sequence of atoms chosen to define this angle is
04'—C1’'=N9—C4 for purine and O4'—C1'—N1-C2 for pyrimidine derivatives.
Thus, when y =0°, the O4’—C1’ bond is eclipsed with the N9—C4 bond in purines
and eclipsed with the N1—C2 bond in pyrimidines. This conformation is called syn. A
conformation with y > 0° is called anti. In general, the glycosidic bonds in B-DNA
have an anti conformation.

1.1.9. Left-Handed Duplex: Z-DNA

Yet another type of duplex DNA conformation is that of Z-DNA. This duplex
DNA structure is quite different from the preceding forms, A and B, in that it is a
left-handed helix, rather than a right-handed one. This means that if one imagines
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FIGURE 1.17. Relation between the C5'—C4'—C3’'—03' internalrotation angle & and the
pseudorotation phase angle P of the deoxyribose ring.

grabbing a Z-DNA strand with one’s left hand, with the thumb pointing in the
direction of the helical axis, then the twist of the helix will be in the same
direction as the curve of the fingers. One of the earliest reports on this conforma-
tion is the crystal structure study of the self-complementary oligo-DNA chain,
d(CGCGCG), [51,52]. This duplex structure (Fig. 1.9¢) has the standard Watson—
Crick, G-C base pairing, but the glycosidic bond angles (y) of the guanine bases
adopt the syn conformation, while the cytosine remain in the standard anti
conformation. Since the sequence alternates between G and C, their attached
sugars also alternate between syn and anti, as one moves along the strand. The
deoxyguanosine sugar residues are also unusual in that they are in the C3’-endo (N)
conformation, while the deoxycytidine residues are in the C2'-endo (S) confor-
mation. (See Table 1.1 for a summary of these comparisons.) Some of other
DNA oligomer sequences that have been found to have the Z-DNA structure by
X-ray crystallographic investigations [53-55] are listed in the third column of
Table 1.4.

Numerous studies have shown that poly(dG-dC), can adopt a Z-DNA confor-
mation in solution and that this conformation is stabilized by several chemical
modifications of the base residues [56]. The Z-DNA conformation can also be
adopted by the family of DNAs, poly[d(A-C)] « poly[d(G-U)], which bear at least
one methyl or halogen (Br or I) at the pyrimidine C5 heterocyclic position [57].
Also, many G4-quadruplex structures (RNA and DNA) adopt Z-like conformations
in which the guanines have alternating syn/anti glycosidic bond angles () along the
strands (Section 1.1.12).
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Ha and others [58] constructed a synthetic DNA structure that contained a junction
between B-DNA and Z-DNA. A 15-bp DNA duplex was designed such that it had an
additional two nucleotides at the 5’ end of each strand that were not base-paired, and
which overhung the duplex formed by 5'-d(GTC_gG_5C_sG_5C_4G_3C_,C_;AyT;
ArA3ALCsC) — 3 and 5'—d(ACG_¢G_sT_4T_3T_yA_ 1 TyGyGyCyGyCsGy
CyGy) — 3.

The alternating dG-dC sequence composed the Z-DNA portion of the structure, and
the other half of the duplex formed B-DNA. In this case, the bases were numbered
from the center junction, with the two strands differentiated by the prime () notation.
The Z-DNA structure did not stabilize on its own; instead, these workers took
advantage of the tight binding of a Z-DNA binding protein to induce this conformation
in one half of the DNA duplex, while the remainder of the DNA duplex retained its B
conformation. One B-Z junction was thus formed in the middle of the DNA duplex,
connecting the Z- and B-DNA. Their X-ray crystallographic study indicated that the
structure of the 8-bp region in the Z conformation is essentially the same as the Z-DNA
structure described earlier (Fig. 1.9c), with a zigzag sugar phosphate backbone and
alternating anti—syn base conformation. The other end of the DNA duplex adopts a
standard B conformation (Fig. 1.9b). Between the B and Z conformations, an A-T base
pair is disrupted and one base from the center of each strand (T0’ and AO) is extended
out from the double helix (Fig. 1.18).

The glycosyl bonds of Ag and Ty are both in the anti conformation. The base of Ty
is oriented almost parallel to the helix axis, whereas the A base is fully extended out
from the helix (Fig. 1.18). Thus, the handedness of the DNA duplex can be completely
reversed merely by breaking one base pair and extruding the bases from the duplex.
However, Z-DNA is inherently unstable, and to form Z-DNA under physiological
conditions requires additional energy, such as can be supplied by negative supercoiling
of the DNA (see Section 1.1.10). The base extrusion at the B-Z junction is accompa-
nied by a sharp turn in the sugar—phosphate backbone, a slight bend (11°) at the
junction, and displacement of the two helical axes by 5.2 A. Thus, with only a single
base pair broken at the junction, the structure affords a remarkable conservation of
energy and maintenance of helical structure.

1.1.10. Superhelical Form of DNA

The tertiary structure of DNA includes superhelices of the double-stranded DNA
chain. A superhelix is a helix formed by the curvature of the axis of the DNA duplex.
The axis of B-DNA, for example, appears as a straight line in terms of its local
structure, but in the cell, it is actually slightly curved, such that in a long strand of
B-DNA duplex, it is no longer straight but forms another helix. Hence, in essence, a
superhelix is a helix of a helix. A superhelix is often produced by a slight unwinding of
the duplex, which may be induced by drug binding. In the canonical B-DNA, a base
pair can be superimposed upon an adjacent one by translating it 35.5 A along the helical
axis, while simultaneously rotating it 36° around the helical axis (since there are 360° in
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FIGURE 1.18. A 15-base-pair (15-bp) DNA structure containing a junction (black) between
left-handed Z-DNA (magenta) and right-handed B-DNA (cyan) [58]. (See color insert.)

acomplete turn and ~10 bases per turn; hence 360°/10). If, for example, the structure is
deformed so that this angle is reduced from 36° to 31°, then the unwinding angle is 5°.

Superhelix formation often takes place in closed, circular DNA duplexes, as in
E. coli, where the 3’ end and 5’ head of each strand are covalently connected through a
phosphodiester linkage (Fig. 1.19). If a relaxed string of B-form DNA is closed into a
circle, there will be no supercoiling (Fig. 1.19a). However, if the DNA double helix is
unwound by 360° prior to joining its ends (Fig. 1.19b), it is harder for it to adopt the
B form, even though it is energetically favorable to do so. The B form can be attained,
however, by “winding up,” or tightening, by 360°. Since the DNA is enclosed within a
circle, this tightening introduces a strain, which is compensated by winding the circle
of DNA into a superhelix with one turn (see Fig. 1.19¢).
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FIGURE 1.19. Schematic illustrations of closed circular DNA duplex. (a) Relaxed form,
where linking number (o) = 19, twisting number () = 19, and writhing number (t) =0 (no
supercoiling). The figures along the chain indicate the number of times one strand (black chain)
goes around the other (white chain). (b) A hypothetical form that might be produced
immediately after the circle is closed with the linking number (o) = 18, instead of 19. The
closing portion does not have the B-DNA conformation and must be very unstable. (c) The
unstable portion has been brought into a stable B-DNA structure, by twisting the whole circle by
one turn, producing a negative superhelix.

In general, the topological properties of closed circular duplex DNA are defined by
the relationship [59,60],

u=B+r (1.2)

where o is the “linking number” of the closed circular duplex, which is the number of
times one strand goes around the other, and is a fixed integral number; B is the “twisting
number,” which is the number of helical turns of the DNA duplex; and tis the “writhing
number,” which is the number of superhelical turns. In the model shown in Fig. 1.19a,
o=19,B =19,and T = 0. The conformation givenin Fig. 1.19b does not actually exist.
For the conformation shownin Fig. 1.19¢c, o= 18, 3 = 19, and 1 = — 1. The meaning of
©=—1 is that the DNA has been unwound by one turn.

Natural, closed, circular DNAs are much larger than the model shown in Fig. 1.19.
For example, consider the intact viral plasmid pBR322, which is purified from
Escherichia coli, and is a closed circular DNA duplex consisting of 4361 bp. It is
known to have a highly negative supercoiling (t < —20). By the action of topoisom-
erase I, however, it can be brought into the relaxed B form (o0 =428, f =428, and
t©=0). This was demonstrated by the preparation of moderately supercoiled pBR322
closed circles (e.g., o =420, p =428, and T = —8) using the addition of appropriate
amounts of aclacinomycin, followed by the addition of topoisomerase [61].

1.1.11. Other Duplex Structures

1.1.11.1. Mismatched Base Pairs Errors during replication or repair of DNA
can lead to the presence of mismatched base pairs or unpaired bases within the double
helix. For example, a mismatched base pair was found by X-ray crystallography [62] in
the dodecamer duplex d(CGCAAATTCGCG),. Notice that this 12-base sequence is
almost self-complementary—the string of Ts is one base shorter than the string of
As—and it will prefer to exist in solution as a hydrogen-bonded duplex, even though
the A-C base pairing at the ninth position is not correct. Figure 1.20 shows the A-C base
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FIGURE 1.20. The A-C base pair, seen in bold lines, as established by the X-ray analysis [62].
This is proposed as a model of the A-C mismatch in double-helical DNA.

pair observed in the crystal structure of this dodecamer. The probability of incorpo-
rating an incorrect base during replication and its subsequent detection and excision by
polymerase is thought to be related to the thermodynamic stability of the particular
base-pair mismatch in the double helix. The relative energetic stabilities of different
mismatches were studied by NMR (nuclear magnetic resonance) in a series of
sequence-related dodecamers by determining their midpoints in the helix—coil
transition. Relative to the fully hydrogen-bonded duplex form of the initial dodecamer,
it was found that the G-T and A-G base pairs destabilize the double helix by 17-20°C,
while the A-C base pair destabilizes it by 30°C [63]. Thus, even a single mismatch
results in a significant lowering of the overall stability of a duplex, making it a looser
structure. The stability of this short duplex is increased by the terminal G-C base pairs,
each of which has three hydrogen bonds, and as such are said to be “stickier.” As the
length of the duplex portion of the DNA increases, this destabilization will contribute
less on a percentage basis to the total energy. This becomes important in biological
systems, where the native DNA is many thousands of bases long, and as such is capable
of withstanding several mismatches.

1.1.11.2. Bulged Double Helix Sometimes two strands of DNA are comple-
mentary, with the exception of a stretch of extra bases in the middle of one strand.
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These extra bases cannot form base pairs, and hence are bulged out of the duplex. The
13-base oligomer d(CGCAGAATTCGCG) is an example a nearly self-complemen-
tary sequence:

57-d(Cy -G2-C3-A4-Gs-Ag-A7 -Tg -Tg -C19-G11 -C12-Gy3)-3”
| [ |

3 ,'d(G26'C25'G24'C23'T22'T21'AZO'AIQ'GI8'A17'C16'G15'C 14)_5 .

When the two strands of this sequence come together to form a duplex, the A at the
fourth position might be expected to form a mismatched base pair with the C on the
other strand (e.g., A4-C,3). This is not a Watson—Crick base pair, however, and instead
the two additional adenosines (A4, and its equivalent, A7) are looped out from the
double helix, forming a small bulge (Fig. 1.21) [64]. The looped-out bases cause little

FIGURE 1.21. A schematic representation of the structure of the tridecamer d(CGCA-
GAATTCGCG), structure showing the extra adenosines (A4 and A7) bulging out [64]. The
sugar—phosphate backbone is represented by phosphorus atoms (large spheres) linked to C1’
atoms of sugars (medium-sized spheres), and the bases by links from the C1’ atoms to the N9
atoms in purines or to the N1 atoms in pyrimidines (small spheres). The base-pair interactions
are drawn as thin lines.
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disruption of the rest of the structure, and the overall conformation is very close to that
of B-form DNA.

1.1.11.3. Hairpin Double Helix A DNA duplex does not need to be composed of
two separate strands. When the DNA strand concentration is low, an otherwise self-
complementary sequence can fold upon itself and adopt a monomeric hairpin confor-
mation. This can also happen with a sequence that is only partially self-complementary.
One example is the synthetic, 16-base DNA oligomer d(CGCGCGTTTTCGCGCG).
A crystal structure of this sequence was solved at 2.1 A resolution and was observed to
form a monomeric hairpin having a Z-DNA hexamer stem and a loop consisting of four
thymine bases (called a “T4” loop) (Fig. 1.22) [65]. The bases in the loop stack with one
another, rather than with the base pairs of the hexamer stem. A similar stacked-base
arrangement was proposed for the T4 loop of d(CGCGCGTTTTCGCGCG), on the
basis of NMR measurements in solution and distance geometry calculations [66]
(Section 1.7.2.1). In that case, however, the hairpin has a B-DNA stem, and the thymine
bases in the loop were stacked parallel to the final base pair on the top of the stem. The
difference in the T4 loop conformation between the X-ray and NMR studies probably
reflects differences between crystal and solution environments, and illustrates the
flexibility of a four-base loop. In general, it has been found that the details of the

FIGURE 1.22. A structure of the hairpin of d(CGCGCGTTTTCGCGCG) [65]. Atoms in
decreasing size are P, O, N, C. The stem of the hairpin is a normal left-handed Z-DNA hexamer.
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stacking of bases within a loop is correlated to the adjacent base pairs at the top of the
stem, with some stabilizing stacking more than others.

Two nearly self-complementary strands can also come together to form a
duplex with an internal loop. In this case, there is a loop, or bulge, in the middle
of both strands.

1.1.12. Higher-Order DNA Structures

The polymorphism of DNA has become a subject of considerable study in recent
years, particularly because it has been suggested as a means of gene regulation and
control of gene-based disorders and diseases. These non-B-DNA conformations
include intra- and intermolecular triplex DNA, quadruplex DNA, cruciforms, and
slipped mispaired structures. The first two of these are briefly discussed below, owing
to their more unusual hydrogen-bonding patterns. For a variety of other DNA
structures, see Ref. [67], for example.

1.1.12.1. Triple Helix Triple-helix formation between a homopyrimidine—
homopurine duplex and a third homopyrimidine strand was discovered by Felsenfeld
and Rich [68] in 1957, but remained a curiosity for many years. A possible biological
role for triplex DNA has emerged in the area of gene regeneration with the discovery of
H-DNA, which is a DNA structure formed by a pair of mirror repeat duplex sequences
that contains a triple helix region, as seen in Fig. 1.23 (top) [69,70]. Triplex formation
(including H-DNA formation) has received attention as a possible means to artificially
control gene expression [71]. The idea here is that a third strand could be designed to
bind in a sequence-specific manner to the duplex DNA of a particular gene and inhibit
it; hence itis sometimes called an “antigene” approach. This approach, which involves
the use of a piece of DNA as if it were a drug, could be ideal in terms of sequence
specificity. It has faced two important limitations: (1) only some disease states
have DNA target sequences that can form a triplex; and (2) it is difficult to deliver
these short oligonucleotides to the correct gene in the cell without being digested by
nucleases.

Triple-stranded DNA may be formed by laying a third strand into the major groove
of a DNA duplex. Complementary hydrogen bonding interactions are responsible for
the specificity of the third strand interaction. In these structures, the Watson—Crick
base pairing within the duplex is unchanged, while the third strand is hydrogen-bonded
to the duplex via a Hoogsteen base-pairing scheme. The hydrogen bonding patterns
within in triple-stranded DNA are called “base-triples,” and their schemes are pur—
pur-pyr (GGC and AAT) and pyr—pur—pyr (TAT, CGC), the latter of which is shown in
Fig. 1.23 (bottom). The central strand of the triplex must be purine-rich since
pyrimidines do not have any additional hydrogen-bonding surfaces. Thus, triple-
stranded DNA requires a homopurine-homopyrimidine sequence that is at least
several bases long. If the third strand is purine-rich, it forms reverse Hoogsteen
hydrogen bonds in an antiparallel orientation with the purine strand of the Watson—
Crick duplex. If the third strand is pyrimidine-rich, it forms Hoogsteen bonds in a
parallel orientation with the Watson—Crick-paired purine strand (Fig. 1.23, bottom).
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FIGURE 1.23. Structure of intramolecular triplex [70]. The strand containing the pyrimidine-
rich sequence is shaded, whereas the strand containing the purine-rich sequences is unshaded.
The 3’ half of the purine strand of the insert remains Watson—Crick-paired with the 5’ half of the
pyrimidine strand. The 3’ half of the pyrimidine strand, after dissociation from its Watson—Crick
complement, occupies the major groove of the duplex region described above and is specifically
complexed with it through Hoogsteen base pairs. The mirror repeat and the oligopurine—
oligopyrimidine nature of these sequences enable this specific association.

1.1.12.2. Quadruplex DNA Four strands of DNA may interact to form a stable
structure in a number of ways, and evidence for the importance of these structures
invivois increasing. Similar sequences have been found, for example, in the telomeric
DNA at the ends of chromosomes, suggesting that quadruplexes play a role in cell
replication, and hence are likely to be important in both cancer and the aging process
[72-76]. Involvement of quadruplexes in the promoter regions of oncogenes [77] and
in the dimerization of the HIV-1 retrovirus [78] has been proposed. They also have
been implicated in the regulation of the insulin gene [79], in the triplet repeat
sequences associated with certain neurological disorders, such as the “Fragile X
syndrome” [80-83], and in autoimmune diseases such as erthemaosus lupus [84].
Similarly, there is also a growing list of proteins that appear to bind specifically



DNA STRUCTURES 31

to quadruplex structures [85-90]. Some proteins seem to facilitate their
formation, whereas the activity of other proteins appears to be suppressed by these
structures.

Because of the prevalence of those quadruplex structures in vivo, they have been
proposed as drug targets, and this has stimulated interest in the possibility of a whole
new category of drug function. The primary action of most drugs is to bind to DNA,
thereby interfering with transcription or replication. However, these proposed drugs
would operate by altering the tertiary structure of the DNA or RNA, inducing gross
structural changes through the enhanced formation of quadruplexes, or the destabili-
zation of existing ones. For example, controlling the formation of G-quadruplex
structures (discussed below) in telomeric DNA has been proposed as a means of
treating cancer [91], while destabilizing them in triplet repeat sequences might aid in
the treatment of other diseases. The binding mechanisms of these drugs normally
follow the same general principles as has been determined for duplex DNA, and are not
treated separately in this book.

The unique structures and properties of quadruplex DNA require some addi-
tional explanation. Instead of “base pairs,” quadruplexes have “base-quartets”
consisting of four bases that are hydrogen-bonded to each other. The most common
form of quadruplex is based on the guanine quartet, and has been recognized since
1962. Optical spectroscopic studies using infrared (IR) and circular dichroism
(CD) demonstrated that individual guanines, and its derivatives, can self-associate
in the presence of cations to form Hoogsteen-type, hydrogen-bonded G-quartets
that can then be stacked vertically (on top of each other) [92-95]. Under
physiological conditions, guanine-rich sequences of DNA or RNA readily form
these structures in vitro. Such guanine-rich structures have been variously named
“G-quadruplex,” “G4-quadruplex” or “G4-DNA.” Quadruplexes may be composed
of four separate strands that have associated with each other. In this case, the
structure is called “linear,” and all of the DNA strands are aligned in a parallel
manner (Fig. 1.24a). Quadruplexes can also be formed when one or more DNA
strands fold upon themselves. They can have as many as three folds per structure.
Each fold results in a loop region (e.g., see Fig. 1.24b), and usually results in the
reversal of the strand polarity in the core of the quadruplex. In other words, within
the guanosine quartet region of a G-quadruplex, the polarity of one end of the
folded strand is usually antiparallel to its neighboring strands. The arrangement of
the strand polarities within these folded G-quadruplexes is sensitive to the
sequence, as well as other experimental conditions.

Quadruplexes have considerable variation in their structures, depending, in part, on
thelength and constituents of any adjacentloopregions. When a G-quadruplex is formed
with all of its strands aligned in the linear, all-parallel manner, then all of the guanosine
glycosidic dihedral angles are typically in the anti conformation (Fig. 1.24a), just as
they are in A- and B-form DNA. One notable exception to this was found in the early
work by Henderson et al. [96]. However, when the strands are aligned in an antiparallel
manner (as in a folded structure), a stable quartet can be formed only if a proportional
number of guanosines have glycosidic bond angles that are in the syn conformation
(e.g., see Fig. 1.24b). In most folded (and therefore, antiparallel) G-quadruplexes,
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FIGURE 1.24. The core of the quadruplex consists of four guanosine bases arranged in a
square, each participating in Hoogsteen base pairing with both of its neighbors. There are a total
of eight hydrogen bonds in each “quartet” or “tetrad.” The orientations of the strands is
illustrated in the side-view (left side of figure) and by the symbols (circle and X) on the right side
of the figure. (a) A linear quadruplex in which all strands are parallel and all N-glycosidic
torsion angles are in the anti conformation. (b) A quadruplex arising from strands that have
folded into the “edge”-type arrangement. In this arrangement, all of the adjacent strands are
antiparallel to each other, and the glycosidic torsion angles alternate between anti and syn, as
one proceeds clockwise around the quartet. These torsion angles also alternate as one moves
along the DNA strand.

these glycosidic angles alternate between anti and syn along the strand (although this
is not always the case). This alternation of glycosidic dihedral angles is similar to that
of Z-DNA.

