
Chapter 7
Structural Studies of Nucleic Acids

Abstract Nucleic acids have a very rich range of structures that are important in
many biological contexts. PELDOR or DEER spectroscopy has provided a unique
glimpse at the structures that form in solution and guide the response of the cellular
machinery.

DNA and RNA nucleic acids have backbones consisting of chains of alternating
sugar and phosphate groups linked by ester bonds. A nitrogenous base is attached to
each sugar. The bases interact with each other and tend to stabilize DNA in a double
helix Fig. 7.1, while RNA has a richer range of structures.

The bases commonly found in DNA are adenine (A), guanine (G), cytosine
(C) and thymine (T). RNA is similar, but contains uracil (U) instead of thymine,
and the sugar is ribose instead of deoxyribose. Each nitrogenous base can form
stable hydrogen bonds with another base to stabilize the three-dimensional structure
of the nucleic acid. Thymine pairs with adenine, while guanine pairs with cytosine.
In RNA, uracil pairs with adenine.

Nucleic acids are the carriers of the genetic code in biological systems, but also
have important regulatory, structural and catalytic roles. Cells modify particular
bases, often by methylation, to cause major and minor structural changes that they
use to regulate nucleic acid functions. Cells also need to recognize the structural
changes in DNA that is damaged, e.g., by radiation or oxidative stress, so that the
damage can be repaired or destroyed. Structural information about intact and
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damaged DNA, RNA and their complexes in various biological systems is a pri-
mary goal of many physical studies, including PELDOR, in biology.

The success of PELDOR research in this area is a direct result of the effective
methods developed for site-directed spin labeling, Sect. 4.3. PELDOR studies of
DNA and RNA have investigated several specific biochemical systems. However,
this work is only briefly discussed in reviews [1–7] and only in combination with
other applications of PELDOR. This Chapter covers the application of PELDOR to
DNA and RNA.

7.1 Linear Duplexes of Nucleic Acids

7.1.1 Duplex Formation

The structures of 12-bp (base pair) duplex RNA1, with all bases paired, and 15-bp
duplex RNA2, with only eight paired bases at the center and unpaired bases at both
ends, were investigated [8]. TEMPO labels 4-19 were attached to the amino groups
of 2-amino-ribose in 2’-amino uridine U residues via reaction with TEMPO
isothiocyanates.

Fig. 7.1 Schematic
representation of DNA
structure. Courtesy of the
National Library of Medicine
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A modulated 3pPELDOR time trace V(T) was seen in aqueous buffer only for
RNA1. The distance between spin labels r = 3.5 ± 0.2 nm was determined by
Fourier analysis. The V(T) for RNA2 showed only an exponential decay, which
indicated a uniform volume distribution of spin labels. This means that no duplexes
formed between spin-labeled RNA2 oligonucleotides at 0.3 mM in aqueous buffer:
0.1 M NaCl, 0.01 M Na-phosphate, 0.1 mM Na2EDTA, pH 7.2. Both RNA
sequences are palindromic, indicating that the duplex sequence would be identical
when read from either end of the duplex. Unfortunately, this also means that
intramolecular hairpin structures with only one spin label can form instead of the
desired bimolecular duplex. Na-phosphate is a notoriously poor choice of buffer for
frozen solutions because it can undergo extreme shifts in pH as it freezes [9].

A series of 27-bp DNA duplexes was studied with spin labels attached at
2′-amino uridine residues in different strands by reaction with TEMPO isocyanate.
The DNA duplexes had interspin distances of 9, 12, 15, 18 or 21 bp:

with the spin-labeled nucleotide sites shown in bold [10]. Five different doubly
spin-labeled duplexes were synthesized. The spin label pairs with distances ranging
from 2.8 to 6.8 nm are shown schematically in Fig. 7.2.

The distance distribution F(r) of individual duplexes gave distinct peaks at
distances corresponding to the expected interspin distances. More interestingly,
mixtures of two duplexes have F(r) that show the distances for both duplexes in the
mixture, with amplitudes reflecting the relative concentrations, Fig. 7.3.
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Deconvolution of F(r) for the mixture using a Gaussian curve for each duplex
yields the average distance in each duplex and its concentration in the mixture with
good accuracy [10].

7.1.2 Duplex Conformation

TPA 4-18 spin labels were introduced via reaction B in Sect. 4.3.3 into
2′-deoxy-uridine dU residues of five different DNA duplexes and distances between
the labels were determined using 4pPELDOR [11]. The number of bases between
the labels, n, was different: n = 0, 2, 8, 10, 12, for DNA1–DNA5, respectively. For
instance, DNA1 and DNA5, with the spin-labeled dU residues indicated here as U,
are:

Fig. 7.2 Molecular model showing the positions of spin label pairs for distance measurements.
Reprinted from Ward et al. [10] with permission of Wiley and Sons, copyright 2007

Fig. 7.3 Mixtures of spin-labeled DNA duplexes: F(r) are shown for mixtures of labeled DNA
duplexes with distances of 2.8 nm and 4.1 nm, Left: in a 3/1 ratio; Right: in a 1/3 ratio. Reprinted
from Ward et al. [10] with permission of Wiley and Sons, copyright 2007
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The duplexes were investigated at 35 K in aqueous buffered solutions with 20%
ethylene glycol added to form a good glass. The modulation of the PELDOR
V(T) was recorded for all DNA molecules, Fig. 7.4. The modulation period
increased as the distance between the spin labels increased. The Fourier spectra in all
the cases had the shape of Pake doublets, Fig. 7.5. The features at 7.4 and 14.8 MHz
in this doublet correspond to the parallel h = 0° and perpendicular h = 90° orien-
tations of the vector connecting the spin labels relative to the external magnetic field
direction. The distance between the labels is r = 1.92 nm from Eqs. 1.1 and 1.2 with
the exchange integral J = 0. The distances for DNA2–DNA5 were 2.33, 3.47, 4.48,
and 5.25 nm, respectively. These distances, with their uncertainties, are in excellent
agreement with values from MD simulations for the B-conformation of the duplex
helix, Fig. 7.6 [11]. The correlation coefficient for the two sets of data is 0.997,
supporting existence of the B-conformation in frozen aqueous solutions [11].
A detailed comparison of PELDOR and FRET [11] measurements on these oligo-
mers demonstrated that these methods complement each other well.

Six RNA duplexes labeled with TPA 4-18 were synthesized and their V(T) had
sufficiently deep modulation to calculate the F(r) [12]. The distances between spins
in the duplexes range from 1.93 ± 0.12 to 3.87 ± 0.13 nm, depending on the
number of base pairs between labels. Comparison of these experimental results in
RNA [12] with the results just discussed for the same spin label in DNA [11]
indicate that distances between labels on different helices are different in DNA and
RNA. For example, for labels separated by 10 bp, the distance between them is
4.48 ± 0.50 nm in DNA but 3.87 ± 0.13 nm RNA [12]. The difference is too
large to be accounted for by measurement error; but it does correspond to two
different nucleic acid conformations: the A-form in RNA and the more-stretched
B-form in DNA. The experimental distances are in good agreement with MD
simulations: the correlation coefficient was 0.976 [12]. The DNA and RNA
duplexes maintain their conformations in frozen aqueous phosphate buffer solutions
with ethylene glycol.

