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Nucleic acid molecules can adopt a variety of structures and exhibit a large degree of conformational
flexibility to fulfill their various functions in cells. Here we describe the use of Pulsed Electron–Electron
Double Resonance (PELDOR or DEER) to investigate nucleic acid molecules where two cytosine analogs
have been incorporated as spin probes. Because these new types of spin labels are rigid and incorporated
into double stranded DNA and RNA molecules, there is no additional flexibility of the spin label itself
present. Therefore the magnetic dipole–dipole interaction between both spin labels encodes for the dis-
tance as well as for the mutual orientation between the spin labels. All of this information can be
extracted by multi-frequency/multi-field PELDOR experiments, which gives very precise and valuable
information about the structure and conformational flexibility of the nucleic acid molecules. We describe
in detail our procedure to obtain the conformational ensembles and show the accuracy and limitations
with test examples and application to double-stranded DNA.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

RNA and DNA molecules are important for storage, expression
and transmission of the genetic information of living organism.
Beside their classical role in translation and transcription, many
additional active regulatory and catalytic functions have been
found for nucleic acid molecules. Many of these depend not only
on the tertiary structure of the molecules but also on the confor-
mational flexibility, which plays an important role in the recogni-
tion of cellular cofactors. Riboswitches, ribozymes as well as the
whole ribosomal machinery undergo dynamical rearrangements
to adopt different states that need to be understood in detail to
unravel their functional principles. Whereas X-ray crystallography
is very successful to elucidate the 3D-structure of such molecules
in specific functional states, spectroscopic methods are used to
investigate the dynamics of nucleic acids [1]. NMR spectroscopy
is a very powerful tool to get detailed structural and dynamic infor-
mation with atomistic resolution [2–7]. The distance range that
can be addressed directly by NMR is restricted to about 2 nm, addi-
tionally the overall size of the biomolecule is restricted to about 30
KD. Fluorescence spectroscopy allows investigation of sup-picosec-
ond time scales with single molecule sensitivity. FRET (Förster
Resonance Energy Transfer) allows investigation of distances
between two attached chromophores up to 10 nm [8,9].
Unfortunately in many cases its accuracy is limited by unknown
fit parameters and the size and flexibility of the fluorophores to
sub-atomistic resolution only.

PELDOR (Pulsed Electron–Electron Double Resonance) allows
the determination of magnetic dipole–dipole interaction between
two unpaired electron spins in solids. First introduced to measure
intermolecular dipolar interactions on statistically distributed
radical samples [10,11] it is nowadays mostly used to measure
intra-molecular distances between two spin labels attached to a
molecule. This aspect was emphasized and demonstrated on a
model compound, where the method was renamed to DEER (Dou-
ble Electron–Electron Resonance) [12] and extended to the nowa-
days almost exclusively 4-pulse DEER sequence [13,14]. With the
invention of site-specific spin-labeling [15] it soon became obvious
that this experiment is a powerful tool for structural investigations
in disordered protein samples [16]. Today it is a standard tool for
distance determinations on the 1–10 nm length scale in many
macromolecular systems, ranging from polymer and surface sci-
ences to structural biology [17–21]. Nitroxide spin labels are most
commonly used [22,23], but also natural occurring cofactors
[24,25] amino acid radicals [26],[27] [28], metal centers [29,30],
iron-sulfur clusters [31,32], or rare earth metal tags [33–35] have
been used as paramagnetic centers.