Within the G-quartets, many different arrangements are possible for syn and anti
dihedral angles. They may be all syn [95], all anti [97-100], alternating syn and anti
(Fig. 1.24) [101,102], or syn—syn—anti—anti [103—105]. The specific arrangements of
syn and anti dihedral angles also affect the groove widths. Hence, although a base
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quartet may appear to have fourfold symmetry, the overall molecule may not have any
symmetry at all.

As with duplex and hairpin loop DNA structures, base-stacking interactions are
important to the stability of quadruplexes. This includes base stacking within the
guanosine core [106,107], or between bases in the core and those in a loop or
overhanging region [107-109]. Base-stacking interactions within the guanosine core
are also affected by the glycosidic dihedral bond angles, as well as by the orientations
of strands [104].

The DNA sequence can affect the folding pattern of a G-quadruplex structure.
Sequences that prefer linear topologies are usually short oligomers containing a stretch
of several guanines, such as d(G,,) ord(G,,T,,), where n and m are integers (n is typically
2-5, and m can be almost any number). Longer DNA sequences containing repeating
strings of guanines, interspersed with loop segments (consisting mostly of thymines),
generally prefer to form folded structures, but they can also form long linear structures.
These latter sequences usually take the form of d(G, X,,G,,), or d[(G,X,,)4], where X
represents the bases in the loops (mostly T), and both n and m are typically 2-5. These
sequences are similar to those found in telomeric DNA. The concentration of the DNA
also affects the topology through the principle of mass action. High DNA concentra-
tions favor the four-stranded (linear) species, while lower concentrations favor uni- or
bimolecular (folded) species. An equilibrium exists between these forms, and they are
often found together in solution.

Critical to the stability of a G-quadruplex structure is the presence of internal,
coordinated, cations. The most common cations are the physiologically relevant K*
and Na™. Generally, they are sandwiched in the cavity between adjacent quartets
(Fig. 1.25). These cations stabilize the G-quadruplex by electrostatically coordinating
with the O6 atoms of the eight guanosine bases in the quartet stack, and by contributing
favorable free energies of dehydration [110-112]. The K™ ion has a snug fit inside this

FIGURE 1.25. A side view of two G quartets stacked on top of each other, with an internal,
coordinated cation in the center. The view of the stack is from one corner of the square, with the
two closest guanosine bases removed to allow visualization of the core. The atom in the center is
a K™ ion, which can be seen coordinating with the O6 atoms in each of the surrounding bases.
This figure is derived from experimental NMR structures determined by a combined approach
using molecular modeling and experimental NMR data [108]. (See color insert.)
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central core, where it touches all eight O6 atoms. The Na™ ion is smaller and has been
sometimes found within the quartet plane. In this case, the Na* ion coordinates with
only four guanosine bases. The structures stabilized by K™ are generally more stable
than those stabilized by Na™, as indicated by the fact that they have higher T,,values
(Section 1.2.1). This is consistent with both the more optimal fit and the more favorable
dehydration energy of K [111]. Thus, the role of cations in quadruplex DNA is quite
different from that in duplex DNA, where they neutralize the charges on the
phosphodiester backbone along the outside of the double helix. However, several
workers have also suggested that some G-quadruplex topologies may derive additional
stability from either groove- or loop-bound cations [113,114].

The cations also preferentially stabilize certain G-quadruplex topologies
[115-125]. It has been found that the presence of K" tends to stabilize linear
quadruplex structures, whereas the presence of Na™ tends to stabilize structures with
folded topologies. This is likely related to the size and location of the cations, but is still
a subject of controversy. An interesting observation was that the equilibrium and
interconversion pathway between folded and linear topologies may be kinetically
blocked for some Na"-stabilized structures, preventing it from achieving a thermo-
dynamically preferred configuration [108]. This same equilibrium appears to occur
more easily for similar K*-stabilized structures. The evidence suggests that the K™ ion
allows for a greater range of molecular motion within the quadruplex, thereby opening
up more dissociation pathways for its folded structures, relative to those of Na*. Such a
kinetically controlled process could be associated with differing degrees of freedom,
with the extent of molecular motion depending on the size of the internal cation. This
also suggests that it may be possible to develop drugs that can control the specific
quadruplex topology that is formed, or even act as another kind of conformational
switch.

1.2. ELECTRONIC SPECTRA

1.2.1. Ultraviolet Absorption Spectra

The absorption spectra of five mononucleotides at two different pH values are shown in
Fig. 1.26 [62]. These nucleotides have strong bands near 260 nm. At the maxima of
their peaks (Aax), the molar extinction coefficients (g) are as great as 10,000—
15,000M~'cm™' and their transition moments are in the base planes. These are
attributed to mw— m* transitions of the base residues. In addition, another © — m*
transition is observed around 210 nm.

A typical absorption spectrum of a B-DNA solution at room temperature is shown
in Fig. 1.27a [126]. It has an absorption maximum at 260 nm and a trough at 230 nm.
The 260 nm peak is considered to be caused by 1 — w* transitions of the base residues.
Such a spectral feature, however, depends only slightly on the base composition and
the base sequence of DNA.

The molar extinction coefficient for a DNA nucleotide, at the 260 nm absorption
maximum, is always about 6000 M 'em™! (where M = mole/liter per nucleotide), as
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FIGURE 1.26. Absorption spectra of the nucleotides, at 77K in ethylene glycol-water
glass [126].

long as it is in B-DNA conformation [127]. When the duplex is separated into single
strands of DNA, such as by heating or some other means, the absorption intensity at
260 nm is greatly increased (see Fig. 1.27a), as the molar extinction coefficient at
260 nm of any mononucleotide far exceeds that of a nucleotide in B-DNA duplex. The
peculiarly smaller extinction coefficient of B-DNA results from the interaction of
the m electrons between the base aromatic residues when they are stacked vertically.
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FIGURE 1.27. (a) Absorption spectra of DNA from a crab (Cancer borealis) in aqueous
solution observed at two different temperatures. Concentration, 7 x 10~> M; solvent, 0.005 M
phosphate buffer, pH = 7. The guanine - cytosine content of this DNA is only 3% [128]. At
28°C, two polydeoxyribonucleotide chains (Watson—Crick chains) are interwound with each
other to form a duplex, whereas at 85°C they are separated from each other. (b) A melting curve
of the same DNA. In the course of an elevation of the temperature of the solution from 28°C to
82°C, a sharp rise in absorbance at 260 nm takes place at 40°C (=T, melting temperature).

This decrease in absorption intensity is called hypochromism, and its theoretical
treatment was described by Tinoco [128].

The intensity of the absorption band at 260 nm can be used to measure DNA
concentrations in solution as low as a few pg/mL. In addition, the degree of
hypochromism can be a good indication of how closely the aromatic chromophores
are packed together. By following the changes in the intensity measurement at 260 nm,
one can monitor the course of heat denaturation, the action of a DNase, or the extent of
drug binding (especially intercalation), because the base stacking in DNA should
decrease as these events proceed. Figure 1.27b shows the result of tracing the change of
the 260 nm intensity by raising the temperature of the solution [129]. It is seen that a
transition occurs in a narrow temperature range, with a sharp ascent, instead of a gentle
slope. This is called a “melting curve” of the DNA, as it refers to the dissociation of the
duplex into two separate strands, resulting in an increased disorder in the base stacking.
The temperature at the midpoint of the transition is called the melting temperature, and
denoted by T},,. The melting temperature 7}, of DNA in solution varies according to the
base composition and the salt concentration. The T}, of natural B-DNA plotted against
the GC content forms a straight line (see Fig. 1.28), from (7;,, = 81°C, GC =30%) to
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FIGURE 1.28. Relation between the melting temperature 7, of DNA duplex and its
guanine + cytosine content (GC content) [63]. Solvent: 0.15M NaCl+ 0.015M Na citrate.
DNA samples are (1) poly(dA-dT)-poly(dA-dT), (1') poly(dA)-poly(dT), (2) DNA from
Clostridium perfringens, (3)from Bacillus cerius, (4)from B. thurigiensis, (5)from Proteus
vulgaris, (6)from phage T6, (7)from B. subtilis, (8)from Vibrio cholerae, (9)from phage
T7, (10) from E. coli, (11) from Neisseria meningitidis, (12) from Aerobacter aerogenes, (13)
from Azotobacter vinerandii, (14) from Mycobacterium plei , (15) from Sarcina lutia, (16) from
Micrococcus lysodeikticus, (17) from Pseudomonas aeruginosa, and (18) poly(dG) « poly(dC).

(T, =100°C, GC =74%), as long as the salt concentration of the solution is kept
constant (0.15 M NaCl plus 0.015 M Na citrate) [129]. The transition moment of the
260 nm band is in the plane of the base, perpendicular to the helical axis in B-DNA, as
shown by flow linear dichroism (FLD) experiments [130] (Section 1.2.3).

1.2.2. Fluorescence Spectra

The low-temperature fluorescence and phosphorescence spectra of the common
mononucleotides [131] are shown in Fig. 1.29. At room temperature and in neutral
aqueous solutions, the fluorescences of the common base residues are very weak, as
they have quantum yields of only 3 x 10_6, 2 X 10_6, 4 x 10_5, 3 x 10_5, and
1x1073, respectively, for 5'-AMP, 5'-GMP, 5'-TMP, 5'-CMP, and 5UMP [131]. In
contrast, many of the modified and unusual bases involved in natural nucleic acids
are strongly fluorescent. Four examples of such fluorescence spectra are shown in
Fig. 1.30[132-136]. Their strong fluorescence is useful in designing biochemical and
biophysical experiments of various systems involving these base residues. For
example, chloroacetaldehyde can react with the adenine bases in DNA to give the
fluorescent product, ethoxyadenosine (Fig. 1.30a). This was used to study the
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FIGURE 1.29. The fluorescence (near 310 nm) and phosphorescence (near 410 nm) spectra of
nucleotides [126]. The solvent was an ethylene glycol: water (1:1) glass and spectra were
obtained at 80 K.

availability of positions 1 and 6 of adenine in DNA for intermolecular reaction with the
helix-destabilizing protein [132].

1.2.3. Linear and Circular Dichroism

1.2.3.1. Linear Dichroism Linear dichroism (LD) measures the differences in
the absorption by a molecule when it is irradiated by parallel (4;) versus
perpendicular (A ) plane-polarized light. As this technique is very general, arising
from asymmetry in the molecular structure or environment, it has found many
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FIGURE 1.30. The fluorescence and fluorescence excitation spectra of four less common,
naturally occurring bases of nucleotides [132-136] (——) absorption spectra; (- - - - - ) emission
) excitation spectra; (a) ethoxyadenosine; (b) 7-methylguanosine in aqueous

spectra; (......
solution at pH 4.5; (c) Q-base nucleoside-5'-phosphoric acid in aqueous solution at pH 6.2; (d)

Yt base in aqueous solution at pH 6.2.

kinds of uses in biomolecular studies [137-139]. Linear dichroism is used most

frequently to measure the average relative orientation of a molecule when it is in an
aligned matrix, such as when a probe molecule is in a membrane, or when an
aromatic molecule is in the presence of the ordered structure of the bases in a DNA

duplex.
(IR) region. The former generally provides information based on an electronic—

The measured absorption bands may be in the UV-visible region or in the infrared
vibrational envelope, whereas the latter probes individual vibrational modes within
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the ground electronic state. The general equation for linear dichroism is
LD =A-AL (1.3)

It is often helpful to express these results as the dichroic ratio, by dividing LD by the
absorbance of a randomly aligned sample A, or (A + A ). This ratio allows one to
calculate the order parameter S of the sample [140,141].

The sample can be a crystal, deposited as a film on a window, or oriented by an
electric field (ELD; see Sections 3.5) or by a rotating flow cell. In the last case, it is
called flow-aligned LD (FLD). When a sample rotates or flows through a narrow space
while the spectrum is measured, the shearing forces have the effect of orienting the
molecules along the direction of flow. Using flow to align a sample is common in most
other spectroscopic techniques as well. In all cases, the sample is only partially
aligned. Only in studies of crystals can full alignment be achieved.

Linear dichroism has been used to observe the transitions between different
forms of DNA, as well as the effects of drug binding [142,143]. As stated in
Section 1.1.1, the sugar moiety in a nucleotide has a p-stereoisomeric configura-
tion, and must therefore have optical activity. This means that a nucleotide can
rotate the plane of polarization of linearly polarized light. With duplex DNA, the
helical axis may be aligned along the laboratory z axis (such as by flow), but the
bases will be perpendicular to it. Light polarized perpendicular to the helical axis is
absorbed by the DNA bases because the electronic transitions of the bases all
involve electron movement within their planes. Light polarized parallel to the
helical axis is not absorbed. The difference is therefore a negative signal. Single-
stranded DNA, however, is too flexible to show any signal. Hence, this technique
can distinguish differences in the length and rigidity of polymeric DNA, as each of
these affects the hydrodynamic properties of the molecule.

This technique can also be used to study drug-binding to DNA, as a free ligand in
solution has no average orientation, and hence no signal. When it is bound to DNA,
however, its orientation is fixed with respect to the helical axis. If the molecule is
intercalated between its bases, it will have a negative signal, as do the bases (see above).
If the molecule is bound in either the major or minor grooves, then it can have a positive
signal, depending on the orientation of the chromophore relative to the helix [142].

1.2.3.2. Circular Dichroism Circular dichroism (CD) measures the differences
in the absorption of a molecule by left and right circularly polarized light. These
differences arise from asymmetry in the structure of the molecule. It is particularly
useful for assessing the secondary structure of proteins and nucleic acids, especially
the extent to which it is helical. The CD spectrum describes the average molecular
conformation in the bulk sample. As such, it cannot determine the orientation of any
specific base or residue, but it is very helpful in determining whether a macroscopic
structural change occurs when solution or temperature conditions are changed, or
when a drug (or ligand) has bound to the biomacromolecule. Note that unlike linear
dichroism (LD), CD does not require an oriented sample. For DNA, the spectrum is
usually measured between 210 and 290 nm, where the aromatic bases absorb and the
spectra are strongly affected by stacking interactions. Unstructured, single-stranded,
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DNA and the different DNA helical forms (for duplex, triplex, and quadruplex DNA)
can usually be distinguished on the basis of their unique CD profiles [144].

This optical activity can be detected as the difference in absorption intensities for
left (e1) and right (eg) circularly polarized light [145]. The amount of circular
dichroism (CD) is usually given by molar ellipticity (0)

0 = 3300 Ae (1.4)

where Ag is the difference in molar extinction coefficients (g — eg). It is also
possible to perform CD measurements on individual bands within a vibrational
spectrum (e.g., an IR spectrum), in which case it is termed vibrational circular
dichroism (VCD) (Section 6.1.1.3).

The CD spectra of nucleic acids, in general, reflect the relative locations and
orientations of the chromophores (i.e., base residues) within the same molecule. As an
example, CD spectra of four tetranucleotide sequences are compared in Fig. 1.31
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FIGURE 1.31. The circular dichroism (CD) spectra of four tetranucleoside triphospates with
two cytidine and two guanosine residues [146]. Concentrations of the oligomer molecules are
all in 130 OD units (absorbance/mole). Solvent: ( ), no salt, at 5°C; (—-—) 0.5 M Na(Cl, at
5°C; (e e ) 0.5M, at —5°C.
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FIGURE 1.32. The circular dichroism (CD) spectra of (a) rice dwarf virus RNA (A-form
duplex) [147], (b) (——) DNA from Micobacterium plei (B-form duplex) and (- - - -) DNA from
E. coli (B-form duplex) [148], and (c¢) poly(dG—dC) - poly(dG—dC) in low ionic-strength solvent
(B-form duplex, - ---) and in high-ionic-strength solvent (Z-form duplex, ) [149].

[146]. Here, all the molecules have the same number and the same types of
chromophores; thus, every molecule has two cytosines and two guanines. Never-
theless, their CD spectra vary significantly. Even more pronounced differences
are seen among the A, B, and Z duplexes of polynucleotides, as shown in Fig. 1.32
[147-149].

1.3. VIBRATIONAL SPECTRA

1.3.1. Infrared Spectra of Bases

In general, infrared (IR) absorptions are caused by the vibrations of atoms in a
molecule. An IR spectrum is usually presented as a curve having the wavenumber
scale (cm ™) along the abscissa and the percent transmittance along the ordinate. It
then consists of a number of minima, whose positions correspond to the charac-
teristic vibrational frequencies of the molecule. These characteristic vibrational
frequencies correspond to a unique set of ways in which a specific molecular
structure can vibrate, and are called “normal modes” of vibration, or often, ‘“normal
vibrations.” The number of normal modes for a given molecule is 3N — 6, where N
is the number of atoms in the molecule. As with all absorption processes, the depth
of each minimum (or the absorption intensity of each band) is a measure of the
amount of dipole oscillation caused by the vibration in question. The vibrational
frequencies of a molecule depend on the geometrical structure and the interatomic
forces of the molecule [150]. The atomic masses of the chemical groups partici-
pating in the vibration are a particularly important determinant of the vibrational
frequencies. An easy and advantageous experimental approach is therefore to
replace the exchangeable hydrogens ('H) with the slightly heavier isotope,



VIBRATIONAL SPECTRA 43

deuterium (*H). This is called deuteration, and the resulting difference in mass,
although small, can shift the frequency enough to allow determination of the atoms
involved in the vibration.

Thymine. Thymine is a molecule consisting of 15 atoms, and therefore it has 39
normal vibrations. Approximate descriptions of these 39 vibrational modes are listed
in the first column of Table 1.5, and the lower trace of Fig. 1.33 shows the infrared
absorption spectrum of thymine [151,152]. Most of the observed bands assigned to
these modes, including their frequencies and relative intensities, are given in the
second column. These assignments were based on the results of the following studies:

(1) Comparison with the Raman spectrum (see discussion below) of thymine.

(2) Examination of the effect of deuteration, NI—-H — NI1—D and N3—H —
N3-D, on the IR spectrum.

(3) Comparison with the results of ab initio self-consistent field molecular orbital
(SCF-MO) calculations of the thymine molecule for the equilibrium geometry,
harmonic force constants, vibrational frequencies, vibrational modes, and IR
and Raman intensities [151].

(4) Comparison with the known correlation of the vibrational modes and the
vibrational frequencies of the benzene molecule. These ring vibrational modes
[150,153,154] are shown in Fig. 1.34, and their characterizations are given in
the upper half of Table 1.6 (under “six-membered ring”).

In the 1750-1650cm ™" region, two strong infrared bands appear at 1738 and
1675cm ™" (Fig. 1.33, lower trace). The former is a nearly pure C2=0 stretching,
and the latter is an in-phase stretching of the C4=0 and C5=C6 bonds. In the
15001400 cm ™' region, ab initio calculations predict two stronger bands due to the v8
ring vibration (see Fig. 1.34) and N3—H in-plane bending vibration (modes 14 and 15
of Table 1.5). The latter is expected to be shifted to a lower frequency on deuteration.
Actually, two stronger IR absorptions are observed at 1450 and 1430 cm ™! for thymine
and apparently only one at 1470 cm ™' for thymine-d,. The stronger band at ~1200 cm ™"
is assignable to a N3—C4/N1—C6 in-phase stretching mode (mode 18 in Table 1.5).
Itis generally accepted that the N—H out-of-plane bending vibration of a nucleic acid
base gives a broad and strong IR band, whereas the corresponding Raman band is
extremely weak. In fact, thymine shows a broad and strong infrared band at 846 cm ™!,
which is removed by deuteration, whereas practically no Raman band is found in this
vicinity (see Fig. 1.33). The theoretical calculations predict that mode 24 (Table 1.5)
should produce a strong infrared band at 867 cm ', and that the corresponding Raman
band should be very weak. Therefore, mode 24 is unquestionably assigned as the
846cm ™' band. The calculations also predict the NI—H out-of-plane bending
vibration (mode 29) at 645 cm ™', but a strong and broad IR band is actually observed
at 559cm ™" (not shown in Fig. 1.33).