7.1.3 Labeled Phosphate Groups

TPA 4-18 labels have been attached via a methylene linker to phosphorothioate
groups at specific positions along the sugar-phosphate backbone rather than onto
the nitrogenous base [13]. Eight interspin distances from 2.56 to 3.88 nm were
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Fig. 7.4 PELDOR time
traces VINTRA(T) for
spin-labeled DNA1-DNA5.
Reprinted from Schiemann
et al. [11] with permission of
American Chemical Society,
copyright 2004

Fig. 7.5 Fourier spectrum of
VINTRA for DNA1 showing a
broadened Pake pattern.
Reprinted from Schiemann
et al. [11] with permission of
American Chemical Society,
copyright 2004

Fig. 7.6 Correlation of
distances rAB obtained by
PELDOR experiment and
MD calculations. Reprinted
from Schiemann et al. [11]
with permission of American
Chemical Society, copyright
2004
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determined in a set of 12-bp DNA duplexes from the maxima of peaks in the
PELDOR F(r). This method of labeling readily scales to long polynucleotides [13].
An example of a 68-bp DNA fragment with labels on opposite strands 9 nucleotides
from one end of the duplex is given. The 2.52 nm distance between spins that is
measured by PELDOR for this duplex agreed with the 2.5 nm distance from MD
simulations.

The distance from PELDOR was compared with that from NMR, giving an
excellent correlation of R2 = 0.98 [13]. This labeling strategy was proposed for
structural studies of DNA and RNA complexes with protein.

A similar investigation introduced spin labels into phosphorothioate groups of
RNA [14]. Six sets of interspin distances ranging from 2.5 to 4.72 nm were
compared to X-ray structures. A strong correlation between these measurements
was found with R2 = 0.97. The introduction of the label does not seem to signifi-
cantly alter the nucleic acid structure.

7.1.4 End Labels

It is rather easy to attach a label to the 5′ end of a nucleic acid duplex of any length.
Larger labels can be accommodated at the end of a duplex than along the side of a
duplex. This opens up the use of Trityl T 4-2 spin labels, with a narrower spectrum
and slower relaxation than nitroxyls, for EPR distance measurements. The use of
trityl labels was tested in a series of model DNA duplexes D1, D2 end-labeled with
either T or nitroxyl NIT [15]. The spin labels were attached to the 5’ end by two
different linkers, a short –NH2- and a longer linker known as PIP:

The width D of the distance distributions, obtained by Q-band 4pPELDOR at
80 K, strongly depends on the type of label. Replacement of both NIT by T in the
same duplex sharpens the distance distribution, Table 7.1. Duplexes with one NIT
and one T, sometimes called orthogonal labeling, have a less pronounced sharp-
ening, but a significant gain in sensitivity due to more efficient pumping of the
narrow EPR spectrum of T, Fig. 7.7. The width of the distance distribution D with
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NIT/NIT labels does depend on the linker: the shorter amine-based linker improves
D by a factor of two. On the other hand, the linker length has no effect on D with T/
T labels. MD calculations indicate greater conformational disorder of the NIT

Table 7.1 Distances r and
distance distribution widths D
in DNA duplexes D1, D2
labeled by trityls T and
nitroxyls NIT [15]

DNA Complex Distance, r (nm) ½ D (nm)*

D1-PIP-T/T 4.54 0.20

D1-PIP-NIT/NIT 4.24 0.62

D1-NH-NIT/NIT 3.91 0.37

D2-NH-T/T 4.49 0.25

D2-PIP-T/T 4.50 0.18

D2-NH-NIT/NIT 4.05 0.36

Fig. 7.7 a Echo-detected
EPR spectra of duplexes: 1:
D2-NH-T/T, 2: D1-NH-NIT/
NIT and 3: D2-NH-NIT/NIT,
spectral positions of pump
and observe pulses are
indicated for each duplex;
b PELDOR V(T) for each
duplex after removal of
relaxation background; c F
(r) obtained for each duplex.
Reproduced from Shevelev
et al. [15] with permission of
American Chemical Society,
copyright 2015
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labels compared to T, thus rationalizing the experimentally observed trends. In fact,
the MD calculations show that hydrophobic areas on the T label cap the stack of
bases at the end of the duplex [15].

Labeling with T gives narrower spin-spin distance distributions and potentially
more precise distances between labeling sites than does more traditional nitroxyl
labels. However, the distances in NIT/NIT pairs with the short linker are actually
nearer to the length of ten-bp B-helix DNA. The *1 nm diameter of T-labels must
be considered in distance measurements [15].

The ten-bp D1-PIP-T/T and D2-PIP-T/T duplexes were measured by DQC at
310 K and at 80 K by PELDOR, giving the same distance, *4.6 nm [16].
The DNA was immobilized on NucleosilDMA sorbent, which prevented movement
of the T label.

Gd(III) [17–19] or Cu(II) [20] complexes have been recently suggested for use as
labels, Sects. 4.2 and 4.4. These labels are typically characterized by a rather complex
EPR spectrum in polyoriented systems. However, for Gd(III), the −1/2 ! +1/2
transition, dominates the spectrum at Ka-band for temperatures of*10 K and is used
in PELDOR experiments.

The structure of a 14-bp duplex was investigated using Gd(III) complexes
Gd538 and Gd595 as labels incorporated at the terminal thymidine molecules using
“click chemistry” [19]. The 4pPELDOR measurements found a distance of
5.9 ± 1.2 nm between the ions in these DNA duplexes, while the width of the
distribution was *2 nm. The use of Gd(III) labels might increase the range of
PELDOR-measured distances to *10 nm [19], which is significant for some
complex biomolecules. The relatively large distance, 1.2–1.5 nm, between the ions
and the position of attachment to the macromolecule results in a wide distance
distribution and a decrease in the measurement accuracy due to the mobility of
these labels. This is an obvious drawback of these labels in comparison to nitroxyl
labels. A number of features of the PELDOR analysis methods for Gd(III) and Cu
(II) have been thoroughly examined [19, 20].
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7.1.5 Conformational Changes

The studies just described show that spin labeling of linear DNA and RNA
duplexes allow a rather consistent determination, to *1%, of the distance between
the spin-labeled nucleotides.

The strong correlation between PELDOR and MD results is very significant.
The MD simulations are typically carried out for room temperatures and aqueous
solutions, while the PELDOR measurements were made with rapidly-frozen glassy
solutions. The conformations of DNA and RNA molecules at room temperature
seem to persist even through flash freezing of the solutions. This suggests that
PELDOR will give relevant structural information for nucleic acids in other envi-
ronments, with novel interactions, and during reactions.