Intrinsic protein bound paramagnetic cofactors are usually
rigidly attached. At high magnetic fields the anisotropy of the
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g-tensor can be used with the narrowband microwave excitation
pulses to select a subset of molecules at specific orientations with
respect to the external magnetic field. In this case, not only the dis-
tance between the paramagnetic cofactors, but also their mutual
orientation can be extracted from PELDOR experiments. This was
first demonstrated for two tyrosine radicals of dimeric ribonucleo-
tide reductase [26,28]. In the case of flexible spin labels, such as the
MTSSL spin label attached to cysteines amino acid residues, this
orientation information is usually averaged out and the distance
distribution function P(r) can be extracted directly from PELDOR
time trace by Tikhonov regularization methods [36–38]. The Deer-
Analysis and MMM simulation programs developed by Jeschke
et al. [39] are excellent tools used by many scientists to quantita-
tively analyze and interpret such experimental data and to
compare the results with predictions based on X-ray structures
or models. If more than two spin labels are attached to the macro-
molecule, the interpretation of the PELDOR time traces become
more cumbersome [40,41]. However, valuable information on the
number of spin labels, for example the oligomeric state of protein
complexes can still be obtained [42,43]. If the spin labels are rigid,
meaning that they adapt only one well defined conformation with
respect to the biomolecule, additional information about the
geometry of the coupled spins and therefore the protein symmetry
can be obtained by comparison with simulations [44–47]. In this
paper we describe how the incorporation of rigid spin labels into
DNA and RNA molecules allow determination of very detailed
information on the distance vector r between both radicals, as well
as on their relative orientation, described by a set of Euler angles o.
This not only increases the information content of a doubly-labeled
nucleic acid molecule by a factor of six but in addition strongly
enhances the accuracy of the structural information of the nucleic
acid molecule itself as there is no internal degree of freedom asso-
ciated with the spin label. We describe our approach starting from
the synthesis of specific rigid spinlabels, the multi-frequency and
multi-field experimental approach and finally the simulation
procedure developed to accurately determine all six parameters
independently. Some illustrative examples will demonstrate both
the accuracy and also some limitations of this approach for rigid
and flexible macromolecules with two spin labels attached. Finally
we will discuss potential applications and extensions of this
method.
2. Synthesis of rigid spin labels for nucleic acids

Before pulsed EPR spectroscopy took center stage, continuous
wave (CW) EPR was used to study structures of biomolecules by
estimation of relatively short distances (ca. 10–25 Å) through
line-shape analysis [48]. In addition, there was evidence that EPR
spectroscopy of nitroxides could be used to obtain information
about orientations in biopolymers. Specifically, CW-EPR spectros-
copy of nitroxides has been used to obtain information about ori-
entations in biopolymers. Hustedt and coworkers used CW-EPR
at 9.8, 34, and 94 GHz to evaluate distances and orientations of
the monomers in a tetrameric complex of glyceraldehyde-3-phos-
phate dehydrogenase [49]. This was made possible by the fact that
the spin labeled NADþ cofactor was immobilized upon binding to
the enzyme. The promise of being able to obtain additional struc-
tural insights through orientation information called for a general
approach to extract orientation information in addition to distance
distributions. This required a strategy for incorporating rigid spin
labels i.e. that do not move independently of the site of
attachment.

Nucleic acids are biopolymers that contain well-defined helical
elements which are ideal structural scaffolds for accommodating
rigid spin labels. Given the abundance of helical elements both in
DNA and in RNA, this would provide a strategy to study three-
dimensional structures of nucleic acids. Hopkins and co-workers
had previously synthesized the rigid spin label Q for DNA, however
the spin label was a C-nucleoside that required a lengthy synthesis
and base-paired with the non-natural nucleoside 2-aminopurine
[50]. Our approach was to use a phenoxazine scaffold, which is
an analog of cytidine that forms base-pairs with G. This moiety
has already been shown by Matteucci and coworkers to fit well
within nucleic acid duplexes [51]. The phenoxazine ring-system
was simply extended to include a five-membered nitroxide ring
producing the nucleoside Ç (‘‘C-spin’’) (Fig. 1) [52].