Cytosine. The infrared absorption spectrum of cytosine is shown in the lower trace of
Fig. 1.35[155,156]. This molecule has 13 atoms, and therefore 33 normal vibrations.
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TABLE 1.5. Vibrational Modes of Thymine Molecule with IR and Raman Bands
Assigned to These Modes

Observed Frequencies
(cm™ 1) and Intensities

Mode

Number Vibrational Mode IR Raman
1 N1—H stretching — —

2 N3—H stretching — 3304(w)“
3 C6 stretching ~3100(w)“ 3089(w)“
4 Methyl deg stretching A’ 2963(s)* 2966(s)”
5 Methyl deg stretching A” 2934(s)* 2934(s)*
6 Methyl sym stretching 2934(s)* 2934(s)*
7 C2=0 stretching 1738(s) 1700(w)
8 C4=0, C5=C6 in-phase streching 1675(s) 1672(s)
9 C4=0, C5=C6 out-of-phase stretching — 1652(w)
10 Methyl deg deformation A’ — 1489(w)
11 NI1—H in-plane bending 1480(m) 1459(w)
12 Methyl deg deformation A” — —

13 Methyl sym deformation — 1489(w)
14 vg ring vibration 1450(m) 1434(w)
15 N3—H in-plane bending 1430(m) 1408(w)
16 C6—H in-plane bending 1365(w) 1368(s)
17 Kekulé ring vibration 1242(m) 1246(m)
18 vg ring vibration 4+ C5—Cm stretching 1200(s) 1214(w)
19 vgB ring vibration 1156(w) 1156(m)
20 Methyl rocking A’ 1030(m) 1048(m)
21 Methyl rocking A” — —

22 C6—H out-of-plane bending 985(m) 983(m)
23 vga ring vibration 937(m) 934(w)
24 N3—H out-of-plane bending — 846(bs)
25 Tr ring deformation + C5—Cm stretching 814(s) 804(m)
26 Ring out-of-plane vibration 809(w) —

27 Ring out-of-plane deformation 762(m) —

28 Ring breathing 743(m) 741(s)
29 N1—H out-of-plane bending 700(bm) —

30 Ring deformation 602(w) 616(s)
31 8% ring vibration 559(s) 565(m)
32 8§ ring vibration — 478(m)
33 Ring out-of-plane vibration — 428(m)
34 C2=0, C4=0 in plane bending — —

35 Ring out-of-plane vibration — 320(w)
36 C5—Cm in-plane bending — 286(w)
37 Ring out-of-plane vibration — —

38 Methyl torsion — —

39 Ring out-of-plane vibration — —

Key: A’—in-plane mode, A”"—out-of-plane mode; sym.—symmetric, deg—degenerate; v® etc.—see

Fig. 1.33; Cm—carbon atom of CHj; group; s—strong, w—weak, m—medium .
“Observed for thymidine.

Source: Refs. 151 and 152.
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FIGURE 1.33. Infrared spectrum (lower trace) and Raman spectrum of thymine in crystalline
powder [151]. The Raman spectrum was excited at 488.0 nm.

Of these, 23 (= 2N — 3) are in-plane and 10 (= N — 3) are out-of-plane vibrations.
Most of the out-of-plane vibrations are weak in both IR and Raman spectra, and their
vibrational modes are not always clear. Thus, they are less useful for the study of drug—
DNA interactions. Therefore, only the vibrational modes of in-plane vibrations are
givenin Table 1.7 [156]. The assignments of these modes to the observed IR absorption
bands were made in a manner similar to that for thymine, described above. The
frequencies and intensities of the observed infrared bands are listed in the second
column of Table 1.7.

The strong IR bands at 3380 and 3169 cm ™' of cytosine are assigned to the NH,
antisymmetric and symmetric stretching vibrations, respectively, because they are
shifted to 2545 and 2337 cm ™! when deuterated (cytosine-1, amino-ds). It is known
that the hydrogen-bonded imino group often gives a broad band at a much lower
frequency. The broad IR band of cytosine around 2700 cm ' and that of cytosine-1,
amino-d; around 2150cm ™' can be assigned to the N1—H and N1—D stretching
vibrations, respectively.

In the 1800-850cm ™' region, the highest two observed frequencies, 1703 and
1662 cm ™", are respectively assigned as the C2=0 and C5=C6 (or v,°) stretching
vibrations. Molecular orbital calculations [156] indicate that the next highest fre-
quency should be that of NH, scissoring motion, and the strong IR band at 1615 cm ™"
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FIGURE 1.34. Standard modes of vibration of six-membered ring, and their abbreviated
designation [153,154] (s—stretch; c—contract).

corresponds toit. As expected, itis shifted down to 1182 cm ™' on deuteration. The next
three highest frequencies should be assigned to V¢ of the hexagon, C4—(NH,)
stretching, and N1—H in-plane bending vibrations that correspond, respectively, to
the observed 1538, 1505, and 1465 cm~ ! IR bands. When deuterated, the first two
remain nearly unchanged, while the last one (N1—H bending) shifts to 950cm ™"
Molecular orbital calculations predict that the C5—H/C6—H in-phase bending
vibration should come next, followed by the Kekulé vibration, and next the
C5—H/C6—H 180° out-of-phase bending. Corresponding to these are three prominent
IR bands, which are observed at 1364, 1277, and 1236 cm_l, respectively. The NH,
rocking vibration is expected to be the next highest one, and the 1150 cm ™" band can be
assigned to it.
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TABLE 1.6. Designation of Ring Vibrations

Origin of Vibration Description

Six-membered ring

v8 and v§ 1595cm™'(e),) of benzene
Vo and Vi 1484 cm™'(ey,) of benzene
Kk Kekulé vibration, 1308 cm™'(b,,) of benzene
Br® Six-membered ring breathing vibration,

992 cm ™! (a1) of benzene
Tr Triangle vibration, 1010 cm ™! (by,) of benzene
Da6 and db6 605cm ™" (ea,) of benzene

Five-membered ring (fused with another ring through the left vertical bond)

Vi Antisymmetric stretching vibration with respect to
twofold axis along horizontal direction

Vg Symmetric stretching vibration

vi Another antisymmetric stretching vibration

Br® Five-membered ring stretching vibration

Sﬂ Symmetric deformation vibration”

81 Antisymmetric deformation vibration”

“If the left (left-hand-side) vertical bond is fixed, the center of gravity of the five-membered ring moves
either parallel (Il) or (L) to the horizontal line (molecular axis).

Sources: Refs. 150, 153 and 154; see also Fig. 1.34.

Markedly broad and strong infrared bands at 823 and 520cm ™' of cytosine

(Fig. 1.35) are not predicted to be in-plane vibrations; they must be N1—H out-of
plane bending and NH, wagging vibrations. On deuteration (to cytosine-1,amino-ds),
they are shifted to 605 cm ' (N1-D out-of-plane bending) and 388 cm ' (ND,
wagging), respectively.

Adenine. The infrared absorption spectrum of adenine is shown in the lower trace of
Fig. 1.36 [157,158]. The adenine molecule consists of 15 atoms, and hence it should
have 39 normal vibrations. Five of these are stretching vibrations involving N—H and
C—H bonds, with frequencies higher than 2000 cm ™" (not shown in Fig. 1.36). In the
region below 1800cm ', 34 normal vibrations are expected, and their proposed
assignments [158] are listed in the second column of Table 1.8. As indicated in
the table, 12 out of these are out-of-plane vibrations, while the remaining 22 are in-
plan vibrations. Thirteen (13) of the modes involve mostly hydrogen displacements,
while 21 of the modes involve mostly skeletal motions of the purine ring. The modes
of the latter category can be correlated to the known modes of benzene and imidazole,
which are listed in Table 1.9, with a numbering scheme ranging from v; to vy,

Guanine. The infrared spectrum of guanine [159] is shown in the lower trace of
Fig. 1.37. This molecule has 29 in-plane normal vibrations. Table 1.10 lists the
descriptions of these vibrational modes (column 1), along with the frequencies of the
observed IR bands that have been assigned to them (column 2) [160].
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TABLE 1.7. Vibrational Modes of Cytosine Molecule with the IR and Raman Bands
that have been Assigned to These Modes

Observed Frequencies
(cm™ 1) and Intensities”

Mode Number Vibrational Mode” IR Raman
1 NH, antisymmetric stretching 3380(s) 3354(m)
2 N1—H stretching 2700(m) —

3 NH, symmetric stretching 3169(s) 3176(m)
4 C5—H stretching — 3117(m)
5 C6—H stretching — 3050(w)
6 C=O0 stretching 1703(w) 1694(m)
7 C5=C6 stretching 1662(s) 1653(m)
8 NH, scissoring 1615(s) 1612(w)
9 vg 1538(m) 1533(s)
10 C4—N stretching 1505(m) 1498(m)
11 N1—H bending 1465(s) 1462(m)
12 C5—H and C6—H in-phase bending 1364(m) 1361(s)
13 Kekulé vibration 1277(m) 1276(s)
14 C5—H and C6—H out-of-phase bending 1236(m) 1247(s)
15 NH, rocking 1150(w) 1148(w)
16 vga 1100(w) 1108(m)
17 Triangle vibration 966(w) 971(m)
18 vgb — 894(w)
19 Ring breathing vibration 793(w) 792(s)
20 8¢ 600(m) 597(s)
21 & 549(m) 546(s)
22 C=O0 in-plane bending 533(m) 533(s)
23 C—N in-plane bending — 400(m)

“See Table 1.5.
bSee Refs. 154-146.

In the frequency region of 4000-2000cm ™', special care must be taken in

correlating the calculated and observed vibrations, because many of the IR bands
here are severely perturbed by hydrogen bonding. Ab initio molecular orbital (MO)
calculations [160] show that the vibration at 3686 cm ™! is the amino antisymmetric
stretching and that at 3496 cm ™' is the amino symmetric stretching. In the IR spectrum,
on the other hand, 2'3'-benzyliden-5'-tritilguanosine dissolved in deuterated chloro-
form shows two bands at 3515 and 3407 cm™ ' due to the molecule free from any
hydrogen bonding [161]. These two bands may correspond to the two vibrations
described above:

In the 1200-800 cm ™" region, the contribution of the C8—H deformation mode is
well established [160]. The vibrations calculated to be at 1174 cm ™! for guanine, at
885cm ! for guanine-8-d, at 1146 cm ™! for guanine-1,9-amino-d,, and at 930 cm”!
for guanine-ds, should involve a large contribution of C8—H or C8—D in-plane
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FIGURE 1.35. Raman and infrared spectra of crystalline cytosine (powder) [156].

bending mode. These vibrations are correlated with observed IR bands at 1174, 926,
1168, and 897 cmfl, respectively.

1.3.2. Raman Spectra of Bases

The Raman spectra of thymine [151], cytosine [151], adenine [158], and guanine
[162,163] are shown in the upper traces of Figures 1.33,1.35,1.36 and 1.37, respec-
tively. Raman spectra are generally obtained by using excitation wavelengths in the
visible region. When light having a frequency v, strikes a molecule, an electronic
polarization is induced within it. This polarization has the same frequency as the
incident light (v,), and causes light to be scattered with that same frequency, v.. This is
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FIGURE 1.36. Vibrational spectra of adenine [158].
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TABLE 1.8. Vibrational Modes of Adenine Molecule with IR and Raman Bands
Assigned to These Modes

Observed frequencies (cm™") and Intensities

Mode

Number Vibrational Mode IR Raman

1 NHj; scissoring 1673.2(s) 1676.6(w)

2 7 1637.6(w) —

3 Vo 1604(s) 1621.1(w), 1591.1(w)
4 V3 1507.8(m) 1514.0(w), 1507.8(w)
5 Vy — 1485.3(m), 1481.6(m)
6 NO9—H bending 1451.4(m), 1441.8(w) —

7 Vs 1421.1(s) 1418.9(w)

8 C2—H bending 1368.0(m) 1370.8(m)

9 Ve 1334.7(s) 1332.3(s)

10 \Z 1308.7(s) 1307.0(m)

11 C6—NH, stretching 1252.8(s) 1248.7(m)

12 Vg 1234.0(w) 1234.8(w)

13 C8—H bending 1156.8(m) 1163.3(w)

14 Vo 1125.9(s) 1126.0(m)

15 NH, rocking 1024.7(s) 1024.4(w)

16 Via 951(w) 852(w)

17 C8—H out-of-plane bending 940.3(s) 941.4(m)

18 Vi1 913.3(s) 898.8(w)

19 C9—H out-of-plane bending 872.1(m) —

20 C2—H out-of-plane bending 849.2(m), 844.0(m) 845.5(w), 839.9(w)
21 Vie 797.1(m) 797.0(w)

22 Vio (ring breathing) 723.3(s) 723.6(s)

23 Vig 684.2(w) —

24 NH, wagging 660(s) —

25 Va0 640.8(m) —

26 Via 621.6(m) 622.8(m)

27 Vi7 — 560.2(w)

28 Vi3 543.0(s) 535.1(m)

29 Vis — 530(W)

30 Vig 529.9(w) —

31 NH, torsion 380(w) —

32 C6—NH, out-of-plane bending  337.1(m) —

33 C6—NH, in-plane bending — 331.3(s), 327.2(s)
34 Va1 294.3(m) 242.0(w), 238.3(w)

“See Table 1.5.
Source: Ref. 158.

called Rayleigh scattering. In addition, when a molecule vibrates, its polarizability
oscillates with the same frequency as the vibration (v). All of these processes occur
simultaneously. Therefore, when light with a frequency v, strikes a vibrating mole-
cule, the light is scattered as a linear combination of the frequencies, v, tv. This is
called Raman scattering. A Raman spectrum is a plot of the scattering intensity as a
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TABLE 1.9. Classification of the 21 Ring Vibrations of Adenine with Respect to Origin

Type of Motion: Bond

Stretching or Angle Origin Mode
Bending Six-Membered Ring Five-Membered Ring Number
In-plane stretching 1595 cm™! (e2g) of benzene Vi, V
1485 cm ™~ !(e;,) of benzene V3, V4
Double-bond stretching,  vs
1446cm™" of
imidazole
Kekulé vibration, Ve

1380cm™"! (b,,) of benzene
1324 cm ™! of imidazole v,
Single-bond stretching Vg
1261 cm ™! of
imidazole
Ring breathing, Vo
992 cm ™ '(a 1¢) of benzene
1142 cm ™! of imidazole vy

In-plane bending Triangle vibration
1010em™" (b,,) of benzene Vii
605 cm ™! (e2¢) of benzene Vi2, Vi3
Elongation Il to the Vig
long axis of the molecule
Rocking L to the Vis
long axis
of the molecule
Out-of-plane Crown vibration
bending
703 cm ! (by,) of benzene Vie
405 cm™ Y(esy) of benzene Vi7, Vig
Twisting 619cm ™! of Vi
imidazole
Envelope formation, Vo
660cm™" of imidazole
Butterfly motion Vo

Source: Ref. 158

function of frequency, v. The frequency of a Raman band corresponds to a vibrational
frequency v of the molecule, and its intensity is proportional to the square of the
amplitude of the scattered light. Since a molecule vibrates in more than one way, as
given by its normal modes, a Raman spectrum is composed of a complex mixture of all
of those vibrations, Vv.

The frequency of a Raman band, in general, is expected to be the same as that of an
IR band for the same molecular vibration. In the case of thymine, all of the prominent
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FIGURE 1.37. Vibrational spectra of guanine [159,162].
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Raman bands have counterparts of nearly the same frequencies in the IR spectrum, and
vice versa (see Fig. 1.33), however, the frequencies of each counterpart are not always
exactly the same (Table 1.5). In this example, these differences arise because the
sample used for these IR and Raman investigations was a crystalline powder of
thymine, not an isolated thymine molecule. In the crystalline environment, some
intermolecular vibrational couplings take place (space group P2,/c), causing each
molecular vibration to split into a group of vibrations with slightly different frequen-
cies. Thus, the selection rules are different for Raman scattering and IR absorption in
the crystalline state.

The relative intensities of Raman versus IR bands are seldom the same, as they arise
from different selection rules. For example, the carbonyl (C=0) stretching vibrations
always give strong IR bands (1738 cm ™" for thymine, 1703 cm™" for cytosine, and
1702 cm ™" for guanine), whereas the corresponding Raman bands are weak. Ring-
breathing vibrations always exhibit strong Raman bands (741,792, 724, and 651 cm ™"
for thymine, cytosine, adenine, and guanine, respectively), whereas IR counterparts
are weak. In drug-DNA interaction studies, a difference in the intensity of a Raman
band compared to its IR counterpart can be an interesting and useful indicator of
binding.

As with other optical spectroscopic techniques, Raman spectroscopy can often
yield useful information when the polarization of the signal is analyzed. This is



VIBRATIONAL SPECTRA 53

TABLE 1.10. Vibrational Modes of Guanine Molecule

Observed Frequency (cm ™)

Mode Number Vibrational Mode® IR Raman
1 NH, antisymmetric stretching 3515 —
2 NO9—H stretching — —
3 N1—H stretching — —
4 NH, symmetric stretching 3403 —
5 C8—H stretching 3125 —
6 C6=0 stretching 1702 1678
7 C2—N stretching + NH, scissoring 1675 —
8 V8 ring vibration 1638 1604
9 NH, scissoring 1565 1552
10 v® ring vibration 1550 1535
11 Kekulé + v3 1477 1480
12 Kekulé — v3 1464 1468
13 vgﬁ ring vibration 1420 1422
14 v3 ring vibration 1375 1392
15 N1—H in-plane bending 1362 1361
16 N9—H in-plane bending 1261 1266
17 Br’ 1174 1188
18 C8—H in-plane bending 1216 1232
19 Vi 1150 1161
20 NH, rocking 1118 —
21 Ve, 1042 1052
22 O 950 940
23 Tr+8) 850 850
24 59+87 703 712
25 Br®+Br’ 645 651
26 8¢ 557 568
27 0 501 496
28 C2—N in-plane bending 404 400
29 C6=0 in-plane bending 348 343

“See Table 1.5 for ring vibrations.
Source: Ref. 160.

because the Raman scattering light is partially polarized even in the case of randomly
oriented molecules in a solution sample. In such isotropic samples, the components of
the induced electric dipole change as a function of the spatial coordinates of the
molecule. The signal intensity is thus measured both parallel and perpendicular to the
plane of the polarization of the incident light. This is called the Raman depolarization
ratio:

I
p=— (1.5)
I
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When an isotropic sample (e.g., a solution) is excited with plane-polarized light, the
totally symmetric vibrations will produce Raman bands that are strongly polarized in
the plane parallel () to that of the incident light. In this case, p is small or zero, and the
band is referred to as being polarized. Nontotally symmetric vibrations, however,
produce bands which are called depolarized. These have a p ~ (.75, meaning that the
intensity perpendicular (/) to the incident light is 75% as strong as from the parallel
orientation (/).

The effects of polarized excitation is more complex when the sample is in the
crystalline state, where its orientation is fixed with respect to the incident light
and detector. Here, the components of the polarization depend on the orientation of
the crystal axes with respect to the direction of the incident light, its plane of the
polarization, and the placement and polarization of the detector. This requires the
measurement of the different components of the polarized Raman intensities (., Iyp,
1., etc.) along the crystal axes (i.e., a, b, and c), where the orientations of incident light
and the detector are indicated More details on depolarization studies may be found in
Appendix A.1. A more quantitative discussion requires discussion of the polarizability
tensor of an ellipsoid [164].

1.3.3. Vibrational Spectra of Nucleosides

Most of the molecular vibrations of a nucleoside are localized primarily in either the
base residue or the sugar moiety. Thus, the Raman spectrum of thymidine shows
Raman bands attributable to both the thymine residue and the deoxyribose moiety. The
origins of these bands have been determined by examining the Raman spectrum of
thymidine-1',2',3",4’,5' -(*C’)s, in which the five carbon atoms in the deoxyribose
moiety were uniformly replaced with the '3C isotope [165]. This heavier isotope
causes the vibrational frequencies within the sugar component of thymidine-13C5 to
shift with respect to those of natural thymidine. Consequently, those Raman bands that
shift may be attributed to deoxyribose motions. The medium-intensity band at
898 cm ™! showed the greatest frequency shift, —17 cm™'. It is assigned to a ring-
breathing vibration of the deoxyribose residue [165].

To understand the vibrational modes of the C2’ methylene group in deoxyribonu-
cleosides, the thymidine stereoisotopomer, (2'S)-[2'->H]thymidine, was synthesized
to incorporate deuterium in the S configuration at the furanosyl 2’ carbon [166]. The
crystalline powder of this molecule was analyzed by IR and Raman spectroscopies (the
latter using excitation at 1063 nm and 514.5 nm) and were compared with those of
normal thymidine. On the basis of these experiments, detailed vibrational character-
izations were made for many of its observed Raman and IR bands (shown in part in
Table 1.11). For example, the strong Raman band at 898 cm ™', which was assigned to a
deoxyribose ring-breathing vibration (see above), turns out to be sensitive to C2/(S)
deuteration. Thus, this band arises from a vibration that also has a significant amount of
2'CH, motion, probably methylene rocking. However, a vibration that consists
entirely of a methylene rocking motion is expected to exhibit a '*C shift larger than
20cm ™. Shifts of that magnitude were not observed in this region of the thymidine
spectrum, indicating that thymidine has no purely methylene rocking mode. Instead,
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TABLE 1.11. Vibrational Bands of the C2'-Methylene Group of Thymidine

Bands of C2'H2 Species Bands of C2'H(S)D Species
Infrared Raman“ Assignmentb Infrared” Raman“ Assignmentb
2994(m) 2996(s) CH, antisym st 2984(w) 2984(s) C—H st
2956(w) 2956(m) CH, sym st 2187(w) 2187(m) C—D st
1410(w) 1404(w) CH, scissor 1078(s) C2’DH def
1173(s) 1174(m) CH, wag 990(s) 993(m) C2'DH def
1069(s) 1103(w) CH, twist 903(m) 905(m) C2'DH def
896(w) 898(s) CH, rock 799(m) 801(m) C2'DH def

“Band frequencies are given in wavenumber units (cm '), and relative intensities are indicated in
parentheses.