Changes in the distance between nucleotides during the transition from the B- to
the A-form of DNA have been studied using PELDOR [21]. A series of
spin-labeled DNA duplexes were investigated:

where the sites of spin labels are shown in bold.
The 4-amino-TEMPO 4-19 label was attached to the N2 atom of specific gua-

nine residues. Labels were attached either to the same helix at positions denoted
(4;19) and (4;20), or to different helices at positions denoted (4;14′) or (4;18′). The
transition between the B- and A-forms of DNA occurs in polar media. PELDOR
measurements were made at 60–70 K in aqueous buffer with 10 vol. % glycerol
added as a cryoprotectant [21].

Addition of trifluoroethanol, TFE, stimulated the B ! A transition. The distance
spectrum changed with the volumetric content of TFE, Fig. 7.8. The longer B-form
converts into the more compact A-form as the TFE concentration exceeds 70%. The
measured interspin distances in the A- and B-forms agree well with distances
between the oxygen atoms of the >NO groups of the spin labels from MD simu-
lations, Table 7.2 [21].

The ability of PELDOR to determine distances in the nanometer range is con-
siderably better than that of any other method, such as CW EPR or circular
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dichroism [21]. This enabled the investigation of the transitions between the A- and
B-forms of RNA and DNA in various molecular environments and polarity.

The structure of the nucleic acid can also be altered by the spin label. MD
simulations show that a TPA 4-18 spin label in the major groove of DNA or RNA
changes the mutual orientation of the base pairs in the molecule [22]. This effect is
less significant for labels located in the minor groove. Nonetheless, conformational
changes do occur when DNA or RNA is labeled and should be taken into account
when interpreting PELDOR results and when planning PELDOR experiments. The

Fig. 7.8 The measured F(r) as TFE is added to an aqueous solution of (4;18’)-labeled DNA
duplex. Reprinted from Sicoli et al. [21] with permission of Wiley and Sons, copyright 2008

Table 7.2 Experimental and calculated distances in nm between the spin labels for the A- and
B-forms of DNA [21]

DNA duplex PELDOR
distance

Calculated O–O
distance, B-form

PELDOR
distance

A-form, calculated
O–O distance

(4;20) 5.6 ± 0.2 5.6 ± 0.3 4.8 ± 0.2 4.5 ± 0.4

(4;19) 5.1 ± 0.2 5.1 ± 0.3 4.6 ± 0.3 4.4 ± 0.4

(4;18′) 4.9 ± 0.2 4.8 ± 0.4 4.3 ± 0.3 4.2 ± 0.4

(4;14′) 3.2 ± 0.2 3.6 ± 0.3 2.8 ± 0.3 3.3 ± 0.3
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impact of the label was shown in four hybrid DNA/RNA-duplexes. Distances
between spin labels have been measured with TPA spin labels attached to the
nitrogenous bases so that they were oriented towards either the major or the minor
groove of the duplex. This allowed selection of the A- and B-forms of the hybrid
[23].

7.2 Orientation and Dynamic Properties of DNA

7.2.1 Orientation Selection

The distances between spin labels, as well as their mutual orientation, can be
determined from orientation selective measurements [24–27]. A special rigid spin
label Ç 4-20 was developed for DNA studies [28]. This label is based on cytosine,
and is rigidly oriented and fixed in the DNA duplex by hydrogen bonds with
cytosine’s complementary base guanine:

The label is coplanar with the guanine and is parallel to the other paired bases
and perpendicular to the DNA helix axis, Fig. 7.9 Left. The angle between the
vector r connecting the labels and the normal to the plane of each label is the same.
This makes it possible to determine the angle b between r and the helix axis from
the PELDOR V(T) measured with different combinations of xA and xB. A detailed
description of this analysis and the experimental results are provided in [27]. The V
(T) were measured at X-band for ΔxAB/2p in 10 MHz steps from 40 to 90 MHz.
The position of the second label was scanned from N3 to N14, Fig. 7.9 Left. The
angle b varied with the position of the label in the DNA, Fig. 7.9 Right. The b angle
for an idealized DNA duplex corresponds well to the experimental results [27].

Several new labels are suggested for DNA investigations, Fig. 7.10, with dif-
fering rigidity when incorporated in DNA oligonucleotides [29]. ExImU is the first
conformaly-unambiguous spin label for nucleic acids; the nitroxyl N–O bond is
coaxial with the three single bonds attaching the otherwise rigid isoindoline-based
spin label to a uracil base. This label has very high rotational mobility around these
single bonds in duplex DNA relative to the structurally similar spin label ImU,
whose rotation is restricted by an intramolecular hydrogen bond. These labels were
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used in two doubly-labeled, 14-bp duplex constructs with either seven- or ten-base
pairs between the labels in DNA(1,9) and DNA(1,12), respectively [29].

PELDOR distance measurements between pairs of ImU, OxU, and ExImU in
duplex DNA showed strong orientation selection with ImU pairs, with V
(T) depending on the location of xA and xB in the EPR spectrum. The orientation
selection was moderate for OxU, and absent for ExImU. Thus, precise distances can
be extracted from ExImU pairs from just a single measurement without having to
take orientation selection into account. Interspin distances were obtained at X-band
by Tikhonov regularization from sums of V(T) with ΔxAB/2p from 40 to 85 MHz
[29]. The experimental distances for DNA(1,9) and DNA(1,12) constructs are: 3.43
and 3.41 nm between ImU labels; 3.32 and 3.41 nm for OxU; and 4.01 and 3.58 nm
for ExImU, respectively, in good agreement with calculated models [29].

The first comparative PELDOR study at 263 and 94 GHz examined a model
20-bp RNA duplex system with the rigid Ç label in positions 6 and 16 [30]. There
was considerable modulation depth and significant orientation selection at
263 GHz, particularly in the gx − gy plane of the nitroxyl. The difficulties, as well

Fig. 7.9 Left: Orientation of spin labels in the DNA structure, spin labels are attached here to the
base pairs numbered 1 and 5; the principal axis of hyperfine interaction tensor Azz is normal to the
label plane so the b1 and b2 angles coincide; Right: Experimental and calculated dependence of
b = b1 = b2 on the position of second label. Reprinted from Marko et al. [26] with permission of
American Physical Society, copyright 2010
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as the advantages, encountered at such ultrahigh frequencies were noted. There are
significant, new possibilities for investigating the orientation of spin labels in
structures that are more complex than simple linear single- or double-stranded
nucleic acids.