The strategy to synthesize Ç is shown in Fig. 1B [52]. In short,
the oxygen atom in position 4 of acetyl-protected 5-iodouridine
1 was converted into a leaving group and displaced by the isoind-
oline derivative 3. After ring closure and deprotection, nucleoside Ç
was obtained and subsequently protected in the 5-position and
phosphitylated to produce phosphoramidite 4, a building block
for chemical synthesis of deoxyoligonucleotides. A similar strategy
was used to prepare the phosphoramidite 5 of the ribo-derivative
for Çm for synthesis of RNA, which contains a methoxy group in
the 20-position of the sugar [53].

Phosphoramidite 4 was used to synthesize several
oligonulceotides for characterization of DNAs containing Ç [54].
Circular dicroism measurements showed characteristic spectra
for B-form DNA. Thermal denaturation experiments showed a
similar melting point of duplexes containing either Ç or C paired
with G, indicating that no structural deformation is caused by the
spin label. On the other hand, when Ç was paired with either A, C
or T, the melting temperature was 10–15 �C lower, showing that
Ç needed to pair with G to form a stable base pair. EPR spectra of
the spin labeled duplexes were also recorded and showed a dra-
matic increase in the spectral width, compared to the nucleoside
or the single strand (Fig. 2A). In fact, the spectral width of a Ç-
labeled DNA duplex could be modeled using the rotational corre-
lation times expected for a cylinder with the dimensions of a DNA
duplex [52,52,55]. The spin label Çm was also incorporated into
several different RNAs and was similarly found to be a non-per-
turbing label for RNA [53].

PELDOR was also used to measure a series of distances between
pairs of Ç labels in DNA (Schiemann, 2009) [56] and pairs of Çm in
RNA [57], which were in good agreement with modeled distances.
However, the ultimate proof of the non-perturbing nature of non-
natural nucleosides is a high-resolution structure of a duplex con-
taining the modification. We were able obtain a crystal structure of
an A-form DNA containing Ç that diffracted to 1.7 Å. This structure
showed that Ç does indeed form a non-perturbing base-pair with G
with the nitroxide moiety projecting into the major groove without
causing any steric clashes (Fig. 2B) [58].
3. The PELDOR method

Several reviews and textbooks exist which describe the method
[17] [59] and its applications to macromolecular systems such as
proteins [18] and nucleic acids [19,60–62] in detail. Therefore, here
we will concentrate only on how to obtain angular information
from the method of using rigid spin labels incorporated into
nucleic acid molecules. The magnetic dipole–dipole interaction fre-
quency xd between the unpaired electron spins of two spin labels
attached to the nucleic acid molecule is measured by PELDOR spec-
troscopy. The dipolar coupling strength xd (in frequency units) is
determined by the distance r and the orientation h of the inter-spin
vector r with respect to the external magnetic field B0 by,
xdðr; hÞ ¼
D
r3 ð1� 3 cos2 hÞ: ð1Þ



A B

Fig. 1. Rigid spin labels for nucleic acids. (A) Structures of Ç and Çm and their base-pairing to guanine (G). (B) Outline of the syntheses of the phosphoramidites of Ç and Çm, 4
and 5 respectively.

Fig. 2. CW-EPR and X-ray structure of Ç. (A) EPR spectrum of Ç and a 14-mer duplex DNA containing Ç. (B) Crystal structure of Ç in duplex DNA.
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Here D ¼ l0l2
BgAgB=ð4p�hÞ is the dipolar interaction constant,

wherein l0 is the magnetic susceptibility constant of vacuum, lB

is the Bohr magneton and ⁄ is the reduced Planck constant. For nitr-
oxide spin labels, the g-values gA and gB correspond to 2.006 result-
ing in a value of the dipolar constant D = 2p. 52.04 MHz nm3. In the
original form the PELDOR pulse sequence consist of the three mw-
pulses (3-pulse PELDOR) [11], including a Hahn-echo sequence
applied at the frequency mA and an inversion pulse applied at the
frequency mB (Fig. 3). Spins resonant with the probe frequency mA