PKey: sym—symmetic, antisym—antisymmetric, st—stretch, def—deformation, scissor—scissoring,
wag—wagging, twist—twisting, rock—rocking.

Source: Ref. 166.

the 2'CH, rocking modes are likely coupled with deoxyribose skeletal modes (such as
breathing motions), and may contribute to several bands in the 700—1000 cm ™' region.
It is suggested, however, that the 2'CH, contribution is especially large for the
898 cm ™! vibration [166]. By synthesizing [5'-'3C]thymidine, which has the C5’
position selectively replaced with '3C, it is possible to identify those bands in the
Raman spectrum that arise from motions involving that atom [167]. Whereas most of
the Raman bands remained the same as in natural thymidine, several were shifted
significantly to lower frequencies. These are listed in Table 1.12, along with their
assigned vibrational modes.

A comparison of the Raman spectra of thymine and thymidine reveals that 22 of the
Raman bands from the nucleoside correlate directly with those of the base [167]. These
are listed in Table 1.13 (for the assignments based on the thymine vibrational analysis,
see Table 1.5). Similar frequency correlations can be tabulated for the IR spectra of

TABLE 1.12. Raman Bands Showing Prominent Frequency Shifts on Replacing
5.12C by 3C in the Thymidine Molecule

Frequency (cm™")
5'-12C Species 5'-13C Species

Shift Vibrational Mode
2934 2931 -3 5'CH, symmetric stretching
1481 1477 —4 5'CH, scissoring
1066 1060 -6 5'C—4'C—H bending
1029 1022 -7 5'CH, rocking
1016 1012 —4 O—5'C—4'C antisymmetric stretching
852 849 -3 O—5'C—4'C symmetric stretching
396 393 -3 O—5'C—4'C bending

Source: Ref. 167.
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TABLE 1.13. Raman Bands Common to Thymidine and Thymine

Thymidine Thymine

Frequency (cm ™) Intensity” Frequency (cm ') Intensity”
1692 w 1700 w
1665 s 1672 s
1643 m 1652 w
1483 m 1489 m
1458 w 1459 w
1437 w 1434 w
1390 w 1408 m
1365 s 1368 S
1233, 1227 s 1258, 1246 m
1199 s 1214 m
1124 w 1156 m
1067 m 1048 w
1016 m 983 m
974 w 934 w
794 m 804 m
772 s 741 S
675 s 616 s
565 s 556 m
495 s 478 m
379, 397 m 320 w
297, 305 m 286 w

“Relative Raman intensity (s—strong, m—medium, w—weak) in the spectra of crystalline powder.
Source: Ref. 167.

thymidine and thymine. However, the IR intensities are more variable, presumably
owing to the greater sensitivity of infrared transition moments to the effects of
intermolecular interactions, which differ significantly in thymidine and thymine
crystal lattices. In the Raman spectra, the observed differences in frequency and
intensity between thymidine and thymine are attributable mostly to the base—sugar
vibrational couplings. Thymine exhibits, for example, a strong band at 616 cm ™! that
has been assigned [151] to the in-plane bending mode in which the six-membered ring
undergoes a skeletal deformation, while the C2=0 and C4=0 groups simultaneously
bend in phase with one another (a “windshield-wiper” motion). In thymidine, this
vibration is upshifted to 675 cm ™" in the Raman spectrum, possibly due to coupling
with a deoxyribose mode at 632cm ™. In thymidine-1’,2’,3’,4’,5/-13C5, this mode is
observed at 671cm ! in the Raman spectrum [165]. For thymidine-C2'-d, the
corresponding mode occurs at 663 cm ™' in the Raman spectrum [166]. The C2'-
deuteration shift of 12cm ™" (675 — 663 cmfl) in the Raman spectrum demonstrates
vibrational coupling with the deoxyribose moiety.

The strategy of site-specific furanose deuteration was initiated by Harada and co-
workers [168], who investigated the coupling of the base and sugar vibrations in purine
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ribonucleisides. These workers synthesized and obtained vibrational spectra of
adenosine and guanosine that are deuterated at the C1’ carbon, the site of attachment
of the purine base.

Vibrational coupling between the base and sugar in a nucleoside varies according to
the sugar conformation. For example, the ring-puckering vibration of guanine in
guanosine produces a Raman band at 682 +3 cm ™ if the ribose has S(C2'-endo)—anti
conformation, at 671 2 cm ™" for S(C2'-endo)—syn, at 664 + 2 cm ™" for N(C3'-endo)—
anti, and at 625+2 cm ™! for N(C3'-endo)—syn conformation. Such an empirical rule
was derived from a series of Raman spectra of crystals containing the guanosine
residues, whose structures are known through crystallographic analyses [169]. Other
marker bands were also proposed (Section 6.1.1).

1.3.4. Vibrational Spectra of Nucleotides

In the vibrational spectra of nucleotides and polynucleotides, there appear some
Raman and IR bands that are assigned to vibrations localized in their phosphate
portions, in addition to those assigned to their nucleoside moieties. These bands, along
with their properties, are listed in Table 1.14 [170,171]. Mononucleotides and terminal
residues of polynucleotides have a phosphomonoester group. At pH higher than 6, this
group takes the form of —O—POQ5”~, which shows a strong and broad IR band at
1100 cm ™" and a strong and sharp band at 980 cm ™" in the IR spectrum. The Raman
band corresponding to the latter is strong and polarized (see discussion below). The
former, at 1100 cm ™', is assigned to the PO5>~ degenerate stretching vibration and the
latter at 980 cm ™' to the PO~ symmetric stretching vibration. These two character-
istic bands of the PO5>~ group are seen in the spectra of adenosine-5'-monophosphate,
shown in Fig. 1.38 [171,172].

As examples of nucleotide Raman spectra in solution, those of 5-CMP and
5'-dAMP are shown in Fig. 1.39 panels (a) and (b), respectively [173]. Two scans
are seen in each of these, which were measured such that the polarization of the
scattered light is selected according to whether it is parallel (Il) or perpendicular (L) to

TABLE 1.14. Characteristic Frequencies of the =P(O,™ and —PO;2~ Groups

Frequency Infrared Transition Raman
Group (ecm™ ") Band Moment Band  Assignment
>PO,~ 1230 Strong Along the O....O Weak PO,  antisymmetric
stretching
1090 Strong Along the bisector Strong PO,” symmetric
of <OPO stretching
—POs*~ 1100 Strong, broad L to the threefold Weak  POs*~ degenerate
symmetry axis stretching
980 Strong, sharp |l to the threefold Strong  PO;*~ symmetric

symmetry axis stretching
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FIGURE 1.38. Infrared and Raman spectra of 5'-AMP in H,O solution [159,160].
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FIGURE 1.39. Raman spectra (1800-300 cm™ ) of some nucleotides in H,O solutions:
(a) polarized Raman spectra of 5'-CMP excited at 488.0 nm (/;—intensity of Raman scattering
beam polarized in same direction as that of exciting beam polarization; /, —intensity of Raman
scattering beam polarized in direction perpendicular to that of exciting beam polarization [173])
of; (b) polarized Raman spectra of 5'-dAMP excited at 488.0 nm. [/, and  ; are of same width as
in (a) [173]]; (c) UV resonance Raman spectrum of 5'-CMP excited at 200 nm [174]; (d) UV
resonance Raman spectrum of 5'-dAMP excited at 200 nm [175].
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the incident excitation. Together, they constitute the “depolarization ratio” of each
Raman band, as discussed Section 1.3.2 and Appendix A.1.

1.3.5. Resonance Raman Spectra

Resonance Raman spectroscopy is essentially the same technique as Raman spec-
troscopy, except that the energy of the incident light is tuned to an absorbance
maximum of the molecule in the UV-visible region. Under this condition, the input
energy is the same as (or, is “in resonance with”’) the energy gap between the electronic
ground and excited states that are associated with the absorbance feature. When the
energy of excitation is properly tuned, it will specifically excite vibrations associated
with that excited state, resulting in a significant enhancement of the Raman signal. An
excited electronic state is areal energy state of the molecule that has energy higher than
that of the ground state. This exited state has an electron distribution different from that
of the ground state, and often, a somewhat different geometric structure. This allows
the Raman transitions to satisfy certain special selection rules. This is in contrast to
standard, or “nonresonant” Raman spectroscopy, in which the excitation energy
corresponds to that of “virtual excited states,” which consist of a large number of
overlapping rotation—vibration energy levels within the electronic ground state.

Since each pyrimidine and purine base of nucleic acids has a few strong electronic
absorption bands in the 200-280 nm range (Section 1.2.1), the resonance Raman
spectroscopy in this wavelength region serves as a powerful tool for the conforma-
tional study of nucleic acids with a high sensitivity and selectivity. With the 200—
280 nm excitation, the Raman scattering intensity is, in general, so high that the
concentration of a nucleotide solution as low as 10~*M is sufficient for observing
Raman band and determining its frequency. In addition, the relative intensities of the
Raman bands of the same molecule may change considerably as the excitation
wavelength of the incident light is tuned to different absorption bands. It is thus often
possible to choose the excitation wavelength to maximize the intensity of a particular
Raman band of interest relative to other bands. This effectively increases the
selectivity of the technique for conformational studies.

To illustrate the marked changes of the absolute intensities of the Raman bands
of nucleotides, resonance Raman spectra of 5'-CMP [174] and 5'-dAMP [175]
are shown in Fig. 1.39 panels (c) and (d), respectively, along with the off-resonance
Raman spectra (Fig. 1.39a, b). When the Raman scattering intensity is plotted
as a function the excitation wavelength, it is called an excitation profile.
Excitation profiles were reported for many of the bands of 5'-CMP (1650, 1529,
1294, 1243, and 784 cm”! bands). Similar excitation profiles were obtained for some
Raman bands of 5'-AMP and 5'-dAMP. The intensities of most of the AMP Raman
bands are maximized at 260 nm, where the absorption maximum of AMP is located.

1.3.6. Vibrations of the Phosphodiester Linkage

Nucleic acids have an intense and polarized Raman band between 1000
and 1100cm ™', which can be assigned to the symmetric P—O stretching mode
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within the phosphodioxy (PO?") group. This can be done on the basis of detailed
analyses of the Raman and infrared spectra of orthophosphates and their simple
alkyl esters [176,177]. Likewise, intense bands in the 750-850 cm ™! region can be
assigned to vibrations that involve a large contribution from phosphorus—oxygen
stretching of the phosphodiester linkages. As there is significant vibrational
coupling between the sugar and phosphate groups, these bands are extraordinarily
sensitive to the nucleic acid backbone conformation and can provide a firm basis
for DNA and RNA conformational analysis. Figure 1.40 shows the Raman frequen-
cies and depolarization ratios of dimethylphosphate, together with descriptions of
the assigned vibrational modes, on the basis of a preliminary mathematical analysis.
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FIGURE 1.40. Raman and infrared spectra, Raman depolarization ratios, and preliminary
vibrational assignments of dimethylphosphate anion [177].
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Note that the symmetry of the dimethylphosphate anion leads to distinct symmetric
(757cm™") and antisymmetric (827 cm™') stretching modes with the expected
relative intensities: The 757 cm™~! vibration is strong in Raman and weak in IR,
whereas 827 cm ™' is weak in Raman and strong in IR spectra. However, in nucleic
acids, the strict twofold local symmetry is lost in the 3/,5'-diester form, and it is
not possible to rigorously define the symmetric and antisymmetric character of
the phophodiester O—P—O stretching bands. This may account for the phopho-
diester vibrations of DNA and RNA (approximately 810-840cm ') exhibiting
both relatively high frequencies and relatively high Raman (and also IR) intensities.

1.3.7. Infrared Spectra of DNA

Infrared absorption spectra of typical DNA, as undeuterated, partially deuterated,
and deuterated films, are shown in Fig. 1.41 [178]. Since the film was kept at 92%
relative humidity, the DNA molecules are considered to be B-DNA. As seen in the
figure, B-DNA gives a broad and strong band at 3400 cm ™' (or 2500 cm '), which is
assigned to the O—H (or O—D) stretching vibration of the hydrated water mole-
cules. The bands in the 1800-1500 cm ™' region are assigned to the C=0 stretching,
skeletal stretching, and N—H bending vibrations of the base residues [137]. They are
partially overlapped by HOH (or HOD) bending vibrations of the water molecules.
A strong band at 1220cm ™' is assigned to the PO, antisymmetric stretching
vibration, and another strong band at 1100 cm ™" is assignal to the PO, symmetric
stretching vibration of the phosphodiester group [137,170]. There are a number of
bands with strong, medium, and weak intensities in the region between 1000 and
700 cm™". These bands are due to the P—O stretching, C—O stretching, and N—H
out-of-plane bending vibrations and also to liberations (incomplete rotation in a film
or crystalline state) of adsorbed water molecules. The N—D out-of-plane bending
liberation of D,O should appear in the 600-400 cm ' region. Assignments of some
of these bands are indicated in Fig. 1.41.

Figure 1.42 shows the infrared spectra of the A and B forms of an oriented
DNA film from Micrococcus lysodeikticus observed with polarized radiation [179].
Prominent spectral differences between the A and B forms of DNA are observed in the
1300-1000 cm ™! region [179,180]. In A-DNA, the PO, antisymmetric stretching
band (located at 1230cm™" in parallel-polarized spectrum, and at 1243cm™" in
perpendicular-polarized spectrum) shows a perpendicular dichroism (i.e., 1, > 1),
whereas in B-DNA the antisymmetric stretching band (at 1220cm ™" in I, and at
1230cm ™' in L) is almost nondichroic (i.e., I, & I}).

In A-DNA, the PO, ~symmetric stretching band at 1092 cm ™' (both Iland L spectra)
shows a parallel dichroism (i.e., I | < I), whereas in B-DNA the symmetric stretching
band at 1088 cm ™' (both Il and L spectra) shows a perpendicular dichroism (i.e.,
I, > 1)). These differences in the IR dichroism are ascribed to the difference in the
orientations of the PO, group between A-DNA and B-DNA. Thus, in A-DNA the
O------ O line of the PO, group is directed nearly perpendicular to the helical axis
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FIGURE 1.41. Infrared absorption spectra of calf thymus DNA film placed in air of
92% relative humidity [178]. The spectra were observed in undeuterated, partially deuter-
ated, and nearly completely deuterated states. Deuteration is shown on the right side of the
figure.
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FIGURE 1.42. Infrared absorption curves of oriented films of DNA from Micrococcus
lysodeikticus in its A and B forms, observed with polarized radiation [179]. The solid line
represents the spectrum when the electric vector of the incident radiation is parallel to the fiber
axis; the broken line, the spectrum when the electric vector is perpendicular to the fiber axis. The
film was prepared by evaporating an aqueous solution of DNA with 10™> M NaCl onto an AgCl
plate. The spectrum of the A form was obtained by maintaining a prolonged environmental
humidity of 75%. The B-form spectrum was easily obtained at 92% humidity. The conversion
from A to B occurs readily when the humidity is changed from 75% to 92%, but the conversion
of B form back to the A form in the film requires a constant environmental 75% humidity lasting
for a week or so (Section 1.1.7).
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TABLE 1.15. DNA Samples Used in Spectroscopic Studies of Fig. 1.43

Source CG Content (%)
Tetrahymena pyrifromis GL 25¢
Cloastridium perfringens 31°
Calf thymus 43k
Escherichia coli 51°
Pseudomonnas aeruginosa 65¢
Micrococcus lysodeikticus 720

“Estimated from the melting temperature (61.8°C in 0.015M NaCl + 0.0015M Na citrate) and buoyant
density in CsCl density gradient centrifugation (1.686, as given by Flavell and Jones [182]).

bUlizur [183].

“Sueoka and Cheng [184].

Source: Ref. 184.

and the bisector of its O—P—O angle is directed nearly parallel to the helical axis. In
B-DNA, on the other hand, the O . . .. O line is inclined by around 54° from the helical
axis and the bisector is nearly perpendicular to the helical axis.

In the 800-700 cm ™" region, A- and B-DNAs show a difference in the vibrational
frequency that probably involves mainly the P—O single bond stretching mode
(Fig. 1.40). Thus, in A-DNA a weak band is observed at 807 cmfl, while in B-DNA
a broad and weak band appears at 832cm™'. The former shows a perpendicular
dichroism, whereas the latter is almost nondichroic. As will be described below, these
two diagnostic frequencies, 807 cm ™! for A-DNA and 832cm™! for B-DNA, are
observed more conspicuously in Raman spectra.

Nishimura et al. [181] examined the IR spectra (within 1750-1480 cm™ ') in D,O
of six different DNA samples, each with different guanine—cytosine (GC) content
(Table 1.15) [182—-184]. As may be seen in Fig. 1.43, the absorption peaks at 1621,
1642, 1668, and 1694 cm ™! become more prominent with decreasing GC content,
while those at 1580, 1648, and 1682 cm ™! become more prominent as the GC content
increases. In fact, after a proper adjustment of the absorbance scale in each absorption
curve, these frequencies are found to have an almost linear intensity relationship with
the GC content. This result indicates that, on the average, the A-T base pairs (or the
G-Cbase pairs) in all of these DNA samples are in similar structural environments with
respect to adjacent base pairs. The vertical stacking interactions between the base pairs
in adouble-helix polynucleotide structure should certainly affect the IR absorptions of
the base pairs, but this was not clearly detected in this series of DNAs, even though
their GC content spans the range of 25-72%.

1.3.8. Raman Spectra of B-DNA

Figure 1.44 shows the polarized Raman spectra of a B-DNA fiber obtained with a laser
excitation of 514.5 nm [185], and the polarized Raman intensities /.., lyp, Ipc, and Iy,
were measured in the (cc), (bb), (bc), and (cb) configurations (see Section 1.3.2).
Table 1.16 lists frequencies of the Raman bands observed for B-DNA fiber and for
B-DNA in solution. The vibrational modes assigned to these bands and depolarization
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FIGURE 1.43. Infrared absorption curves of different DNA samples in D,O solutions at about
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40°C. Each sample had different GC content (see Table 1.15) [181].

ratios observed for the B-DNA in solution (with random, isotropic orientation) are also
given [185]. The 1670 cm ™' band of B-DNA is assigned to the exocyclic carbonyl
(C=O0) bond stretching vibrations of the bases. Among the three base residues
containing carbonyl groups, the thymine contribution to the band intensity is large,
whereas that of guanine is small, and that of cytosine is negligible. The depolarization
ratio (p = 0.26) observed for the 1670 cm™ ! band of randomly oriented B-DNA can be
explained as a weighted average of the p values of the contributing base residues [173],

in accordance with their respective intensities.
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FIGURE 1.44. The Raman spectra (Iyp, Icc, Ine, and I ,) of a B-DNA fiber corresponding to
four tensor components (bb, cc, be, and cb, respectively) using 514.5 nm excitation, and at 10°C
and 92% humidity [185]. Here a, b, and c refer to the crystal axes. The DNA fibers were about
200 pm thick and were mounted in a thermostatically controlled hygrostatic chamber (micro-
sample cell), which was designed specifically for the sample platform of a Raman microscope.
This allowed the humidity to be carefully controlled, and the sample, wellequilibrated. The
electric vector of the exciting radiation was directed along the laboratory x axis. A polarizer
located before the entrance slit of the monochromator selects for Raman scattering along either
the x or y axis that is perpendicular to it. The fiber axis of the sample was placed along either the x
or y axis.

The 1578 cm ™' band of B-DNA comprises overlapping contributions from adenine
and guanine. The adenine contributor is almost completely depolarized (p =0.64),
whereas that of guanine is significantly polarized (p = 0.34) [173]. The intermediate
value of p (0.54) observed for the 1578 cm ™! band of B-DNA is thus consistent with
values observed for purine mononucleotides. The 1489 cm ™' band of B-DNA, also a
composite of contributions from two purines, is very strongly polarized in the nucleic
acid(p =0.17),as well asin the mononucleotides (p = 0.11in GMPand 0.13indAMP);
however, in this case the purine mononucleotide depolarizations are apparently not
simply additive. Interestingly, the depolarization characteristics of the two purine ring
modes at 1578 and 1489 cm ™ for isotropically oriented DNA in solution are dissimilar.
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TABLE 1.16. Raman Bands of B-DNA in Fiber and in Solution

Frequency

Fiber (cm™}) Solution (cm™}) Principal Assignment, Depolarization Ratio (p)
1669 1670 C=O0 stretching (T) 0.26+0.05
1578 1578 Ring mode (A, G) 0.54%0.05
1487 1489 Ring mode (G, A) 0.17£0.02
1465 — 5'CH2 scissoring —
1420 1420 2/CH2 scissoring 0.42+0.02
— 1375 Ring mode (T) 0.27£0.03
1339 1340 Ring mode (G, A) 0.43+0.02
— 1302 Ring mode (A, C) 0.33+£0.05
1257 1254 Ring mode (C, T) 0.47%0.05
1093 1092 PO,™ symmetric stretching <0.04
920 923 Deoxyribose 0.11+0.05
895 900 Deoxyribose 0.36+0.05
836 832 O—P—O stretching 0.17£ 0.10
792 792 O—P—O stretching 0.13+0.05
784 782 Ring breathing (C) 0.17 £0.05
750 749 Ring breathing (T) 0.10£0.05
729 728 Ring breathing (A) 0.13+0.05
682 683 Ring breathing (G) 0.19£0.05
— 670 Ring mode (T) 0.18£0.05
497 497 PO, ™ scissoring 0.15+0.10

“Key: T—thymine; A—adenine; G—guanine; C—cytosine.
Source: Ref. 185.