7.2.2 Nucleic Acid Dynamics

The dynamic properties of nucleic acids are significant for understanding the
kinetics and the mechanisms of cellular processes, e.g., replication and

Fig. 7.10 Spin-labeled nucleosides: a isoindoline-derived spin labels ImU and OxU, b base pairing
of ImU with A, showing the intramolecular hydrogen bond that restricts rotation around the bond
connecting the nitroxyl to the base, c the rigid spin labels Ç and Çm, d the extended benzimidazole
spin label ExImU. Reprinted from Gophane et al. [29] with permission of Wiley and Sons,
copyright 2007
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transcription, in which proteins twist and bend the DNA. Several urgent problems
in modern biophysics center on the molecular dynamics of nucleic acids. It was
believed, in the early theoretical and experimental research, that the dynamic
properties of DNA duplexes could be described by the elastic cylinder model [31].
However, modern physical studies of the mobility of DNA helices [32–34] suggest
at least three types of possible motions, including: (A) elongation—the helical pitch
changes without any change in diameter; (B) unwinding—the diameter and length
change but the pitch does not; and (C) bending—the helix bends without changes in
radius or pitch.

It is repeatedly found that the F(r) obtained from PELDOR measurements on
rapidly-frozen glasses, corresponds quite well to the spectrum of conformations that
modern MD methods predict in room-temperature liquids. This means that
PELDOR can provide a snapshot of the range of dynamics in a molecular system.

These features of PELDOR were used to distinguish between the A, B and C
mechanisms in a study of the conformational flexibility of doubly spin-labeled
20-bp DNA [35]. The rigid Ç spin label was used and paired labels were attached to
10 model duplexes with one label at one end of the duplex, and the other label was
stepped one full turn down the helix. PELDOR measurements were made at
X-band, xA/2p * 9 GHz, and at G-band, *180 GHz. The V(T) and their
dependence on ΔxAB were measured for all the duplexes. The width Δ = <ΔR2>½

of the distance distribution, Fig. 7.11a, was determined by averaging the orientation
selectivity data [25]. This procedure eliminates correlations between label orien-
tations from the measured distances. In addition, orientation selection measure-
ments were made for all spin pairs [24–26]. The V(T), the linewidth of F(r), and the
mutual orientation of the labels were simulated for the motional model.

The relationship between the width of F(r) and the position of a label was used
to interpret the experimental data, Fig. 7.11b. Only the unwinding model B fit the
data. The exact twisting and stretching of the helix in this model can be determined
from the orientation selection data obtained in the course of the experiments at
G-band. The angle between the N–O bonds of labels one turn apart varied by ±22°.
As mentioned in [35], the results completely agree with the model of cooperating
fluctuations, the so-called “respiratory” model of DNA duplex motion, where the
pitch of a helix remains constant, but the helix radius and the length of the DNA
molecule vary in a correlated manner. According to the PELDOR data, the helix
radius changes by 11% while the DNA length changes by ±6%.

These PELDOR results correlate with the small angle X-ray scattering data
(SAXS) [34] and with fluorescent microscopy results [32] for short DNA oligo-
mers. The wide variety of experimental approaches used in this work [35]: the
unique set of spin-labeled DNA, studies of the orientation selection, measurements
at various frequency ranges; revealed the full potential of PELDOR not just for
structural studies, but for thorough studies of macromolecular dynamics as well.
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7.3 Nonlinear Duplexes and Tertiary Structures

The structure of DNA and RNA is not restricted to a linear helix, but can be much
more complex, similar to the tertiary structure of biopolymers. Relatively long
single-stranded RNA can form duplexes between their complementary segments,
while non-complementary segments form rings, hairpins, and loops, which contain
several nucleotides. The distances between specific nucleotides in these secondary
structures can differ dramatically from those between nucleotides in ordinary
helices.

Distances between TEMPO 4-19 labels attached to the –NH2 groups of specific
guanine, adenine, or cytosine bases within a RNA hairpin structure 20 nucleotides
in length have been measured, Fig. 7.12a [36]. The labels were positioned ten bases
apart in a sequence that can fold into a hairpin structure or a duplex if a comple-
mentary strand was present. In a duplex, the labels are always 10-bp apart and
PELDOR V(T) give the same distance of 3.1 nm expected for A-form RNA,

Fig. 7.11 a Three models of motion in duplex DNA (see text); b F(r) from X-band PELDOR data
using a Gaussian approximation for F(r), with orientation selection for Ç spin labels pairs;
c experimental dependence of the width, Δ = <ΔR2>½, on the distances between the labels and the
theoretical simulations for mobility models A, B, and C; the minimal Δ value corresponds to the
distance between 1 and 9 labels of DNA. Reprinted from Marko et al. [35] with permission of
American Chemical Society, copyright 2011
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regardless of the labeled nucleotide type or the position of the label pair within the
RNA duplex.

In this RNA hairpin structure of 20 nucleotides, six complementary nucleotides
form a double helix as the hairpin stem, four nucleotides form the loop, and the
remaining nucleotides are in a single strand. A duplex with labels only in one strand
was formed after a completely complementary RNA molecule without spin labels
had been added to the system, Fig. 7.12b. Samples containing different amounts of
the labeled RNA and its unlabeled complementary RNA were measured by
PELDOR. The distance spectrum obtained in these experiments, Fig. 7.12c, indi-
cates that in frozen buffer solutions, spin-labeled hairpins with 1.8 nm between
labels are present, along with duplexes having 3.1 nm between labels.

Fig. 7.12 RNA hairpin investigation: a structure of the spin label; b formation of a RNA duplex
from two hairpins, the hairpin on the left is spin labeled while the other hairpin is complementary
but unlabeled, when mixed, the two complementary hairpins can form a duplex; c PELDOR
distance spectra in the mixtures as the unlabeled, complementary hairpin is titrated into a solution
of the labeled hairpin, the distance spectra show the change in relative amount of the RNA duplex.
Reproduced from Sicoli et al. [36] with permission of John Wiley and Sons, copyright 2010
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Single RNA strands can form more complex structures, such as rings, or
semi-rings, in conjunction with hairpins. These structural elements may respond to
certain molecules; they are known as RNA riboswitches and play a crucial role in
regulating transfer of genetic information in cells.

Artificially-synthesized RNA riboswitches consisting of 27 nucleotides, that
accept neomycin, have been investigated using PELDOR [37]:

TPA 4-18 spin labels were introduced into the bolded uracil residues and the
interspin distances between positions 4–14, 4–15, 14–26, 15–26 were determined.
An attempt was made to determine the conformational changes in this riboswitch
during formation of a neomycin complex [37]. It was found, however, that the
distance between the spin-labeled uridine bases were virtually the same in this
complex as in the neomycin-free riboswitch. This result suggests that the structure
has good conformational stability [37].

The rigid Ç 4-20 label was an ideal probe for PELDOR studies on the cocaine
aptamer, which is a DNA three-way junction that binds cocaine at its helical
junction [38]:

Here two aptamers were studied. Both have the same sequence and are labeled at
the same positions, the difference is a longer side helix for aptamer 2. The filled
black circle represents the cocaine ligand. The positions labeled with Ç are marked
by arrows.
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The conformation and overall flexibility of the aptamer in the presence and
absence of cocaine was studied at X- and Q-bands [38]. The Ç label was incor-
porated pairwise into two helices of the aptamer. PELDOR orientation selection
experiments determined the mutual orientation and the distances between pairs of
labels. The cocaine-bound and non-bound states differ in their conformational
flexibility, which is lower with cocaine bound. There were only small changes in
the width and mean value Δr = 0.3 nm of F(r) upon cocaine binding. A detailed
simulation of V(T) revealed considerable conformational flexibility in the helical
junction, even after binding to cocaine.