and pump frequency mB are called A- and B-spins, respectively.
The experiments are usually performed using dilute samples (ca.
100 lM concentration of double labeled nucleic acid molecules),
so that in a first view single spin pairs consisting of one A- and
one B-spin can be considered and intermolecular interactions can
be neglected. Whereas the Hahn-echo sequence refocuses all probe
A-spin interactions, the inversion pulse applied at pump frequency
Fig. 3. PELDOR pulse sequences. (A) 3-pulse and (B) 4-pulse PELDOR sequences with prob
(A) and the refocused Hahn-echo at time 2(s1 + s2) (B) are modulated by the pump puls
mB, applied a time T after the initial p/2-pulse, flips the coupled B-
spin. This changes the Larmor frequency of the A-spin by ±xd,
depending on the specific spin state of the B-spin before the inver-
sion pump pulse [63]. Since the populations of B-spins with spin up
and down are almost equal in the high temperature limit, the num-
ber of A-spins which angular frequency accelerated by +xd is equal
to the number of A-spins whose angular frequency is reduced by
�xd. Therefore, due to the precession frequency shift caused by
the pump pulse one half of the A-spins refocus at time 2s with
the phase +xdT whereas the other half refocuses with the phase
�xdT. The total transversal magnetization of the A-spin echo at
time 2s can therefore be represented as the sum of two vectors pre-
cessing in opposite directions, with angles depending on the delay
T, i.e.

MðTÞ ¼ 1
2

eixdT þ e�ixdT
� �

¼ cosðxdTÞ: ð2Þ
e pulses at frequency mA and pump pulse at frequency mB. The Hahn-echo at time 2s
e applied at time T.



Fig. 4. Coordinate system and angles defining the geometry of two dipolar coupled
nitroxide spin labels. (A) Shown is the main axis system (x, y, z, blue) related to the
distance vector r, the polar angles (h, /) defining the orientation of the external
magnetic field vector B0 (red) and the molecular axis systems of both nitroxides (x1,
y1, z1 and x2, y2, z2, in black). (B) The set of Euler angles (ai, bi, ci) of nitroxide i (i = 1
or 2) defining the orientation of the nitroxide with respect to the main axis system
(x, y, z).
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Therefore the probe spin echo signal is modulated in amplitude
by the dipolar interaction frequency as a function of T describing
the PELDOR signal time trace recorded in such experiments.

Due to the technical problems in the 3-pulse PELDOR experi-
ment the signal cannot be detected for short times T when the
pump pulse is very close to the probe pulse. As this part of the
signal is rather important for accurate data analysis and the deter-
mination of short distances between the spin labels, the 4-pulse
version [13,14], which overcomes this problem, is almost exclu-
sively used nowadays. An additional p-probe pulse is added to
refocus the first Hahn echo and the PELDOR time domain signal
is recorded as a function of the time T which has its time zero
now at the first Hahn echo, where no probe pulses occur. Phase
cycling and stepping of the time s1 between the first and the sec-
ond probe pulse are done to suppress hyperfine modulations and
experimental ring-time artifacts in the PELDOR time trace.

In reality identical spin labels are used at both labeling posi-
tions of the nucleic acid molecule and the differentiation, which
spin is A- and which B-spin is specified by the distinct resonance
frequencies mA and mB, which select specific orientation and nuclear
spin states of the nitroxide radicals, defined by the anisotropy of
the g- and hyperfine A-tensors. This requires that the excitation
bandwidth of the microwave pulses applied at frequency mA and
mB are narrower that the frequency difference DmAB = mA � mB.
Therefore, the probability p that a B-spin coupled to a A-spin is
flipped by the inversion pulse is smaller than one. The PELDOR
time domain signal thus consists of a constant non-modulated part
with the amplitude 1�p and a part oscillating with the dipolar
interaction frequency p cos(xdT).