Depolarization ratios of CH, scissoring modes near 1420 cm ™" have been exam-
ined in Raman spectra of nucleotides [173]. In every case the p value is near 0.4. This is
also the case for isotropically oriented B-DNA (see Table 1.16). The four intense
Raman bands of B-DNA at 1254, 1302, 1340, and 1375 cm ™! can be assigned to in-
plane ring vibrations of the base residues. A common characteristic of each of these
Raman bands for isotropically oriented B-DNA in solution is that they will have a
depolarization ratio with an intermediate magnitude (0.25 < p < 0.50). In accordance
with the discussion in Section 1.3.2, such a p value is indicative of a relatively
anisotropic Raman tensor. (Using the notation of Appendix A.1 and Fig. 1A.1, these
would be given as Irql, Ir;l >1.) Accordingly, these bands are potentially good
candidates for probing DNA base orientations in complex biological assemblies by
polarized Raman spectroscopy.

The PO, ™~ symmetric stretching band at 1092 cm ™' is highly polarized (p < 0.04),
and the Raman tensor should be relatively spherical, or isotropic. (Using the notation
of Appendix A.1, and Fig. A.1, we expect r; = r, = 1, i.e., o & oy, R 01,,.) Accord-
ingly, this band in the polarized Raman spectra is not expected to be a useful indicator
of the residue orientation.
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Raman bands at 895 and 920 cm ™" of B-DNA fiber and those at 900 and 923 cm ™
of B-DNA solution can be assigned to bond stretching vibrations of deoxyribose ring.
Because of its highly Raman depolarization (p=0.11), the 923cm™' band is
considered to represent a more symmetric furanose ring stretching vibration than
does the 900cm ' band (p =0.36). These assignments are consistent with those
proposed for the sugar group of thymidine [165].

Depolarization ratios for phosphodiester modes of the 750-850 cm ™' interval are
shown in Table 1.16. It is seen that the bands at 792cm ™' (p=0.13) and 832cm "
(p=0.17) are both highly polarized. In B-DNA, therefore, the depolarization ratios
suggest that a distinction between symmetric and antisymmetric motions of the
C—0O—P—-0—C bond network is inappropriate (see Section 1.1.8 and Fig. 1.39).

Of the bands assigned to ring-breathing-type motions of the base residues, 683 (G),
728 (A), 749 (T), and 782 (C) cm_l, those of G and C exhibit significantly higher
p values, that is, lower polarizations, in B-DNA than in the corresponding mononu-
cleotide [173]. This may result from Raman tensor perturbations specific to pairing
and stacking of these residues in B-DNA.

1.3.9. Comparison of Raman Spectra of A- and B-DNA

Figure 1.45 shows the polarized Raman spectra of A-DNA fibers [185]. These were
obtained through exactly the same procedure with that used for the polarized Raman
spectra of B-DNA (Section 1.3.9) except that the relative humidity in the sample
chamber was maintained at 75%, instead of at 92%, which is the requirement for
B-form DNA.

Raman bands originating from C—C and C—N bond stretching vibrations of the
base residues are expected to dominate the 1100-1700 cm ™" spectral region. Normal
coordinate calculations suggest that many of the modes here involve 180° phase
differences in the stretching of adjacent bonds of the heterocycles [153,154]. For both
A- and B-DNA fibers, seven strong peaks are detected in this region of the Raman
spectrum. In the Iy, spectrum of the B-DNA fiber (Fig. 1.44, trace) the peaks are
centered at 1257, 1304, 1339, 1375, 1487, 1578, and 1669 cmfl; the corresponding
bands of A DNA (Fig. 1.45, trace) occur at 1257, 1304, 1339, 1376, 1486, 1577, and
1677 cm ™. In B-DNA, the band near 1339 cm ™", due to adenine, is less intense than
the thymine band near 1376 cm™'. The relative intensities of these adenine and
thymine markers are reversed in A-DNA. Figures 1.44 and 1.45 show that all of the
strong I, Raman bands noted above are greatly reduced in /.. spectra of both A-DNA
and B-DNA. This fact may indicate that, for each of the corresponding normal modes
of vibration, the out-of-plane tensor component (o) is much smaller than at least one
of the in-plane tensor components (o, Or o) (see Section 1.3.5).

Although in both A and B fibers the base planes are oriented close to the normal to
the fiber axis (c axis), the base tilt angle in A-DNA (about 20°) is greater than that in
B-DNA (nearly 0°) (Sections 1.1.3 and 1.1.7). Accordingly, it might be anticipated that
Raman anisotropies for the above-noted in-plane base vibrations, as measured by the
polarized Raman intensity ratio Iy,,/I., should be greater for B-DNA than for A-DNA.
However, Figures 1.44 and 1.45 indicate that this is not the case for any of the bands in
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FIGURE 1.45. Raman spectra (Iyp, Iec, Ipe, and I,) of an A-DNA fiber corresponding to four
tensor components (dd, cc, be, and cb, respectively). Here a, b, and c refer to the crystal axes.
The spectra were acquired by exciting the sample at 514.5 nm and maintaining the temperature
at 10°C and the humidity at 75% [185].

question. A possible cause for this is the higher crystallinity and greater degree of
unidirectional orientation achievable for fibers of the A form than for fibers of the
B form. This is consistent with fiber X-ray diffraction patterns reported for sodium
salts of A- and B-DNA [12,13].

The I, spectrum of A-DNA reveals a very strong Raman band at 807 cm ™" for the
sugar in the C3’-endo geometry (Fig. 1.45). B-DNA exhibits a much weaker band at
836cm ™' for sugars in the C2'-endo geometry (Fig. 1.44). The 807 and 836cm ™
frequencies correspond to the well-characterized “marker” bands of DNA, which are
considered diagnostic of A and B conformations, respectively [177,187,188]
(see Section 1.3.10). Extensive study of nucleic acid model compounds [176,177]
indicates that these modes originate from vibrations associated with the 3’,5'-phos-
phodiester bond network (C—O—P—0—C) and not from sugar puckering (see also
Section 1.3.9).

For B-DNA, an additional marker band near 792 cm ™' has been proposed on the
basis of deuteration effects observed in fiber of calf thymus DNA [188]. A putative B
backbone marker near 790 cm ™' would normally be masked by DNA of mixed-base
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composition due to the presence of overlapping Raman band near 784 cm ™' assignable
to a ring mode of the cytosine residue. We see, from the I, and /.. spectra of A-DNA
(Fig. 1.45), that the out-of-plane Raman tensor component (a..) of the 784 cm ™'
cytosine mode is relatively small. Accordingly, the strong band in the /.. spectrum
of B-DNA cannot be assigned to the cytosine mode. A reasonable assignment is to
a phosphorus—oxygen single bond stretching vibration, which is expected in the
750-850 cm ! region [176].

The two relatively weak bands of B-DNA at 895 and 920 cm " are assigned to bond
stretching vibrations of the deoxyribose ring. This assignment is supported by the
observation that similar bands, at 852 and 898 cmfl, in the Raman spectrum of
thymidine are shifted by 12 and 17 cm™, respectively, on '*C substitution of C1’, C2’,
C3',C4’, and C5’ positions of deoxyribose residue [165]. Further support is provided
by significant band shifts of guanosine in the 850-1000cm™ region on deuterium
substitution of the C1’ position [168]. Similarly, weak bands are observed in A-DNA at
882 and 897 cm™'. For the band of 882 cm™ in A-DNA, Iy, < I is observed. For all
other deoxyribose bands in this region, we find Iy, > ..

The Raman band assigned to the symmetric O=P=O stretching vibration of the
nucleic acid phosphodioxy (PO, ") group is expected near 1093 cm ™ in the structures
of B form and near 1100 cm™! in A-form structures [137,170]. These PO, markers
are observed at the expected frequencies both B and A fibers (see Fig. 1.44 and 1.45).
For both DNA conformations, we note also that the I, and /.. intensities are nearly
equal. This contrasts sharply with the results from polarized infrared spectroscopy,
where I, > 1, for A DNA, but [, < I, for B-DNA (see Section 1.3.10). The fact that
Iy, = I for the Raman PO, mode can therefore be attributed to an intrinsically
isotropic local Raman tensor.

The antisymmetric O=P=O0 stretching vibration of the phosphodioxy group is
expected near 1200 cm™'. Although this vibration generates intense infrared absorp-
tion, the Raman scattering is characteristically very weak. Actually, no band definitely
assignable to the antisymmetric O=P=0 stretching mode can be detected in spectra of
either the A- and B-DNA fiber (see Figs. 1.44 and 1.45).

Relatively intense Raman bands that can be assigned to the “ring breathing”
motions of guanine, adenine, thymine, and cytosine are observed, respectively, at 666,
731,753, and 784 cm ! in A-DNA and 682, 729, 750, and 787 cm ™! in B-DNA. As
noted above, the 787 cm ™' band of B-DNA actually represents the unresolved center
of two overlapping bands due to cytosine (near 790 cm ™) and the B backbone (near
790 cmfl). For all of the ring modes, I,, > I..., which is consistent with the fact that the
out-of-plane tensor component (o..,) is smaller than those of in-plane components (o,
and a.,,). It should be noted that the Raman anisotropies for the in-plane base modes are
greater in A-DNA than in B-DNA.

In both A and B fibers, a weak but prominent band is observed near 498 cm” L
Assignment of this band to a valence angle bending mode (scissoring) of the
phophodioxy group is supported by normal coordinate analysis [189]. High Raman
anisotropy (Ipp > I..) distinguishes this phosphate group bending vibration from the
abovementioned phosphorus-oxygen stretching modes in the 750-1100cm ™'
interval.
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All Raman bands in the /Iy, and I, spectra (Figs. 1.44 and 1.45) are weak, and
therefore their signal-to-noise ratios are low. Nevertheless, some interesting conclu-
sions can be drawn from these observations:

(1) The results show that I,. =1, for a given DNA fiber; that is, the Raman
spectrum of a fiber oriented along the c axis is invariant to an orthogonal
interchange of the polarization directions of the incident and scattered light.
This is consistent with precise optical alignment of the Raman microscope—
spectrometer system, with the absence of polarization artifacts, and with a high
degree of unidirectional orientation of DNA along the fiber axis.

(2) Comparisons between A- and B-DNAs indicate important tensor similarities
and differences. For example, the bands near 1487, 1578, and 1669 cm !
exhibit nearly equal intensities and band shapes in A and B fibers. On the other
hand, the CH, scissoring mode near 1420 cm ™' gives a sharp band in B-DNA,
but a more diffuse band in A-DNA. The bands at 1303, 1339, and 1375 cm ™!
are prominent only in B-DNA, whereas the 1257 cm ™' band is prominent only
in A-DNA.

(3) Finally, of particular interest is the observation that the PO,~ symmetric
stretching band appears much more prominently in the Iy, (or /) spectrum of
B fiber than that of the A fiber. Thus, the different orientations of phospho-
dioxy groups of A- and B-DNA, which are not obvious in the /I ratio, are
clearly revealed in the /Iy, anisotropy.

1.3.10. Raman Spectra of Z-DNA

As stated in Section 1.1.9, the self-complementary hexamer DNA sequence,
d(CGCGCQG),, forms a left-handed helix (Z-DNA) in the crystalline state, as deter-
mined by X-ray diffraction [51,52]. Raman measurements on this crystal are shown in
Fig. 1.46. For each intense band in the 300~1700 cm ' region of the Raman spectrum,
the relative scattering intensities, I,,, Iyp, and I, corresponding to the aa, bb, and cc
components of the crystal Raman tensors, were determined [190]. In the crystal, the
helical axis of the molecule is aligned nearly along the crystallographic ¢ axis, and the
base planes are in the crystallographic ab plane, which is exactly perpendicular to the ¢
axis (see Fig. 1.9¢c).

As seen in Fig. 1.46, Raman bands of the /.. spectrum at 1579 (G), 1486 (G), 1318
(G), 1264 (C), 784 (C), 670 (G), and 625 (G) cm ! are much weaker than their
counterparts in the /,, and I, spectra. This observation is consistent with the crystal
structure, which shows all base-planes arranged nearly in the ab plane, that is, nearly
perpendicular to the c-axis. Thus, at least one in-plane component (¢, or o) must be
much greater than the out-of-plane component (o) for the Raman tensor correspond-
ing to each band. The two ring breathing bands of guanine at 670 and 625 cm ™' are well
known as deoxyguanosine conformation markers (see Section 1.3.2 and Fig. 1.37).
The 670cm™' band is assigned to two terminal dG residues with C2'-endol/syn
conformation, and the 625cm ™' band is assigned to the four internal dG residues
with C3'-endo/syn conformation.
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FIGURE 1.46. Raman spectra of the single crystal of d(CGCGCG),, which has a Z-DNA
conformation. The three spectra correspond to the three different orientations of the unit cell
axes with respect to the electric vector of exciting and scattered radiation [190].

The weak band at 1426 cm ™' in 1, and I, spectra, assigned to CH, scissoring, is not
evident in /. spectrum, where instead a weak band is observed at 1433 cm™ . The
crystal structure reveals that most C2'H, groups are oriented such that a line
connecting the two hydrogen atoms is approximately perpendicular to the ¢ axis.
Since the H.. . .. H line is the direction along which the Raman tensor should have its
greatest component [ 172], the corresponding Raman band should exhibit much greater
intensity in the I, and I, spectra than in the /.. spectrum. On this basis, the 1426 cm™!
band may be reasonably assigned to the C2'H, groups, and the 1433 cm ™' band to the
5'CH, groups.

The 1095 cm ™' band, assignable to the symmetric stretching vibration of the
anionic phosphodioxy group (O=P=0)", gives similar intensities in all polarized
spectra. This is expected because the 10 PO, groups per asymmetric unit of the
duplex are oriented along markedly different directions. Additionally, the Raman
tensor of this vibration is expected to be intrinsically isotropic.

The Raman band at 868 cm ™' draws special attention. This is the only band that
is more intense in the I.. spectrum than in either the I, or I, spectrum. The
Raman tensor of the 868 cm ™" band, therefore, exhibits its greatest component
along the crystallographic c¢ axis. This band is tentatively assigned to a furanose
ring-breathing vibration (see Section 1.3.3 and Ref. [165]). In the d(CGCGCG),
crystal, all furanose rings are arranged with their “planes” parallel to the c axis and
with the C1’—0—C4' angle bisectors nearly parallel to the ¢ axis. It is possible that
one component of the Raman tensor is localized along the bisector, and that this
Raman tensor component is much greater than the other two, thus accounting for
the observed anisotropy.
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1.4. NMR SPECTRA

Nuclear magnetic resonance (NMR) spectroscopy is a powerful method for studying
the structures of drug—DNA interactions, as well as drug-binding affinities. It can be
used in different ways to obtain many different types of information; hence, it can be
regarded as a family of closely related methodologies, rather than as just one
technique. As the details of NMR far exceed the scope of this book, we will consider
only the most essential aspects of this subject, focusing primarily on its application to
the most common elements in biochemical research, namely, H, C, N, and P. More
details on selected aspects of NMR can be found in Appendix A.2. The interested
reader is referred to the many excellent texts for information on the principles of NMR
[191-196] and on its uses in nucleic acid research [197-203].

The term nuclear magnetic resonance (NMR) is derived from its reliance on the
intrinsic quantum mechanical properties of the nuclei of atoms. Atoms contain the
subatomic particles, electrons, neutrons, and protons, each of which has a property
called “spin.” NMR is based on the combined spin of the protons and neutrons in the
atomic nucleus, which is described by I, the nuclear spin, or nuclear angular
momentum. By contrast, the related technique, electron spin resonance (ESR), is
based on the spin of electrons (see Section 1.5).

Both electrons and nuclei can be regarded as very small bar magnets, with a small
magnetic moment, . The magnitude of w is dependent on a constant, called the
gyromagnetic ratio, or y. Whereas all electrons are identical, the nuclei are not. The
values of the nuclear spin and y value depend on the atomic and mass numbers of a
given isotope (see Table 1.17) [204]. Those isotopes having nuclei with large absolute
values of y are easier to detect, and are said to be “sensitive,” whereas those with small
v values are “insensitive.”

The most commonly used isotopes in biological NMR studies are 'H, '*C, '°N, and
31p (see Table 1.18). Of these, 'H is the easiest to detect. This isotope is almost 100%
abundant and is NMR active—its nucleus has a spin quantum number of / = %, as well
as a large y. The phosphorus isotope, 3'P, also exists in 100% abundance, and its
nucleus has a spin of I = %, but its v is much smaller. It also suffers from an efficient
relaxation process called chemical shift anisotropy (CSA), which broadens its peaks
(see Appendix A.2). The nuclei of the most abundant isotope of carbon, 12C, is not
NMR-active (I = 0), whereas that of the less abundant isotope (1.07%), 3C,hasI = %,
and is active. Therefore, the '>C carbons are often replaced with '*C by isotopic

TABLE 1.17. Properties Determining Nuclear Spin®

Mass Number Atomic Number Nuclear Spin (1)

Even Even 0

Even Odd Integral (1, 2, 3...)

0Odd Even or odd Half-integral (3,3,3,...)

“Whenl = % the nucleus has a spherical electric field, resulting in sharp peaks in the NMR spectrum. When
1> %, the nucleus has an ellipsoidal electric field, resulting in quadrupolar relaxation and hence broad NMR
lines. All nuclei with /#0 are observable by NMR (i.e., are “NMR-active”).
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TABLE 1.18. NMR Properties of Selected Nuclei”

Number of
Nuclear Spin States Gynomagnetic Natural

Nucleus Spin (1) (m=2I+1) Ratio (y) (Tes) ™! Abundance (%)
L H ! 2 2.675 x 10° 99.988
2H 1 3 4.107 x 10’ 0.012
2c 0 0 0 98.89
e ! 2 6.728 x 10’ 1.07
BN 1 3 1.934 x 107 99.63
BN ! 2 ~2.712 x 10’ 0.37
%0 0 0 0 99.96
tlo 3 6 —3.628 x 10’ 0.04
3p ! 2 10.839 x 10’ 100.00

“The atomic number is given as a subscript and the atomic mass, as a superscript.
Source: Data taken from Ref. 204.

enrichment in biological samples. In the case of nitrogen, there are two NMR active
isotopes, 14N and 1°N, of which N is the most abundant, but its nucleus has a quantum
spin number of /= 1. Nuclei with /=1 produce spectra that are often difficult to
interpret, and '*N has the added disadvantage of undergoing very fast quadrupolar
relaxation, producing broad bands in the spectrum (see Appendix A.2.3). On the other
hand, N, which is not as abundant (0.37%), has a spin of % and has better relaxation
properties. Once again, the concentration of '>N is usually enriched in biological
samples to enhance its detection.

Bar magnets interact and align themselves with respect to each other. Similarly,
when nuclei are placed in a strong, external magnetic field, the nuclear magnetic
moments also align with that magnetic field. NMR spectroscopy is based on
manipulating that alignment by irradiating the sample with radiofrequency pulses
of appropriate energy. By pulsing the sample in different ways, a wide variety of
experiments can be performed, each of which probes the molecule for different
properties. The most common analyses made via NMR are chemical shift (indicative
of the local chemical environment), resonance intensity (a measure of the relative
numbers of a given type of atom), spin—spin coupling (a function of through-bond
connectivity, and hence chemical structure), the nuclear Overhauser effect (a function
of through-space proximity, and hence of molecular conformation), local and global
dynamics as determined by relaxation properties (arising in part from the previous
two), chemical exchange, and diffusion.

1.4.1. NMR Signals and Magnetization Relaxation

As noted above, the magnetic fields of nuclei align themselves in the presence of a
strong magnetic field. The net magnetization of the nuclei can be expressed as a vector
that points in the same direction as the magnetic field, which is defined as being along
the z axis (Fig. 1.47). In a typical modern NMR experiment, the sample is briefly
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FIGURE 1.47. A comparison of the macroscopic and microscopic aspects of an NMR
experiment with respect to the laboratory’s physical coordinate system, in which the magnetic
field defines the +z axis. Diagram (a) depicts the placement of the sample and receiver coils
within the instrument, and indicates that located along the x and y axes. Diagram (b) shows the
orientations of the nuclear magnetic moments of the sample with respect to their spin states.
There are more spins aligned with the external magnetic field (Bg) than opposed to it, hence the
net magnetic vector is also aligned with it, and points in the +z direction. The dipole moments of
the nuclei rotate around the z axis with a periodicity proportional to the gynomagnetic ratio (y).
This is called the Larmor precession frequency. For a magnetic field strength of 11.74 T, a
proton ('H) will precess at a rate of 500 MHz.

irradiated with a radiofrequency (RF) pulse, which rotates the nuclei into the x,y plane
(perpendicular to the z axis). The intensity of an NMR signal is determined by the
amount of magnetization in the x,y plane as a function of time. When the RF pulse is
turned off, the nuclei begin to return to the initial alignment via a variety of relaxation
processes (Appendix A.2.3). These processes are depicted in Fig. 1.48, and fall into
two general categories: longitudinal relaxation (spin—lattice) and transverse relaxa-
tion (spin—spin). Together, they give rise to all measurable NMR properties. For
example, dipole—dipole relaxation, which is one of several longitudinal relaxation
processes that involve the interaction of nuclei through space, gives rise to the
nuclear Overhauser effect (NOE; see Section 1.4.4) as well as dipolar coupling (see
Section 1.4.5). Similarly, transverse relaxation, which arises from spin—spin coupling
(also called scalar, or J coupling), is the origin of the splitting patterns in one-
dimensional (1D) spectra. It is this process that enables through-bond correlation
experiments, which provide information on the connectivity of atoms within a
molecule (e.g., COSY and HSQC:; see Sectionl.4.3).