Mg2+ ions had a major effect on the structure of the “hammerhead ribozyme,”
HHRz [39]. The distance spectrum for TEMPO 4-19 spin labels incorporated in two
stems of the HHRz structure showed that the addition of Mg2+ ions stabilized a
tightly-folded structure with the labeled stems quite close *2.4 nm. Without Mg2+

ions or with mutations in other parts of the ribozyme, no ordered structure was
observed. It is noteworthy that Mg2+ ions are required for the catalytic activity of
this HHRz.

Changes in distances between spin labels that are due to conformational trans-
formations were also seen by PELDOR in other, more complicated RNA and DNA
molecules having a range of tertiary structures, see, e.g., [40, 41]. This important
area in structural biophysics is ripe for innovative PELDOR studies.

7.4 PELDOR Inside Cells

In-cell studies are vital to determine the effect of the intracellular environment and
conditions, e.g., viscosity, molecular crowding, the activity of water, interactions
with other macromolecules, etc., on the structure of nucleic acids. Such information
could be found by PELDOR distances measurements on macromolecules or
complexes that contain more than one intrinsic spin or on doubly spin-labeled
nucleic acids or proteins introduced into cells.

Sample preparation for EPR studies of doubly spin-labeled nucleic acids or
proteins introduced into whole cells is a rather complicated procedure [42–45]. The
major approach is the injection method where a large specialized cell, having a
diameter about 1 mm, is injected with a solution containing the spin-labeled
macromolecule without destroying the cell. This needs to be repeated dozens of
times. There is special equipment for microinjection: a glass micropipette with the
needle of 0.5–5 lm mounted on a pneumatic or oil-driven injection device is used
under a microscope. A detailed description of sample preparation by microinjection
can be found in [46]. Although this approach allows the study of a much wider
range of nucleic acids and proteins that does the intrinsic radical approach, there can
be questions concerning how well the cells, typically oocytes, represent normal
physiology of typical cells; how well the injected macromolecules are transported
into the proper intracellular compartments; and how much the injected material
perturbs the physiological state of the cell.
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The main obstacle in conducting in-cell PELDOR experiments is the short
half-life of nitroxyl spin labels in the intracellular environment. They are readily
reduced by reducing agents, such as small molecules or enzymes, which decrease
the EPR signal and convert doubly-labeled molecules into mono-labeled molecules.

A detailed investigation of the decay kinetics of spin labels in cells is given in
[47]. The five-member ring, similar to SAT 4-15, and the six-member ring TOAC
4-22 nitroxyl radicals were studied in Xenopus leavis oocyte extracts. The nitroxyl
radical stability primarily depended on the size of the heterocyclic ring. The
half-life for the five-membered ring nitroxyl is 150 min but for TOAC is 0.7 min.
A kinetic analysis of the nitroxyl reduction in cell revealed an enzyme-mediated
reaction [47]. These findings in oocyte extracts are important for the selection of the
nitroxyl label for in-cell experiments, but results may be different for other cell
types, nitroxyl derivatives and conditions. TPA 4-18 is reduced in oocyte extracts
about four-fold faster than when it is attached to RNA or DNA [48].

Cells need to be incubated about 1 h at physiological temperatures after
microinjection [49], making signal-to-noise an important issue for any in-cell
PELDOR measurements. The incubated cells are usually shock-frozen in liquid
nitrogen prior to PELDOR experiments made at cryogenic temperatures, but loss of
doubly-labeled molecules during incubation is a major concern. A detailed protocol
for PELDOR measurements in cells can be found in [46].

7.4.1 Ubiquitin

The first in-cell PELDOR experiment was reported in 2010 [49]. Two
doubly-labeled constructs of human ubiquitin, a small regulatory protein, were
made with five-membered-ring spin labels and injected into X. laevis oocytes.
PELDOR from the two constructs found distances of 3.14 and 2.60 nm in the
oocytes, while the in vitro values were 3.11 and 2.65 nm, respectively. The width
of the distribution function F(r) increased in the oocytes after a 1 h incubation at
18 °C. This broadening was attributed to some intracellular events but not to
changes in the ubiquitin conformation [49]. Ubiquitin has also been studied using
Gd(III) labels, see Sect. 7.4.4.

7.4.2 Nucleic Acids

PELDOR measurements were made for 12-bp double-labeled DNA in vitro and in
cells [48]. The PELDOR V(T) of in-cell DNA have a somewhat different pattern of
oscillation than in vitro. The V(T) in vitro can be fitted by F(r) with a single
Gaussian peak at 2.1 nm and a width of 0.14 nm, while the in-cell V(T) requires
two Gaussian peaks in their F(r). The shorter distance matches the in vitro mea-
surement, indicating that the duplex structure is undisturbed in cells. The longer
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distance of 3.7 nm has a very broad width of 2 nm and may arise from the stacking
of DNA molecules in cells. End-to-end stacking of 6- to 20-bp nucleic acid
duplexes and ordering into semirigid rod-shaped structures is well known [50, 51].

Although in-cell reduction of nitroxyl labels attached to DNA occurs at the same
rate as when attached to RNAs, the PELDOR modulation depth for DNA was
deeper. This increase in modulation depth was ascribed to dipolar interactions of
more than two coupled spins, which could occur with end-to-end stacking of the
duplexes. This explanation is further supported by the background VINTER which
shows a one-dimensional spin distribution with d = 1 Eq. 1.19 as expected for
linear stacking of the DNA [48].

The 14-bp cUUCGg tetraloop hairpin RNA and the 27-bp neomycin-sensing
riboswitch were then studied in X. laevis oocytes and compared with in vitro
PELDOR measurements [48] and with structures of the unlabeled RNA [52, 53].

TPA 4-18 spin labeling at positions shown by arrows took about 50 min. In vitro
PELDOR experiments were carried out in intraoocyte buffer. Distances of 1.8 nm
for the tetraloop RNA hairpin and 3.4 nm for the neomycin riboswitch were
obtained from the in vitro V(T). The widths of the F(r) were 0.27 nm for the hairpin
and 0.7 nm for the riboswitch. Practically identical PELDOR results were obtained
for both RNAs after 10 and 70 min of incubation. The fact that the distances
measured in the in vitro and in-cell experiments were the same implies that the
14-mer hairpin RNA and the 27-mer riboswitch have stable global structures.