Two situations can be distinguished: in the first case, the spin
label attached to the nucleic acid is flexible, thus allowing random
mutual orientation between both spin labels. In this case the prob-
ability p can easily be calculated from the known excitation pro-
files of the mw pulses and the g- and A-tensors for nitroxide
radicals. Because of the random orientation between both nitrox-
ides, the full dipolar Pake pattern is excited and only the distance
information can be extracted from the PELDOR time traces, for
example by Tikhonov regularization methods [38,36,37]. In the
second case, both spin labels are rigidly incorporated into the
nucleic acid molecule. Thus, the distance r as well as the relative
orientation between both spin labels contributes to the oscillation
frequency in the PELDOR time trace. Additionally, the flip probabil-
ity of the B-spin coupled to the A spins selected by the probe fre-
quency mA in such rigid samples depend on the specific
orientation of the dipolar vector r in the external magnetic field,
which can be described by a distribution function k(h) [12,64,44].
The overall PELDOR signal from a random oriented powder ensem-
ble of rigid nucleic acid molecules with two rigidly attached spin
labels can be described by the expression:

SðTÞ ¼ e�cT 1�
Z p=2

0
kðhÞðcosðxdðr; hÞTÞ � 1Þ sin hdh

� �
; ð3Þ

where the factor exp(�cN) with c = 8p2 p c D/(9�31/2) describes the
intermolecular signal decay by the randomly distributed molecules
in the sample, where c is the spin concentration. All other terms
have been already defined above.
4. Angular information in PELDOR spectroscopy

To calculate the PELDOR signal for a powder sample with a
given fixed orientation between the A- and B-spin, a coordinate
system is used with the z-axis parallel to the interspin connecting
vector r. The direction of the external magnetic field is defined by
two polar angles h and / in this coordinate system and the orien-
tation of each nitroxide by a set of Euler angles o1 and o2 (Fig. 4).
In this coordinate system the Larmor frequency of an electron
spin is described by the anisotropy of the nitrogen hyperfine tensor
A and the g-tensor:

xrðh;U; o;mÞ ¼ ce B0
geff ðh;U; oÞ

ge
þmAeff ðh;U; oÞ þ db

� �
: ð4Þ

The nuclear spin state of the nitrogen atom (14N, I = 1) is
described by the quantum number m. The effective g- and hyper-
fine A-value for the given orientation is denoted by geff and Aeff,

respectively. An additional shift of the Larmor frequency, for exam-
ple due to other nuclear spins, is taken into account by the quantity
db, which gives rise to inhomogeneous line-broadening.

The probability of a B-spin to flip under the effect of the pump
pulse is given by [65–67]:

pðxr ; mBÞ ¼
1
2

ceB1B

XBðxrÞ

� �2

ð1� cosðXBðxrÞtB
pÞÞ; ð5Þ

where tB
p is the length of the p-pump pulse and XB(xr) the Rabi fre-

quency of an electron spin with a Larmor frequency xr under the
effect of a microwave field B1B with frequency mB, defined by:

XBðxrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2

e B2
1B þ ð2pmB �xrÞ2

q
: ð6Þ

Similarly, the magnitude of the transversal magnetization of the
probe A-spins with a Larmor frequency xr for a refocused echo
pulse sequence with the microwave frequency mA is expressed by:

mxðxr; mAÞ ¼
1
4

ceB1A

XAðxrÞ

� �5

sinðXAðxrÞt A
p=2Þð1� cosðXAðxrÞt A

pÞÞ
2
:

ð7Þ

Here t A
p=2 and t A

p are the lengths of the p/2- and p-probe pulses,
respectively and XA(xr) describes the Rabi oscillation frequency
as defined above for the B-spins. The formulas for the transversal
magnetization mx and for the spin flip probability p both contain
the Larmor resonance frequency xr which depend on the magnetic
field orientation (described by h and /) with respect to the nitroxide
orientation (given by the Euler angles o1 and o2). Thus both func-
tions mx(xr, mA) and p (xr, mB) depend strongly on orientations. They
achieve their maxima for the angles h, /, o and the nuclear spin
quantum number m, that together satisfy the conditions xr(h, /,
o, m) = 2pmA or xr(h, /, o, m) = 2pmB. Roughly speaking, nitroxide
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molecules which are oriented in such a way that their resonance
frequencies differ more than ceB1A from mA and more than ceB1B