These relaxation properties are often affected by experimental conditions, such as
temperature and viscosity, which can alter the NMR spectrum, especially the peak
locations and their linewidths. The former is illustrated in Fig. 1.49, which shows the
phosphorus (*'P) NMR spectrum of d(CCTAGG), at 11°C, as well as a graph of how
the positions of the peaks change with temperature [205,206].



NMR SPECTRA 75

907 pulse
Y — ¥

X x'

Equilibrium state

"Z. z
T2 T
A + y
x' ‘ x'
Transverse Longitudinal
relaxation relaxation
(spin-spin) (spin—lattice)
z
{In rotating ¥

coordinate frame)

Equilibrium state

FIGURE 1.48. In their initial, equilibrium states, the nuclei are aligned such that their
net magnetization is along the +z-axis (M, #0), with no net magnetization in the x, y plane
(M,., = 0). Then, the nuclei are depicted as being irradiated with a 90° pulse radiofrequency
along the x axis, causing the net magnetization (M) to rotate away from the z axis, and aligning it
along the y axis (M, # 0, M, = 0). After the pulse is turned off, the magnetization relaxes back to
its equilibrium alignment with the magnetic field via two relaxation processes. Longitudinal
relaxation is the vertical realignment of M along the +z axis (M, #0). Transverse relaxation is
the restoration of zero net magnetization within the x, y plane (M., ,, = 0). The latter is achieved
by the radial dispersion of the individual nuclei within the x, y plane, resulting in a net
cancellation of the magnetization. These processes produce all measurable NMR phenomena
and result in the free induction decay (FID) curve. The coordinate system (x' ¥’ Z) is rotating
with respect to the fixed coordinate system (x y z) around the z axis. See text and Appendix A.2,
Section A.2.3, for more information.

In addition, these relaxation properties can provide useful information about
the dynamical motion, or conformational fluctuation, within a molecule or its
complex. Such motion is usually altered when a drug or other ligand binds to DNA,
and can sometimes be correlated with the preferential binding of the drug at
certain base sequences. For example, an early study of the flexibility of calf
thymus DNA (CT-DNA) measured the transverse relaxation time of its *'P NMR
spectrum [207].
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FIGURE 1.49. (a) The phosphorus NMR spectrum of d(CCTAGG),; (b) *'P chemical shifts
of d(CCTAGG); as a function of temperature and their assignments [205].

More information about the mechanisms and measurement of relaxation proper-
ties can be found in Appendix A.2.3.

1.4.2. Proton NMR Spectra of Bases, Nucleosides, and Nucleotides

1.4.2.1. Chemical Shifts Figure 1.50 is an example of a proton ('H) NMR
spectrum of a nucleoside. This is a spectrum of cytidine that was obtained in a D,O
solution, using a spectrometer with a magnetic field strength of 5.87 T (teslas) [208].
Cytidine has 12 hydrogen atoms, each of which is observed in the NMR spectrum as a
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FIGURE 1.50. The 250-MHz 'H NMR spectrum of cytidine in >H,O [208].

peak occurring at a different resonance frequency, or “chemical shift” (8), expressed in
units of ppm (see Appendix A.2.2). These different frequencies arise from the fact that
each proton (or 'H hydrogen atom) is in a slightly different electronic environment,
and hence “feels” the external magnetic field slightly differently. These resonances
can be summarized as follows:

Base protons: H5: 6 =6.049 ppm; H6: 8 =7.752 ppm (not shown);
Sugar Protons: H1’: 8§ =6.144 ppm; H2': 8 =4.478 ppm;

H3': § =4.310 ppm; H4': 6 =4.254 ppm;

H5'": 8 =3.930 ppm; H5": 8=3.731 ppm.

Nuclei in similar environments always have comparable resonance frequencies and
generally fall within a relatively small range of ppm values [198,209,210]. These vary
systematically as a function of nucleotide sequence and global structure, arising from
differences in the local chemical environments. For example, the H8 of deoxygua-
nosine in the second G (or G;) of the sequence d(CGCAGAATTCGCG), has
8 ="7.95 ppm, whereas the H8 of the 12th base (or G1,) has § =7.76 ppm. Thus, the
effect of DNA sequence and base-pairing influences the observed resonance frequen-
cies, but the different DNA residues can still be distinguished. Table 1.19 lists the
chemical shift values of hydrogen, carbon, and nitrogen of some nucleoside residues in
B-form DNA.

1.4.2.2. Spin-Spin Coupling Constants The 'H NMR spectrum of cytidine
(Fig. 1.50) also demonstrates another important feature of NMR spectra—the reso-
nance lines for most of the hydrogen atoms do not appear as single peaks, but rather are
splitinto multiplets. The separation between these peaks gives the coupling constant J,
and is measured in Hertz (Hz). The physical mechanism for this effect is the transfer of
magnetization via the spin pairing of each atomic nucleus to the spins of the electrons
in chemical bonds between them. It is thus called an electron—coupled, spin—spin
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TABLE 1.19. Normal Ranges of Proton ('H) and “X”-Atom [Carbon ('>C) or Nitrogen
(!N)] Resonance Frequencies in a Standard DNA Duplex

Resonances (ppm)

Atom Position/Group 'H X

Deoxyribose Bc

I 5.2-6.7 84-91

2/ (H', H") 0.9-3.9 37-44

3 4.1-5.6 72-82

4 3.8-5.0 84-89

5" (H', H") 3.3-4.6 62-72

Nucleoside” B¢

2 (A) 7.3-8.4 153-155

5(0) 4.5-6.5 92-99

6(C, T 6.5-8.1 139-143

7 (T) 0.8-1.6 13.5-15

8 (A, G) 7.4-8.5 137-142

15N

—NH, (A, C, G) 6.2-9.0 (A) 79-81
(G) 74-76
(C) 96-98

>NH (ring NH of G, and T) 10-15m (G) ~147
(T) 158-160

“These numbers were compiled from multiple sources [198,209]. The ranges listed here are approximate, as
many outlying examples exist. In particular, the resonances arising from cytidine may have a much wider
range than those given here, as they may exist in both neutral and acid forms.

PNotice that the chemical shifts of aromatic atoms in the nucleosides are much higher than those in
deoxyribose moiety.

interaction, which can be depicted for a C—H bond as
TH— e —Te -] C

where the arrows refer to the orientations of the quantum spin states. Thus, each
nucleus is sensitive to the possible orientations of the spin of its neighbor. This method
of transferring magnetization is an important transverse relaxation process in NMR
called T, (see Fig. 1.48, left, Section 1.4.3, and Appendix A.2, Section A.2.3). The
strength of the coupling between two nuclei i and j is given by the magnitude of the
interaction energy

E= hJ(I,"Ij)7 (16)
where h is Planck’s constant, I is the spin quantum number of nucleus &, and J is the

coupling constant. This coupling is also called J coupling or scalar coupling because
of the form of this mathematical equation.
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Under normal circumstances, this spin—spin coupling extends out to about three
bonds (e.g., H-C—C—H), although coupling through more bonds is possible. This
through-bond coupling provides information on an atom’s chemical environment,
and it can be exploited to determine unambiguously the connectivity of a chain of
atoms by using one of the spectroscopic, 2D correlation experiments, such as COSY
(Section 1.4.3).

When a nucleus is coupled to a neighbor with a nuclear spin of I = %, its resonance
will be split into a doublet; if the neighboring atom has a spin of /=1, then it will be
split into a triplet. Thus, the general rule is that the number of lines in a multiplet is
(2nI + 1), where n is the number of identical atoms in a neighboring chemical group
and /is the spin of these nuclei. The intensity of each line in the multiplet is determined
by the number of possible combinations of individual spins that can produce a given
value of total spin, and follows a binomial distribution. That is, when a nuclei is
coupled to a group of n identical protons, its resonance is split into a series of peaks
whose number and intensity ratios are given in the nth row of Pascal’s triangle (for
couplings to nuclei with I = %):

n Resonance Pattern Splitting Pattern
0 1 Singlet

1 1 1 Doublet

2 1 2 1 Triplet

3 1 3 3 1 Quartet

(etc.)

The situation can become quite complex if a nucleus is coupled to several non-
equivalent nuclei, or if there is longer-range coupling, such as through a double bond.

Returning to the cytidine spectrum as an example (Fig. 1.50), the HI' hasan ] = %
neighbor, H2', and hence has its resonance line splitinto a doublet with J = 3.2 Hz. The
H2’, however, has a deceptively simple triplet pattern. In fact, this is not a triplet at all,
but a doublet of doublets in which the two inner lines overlap. This happens because
H2' is coupled with both H1’ and H3’, and the coupling constant is nearly the same with
each, J = 3.7 Hz. This results in the same intensity pattern as the n = 2 case, but really
results from two n =1 groups.

It is possible to predict these coupling constants by using the Karplus equation
[211], which is an experimentally parameterized relationship between the magnitude
of the coupling constant, J and the dihedral torsion angle ¢ about the central bond in a
chain of four atoms. This equation has several forms depending on the number of
dimensions in the spectrum being analyzed. For a 1D NMR spectrum, it is

J(d) = A cos?(dp—60)—B cos(p—60)+C (1.7)

where A, B, and C are empirical parameters, which depend on the types of atoms
involved in the coupling. This relationship between coupling constant and dihedral
torsion angle (¢) is graphed in Fig. 1.51 for HCCH coupling. It clearly reveals that
these coupling constants are largest when ¢ is either 0° or 180°, and smallest at 90°.
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FIGURE 1.51. The Karplus curve; showing dependence of the coupling constant J (in Hz) on

the dihedral angle ¢, which is defined by the planes of H—C;—C; and C;—C;—H bonds in an
H-C;-C;-H fragment.

This equation is very important when determining 3D structures of biological
macromolecules from NMR data.

This mathematical function applies only to weakly coupled systems, where J is
much smaller than the chemical shift difference between the coupled nuclei (and all
frequencies are expressed in units of Hertz); that is, it applies when 10 |J| < AS, where
A3 is the difference in the chemical shifts, for example (8(H,) — 8(H,)) in Hertz. This
defines a “first-order” spectrum. If J has at least the same order of magnitude as A9,
then more complex spectral patterns are observed, as in the 4.2—4.4 ppm region of the
cytidine spectrum (Fig. 1.50). As the external magnetic field strength By increases, the
chemical shift difference (Ad, in Hz) between the coupled peaks is also increased.
Since almost all modern spectrometers operate above 400 MHz for the 'H, AS is
greater than 10 |J]. This means that all protons are weakly coupled, and their spectra
can now be considered to be first order.

1.4.3. Correlation Analysis, or “Spin—-Spin Coupling”

When determining the three dimensional structure of a molecule, itis necessary to first
assign the NMR resonances to specific atoms within the molecule. An atom’s
chemical shift value (ppm) often provides a general classification of its chemical
environment, but it gives no information regarding the atom’s connectivity (bonding)
to other specific atoms. As noted in the previous section, the nuclear magnetic dipole
of one atom can interact with a chemically attached neighboring atom through
their shared electrons in the chemical bond. This is a T, relaxation process (see
Appendix A.2.3) and there are many NMR experiments that take advantage of this to
determine chemical connectivity.

For example, chemical connectivity may be determined by a one-dimensional
experiment in which a sample is irradiated with a radiofrequency equal to the
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resonance of a particular atomic nucleus. This “decouples” any other resonances that
are spin-coupled to that irradiated nucleus, resulting in the collapse of the coupling
patterns. Hence, irradiating the H2' of cytidine at 4.48 ppm will cause the H1’ doublet
at 6.14 ppm to collapse into a singlet located at its midpoint (compare with Fig. 1.50).
This radiofrequency causes the irradiated nuclei to rapidly transit between their
possible spin orientations, rendering the different spin states indistinguishable [193].

By using a variety of such pulse sequences, it is possible to take advantage of these
T, relaxation processes in order to transmit magnetization information along a chain of
atoms of two bonds, or more. This can unequivocally establish a series of atoms that are
chemically connected to each other. Common two-dimensional experiments that
measure this are COSY, TOCSY, HMBC, HSQC, HMQC, and HETCOR (or hetero-
nuclear COSY). The first two of these are homonuclear experiments that establish
through-bond connectivities between protons. The remaining four experiments
establish through-bond connectivities between protons and heteroatoms (e.g., °C,
5N, and *'P). In addition to these experiments, many others exist that have been
designed specifically for certain chains of atoms, especially those found in proteins.
We will not consider all of these different experiments, but instead only discuss the
uses of general types.

1.4.3.1. Homonuclear Correlations and Coupling Analysis The homo-
nuclear COSY experiment establishes which protons ('H) are on the same or
adjacent carbon atoms, but it provides no direct information about the intervening
carbon atoms. In nucleic acids, the 'H-'H coupling patterns within the sugar rings
are particularly informative, as they can allow one to unequivocally distinguish
most of their resonances. The TOCSY experiment provides similar information as
the COSY, but it relays magnetization through an entire network of spin-coupled
nuclei. So, the COSY shows interatom connectivity between adjacent protons on
a pairwise basis, whereas the TOCSY reveals all protons in a group. Together,
these experiments can be used to assign the signals of all the sugar protons in a
nucleotide.

The phase-sensitive variant of the COSY (called DQF-COSY) contains additional
information about the J coupling between protons. It is often used to determine the
sugar pucker conformations of the nucleotides. This is possible because each proton in
a sugar ring is coupled to its adjacent neighbor, and the coupling constant between
protons is an indication of the dihedral torsion angle (), as given by the Karplus
equation (Section 1.4.2). Thus, by carefully determining the various coupling con-
stants, one is able to determine the pseudorotation angle P (Section 1.1.4) [212-216].
These angles can, in turn, be correlated to the backbone torsion angles. Although
several programs are available for this type of detailed analysis, it remains fairly
tedious. It is also often possible to make a more qualitative classification of the
pseudorotation angle by simply comparing the experimental coupling patterns of the
H1’-H2' and H1’-H2"” COSY cross-peaks to those found in the literature. If more than
one conformation exists for a molecule, or if a sugar undergoes rapid dynamical
motion, such as rapid flipping of its pseudorotational angle (“repuckering’), then these
coupling patterns can become diffuse, or indistinct, or their different phases may result
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in cancellation of the peak intensities. There are other techniques for obtaining this
information that do not rely on COSY information. For example, in RNA studies, it is
often sufficient to ascertain the strength of a H1’-H2' cross-peak in a 2D-NOESY
experiment (Section 1.4.4). Reliable information about sugar conformations can be
also obtained from residual dipolar coupling analysis (Section 1.4.5).

1.4.3.2. Heteronuclear Correlations and Coupling Analysis Heteronuc-
lear correlation NMR experiments are quite important when determining the
sequential base connectivity. The prototype of these is the heteronuclear COSY
experiment (also called “HETCOR” or ['H,X]-COSY), which can determine which
proton is coupled to a nearby heteroatom X, where X = 13C, >N, or*'P. An
example of a heteronuclear C,H-COSY experiment of the self-complementary
DNA dedecamer, d(CGCGAATTCGCG), is shown in Fig. 1.52. In the seventh
residue of this duplex, thymidine-7 (T5), the carbon atoms of the deoxyribose sugar
were uniformly, isotopically enriched with '*C [217]. This enhanced the carbon
signals from this residue. These maps show cross-peaks (“spots”) for each C—H
bond, giving the chemical shifts of each atom in the bonding pair, as well as allowing
the measurement of their spin couplings. More sensitive experiments, such as HSQC
or HMQC, give the same kind of information and have been used in more recent
publications.

If a sample has been properly enriched, it is also possible to perform heteronuclear
experiments of the type [X,Y]-COSY, where X and Y can be any NMR-active isotope
(e.g., 3C, N, or 3'P). For example, all of the atoms within the aromatic rings of a
nucleotide might be assigned by using an ['*C, PN]-COSY, or [*C, 'N]-HSQC
experiment.

1.4.3.3. Detection of Hydrogen Bonding in Base Pairs Scalar coupling
NMR experiments can directly detect the imino hydrogen bonds in DNA and RNA
base pairs. These imino hydrogen bonds occur between two nitrogens, one of which is
ahydrogen donor and the otheris ahydrogen acceptor: N—H- - -N. For this experiment,
the aromatic bases of the DNA are enriched with '°N to enhance their detection, and
the nitrogens are assigned by means of a heteronuclear correlation experiment, such as
an HSQC (see discussion above). Then, by using another scalar coupling experiment
(such as HNN-COSY), one can measure the couplings between the nitrogens through
the hydrogen bond of the base pair, "N—'H.--1°N [218,219].

These types of scalar experiments provided the first direct proof of such hydrogen
bonds in nucleic acids. Prior to this, the presence of hydrogen bonds could be inferred
only from the geometries of donor and acceptor groups found in 3D models of nucleic
acid structures, or from NOE measurements (Section 1.4.4.2). These scalar couplings
are also particularly important as they allow the direct observation of unique base-
pairing patterns, such as Hoogsteen base pairs [220, 221]. The N—N couplings appear
to be very sensitive to the atomic level details of the hydrogen bonds, as there is
evidence of a correlation between the size of the scalar coupling and the strength of the
hydrogen bond [222].
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FIGURE 1.52. Two-dimensional maps of spin—spin couplings between *C and 'H in d
(CGCGAATTCGCG), from a C,H-COSY. The seventh base, T, is a thymidine in which the
deoxyribose carbons (C1/, C2/, C3', C4’, C5") were uniformly enriched with the isotope '3C
[217]. The chemical shifts were determined to be 81.0 (C1’), 38.6(C2'); 71.6(C3’), and 79.1
(C4’) ppm, and their couplings measured: (a) C1’—H2'/H2” couplings; (b) C3'—H2//H2"
couplings; (¢) C3'—H3//H4’ couplings; (d) C4 —H5'/H5"/H3’ couplings; (e) C2'—H1'/H3'
couplings.

1.4.3.4. Phosphorus—Proton Couplings and Backbone Dihedral Angles
For nucleic acids, a particularly useful heteronuclear experiment is the ['H, 3!P]-
COSY (HETCOR), as it can establish the sequential connectivities between sugar
moieties. It does this by identifying the coupling between the H3’ protons of base n,
through to the *'P in the phosphodiester linkage, and then from the 3'P to the H4’ or
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H5'/H5" of the next base, (n+ 1). The H5'/H5" peaks are usually weaker and more
difficult to resolve; hence H4' is more commonly utilized.

As an example of the utility of *'P NMR in the study of short DNA oligomers, the
2D ['H*'P]-COSY spectrum of d(CCTAGG), is shown in Fig. 1.53 [206]. By
comparing this spectrum with the resonance assignments for H5’ and H4’ (determined
from 'H experiments), the assignments of the 3'P signals were established. This
approach is often used to confirm, or determine, the sequential assignment of the DNA
resonances. The different chemical shift values of these phosphorus atoms reflect their
different environments within the polynucleotide chain. It was noted that the *'P
chemical shift has a nearly linear correlation to the local twist angle f, of the
polynucleotide chain [207]. Here, , is the change in the orientation of the C1' — C1’
vectors in two successive base-pairs when viewed down the helical axis (the standard
B structure is assumed to have a value of 7, = 35.9°; see Table 1.1 and Section 1.1.8).

These P—(O—C)—H couplings are also dependent on the dihedral torsion angle
and can be used to determine the backbone conformation of an oligonucleotide by an
equation similar to the Karplus equation [223-231]. For example, Jpy =28 Hz
corresponds to the trans conformation, while Jpy = 1.5 Hz corresponds to the gauche
conformation. Unfortunately, this is not a very sensitive technique, making such
analyses difficult. In addition, the chemical shift dispersion of 3'P is usually small
(only a couple of ppm units), which limits the utility of this approach to smaller
oligonucleotides (less than ~20 residues).