7.4.3 G-Quadruplexes

DNA sequences with a high degree of polymorphism are of particular interest for in
cell PELDOR measurements because PELDOR can identify different conforma-
tions of the DNA constructs. One such important structure is the human telomeric
G-quadruplex. The G-quadruplexes are tertiary structures formed by nucleic acids
with sequences rich in guanine. Four guanine bases can associate to form a square
planar structure, a tetrad, and two or more of these tetrads can stack on top of each
other to form a G-quadruplex. The structure is stabilized by a cation, especially K+,
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sitting in the central channel between each pair of tetrads, Fig. 7.13 [54]. The
quadruplex, in response to subtle changes in environmental conditions, is known to
adopt drastically different conformations. In particular, its conformation and the
mixture of conformations depends upon its counterions, K+ versus Na+ and on the
DNA sequence around the quadruplex.

The human telomeric quadruplex was studied in buffer with K+ ions [55]. The
conformation in this case is known from NMR and X-ray analysis, Fig. 7.14 [56–
58]. In the PELDOR experiments, the DNA sequence d[A(GGGTTA)3GGG] was
labeled by TEMPA 4-17 in positions 5 and 11, as indicated by a bold T:

Fig. 7.13 Schematic outline of the structure of a G-quadruplex left: a G-tetrad; right:
intramolecular loops of nucleic acids linking G-tetrads are shown
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Tikhonov regularization analysis of the PELDOR V(T) gave two broad lines at
the distances corresponding to the expected value for the parallel propeller form,
whereas the second species has a distance of identical to the antiparallel basket
quadruplex, Fig. 7.14a, b and Table 7.3. These conformers are present in a 1:1 ratio
in the frozen solution.

The same human telomeric sequence was synthesized and spin-labeled with the
more stable TPA 4-18 label [59]. It was injected into the animal hemisphere
cytoplasm of stage VI oocytes of X. laevis where nucleus-like conditions prevail
[60]. For the distance measurements, the telomeric sequence again was labeled in
the trinucleotide loop region at the positions 5 and 11 [55, 59]. And again, two
distances were found from analysis of V(T) using a Gaussian line shape, Table 7.3.
One distance of 2.9 nm corresponds to the antiparallel basket quadruplex, the
second distance of 2.0 nm to the parallel propeller form.

Evidence for a 3 + 1 conformation of a G-quadruplex was obtained in later work
[61]. In contrast to previous studies [55, 59], the spin labeled quadruplex was
embedded in a long stretch of human telomeric DNA d[A(G3T2A)11G3] containing
three quadruplex units. The DNA was labeled by TEMPO 4-19 attached at posi-
tions 29 and 35 of the DNA sequence. In the presence of Na+ ions, the distance
between the two nitroxyl spin labels in the middle quadruplex unit of this long
DNA was r = 3.0 ± 0.1 nm which corresponds to the antiparallel basket

Fig. 7.14 G-quadruplex topologies based on X-ray and NMR structures: a the antiparallel basket
quadruplex in the presence of Na+ ions [56], b the parallel propeller form in the presence of K+

ions [57], c NMR structure of a hybrid 3 + 1 quadruplex of a slightly modified sequence in K+

ions [58]

Table 7.3 Structural data for G-quadruplex conformations [55, 59]

Conditions PELDOR experiment (nm) PDB based calculations (nm)

Propeller Basket Propeller Basket

Buffer K+ 1,8 ± 0.2
D � 1.0

3,0 ± 0.1
D � 1.0

1.7 2.9

Cells 2.0 ± 0.1
D = 0.7

2.9 ± 0.1
D = 0.7
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quadruplex topology. However in K+ solution, r = 2.5 ± 0.1 nm, corresponding to
the (3 + 1) hybrid topology, Fig. 7.14c. These results show that PELDOR should
prove very useful in further investigations of quadruplex structures and interactions
in complex mixtures and even complex cellular systems.

7.4.4 Ubiquitin and Gd(III)

An innovative approach for PELDOR in-cell investigations features: (1) novel Gd
(III)-based spin labels and protein linkers that are stable under in-cell conditions;
(2) high-field measurements that feature high sensitivity with Gd(III), thus allowing
the detection of low concentrations and use of small sample sizes; (3) efficient
delivery of the labeled protein into cells by hypo-osmotic shock, reaching in-cell
concentrations sufficient for PELDOR measurements while maintaining cell via-
bility; and (4) D2O exchange to slow echo decays [62, 63].

These advantages were demonstrated on doubly-labeled ubiquitin in HeLa cells.
A mutant of human ubiquitin with two cysteines replacing Ser20 and Gly35,
Fig. 7.15a, was doubly labeled with Gd(III)-DOTA maleimide 4-25 [64],
Fig. 7.15b, and introduced into HeLa cells by osmotic shock [65, 66]. Operational
simplicity, time efficiency, and high probability of cellular viability are attractive

Fig. 7.15 a Ribbon structure of the ubiquitin (PDB 1UBQ), Ser20 and Gly35 were substituted
with cysteines and labeled with Gd(III)-DOTA-Maleimide; b the labeling reaction. Reprinted from
Martorana et al. [62] with permission of American Physical Society, copyrights 2014
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advantages of this technique [62]. Partial deuteration of the intracellular medium by
<20% D2O was used to slow phase relaxation.

The 4pPELDOR data and analysis are shown in Fig. 7.16. The distance distri-
bution obtained from both in vitro and in-cell samples is similar: it has a maximum
around 3.2 nm and a width of about 1.5 nm. This interspin distance distribution is
in good agreement with previous in vitro X-band PELDOR measurements on
S20C/G35C labeled with conventional nitroxyl spin labels [49, 67]. No comments
were made about the right-hand shoulder in F(r) in-cells.

Significant differences were observed in the background V(t), which is sub-
stantially stronger in-cell than in buffer and indicates a higher local concentration
in-cell of 110 lM. This value exceeds considerably the bulk concentration of
4.5 lM and is larger than that used with hypo-osmotic shock, 100 lM, suggesting
localization and inhomogeneous distribution in the cell, in agreement with the
fluorescence measurements [62]. The physiological relevance of such localized
proteins needs to be carefully considered.

Fig. 7.16 W-band PELDOR
results of doubly-labeled
ubiquitin in vitro and in-cell:
a experimental DEER trace
and background fit: 1 in vitro
at 25 lM, and 2 in-cell;
b distance distribution F
(r) obtained using Tikhonov
regularization for 1 in vitro,
and 2 in-cell. Reprinted from
Martorana et al. [62] with
permission of American
Physical Society,
copyright 2014
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Nevertheless, studies to date in cells and complex systems show that measure-
ments of biomolecule structure and organization by PELDOR has a promising
future in biology.

7.5 DNA Lesions

The effect of various lesions on DNA structure, in particular, the changes in the
distances between spin labels, was studied by PELDOR [68–70]. Lesions in DNA
are caused by many factors, such as chemical modification of the DNA at a certain
location, nucleotide substitution, nicks in one of the DNA strands in the duplex, etc.
All these lesions that chemically modify DNA can cause mutations or cell death.
The physical consequences of these lesion on structure and flexibility of the DNA
are of particular relevance for understanding the biological effects of these lesions
and how they are recognized and repaired.