from mB remain virtually unexcited by the microwave pulses.
For the magnetic field B0, oriented in the direction h, / in the

biradical frame, the resonance frequencies are calculated from
the formulas xr1 = xr(h, /, o1, m1) and xr2 = xr(h, /, o2, m2) for
the first radical with the nuclear magnetic spin quantum number
m1 and the second radical with the nuclear spin quantum number
m2, respectively. The function k is an averaged sum of the A-spin
echo magnetization, multiplied with the flip probability of the B-
spins:

kðhÞ ¼ 1
2VðmAÞ

X
m1 ;m2

hmxðxr1; mAÞpðxr2; mBÞ

þmxðxr2; mAÞpðxr1; mBÞiU;db1 ;db2
: ð8Þ

V(mA) is the spin echo magnetization in the absence of the pump
pulse. Finally the PELDOR signal for a powder sample with random
orientation of molecules in the frozen solution is obtained by inte-
gration over all h angles:

SðTÞ ¼ 1
N

XN

i¼1

1�
Z p=2

0
kiðhÞðcosðxdðri; hÞTÞ � 1Þ sin hdh

� �
: ð9Þ

The sum allows the molecule to adapt N distinct conformers
with specific geometries between the two nitroxide radicals.
5. Procedure to disentangle distance and orientation
information

If the structure of the molecule is known, a quantitatively pre-
diction of the expected PELDOR time trace S(T) can easily be
obtained, because most of the other parameters in the formula
are experimentally well known. Experimental parameters, as for
example the excitation profile of the microwave pulse sequences
applied at frequency mF, have been experimentally obtained with
a 1 mm small single crystal of a ðflouranthenylÞþ2 ðPF6Þ�0:5ðSbF6Þ�0:5
one dimensional organic conductor crystal with a narrow homoge-
neous linewidth of 3 lT [68]. The signal intensity of this sample
was measured for all possible frequency offsets and sample posi-
tions inside of the microwave cavity to obtain the experimental
excitation profiles. From these profiles empirical Gaussian func-
tions that fit the overall excitation shape of an extended volume
sample have been constructed and used for the simulations of PEL-
DOR time traces. Most of the spin parameters for the used nitrox-
ide radicals are also well known. The main g-tensor values as well
as the large hyperfine component Azz are known from a high field
(6.4 T) EPR spectrum of a powder sample at low temperatures
and the isotropic hyperfine coupling constant Aiso from room-tem-
perature cw-EPR spectra. Therefore there remains only some free-
dom in the choice of the inhomogeneous linewidth parameter (db),
modeling the couplings to other nuclear spins, and of the two small
hyperfine components Axx and Ayy, which do not affect the simula-
tions much if the pulse excitation bandwidths are larger than these
parameters.

Structural predictions obtained by other methods, for example
molecular dynamic (MD) simulations or NMR, can be directly used
to generate simulated PELDOR time traces. These simulated traces
can then be quantitatively compared with the experimental PEL-
DOR signals. This is especially true for the rigid spin labels dis-
cussed here, because they do not introduce additional degrees of
freedom and can easily be modeled into structures obtained from
MD or NMR. This is not so easy with flexible spin labels such as
MTSSL, which are used for most protein applications since they
can adapt different rotameric states introducing additional uncer-
tainties by per-se unknown population and distributions of the
rotameric states. In such cases the expected absolute accuracy
between predicted and measured distances is in the range of
0.3 nm [18,69] as evaluated from known protein structure
databanks.