GpG CpT TpA ApG CpC
1 e 1

c2 —

H3'

C1 —
G5 —
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—3.8 —4.0 —4.2
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FIGURE 1.53. A contour plot of a 3'P-'H shift correlated two-dimensional NMR map
([*'P, 'H]- COSY) of d(CCTAGG), (1400 OD/mL) at 31°C [206].
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In some cases one can obtain reasonable ranges of the backbone torsion angles
based on the combined use of linewidth analysis and the sums of the J couplings for
different sugar protons [232]. The sum of the H4' J couplings

Ly = v ey My _us M ns” ) (1.8)

is dependent on the values of the sugar pseudorotation angle P and the backbone angle
v (see Figs. 1.2 and 1.15). Jy4_p depends on both y and B, but its dependence on vy is
ambiguous. Similarly, the sum of the H3' J couplings

2J H3 — ¢ wy -2 Ty o Ty e ) (1.9)

is dependent on the backbone angle €. Some of the other backbone angles are better
estimated from NOE distance information (Section 1.4.4).

In the discussion above, only the heteronuclear COSY experiment (HETCOR) was
mentioned, but there are a number of more sensitive pulse sequences that give similar
information, such as the HSQC and HMQC experiments. These experiments can
provide the same sequential connectivity information as the HETCOR. However, even
with these experiments it can be difficult to obtain such information because of spectral
overlap and the fast relaxation properties of 3'P nuclei. As it is not always possible to
obtain all this information, spectroscopists sometimes use general estimates of the
backbone conformation, which serve to keep the molecular models physically
reasonable, without unduly biasing the final result.

A number of synthetic modifications have been suggested as a means for learning
about the nucleic acid backbone connectivity and conformation, without relying on
3IP. For example, oligonucleotides can be synthesized with the phosphodiester linkage
replaced with a phophoramidate linkage. Here, one of the phosphoester oxygen atoms
is replaced by '’NH. Although this substitution can be done with the oxygen atom on
either the 3’ or 5’ side of the P atom, only the -C3’-NH-P5’-O-C5’ variant forms a stable
duplex (compare with Fig. 1.2). This is the N3’ — P5’ derivative, and it prefers to
stabilize the A form over the B form in both DNA and RNA [233]. Since RNA prefers
the A form, this modification is generally more effective in RNA studies.

1.4.4. Nuclear Overhauser Effect

The nuclear Overhauser effect (NOE) enables the measurement of proton—proton
interatomic distances through space. This makes it extremely important when
studying biomolecules, and is especially critical in the determination of nucleic acid
structures. This effect occurs when there is a transfer of magnetization between two
nuclei through space via the dipole—dipole relaxation process (see Appendix A.2.3),
and itis observed as a change in the intensity of an NMR signal. An NMR signal can be
enhanced by a positive NOE, or decreased by a negative one. Three primary factors
affect the sign and intensity of an NOE: (1) the gyromagnetic ratios of the interacting
nuclei, (2) the interatomic distance between the nuclei, and (3) the mobility of the
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molecule (or of a substructure within the molecule). This can be expressed by the
relationship [192,193]:

INOE ﬁlé “f(te) (1.10)

1 rij

where i is the observed nucleus, j is the interacting nucleus, r;; is the distance between
the two nuclei, y is the gyromagnetic ratio of a nucleus, and f{t.) is a complex function
of the correlation time of the molecule t.. The correlation time is a measure of the
tumbling rate of the molecule in solution (Appendix A.2, Section A.2.3), and is, itself,
a function of many factors, including the size and shape of the molecule, especially its
molecular weight. The correlation time is therefore a description of molecular
mobility.

Since the NOE is dependent on (y;/v;), it is clear that the relative values of v; and v;
affect the intensity of the NOE. It is also clear that the signs of these gyromagnetic
ratios can determine the sign of the NOE. When both nuclei have positive values of y
(e.g., "H or 13C), then the NOE is also positive and the NMR signal is enhanced. When
one of the nuclei has a negative value of y (e.g., '>N), then the NOE is negative, and the
NMR signal is decreased.

The correlation time 1 also affects the sign and magnitude of NOEs. This influence
can be seen by plotting NOE intensity as a function of molecular weight (a primary
determinant of 1.; see discussion above). Small molecules, such as many drugs, tumble
rapidly in solution, resulting in small 1. values and hence small, positive, NOEs. Large
macromolecules, such as DNA, tumble slowly. These have larger 1. values and large,
negative NOEs. In the middle are “medium-sized” molecules, with molecular weights
corresponding to intermediate values of t.. Such molecular weights fall near the point
where the NOEs change from positive to negative. As a result, medium-sized
molecules have NOEs that are small or nearly zero. This can be a problem when
trying to determine 3D structures of such molecules. Consequently, experiments were
developed that measure the rotating-frame nuclear Overhauser effect (ROE), instead
of the NOE. ROE:s provide the same kind of information as NOEs, but they have the
same sign regardless of the molecular weight. Whereas the NOESY experiment
measures NOEs, the ROESY measures ROEs. The ROESY experiment can also give
information about molecules that are in exchange between different conformations in
the sample. The description of the ROESY experiment is more complicated than the
NOESY, and it will therefore not be discussed in detail here.

Perhaps the most important aspect of Eq. (1.10) is that the magnitude of NOE (and
ROE) enhancement is inversely proportional to the distance between the atoms (r;),
raised to the sixth power: Iyog X (l/r,»j)6. This allows the calculation of interatomic
distances based on NOE intensities. The inverse, sixth-power relationship means that
NOE intensity diminishes quickly as the distance between the atoms increases and
indicates that less magnetization is transferred at greater separations. Thus, NOEs are
quite strong when atoms are <2 A apart, but they become very small when the atoms
are separated by more than ~5 A. This means that NOEs can be used only to determine
short distances.
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As with the scalar coupling experiments, NOEs may be measured by either a series
of 1D experiments, or by a single 2D experiment. In the standard 1D difference
experiment, the magnitude of an NOE is determined one resonance at a time. A steady-
state protocol is used in which the sample is selectively irradiated with a radio-
frequency that is equal to the energy of the resonance signal of interest. This saturates
the irradiated spin—that is, it equalizes the populations in all the possible spin states.
This, in turn, perturbs the spin populations of any neighboring nuclei that are dipole-
coupled to the irradiated nucleus. A control spectrum is then acquired in which the
irradiation is set to a frequency far away from any resonances. Any intensity differences
between these two spectra (either positive or negative) may be considered to be the
result of an NOE between the two nuclei. Using this information, one can identify the
resonances of nuclei that are within 5 A of each other. As the approach described here
uses a steady-state protocol, it is able to give only relative internuclear distances.

The 2D NOESY experiment uses a transient protocol that starts by moving the net
magnetization of the nuclei into the —z axis. This is a simultaneous inversion of all the
spin-state populations, which allows all possible pairs of nuclei to interact. Then, the
buildup of the NOE signals is measured as the nuclei return to the 4z axis via
longitudinal relaxation (see Fig. 1.48 and Appendix A.2.3). This procedure provides
accurate internuclear distances [193]. Its spectral resolution in either of its dimensions
is not as great as the 1D variant, but this is usually more than compensated by the
dispersion into a second direction. The 2D NOESY experiment is generally more
visually intuitive to interpret, as it can be regarded as a “‘contact map” in which only
protons that are close to each other show a cross-peak (a spot). Although NOESY data
are not acquired as a series of 1D NOE experiments, the analysis can be performed as if
the NOEs were measured one resonance at a time.

1.4.4.1. The NOESY-Walk The NOESY experiment provides the basis for the
“NOESY-walk” analysis of nucleic acids. The NOESY-walk takes advantage of the
fact that in DNA, certain pairs of inter-residue protons are almost always within 5 Aof
each other. The most important “walk” is between the aromatic protons of the bases and
the H1’ of the sugar moieties. The intra-residue H,,,—H1’ distance is typically ~3.6—
3.9 A (for the anti glycosidic dihedral torsion angle), resulting in a medium-intensity
cross-peak. The inter-residue NOESY cross-peaks between the aromatic protons on
base n, and the H1' of base (n — 1), are usually weaker, being separated by ~4-4.9 A
(see discussion below and Fig. 1.54c.). Together these peaks normally enable one to
draw a connectivity chain from one end of the DNA strand through to the other end. The
other sugar protons are also used for NOESY-walk analysis, as are the distinctive
thymine methyl protons. Each of these “walks” contributes additional structural details,
and provide informational redundancy that can help resolve ambiguous overlaps of
NMR resonances in other parts of the spectrum. Often, the most revealing information
comes from an unexpected “break” in a walk sequence, or when additional cross-peaks
are observed between two adjacent aromatic bases or sugar residues. All of this
information is compiled into a large table of short-range (<5 A) interproton distances,
which can then be used with computational structure building programs to develop a
high-resolution model.



88 DNA STRUCTURES AND SPECTRA

As an example of a simple NOES Y-walk, the H1’-(aromatic base) portion of such
a spectrum is shown in Fig. 1.54 [234] for the sequence d(TGGGGT). This DNA
hexamer most likely forms a quadruplex with four equivalent, and indistinguish-
able, strands. In the one-dimensional '"H NMR spectrum (Fig. 1.54a), four down-
field H8 resonance lines are observed, corresponding to the four guanosines in each
strand. There are also two upfield H6 resonance lines from the two thymidines. The
two-dimensional spectrum (Fig. 1.54b) is displayed with the aromatic region plotted
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FIGURE 1.54. The one- and two-dimensional proton NMR spectra of the hexamer oligonu-
cleotide, d(TGGGGT) [234]. This sequence mostly likely forms the linear DNA quadruplex,
d(TGGGGT),, consisting of four strands in identical conformations (Section 1.1.12): (a) one-
dimensional NMR spectrum in the resonance region of aromatic protons (8.2—7.4 ppm); (b)
two-dimensional NOESY spectrum showing a map of the nuclear Overhauser effects between
the aromatic protons (G-H8 and T-H6) of the bases and the H1’ of the deoxyribose rings; (c) a
part of the molecular structure. The protons giving rise to each of the NOESY cross-peaks are
indicated by dotted lines, and the associated peaks are shown with arrows.
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across the horizontal axis and the H1’ region plotted along the vertical axis. It is
clear from Fig. 1.54(b, ¢) that the infra-residue distances between the H1’ of residue
T, and its own aromatic H6 are very short, as the intensity of the cross-peak is
relatively strong. Likewise, the H1’ of intra-residue G, is near its own aromatic base,
HS8. What makes this experiment particularly useful, however, is the fact that one
also observes an infer-residue cross-peak between the H1’ of T, and the H8 of G,.
This is not a strong peak, indicating that these two protons are separated by ~4-5 A.
Thus, by using alternating intra- and inter-residue H1'-base cross-peaks, one can
“walk” from the first residue of the strand (at the 5’ end), through to the last base (3’
end). This “walk” can be confirmed by the other possible “walks” mentioned earlier.
Not only do these NOE cross-peaks allow the assignment of most of the aromatic and
sugar resonances, but also, their intensities can be used to determine their approxi-
mate interproton distances, which are a measure of the proximity of the bases
themselves.

Animportant indicator of an intercalating drug is that it often causes a conspicuous
break in the NOESY walk, as the drug causes the DNA base step to expand at the site of
the intercalation. If the drug molecule is tightly bound to the DNA, there also will be
NOE cross-peaks between the drug and the DNA, especially between the aromatic or
exchangeable protons of the base and the drug. Depending on how tight is the binding,
it may even be possible to observe two sets of peaks, arising from both bound and
unbound molecules. These intermolecular NOEs arise from the saturation transfer of
magnetization between the molecules (see discussion below).

If two protons are not near each other, they do not give rise to a cross-peak in a
NOESY spectrum. This “negative” information can be important, and it is often used
to disprove certain molecular conformations. However, the absence of a peak in an
NOESY spectrum is not always conclusive proof, as several factors can give false
negatives. If a portion of the molecule is in dynamical motion (with respect to the NMR
timescale), or if multiple conformations exist, the resulting peak may be too broad and
diffuse to be observed. Likewise, if adrugisin rapid equilibrium (again, with respect to
the NMR timescale), then it will also not produce a peak in a standard NOESY
spectrum, although other approaches can be used (see text below).

1.4.4.2. Base-Pair Determination and Exchangeable Protons 1t is often
necessary to determine the hydrogen bonding pattern in a DNA or a DNA—drug
complex. In most NMR studies of nucleic acids, the solvent chosen is D,O. This has the
advantage of being an invisible solvent in proton NMR experiments, allowing the
dense region of sugar protons to be observed near the water peak. However, hydrogen
bonds can not be observed in this way because the hydrogen atoms are labile—they are
in rapid exchange with the solvent and are quickly replaced with the ?H (D) atoms that
have no signals in the proton spectrum. In order to observe these hydrogen bonds, the
sample is dissolved in a solution of 10% D,O and 90% H,O. This mixed solvent
provides a strong proton signal (H), enabling the observation of the hydrogen bonds.
All of the standard 2D NMR experiments can then be performed, especially the 2D
NOE. This allows one to observe the proximity of an N—H to other protons in nearby
bases and sugar groups, and provides important interbase structural information,
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especially for nonstandard base pairing. Imino protons are usually sharper, more easy
to analyze and are more likely to give the desired structural information. Solvent
suppression is required for these experiments, as the solvent HOD peak would
otherwise overwhelm the digitized signal. The standard presaturation approach for
suppression of the solvent signal cannot be used because the rapid exchange between
the exchangeable protons and the water peak results in the suppression of both peaks
[235].

Only those exchangeable protons that are protected from exchange with the solvent
are observed. Protected protons are usually involved in hydrogen bonding, although
some exchangeable protons are protected by virtue of being buried within a hydro-
phobic portion of a molecule, slowing their exchange rate with the solvent. Hydrogen-
bonded protons are typically more downfield (have higher ppm values) than expected,
asthey are deshielded by the electronegative atoms (e.g., N and O) between which they
are bound. These heavy atoms enhance the positive charge on the proton by pulling
some of its electron density away: N > _H®%"...0%, where 5 denotes a partial electron
charge.

Several examples of base-pairing schemes are depicted in Fig. 1.55, along with
potentially observable interproton distances (represented as arrows in the figure) that
are distinctive for that particular base pair. As shown in Fig. 1.55b, a NOESY cross-
peak is expected between the N3H of thymine (or uracil) and the C2H of adenine. For
the G-C base pair (Fig. 1.55a), on the other hand, an NOE signal is expected between
the N1H of guanine and the NH, of cytosine, although in practice it is difficult to
observe. Itis also possible to observe sequential NOE contacts between adjacent DNA
base pairs [198,236]. This can be used to confirm sequential assignments, which is
especially important in nonstandard DNA structures (see, e.g., Ref. 237). Also, it is
quite common to observe intermolecular NOE cross-peaks between these labile
DNA-base protons and a drug molecule. These may arise with both intercalating
drugs and groove-binding drugs. In the latter case, the drugs usually form hydrogen
bonds with the exposed hydrogen bond acceptors and donors of the base pairs (for
examples, see Chapter 3).

Besides the Watson—Crick A-T and G-C base pairs (Fig. 1.10), other special
base pairings, called Hoogsteen and reversed Hoogsteen base pairs, [see the A-U
variants in Fig. 1.55, parts (c) and (d), respectively] have been found [238]. The
NOE patterns of these base pairs differ from those of the Watson—Crick pairings, as
the N3H of uracil has a NOE signal to the C8H of adenine, instead of C2H. A
standard Hoogsteen pairing is expected to have a weak (~4.4 A) NOE between the
adenine amino protons (N6H) and the uracil CSH. A reversed Hoogsteen pairing
might also have weak NOE contacts between the adenine amino protons and some
of the sugar protons of the uracil. Confirmation from other information is also
helpful, such as long-range NOE contacts with neighboring bases, or other knowle-
dge of the structure (which could come from NMR data), or the use of scalar
coupling experiments (see Section 1.4.3.3). Evidence for a reversed Hoogsteen
base pair was found in natural transfer RNA (yeast tRNA""), where the N3H of
auracil showed an NOE cross-peak with the C8H of an adenine [239]. The presence
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FIGURE 1.55. Examples of common base-pairing schemes, with hydrogen bonding indicated
by dotted lines and potential interbase NOEs (dipole couplings) indicated by arrows. The longer
arrows [in (c) and (d)] represent NOEs that are generally expected to be weak (4-5 A), or
perhaps not observable. However, the interresidue distances are shown for illustrative purposes
only. (a) Watson—Crick-type G-C base pair; (b) Watson—Crick A-T (A-U) base pair;
(c) Hoogsteen A-U base pair; (d) reverse Hoogsteen A-U base pair. Many other base-pairing
schemes are also possible.

of this reversed Hoogsteen base pair was confirmed by labeling the C8H of adenine
with 2H (which is not observed in 'H NMR), resulting in the disappearance of
the NOE.

The presence or absence of Hoogsteen and reversed Hoogsteen base pairs may also
be determined indirectly. One can sometimes examine the conformations of the
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glycosidic torsion angles, as the syn or anti conformations are significantly different
(see Section 1.1.8 and Fig. 1.15). If a nucleoside is in a Hoogsteen base pair, its sugar
will be in the syn conformation, where the interproton distance between C1’'H and C8H
is very short (2.2 A), causing a particularly strong NOE cross-peak. Interestingly, this
method has been used more commonly to disprove the presence of a Hoogsteen base
pair [240].

1.4.4.3. Structure Elucidation from NOE Data There are several ways to
generate interproton distances from NOE data, butitis critical to doitaccurately. Since
the final molecular structure is constructed from the sum of many short distances, even
a small systematic error can become amplified when calculating long distances,
resulting in a distorted structure. In addition, the protons in nucleic acids are close
together, especially in their sugar rings, resulting in interproton NOE cross-peaks with
intensities that can be significantly different from those expected. This happens
because the magnetization is transferred through spin diffusion networks to other
nearby protons. Nucleic acids analysis therefore requires the careful integration of the
intensity of each NOE cross-peak.

One of the more accurate methods for calculating interproton NOE distances in
nucleic acids is the complete relaxation matrix analysis, which determines interproton
distances that are independent of an initially proposed structure [241]. This method
does not calculate a simple NOE distance from each separate cross-peak, but instead
uses general atomic connectivity information within the molecule to determine and
analyze the spin diffusion network. A set of model-independent interproton distances
(and error estimates) are then iteratively calculated. For this type of analysis, the NOE
signal arising from each proton pair is individually integrated and used as input data.
Although preliminary structural information is used in this calculation, the final set of
interproton distances is independent of the conformations of that structure.

Another approach is the distance geometry (DG) algorithm, in which atom
placement is based on the geometric network of competing pairs of distances
[242]. This method is quite common in protein structure determination, but its use
with nucleic acids requires special attention, as nucleic acids (especially DNA) have
fewer long-range interresidue NOE peaks. In addition, DG does not normally consider
the effects of spin diffusion on the NOE intensities in nucleic acids. This method can be
easier to apply than the complete relaxation method, and is particularly useful for the
structure determination of DNA and RNA complexes with proteins, drugs, or other
ligands, such as in analysis of the complex formed by d(CGCGAATTCGCG), and the
ligand, berenil [=1,3-bis(4’-amidinophenyl)triazene] [243].

Regardless of the method by which the set of interproton distances is calculated,
molecular modeling is then used to turn that information into an experimentally
reasonable structure. The final structures are then verified by comparing them to the
experimental data. Details on molecular modeling may be found in Section 1.7.

As it is often difficult to avoid systematic errors when using NOE intensities for
model-building purposes, NMR spectroscopists do not rely solely on NOE informa-
tion, but also use J-coupling analyses to calculate pseudorotation and backbone
dihedral torsion angles by means of equations similar to the Karplus relationship



NMR SPECTRA 93

(see the preceding section). Since NOE information is limited to interproton distances
shorter than 5 A, important longer-range structural information can sometimes be
missed. The technique of residual dipolar coupling analysis (Section 1.4.5.) is
complementary to NOE analysis as it can determine interproton directionality vectors
(Section 1.4.5). It has a distance cutoff of ~8 1&, and hence can provide other essential
structural information for DNA.

1.4.4.4. Transfer NOE, Saturation Transfer, and Related Methods The
use of NOE data is not restricted to interproton distances within the same molecule, as
any proton within 5 A will be detected, allowing the determination of intermolecular
distances between bound ligand molecules (drugs) and DNA. Direct observation of
such intermolecular NOE:s is usually the first approach attempted, but is often difficult
to observe them. It has the disadvantage of working only with tightly bound ligands, for
which one often observes two very clearly defined sets of resonances for the bound and
unbound states. (The bound ligands in such a system are said to be in “slow exchange”
with those that are unbound.) Another disadvantage is that the decreased tumbling rate
of macromolecules often leads to broad peaks for both the DNA and the drug (which
“goes along for the ride”). To circumvent these problems, several techniques have been
designed to utilize the various effects of NOE on a spectrum. These are especially
designed for use in drug discovery programs for screening a large pool of ligands to find
those that bind to a target receptor molecule, but can be also used to obtain some
structural information [244,245].