7.5.1 Base Mismatch

Duplexes containing AA and TT mismatches, i.e., non-canonical pairs, were
studied by attaching two TEMPO 4-19 spin labels onto nucleotides on each side of
the mismatch [71]:

where A* is 7-deazaadenozine containing the TEMPO spin label at C7; X-Y is
the noncanonical pair dA-dA or dT-dT at positions 8 or 9 of the duplex. The
distance between the spins in the canonical duplex, when XY/ZW = AT/TA, was
r = 1.83 nm. The distance for the duplexes TT/TA and AT/AA containing the TT
or AA noncanonical pair at position 8 was r = 1.73 nm. However, r = 1.87 and
2.08 nm if the duplexes contained noncanonical pairs (AT/TT and AA/TA,
respectively) at position 9. Thus, the introduction of a noncanonical pair into
position 8 reduces the interspin distance, while the introduction into position 9
increases it as compared to the canonical duplex. The DNA mismatch alters the
structure of the adjacent base pairs, but in different way: causing compression or
expansion in the two cases examined here.

DNA duplexes containing three TEMPO spin labels were also studied [72].
These Y labels were attached to the C5 atom of uridine residues of an
alkynyl-oligonucleotide using “click chemistry”. A tetrahydrofuran lesion F was
introduced into one of the DNA strands in addition to the spin labels. So, each DNA
duplex contained three spin labels and one damaged site.
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The PELDOR V(T) in this 3-spin system were analyzed using the conventional
procedure [73], modified for a 3-spin system [74]. As expected, F(r) for this system
consisted of three lines with peaks at r = 2.50, 3.15, and 4.60 nm and the widths of
0.05, 0.45, and 0.75 nm, respectively, Fig. 7.17.

The interaction between this DNA duplex and apurinic/apyrimidinic AP
endonuclease IV (EndoIV) from Escherichia coli was also investigated [72].
EndoIV cleaves the damaged strand [75] at the AP site and at AP site analogs
containing F residues from damaged deoxyribose. The duplex spin-labeled DNA
was cut at the F residue, yielding a duplex containing only two spin labels and a
short fragment with one label and the F

A single line was detected in F(r) after treatment with EndoIV, Fig. 7.17, with
r = 3.20 nm and a width of 0.75 nm, which was attributed to the spin-labeled
duplex that remained after cleavage of the damaged strand. The results obtained
demonstrate the potential for using PELDOR in the investigation of 3-spin DNA
systems and, more importantly, expand the range of systems that can possibly be
used to probe the interaction of DNA with proteins and enzymes.

Changes in the inter-label distances in DNA duplexes containing other structural
defects and insertions in one of the duplex strands has also been studied [68]. The
20-bp DNA

Fig. 7.17 F(r) for a
triply-labeled DNA duplex
(1, 2, 3) and after treatment
with Endo IV (4), changes are
attributed to double-labeled
DNA. Reprinted from
Flaender et al. [72] with
permission of Wiley and
Sons, copyright 2007
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with TEMPO spin labels attached to guanine residues of one strand at positions
(4;11) (A) and (4;19) (B); the second strand of the duplex contained various lesions
—nicks, gaps, modified nucleotides, and bulges, Table 7.4. Two of the
non-nucleotide insertions (Pr, Et) are:

4pPELDOR at 60 or 70 K was used with conventional data analysis methods in
each case. The samples contained 50 or 100 lM of spin-labeled DNA in saline with
15–20% glycerol. The F(r) for the duplex A (4;11), undamaged and with various
lesions, show a variety of changes, Fig. 7.18. In order to eliminate the orientation
selectivity, the PELDOR V(T) was averaged over 10 measurements by variation of
the magnetic field across the EPR spectrum. These measures allow one to reliably
assess the error in determining the average distance and the width of lines in the
distance spectrum with an error *10% [68].

Table 7.4 Structures of radical R, nucleotides, and non-nucleotide insertions [69, 70]

THF (F) G deg2p R 8oxoG
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The results obtained for the duplexes labeled at positions (4;11) fall into two
groups [68]. The first group contained structural lesions F, Pr, and Et at position 7
of the second strand. A significant decrease, from r = 2.81 nm in undamaged A to
2.48 nm for Pr, along with a broadening of the F(r) peak from 0.21 to 0.46 nm with
the appearance of some asymmetry, was found in the this group. A similar situation
was observed for duplex B labeled at positions (4;19), where the distances changed
from r = 5.21 ± 0.04 nm for the undamaged structure to 5.02 ± 0.03 nm for the
damaged duplexes. The width of the distribution function for duplex B changed
from 0.33 ± 0.02 to 0.44 ± 0.05 nm. In the second group of lesions, 8oxoG, nick,
gap, and bulge, the distance changes were insignificant and due mostly to mea-
surement errors.

When discussing the results, it is usually assumed that the width of the F(r) peak
characterizes the conformational flexibility of the duplex while changes in peak
position reflect conformational changes. MD calculations [68] also concluded that
the significant changes in r in the first group of damaged duplexes could be
attributed to local changes in the conformations at lesions sites and in the com-
plementary nucleotide of the duplex.

In general, the changes in the damaged DNA in a number of cases [68] are in
qualitative agreement with the data obtained by methods such as NMR. The
combination of pulse EPR spectroscopy with MD techniques for spin labeled DNA
is complementary to conventional methods, such as NMR, CD, FRET, and X-ray
crystallography, and provides additional information method about DNA lesions
and the weak interactions of DNA with other molecules and complexes.

The sensitivity of PELDOR parameters to changes in nucleic acid structure
became considerably greater when the spin labels were attached at the termini of
relatively short oligonucleotides and their duplexes [69, 70]. Synthetic 12-bp
oligonucleotides and their duplexes contained TEMPO 4-19 labels on their 5′- and
3′-terminal phosphate groups:

Fig. 7.18 F(r) for undamaged DNA A 1 with labels in positions 4 and 11, and the changes when
lesions 2 Pr, 3 Et, and 4 F are introduced in the DNA. Reproduced from Sicoli et al. [68] with
permission of Oxford University Press, copyrights 2009
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The G nucleotide located in the center of the G duplex was modified by various
insertions and substitutions, Table 7.4.