Approaching the problem the other way around, extracting the
relative orientation and distance between the two nitroxide spin
labels from the PELDOR time traces directly, is not so straight
forward. Thus far it has not been possible to derive a closed math-
ematical relation which would allow a direct determination of the
Euler angles o between both spin labels and the distance vector r
from the recorded PELDOR time traces. This statement especially
holds if more than one conformer of the nucleic acid oligonucleo-
tide coexists. Additional ambiguity is usually introduced by the
fact that the two attached spin labels are indistinguishable (both
can serve as A- or B-spin).

To obtain unique solutions of all six parameters describing a
given geometry, a single PELDOR time trace is usually not suffi-
cient, because it does not obtain enough independent information.
Instead several PELDOR experiments performed at different pump/
probe frequencies (multi-frequency PELDOR) and at different mag-
netic field strengths B0 (multi-field PELDOR) are required to obtain
a specific fingerprint for a given structure. Usually we perform
multi-frequency/multi-field PELDOR experiments as illustrated in
Fig. 5. At low field (0.3 T), where the hyperfine anisotropy domi-
nates the spectral width of about 200 MHz, the probe frequency
is changed while the pump frequency stays in the center of the
spectrum (to obtain maximum modulation depth). At high mag-
netic fields (6.4 T) the overall spectral shape with a width of about
600 MHz is fully dominated by the anisotropic g-tensor. In this
case the pump and probe frequency are kept at a constant offset
(typically 70 MHz) within the bandwidth of the microwave
resonator and the magnetic field is systematically changed to
obtain resonance conditions at different spectral positions. Using
this procedure, different well-known subsets of orientation of the
molecules with respect to the external magnetic field are selected,
allowing examination of the orientation dependence of the dipolar
interaction frequency and modulation depth. From this data the
orientation of the interconnecting vector r with respect to the
molecular axis systems of the two nitroxide radicals can be
deduced. If no angular correlation exist all such recorded PELDOR
time traces will exhibit the same oscillation frequencies. On the
other hand variations are an inevitable signature that angular cor-
relations exist.

This so called ‘orientation selection’ has been used in a similar
way in hyperfine spectroscopy to correlate anisotropic hyperfine
tensors A with the anisotropic g-tensor axis system [70,71]. It
allows the selection of different well-ordered, single-crystal like
sub-ensembles out of a disordered powder sample and signifi-
cantly increases the information content of the obtained data.

To tackle the problem of finding the conformations of a mole-
cule directly from such PELDOR time traces, we constructed a
multi-frequency/multi-field library of PELDOR signals containing
all possible geometries between two nitroxides [72,63,73]. To pre-
pare the PELDOR database, the function k(h) was calculated for
arbitrary Euler angles o (with 10� steps for all angles). This allows
computation of the PELDOR signals for any given biradical with an
interspin distance r. Signals for other distances can be obtained
simply by rescaling the time axis. Thus, each possible conformation
of a molecule is presented in the resulting database by a set of sig-
nals, corresponding to the various experimental conditions, e.g.
different pump–probe frequency offsets and different magnetic
field values. Solutions are found by a simultaneous comparison
of all experimental time traces with the database signals. The con-
formation which has the smallest deviation from the experimental
PELDOR time traces is selected as a solution. For a molecule with a
single rigid conformation unique solutions can be easily found



Fig. 5. Selection of pump and probe frequencies for multi-frequency PELDOR. (A) Typical pump and probe positions of the orientation selective X-band PELDOR experiment
and (B) field sweep method used for orientation selective G-band PELDOR experiments with a fixed pump–probe frequency offset of 70 MHz.

Fig. 6. Angular dependence of the pump efficiency. The pump efficiency functions hkiim as a function of the dipolar angle h shown for all possible relative orientations between
two nitroxides. (A) Averaged values over probe–pump frequency offsets ranging from 40 to 90 MHz. (B) Averaged values over probe–pump frequency offsets ranging from 30
to 90 MHz. For more details see explanation in the text.
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with this procedure [72,63]. For more flexible molecules which can
adopt several conformers the fit program selects iteratively an
ensemble of conformers to fit the experimental time traces.
Ensembles which satisfactorily fit the experimental data sets are
always found but it is not trivial to prove the uniqueness of the
solution, as will be shown exemplarily below.