One important technique is the transfer NOE (trNOE) experiment, which is used to
determine whether small ligands can bind to large molecules (>10,000 Da), but it
works only for drugs that bind weakly (kgissociation ~ 107%-102 M). Small, unbound
ligand molecules tumble rapidly in solution and have small, positive, intra-ligand
NOEs. Large macromolecules, like DNA, tumble slowly and have large, negative
NOEs. However, when ligands bind to a large molecule, they acquire the tumbling
characteristics (defined by the correlation time t.; see Appendix A.2.3.1) of that larger
receptor molecule, resulting in large, negative NOEs. Thus, bound and unbound
ligands can be distinguished by examining the sign and magnitude of the NOE peaks.
Typically, the NOEs of an unbound ligand require more than 4 times as much time to
reach their maxima, compared to a bound ligand. Hence, by monitoring the signs of
intra-ligand NOEs, one can determine whether a ligand is bound to a macromolecule.
These trNOEs are indicative of the conformation of the bound ligand. The structural
conformation of the bound ligand can be determined via experiments such as the 3D
TOCSY-trNOE. Intramolecular trNOEs determine the ligand conformation in the
bound state, while intermolecular trNOESs can indicate the orientation of the ligands in
the binding site [246].

A similar technique is the saturation transfer difference (STD-NOE) experiment. In
this method it is not the sign of the intra-ligand NOEs that is monitored, but the
transference of magnetization between the molecules. When a macromolecular
resonance is selectively irradiated, the spin diffusion networks enable the magnetiza-
tion to be rapidly dispersed throughout the macromolecule and eventually transfered
to any bound ligands (drugs). Ligands that are not tightly bound to the DNA can
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dissociate while still carrying the transferred NOE magnetization. Since large
molecules, and any bound ligands, have short T, relaxation rates (see Fig. 1.48 and
Section 1A.2.3.2), they typically have broad, poorly resolved peaks. However, small,
unbound, molecules have longer 7, relaxation rates and narrower peaks. Thus, one can
use a relaxation-time “filter” to selectively remove signals from the large complex on
the basis of their shorter 75 values. The STD analysis is performed by acquiring two
spectra, one in which the macromolecule has been irradiated, and one in which it is
irradiated a great distance from any resonances (effectively, itis unirradiated). The two
spectra are subtracted from each other, and the enhanced magnetization is then
detected through the unbound ligand molecule, which has a much longer relaxation
time [247]. In these experiments a greater than 10-fold excess of the drug is used,
which ensures that nearly all of the large receptor molecules (DNA) are involved in
binding to the ligand. As this dissociation constant can be in the range of nM to mM,
STD-NOE can cover a wider range that trNOE. This technique may be combined with
any of the other standard 2D NMR experiments.

1.4.5. Residual Dipolar Coupling

Owing to its short-range potential, NOE information is capable of accurately
describing local conformational parameters such as sugar pucker and glycosidic
torsion angles. However, NOE is less useful for determining the more macroscopic
parameters, such as backbone torsion angles and helical parameters, and detecting an
overall bend in the molecule. Even with the addition of J-coupling constraints, reliable
global conformations are difficult to obtain.

Asnoted in Sections 1.4.1 and A.2.3.1), dipolar relaxation arises from the through-
space interaction (coupling) of nuclear magnetic dipoles. It is the major source of
longitudinal relaxation (Fig. 1.48) measured by 7' and is the origin of the NOE.
Dipolar couplings, such as those of "H-"H, 'H-'2C, and 'H-">N, are a function of both
distance and angular orientation. In (non-spinning) solids the angular orientations are
fixed with respect to the direction of the magnetic field By, producing very strong
dipolar couplings. The resulting relaxation rate is so fast that the NMR spectrum is
dominated by very broad and diffuse lines. The effect of this dipolar interaction can
extend to many angstroms. In solution, the rapid isotropic tumbling of the molecules
causes these dipolar couplings to average out to zero, producing no observable
splittings, and the resulting spectrum is comparatively simple, with typically sharp
and narrow lines. By adding a liquid crystalline cosolute (see discussion below) it is
possible to inhibit this free tumbling and induce a slight orientational preference and
partial alignment (~0.3%) of the molecule. This anisotropic rotational diffusion and
partial alignment of the molecule results in residual dipolar couplings (RDCs) that are
weaker than in solids, but stronger than in liquids. There is a growing list of cosolutes
that have been used as alignment media. Some alignment media form lipid bicelles,
which are disk-shaped particles that typically have a diameter of several hundred
angstroms and a thickness of ~40 A. Asthese lipids are diamagnetic, the bicelles orient
with their normal orthogonal to the magnetic field. In addition to bicelles, some other
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cosolutes suitable for aqueous solutions are filamentous phage and purple membranes.
By varying the concentrations of these media, these residual couplings can be tuned to
10-50 Hz. This is optimal for measuring single bond dipolar couplings, especially those
of 'H-13C and 'H-">N. These bonds are the most commonly studied as they are easily
interpreted. Since the interatomic bond distances are essentially fixed, the strength of
the single bond residual dipolar coupling will be dependent only on their angular
orientations. This allows the construction of a matrix consisting of the orientations of
the bonds (the bond vectors). It has the important advantage of enabling the determi-
nation of long-range orientational restraints. These constraints are fundamentally
different from those obtained by the local NOE and spin coupling constraints, and
provide additional data for the structural analysis. From this, in combination with
connectivity information, a high-resolution, stereospecific, 3D structure can be created
[249].

As an example of the utility of this approach, the solution structure of Dickerson’s
dodecamer (Section 1.1.5) d(CGCGAATTCGCG), was determined in an aqueous
liquid crystalline medium containing 5% w/v (mg/mL) bicelles [249]. This allowed the
determination of 198 single-bond dipolar coupling restraints (‘*C-'H and 10 ’N-'H),
which were in addition to the more standard restraints of 200 approximate 'H-'H
dipolar coupling restraints and 162 structurally meaningful NOE restraints. The use of
more restraints improves the final structure, producing a DNA duplex that is a highly
regular B form, with no significant bends or kinks, and having the expected C2'-endo/
C1’-exo sugar pseudorotation angles P. These angles, as well as the glycosyl torsion
angles and the base-pair propeller twists, were all tightly determined.

When this same dodecamer was later reexamined, an even larger set of residual
dipolar couplings were used [250]. This study used the same heteronuclear '*C-'H and
SN-"H and qualitative homonuclear 'H-'H dipolar couplings that were previously
measured in the bicelle medium. Then, an additional 300 quantitative 'H-'H and
22 3'P-'H dipolar restrains, together with 22 3' P chemical shift anisotropy restraints,
were obtained in a liquid crystalline Pf1 (bacteriophage) medium. The 3'P-'H dipolar
couplings, H3'-C3/-O-3'P spin couplings, and *' P chemical shift anisotropy data were
used to restrain the phosphodiester backbone dihedral angles. The final structure
represents a quite regular B-form helix with a modest bend of ~10°, which is
essentially independent of whether electrostatic terms are used in the calculation.
It was indicated, however, that the dipolar coupling data cannot be fit by a single
structure, but are compatible with the presence of a rapid equilibrium between
C2'-endo and C3'-endo deoxyribose puckers. The C2'-H2'/H2" dipolar couplings in
B-form DNA were particularly sensitive to sugar pucker and yielded the largest
discrepancies when fit to a single structure.

1.5. ELECTRON SPIN RESONANCE SPECTRA

Electron spin resonance (ESR), or electron paramagnetic resonance (EPR), has been
the subject of many reviews and books, covering both its theory and its application to
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biomolecular systems [251-253]. It is a technique that relies on the same fundamental
equations of physics as NMR, except that the spins of electrons (given by the quantum
number, S = %) are excited, rather than the spins of the nuclei. In both NMR and ESR,
the sample is placed in a high magnetic field, although the magnetic field strength
needed for ESR is considerably less than that for NMR. Since the resonance frequency
for an unpaired electron is ~1000 times greater than that used for nuclei, ESR requires
microwave irradiation to alter the spin populations of electrons, whereas NMR uses
radiofrequency.

As with NMR, the ESR signal is influenced by factors such as longitudinal (T;)
and transverse (7,) relaxation. When an unpaired electron interacts with a nucleus
having a spin quantum number of /, it produces a “nuclear hyperfine splitting” of the
ESR signal with (27 + 1) lines. Hence, the interaction of an electron with an '*N
nucleus (/=1) results in a spectrum with three lines. Unlike NMR spectra, ESR
spectra are typically displayed as the first derivative of the absorption spectrum.
This enables careful measurement of both the hyperfine splitting constants and the
lineshape [254].

The spins of electrons can be detected as an ESR signal only for molecules, ions, or
atoms that have unpaired electrons—especially free radicals or transition metal
complexes. Since the majority of compounds do not have unpaired electrons under
normal conditions, they do not produce an ESR signal. As a result, ESR applications
have not been as widespread as those of NMR. However, many proteins and some
drug-ligand complexes require the presence of paramagnetic metal ions to be bio-
logically active. In such cases, ESR is a particularly effective way to obtain mecha-
nistic and structural information (Section 5.1.2).

Itis also common to modify a compound of interest by adding one or more radicals
to it. This is called a spin label, such as the nitroxyl radical (see Section 6.2.2, for
example). The hyperfine splitting of the ESR signal is sensitive to both the orientation
and polarity of the environment of the label; hence it can provide important
information about the structure and dynamics of the biomolecular system. More
recently, it has become possible to spin-label DNA and RNA, which has greatly aided
the study of nucleic acids by ESR. These labels must be used with care, however, as
their presence may alter the structure of the complex in such a way that it no longer
represents the one that is biological relevant.

1.6. X-RAY CRYSTALLOGRAPHY

This technique examines the transmission and scattering (diffraction) of X rays by
a crystal and is used to determine the three-dimensional atomic coordinates of a
molecular structure. Crystals can be considered to be infinitely repeating array of
identical copies of the molecule of interest, and hence they can produce a
scattering signal that is strong enough to be detected. This is not true of single
molecules, which lack sufficient scattering power. The photons of X-ray radiation
do not interact with the atomic nuclei themselves, but instead interact with the
electrons surrounding the atoms. When the photons strike the electron cloud,
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they are absorbed and instanteously re-emited via a Rayleigh scattering process
(Section 1.3.2). Diffraction results from the summation of all the scattered waves
of a given wavelength. The resulting diffraction pattern is then analyzed using
Bragg’s law to give the spacing between atoms or ions in a crystal lattice. This
enables the generation of a 3D electron density map, indicating the positions of the
heavy atoms (hydrogens are not observed). Using computer modeling approaches,
the macromolecular structure is fit to the map.

This brief overview is intended only to provide the most essential background
information on this important and specialized technique. The reader is refered to many
excellent references on X-ray diffraction methods [255,256] and their applications to
DNA, nucleic acids, and drug interactions [10,17,49,257,258].

1.6.1. Bragg Diffraction

The wavelengths associated with X-ray electromagnetic radiation are very short and
are of the same order of magnitude as the distance between atoms in crystals (~1.5 A).
In acrystal, the atoms are arranged in planes, with each plane stacked on top of another.
Bragg determined that the diffraction of X ray by atoms in a crystal can be treated
mathematically as if the crystal were areflection grating [259]. When a monochromatic
beam of X ray strikes the stacked planes of a crystal, each plane reflects some of the
radiation, while the rest is transmitted through to the next plane, which will also reflect
and transmit some of the rays (Fig. 1.56a). The waves of these reflections can be either
in-phase with each other, resulting in constructive interference (additive enhancement
of the signal), or out-of-phase, resulting in destructive interference (cancellation of the
signal). The Bragg equation describes the necessary conditions for constructive
interference by relating the wavelength of the X ray (1) to the distance between the
atomic planes in the crystal (d; the lattice spacing), and the angle between the incident
beam and the scattering planes (0) called the “grazing” or “glancing” angle. The one
dimensional form of the Bragg equation is given by

nh = 2dsin 0 (1.11)

where 7 is an integer representing the number of the plane from which the X ray is
reflected. The rays striking the lower planes must necessarily travel a greater distance
than those striking the top most plane (Fig. 1.56a). When the difference in the distance
travelled is equal to an integral number of X-ray wavelengths (n)), the emerging
beams will be in phase and will reinforce each other. A reflection is called “first-order”
when n=1; when n =2, it is called “second-order,” and so on. If the X ray strike the
crystal at angles other than the grazing angle 0, then the extra distance will not be an
integral number of wavelengths, resulting in destructive interference, not reinforce-
ment. In this case, the intensity of the reflected X ray is weakened. Thus, constructive
interference occurs only at certain geometries, and when it does, it produces a set of
spots (reflections) in the diffraction pattern. Bragg’s equation allows the determina-
tion of the distance d between the planes of the atoms, if the wavelength of the
irradiation is known. The crystal is slowly rotated through arange of 6 in order to obtain
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FIGURE 1.56. (a) The scattering of monochromatic light from an array of atoms in a crystal,
as described by Bragg’s equation. The angles and distances displayed were arbitrarily chosen
for illustrative purposes only. (b) Rosalind Franklin’s famous photograph of the X-ray fiber
diffraction of B-DNA [3], annotated to indicate the layer lines and necessary salient features.
The diffraction pattern is a reciprocal lattice image of the DNA fiber, with the distances
inversely proportional to those in the fiber.

reflections from as many Bragg planes as possible, and hence increase the number of
observed interference spots.

From this information, an electron density map can be generated. The resolution of
this map is determined by the quality of the crystal, the X-ray wavelengths used, and
the scattering angles observed. The resolution is usually expressed in terms of the
interplanar spacings d. At aresolution of 2.5 A the DNA bases begin to be discernable,
atl.5A they are clearly seen, and by 0.8 A the electron densities of individual atoms are
well defined. The highest resolution is usually possible only in crystals of small
molecules.

1.6.2. Diffraction of Helical DNA

In order to obtain an accurate three-dimensional model of a macromolecule, it is
necessary to obtain atomic resolution diffraction images. Unfortunately, these are
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often difficult to obtain because of imperfections in their crystal structure, such as
those that arise from impurities, multiple stable conformations, or an inherent
assymmetry of the crystal. This is particularly true of polymeric, double-helix DNA,
whichis more difficult to crystallize than more globular biomolecules, such as RNA, or
DNA bound to proteins. (For comparision, consider the great strides that have been
made in the X-ray crystal analysis of the ribosome [260-262].) Instead, polymeric
DNA has been generally studied as fibers which are drawn from viscous gels, and is
referred to as fiber diffraction.

A DNA fiber is a continuous helix that can be considered as kind of a one-
dimensional crystal. Figure 1.56b shows the now-famous fiber diffraction photo-
graph of B-DNA acquired by Franklin [3]. The difraction from a helix is scattered
perpendicular to the helical axis in a series of planes that appear as lines (layer
lines). Bragg spots are not seen because the sample consists of a bundle of helices
that are randomly oriented around the helical axis. There is a reciprocal relation-
ship between the distances on the photograph and the distances in real space. The
positions of the first and strongest peaks in each layer line describe an X pattern,
called the helical cross. The angle between the arms of the X is inversely related to
the helical radius (~10A), and the separation of the layer lines is the reciprocal of
the pitch of the helix (P), indicating that a complete helical turn is ~34 A. The
symmetric placement of the spots along the layer lines demonstrates that the helix
has a regular twist. The missing spot at the fourth layer line arises because it is here
that the two strands of the double helix cross and cancel each other out. The intense
reflection on the meridian at the 10th layer line occurs at a distance of ~3.4 A,
indicating that the helix contains ~10 nucleotides per turn, and that the bases are
stacked perpendicular to the helical axis with a separation of ~3.4 A. The intensity
of this reflection results from the fact that the sample was composed of many DNA
strands with imperfect alignment and signficant rotational disorder. When the fibers
are tilted, the reflection from the base pairs is increased, thereby producing the
strong meridian reflection on the 10th layer line.

In order to obtain a high-resolution X-ray structure, significant data analysis is
required. The intensity of each diffraction spot is proportional to the square of the
structure factor amplitude, which is a complex number containing information related
to both the amplitude and phase of the reflected wave. Once this “phase problem”
is solved, an electron density map may be constructed, and from this a molecular
model may be built.

1.7. MOLECULAR MODELING AND MOLECULAR MECHANICS

1.7.1. Molecular Modeling

Molecular modeling is a collective term referring to many different theoretical
and computational approaches used to calculate molecular structure, molecular
dynamics, and molecular properties such as reaction intermediates and thermody-
namic analyses. Molecular modeling has become ubiquitous in biomacromolecular
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structure determination as there are very few ways to coalesce a large amount of
structural data into a 3D structure. It can be a purely theoretical pursuit, but it is also
extensively used as a tool in both NMR and X-ray crystallography, where the results
are driven by the experimental data. X-ray structure determination is generally
more straightforward than it is for NMR because of the intrinsic natures of their
experimental data. For this reason, much of what follows pertains to methods that
are more often used for NMR.

All the methods used in molecular modeling rely on a set of equations and a large set
of parameters, which together compose a semiempirical forcefield. The equations
attempt to describe mathematically the general motion and interaction energies of
atoms. The parameters define the specific characteristics of the atoms and their bonds,
and their values are derived from a combination of the results of quantum mechanical
(QM) calculations and experimental studies. Much of the underlying experimental and
QM data on which these parameters are based are determined from gas-phase or in
vacuo studies of much smaller, more simple molecules. A brief description of the basic
theories of molecular modeling and mechanics can be found in Appendix A.3. For
detailed descriptions of the methods and fundamentals of molecular modeling, the
interested reader should consult Refs. 263-267.

1.7.2. Modeling of Experimental Data

1.7.2.1. Distance Geometry Unlike most modeling techniques, the distance
geometry approach, which is often used in NMR structure refinement (Section 1.4.4),
does not use energy functions. Instead, it describes atoms as rigid-sphere potentials
(i.e., “solid balls”) and determines their relative three-dimensional positions in a
molecule by using connectivity information (bonds) combined with NOE interproton
distances. There are also many programs used for crystallographic structure refine-
ment that do not include energy functions. This makes model building more simple,
and much faster. Since they are guided by experimental information, the resulting
structures are usually very nearly the same as those that have been derived using a
combination of energy functions and experimental information. This is not always
true, however, and the comparisons can be enlightening.

1.7.2.2. Molecular Dynamics Molecular modeling can also be used to simulate
the movement of a molecule by a process called molecular dynamics (MD). This
technique is often used to model the movement and flexibility of a molecule. It is also
frequently used in NMR structure determination as a means of molding an initial
structure into one that is experimentally realistic. This is done by subjecting the initial
molecular structure to a process called simulated annealing, which is very similar to
DNA melting curve analysis (Section 1.2.1). The kinetic energy of the atoms in the
model structure is increased, such as by raising the temperature (often to 400 — 600 K),
and then, after a short time, it is slowly lowered back to 275 K, where it is allowed to
equilibrate for further period of time. This kinetic energy increase allows the molecule
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to explore more conformations by allowing bond vibrations and rotations to move
more freely. As it “cools back down,” the potential energy surface of the molecule
guides it toward a more realistic structure with a relatively lower total energy. The
structure is usually then subjected to an energy minimization procedure to remove any
structural anomalies and produce a lowest-energy structure. During this process an
additional component to the potential energy may be imposed on the molecule to
represent experimental information. The experimental information usually takes the
form of distance or dihedral angle constraints, and functions like tethers or springs that
pull or twist the atoms and bonds toward a better fit with the experimental data. These
are often derived from NMR NOE and J-coupling analyses. When used in this way, this
procedure is called restrained molecular dynamics (tMD).

Unlike energy minimization, rtMD does not result in only one lowest-energy
structure, but rather in a family of related structures that together fit the data better
than does any single structure alone. This family is usually represented by those
structures that are most similar. This is determined by calculating the RMSD (root
mean square deviation) between the models. Low RMSD values indicate that the
structure calculations have nearly converged to a single structure. The best
structures have RMSD values of about <1 A for the heavy atoms (i.e., excluding
hydrogen). If there are large motions in the molecule, such as in loop regions (Section
1.1.11), or if several different conformations exist in solution, the overall RMSD
values will be larger. When possible, these are subdivided and analyzed separately.
Such situations are often better handled by imposing the experimental NMR
information in a time-averaged manner over the course of the simulation (called
“MD-tar”) [268], or by performing an ensemble-average MD simulation (using
multiple copies of the molecule) [269-275] and calculating an averaged RMSD. An
alternative approach, which can be combined with the previous methods, is to
rigorously analyze the simulations using statistical methods to identify families of
structurally related conformers and calculate their relative populations according to
the percentages needed to best fit the experimental data [216,275]. This has the
advantage of reducing the number of representative structures to an experimentally
relevant minimum, and provides a more easily visualized picture of the equilibrium
mixture.

NMR is usually used to study macromolecules in solution, which often contain
localized regions that undergo greater dynamical motion. When a portion of a
molecule is moving, well-defined interatomic distances cannot (and perhaps
should not) be imposed on that part of the final structure, resulting in regions that
have less stringent structural constraints. This is not the case with X-ray crystal-
lography, where molecular motions are rarely substantial. Such internal motions
result in a family of multiple structures that are usually overlaid and displayed in a
manner that reveals those regions having greater and lesser structural information.
When MD and NMR relaxation experiments are used in combination, one can often
obtain a clear picture of the true range of motions existing in solution. This is
important, as it is often correlated to changes in molecular conformation upon drug
binding.
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