The spin-labeled DNA was studied in frozen, glassy water/glycerol solutions at
77 K. The F(r) were determined from the experimental background-free V(T) using
Tikhonov regularization with the use of both the standard algorithm and the
Gaussian approximation. The F(r), Fig. 7.19a and Table 7.5, demonstrate a 2- to
3-fold narrowing for duplex DNA compared to single-stranded DNA. The insertion
of nucleotide analogues results in a reduction in the average interspin distance in the
duplexes. In case of the deg2p insertion, a noticeable broadening in F(r) as com-
pared to G/C12 duplexes was observed. It is obvious that the sharpening in the F
(r) can be attributed to the formation of the DNA double helix, which is charac-
terized by a more rigid structure than single-stranded DNA. The observed width of
F(r) for the undistorted duplex G/C12 was apparently caused by the random ori-
entation of spin labels due to rotation around the P–N bonds. Considering the fact
that the distance between the nitrogen atom and the N–O moiety of the spin label is
*0.4 nm, the maximum broadening from the reorientation of spin labels would be
1.6 nm, while the experimental width of D = 0.98 ± 0.1 nm for the undamaged
duplex lies in this range. Effects associated with orientation selection in PELDOR

Fig. 7.19 a Gaussian approximation of F(r) for two spin labels in DNAs: 1 single-stranded
oligonucleotide ssG, 2 thick line, duplex dsG, 3: duplex dsG-looped, 4 single-stranded
oligonucleotide ssF, 5 duplex dsTHF; b schematic representation of spin-labeled DNA top:
without, and bottom with non-nucleotide insert, demonstrating bending and shortening of the
distance between labels. Reproduced from Kuznetsov et al. [69] with permission of Royal Society
of Chemistry, copyrights 2009
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were not observed [68–70], which can also presumably be attributed to the broad,
uncorrelated range of spin label orientations.

The introduction of non-nucleotide insertions into the duplex structure affects the
average interspin distance. A decrease in the distance raises the possibility of
bending of the duplex at the insertion site, due to the additional degree of freedom at
the insertion site, Fig. 7.19b. The experimental r0 in the intact duplex and r for the
distorted duplex can be used to estimate bends with h = 23° in the F/C12 duplex
and h = 27° in the looped deg2p/C12 duplex.

Any increase in the length and flexibility caused by the insertion in deg2p/C12
adds additional broadening in the F(r): Δ = 1.39 nm. The broadening is too large to
simply attribute it to the spread in the bending angle of the duplex without taking
into account elongation of the duplex. Hence, the bending angle estimated for this
insertion is only a lower bound.

Incorporation of a non-nucleotide lesion in a DNA duplex opens the possibility
of duplex bending. An increase in the number of bonds in the lesion increases its
flexibility. The increase in duplex flexibility near the insertion causes a considerable
increase in the range of bending angles and total duplex lengths.

The same approach was used to study lesions in even longer 13-bp and 17-bp
DNA duplexes [70]. However, the main aim of the work was to investigate the
conformational transformations of DNA during its interaction with the
formamidopyrimidine-DNA-glycosylase or Fpg protein from E. coli. Fpg is con-
sidered to be one of the key factors in the process of DNA repair. The investigated
duplexes are:

The structures of the R spin labels, nucleotides, and non-nucleotide insertions
are presented in Table 7.4.

Table 7.5 Parameters of the
distance spectra (nm) for
12-bp oligonucleotides and
their DNA duplexes [69]

Samplea Average distance, r, nm Width D, nm

1. sG/C12 4.05 ± 0.05 2.8 ± 0.2

2. sF/C12 4.32 ± 0.05 2.85 ± 0.2

3. G/C12 4.35 ± 0.03 0.98 ± 0.1

4. deg2p/C12 4.23 ± 0.03 1.39 ± 0.1

5. THF/C12 4.26 ± 0.03 0.95 ± 0.1
aThe symbol s denotes single-stranded DNA
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The analysis of the V(T), Fig. 7.20a, gave the distance distribution F(r),
Fig. 7.20b, the distance at the peak maximum, rmax with 0.8% accuracy, and the
width of the line at half-height Δ with 10% accuracy, Table 7.6.

The positions of the spin labels at the 5′- and 3′-terminal ends of the comple-
mentary second oligonucleotide of the DNA duplex made them sensitive to DNA
curvature caused by either the damaged sites or the formation of complexes with an
enzyme. The Fpg protein from E. coli caused bending even in the undamaged 13-bp
duplex. A similar result has been obtained from the X-ray structure of Fpg from
Bacillus stearothermophilus [70, 76, 77]. However, no bend was detected for the
undamaged 17-bp duplex in the presence of Fpg. This could be attributed to the fact

Fig. 7.20 The VINTRA(T) for adducted DNA and Fpg. a 1 and 2 refer to DNA G/C17 and THF/C17/
Fpg, respectively, 3 and 4 refer to DNA G/C13 and THF/C13/Fpg, respectively, 1 and 2 are shifted
upwards 0.15, the smooth curves are calculated using the F(r) b the F(r) between labels neglecting
orientation selection, 1 and 2 refer to DNA G/C17 and THF/C17/Fpg, respectively, 3 and 4 refer to
DNA G/C13 and THF/C13/Fpg, respectively. Reproduced from Kuznetsov et al. [70] with per-
mission of Royal Society of Chemistry, copyright 2011

Table 7.6 Parameters
(nm) of the distance
distribution function
F(r) between two spin labels
in the DNA duplexes [70]

Sample rmax, nm
a D, nma

G/C13 4.96 1.12

8-oxoG/C13 4.96 1.15

THF/C13 4.83 1.12

THF/C13/Fpg 4.60 1.2

G/C13/Fpg 4.78 1.1

G/C17 6.00 1.2

8-oxoG/C17 6.02 1.25

THF/C17 5.98 1.23

THF/C17/Fpg 5.76 1.2

G/C17/Fpg 5.99 1.4
armax and D were measured with errors of 0.8 and 10%,
respectively
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that the enzyme occupies a 10-bp DNA segment and cannot move or slide along the
short DNA duplex, while sliding is possible during binding to the 17-bp DNA
duplex, so Fpg may bind differently to the two undamaged duplexes. It cannot be
ruled out, however, that the conformational mobility of the spin labels on the 17-bp
duplex is greater than on the 13-bp duplex, which is supported by an increase in the
width of F(r) for the 17-bp duplex, Table 7.6.

In free DNA duplexes containing 8oxoG, changes in the interspin distances
relative to the undamaged duplex have not been seen. This is not surprising, since
8oxoG hardly changes the DNA structure. Duplexes containing the major cyclic
F lesion show a considerable reduction in the interspin distance, a result supported
by MD computer simulations [70].

During the interaction between the duplexes and Fpg from E. coli, bending
occurred in both the 13-bp and 17-bp duplexes. This result correlates with the X-ray
structures for the cross-linked adduct of Fpg and the AP site [76–78]. It is important
to mention that the X-ray data provides information on the damaged DNA region,
whereas PELDOR provides complementary information on changes in the global
structure.

The bending of the DNA helix near the damaged nucleotide from PELDOR
provides new information about the mechanism for recognition of damage by DNA
repair enzymes. Detection of the bending allows one to understand why enzymes
that slide along the DNA strand would stop at the damaged sites to repair them. The
data is also important for understanding other enzymes that search for specific DNA
sites.

In our opinion, the data obtained from PELDOR significantly contributes to the
investigation of the structure and properties of DNA and RNA. This method opens
new perspectives for studying complex nonlinear structures, interactions between
polynucleotides and enzymes, proteins, and membranes. The potential of PELDOR
as a method for structural studies will undoubtedly increase with the development
of pulse EPR spectroscopy.
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