The presence of orientation information in PELDOR signals pro-
vides valuable additional structural restraints. However, as Eq. (3)
shows, an unknown non-constant value of k(h) complicates the
determination of the distance distribution function. In order to
avoid orientation selection artifacts in the distance distribution it
was suggested to average the time traces obtained under varied
pump or probe frequency offsets and to take this averaged time
domain signal as input for the computation of the distance distri-
bution function [38]. The quality and reliability of such a procedure
can be easily evaluated using all the synthesized time traces of our
PELDOR database. For this we calculated hkiim, which is the orienta-
tion intensity function averaged over all different pump–probe off-
sets for all 1045 different conformers (i) of our database (Fig. 6).

On the left (A) six time traces with equally spaced frequency
offsets ranging from 40 to 90 MHz have been averaged. The pump
pulse with a length of 12 ns was set to the center of the nitroxide
spectrum. In the second simulation on the right side (B) seven dif-
ferent frequency offsets have been averaged, ranging from 30 to
90 MHz. In comparison to the first simulation, the length of the
pump pulse has been extended to 20 ns to avoid too severe spectral
overlap of the pump and probe pulse for the small offset of
30 MHz. In the ideal case of complete averaging of orientation
selection effects the functions hkiim has to be constant with respect
to h for all conformers i. Fig. 6 shows that indeed the averaged val-
ues hkiim show considerably less amplitude changes as a function of
h compared to the non-averaged k functions (see Fig. 7 for compar-
ison). The simulations show that averaging of seven time traces
with the shortest offset set to 30 MHz will reduce the deviations
of the hkiim functions from an average value even more. This can
be explained by the more homogeneous excitation of probe spin
orientations by extension of the probe spin frequency mA to the
center of the nitroxide spectrum. In any case, the deviations of
the functions hkiim from an average value are small enough to be
neglected in practical applications.

Because these offset-averaged intensity functions hkiim are all
equal and independent of h we are now able to obtain the classical
equation for such offset-averaged PELDOR time traces:
SðTÞ ¼ 1� k
Z p=2

0
PðrÞðcosðxdðr; hÞTÞ � 1Þ sin hdh

� �
; ð10Þ
with P(r) describing the distance distribution function and k is
defined as the average of hkiim over all conformers i and all angles
h. The distance distribution function P(r) can be obtained by solving
the integral equation with a regularization procedure, e.g. Tikhonov
regularization [38,36,37]. If on the other hand, the distance distri-
bution function P(r) is known, the integral kernel function can be
computed numerically, allowing determination of the orientation
intensity function k(h) from the original not-averaged time traces.
Analysis of the angular dependence of this function on the frequency
of the probe pulse might provide first qualitative information about
the angle between the nitroxide plane and the inter-spin vector r.
Examples of this procedure will be given in the next section. If the
nitroxide spin labels are rather flexible then this function will be
constant with respect to h, as explained above.



Fig. 7. Analysis of distance and orientation of rigid biradical. (A) Model biradical with a rigid orientation between both nitroxide spin labels. (B) Multi-frequency X-band
PELDOR experiments (black) and best fit obtained with the PELDOR database (red). (C) Distance distribution function P(r) obtained by Tikhonov regularization from the sum
over all PELDOR time traces recorded with different probe frequencies mA. (D) Orientation function k(h) for different probe frequencies mA calculated numerically with the
integral kernel function from the distance distribution function P(r) shown in (C).
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A chemical approach to separate the distance and angular infor-
mation is by having two very similar spin labels, where one is rig-
idly attached to the nucleic acid molecule and the other can freely
rotate about its N–O axis while keeping the unpaired electron spin
density fixed unchanged. In the second case the distance will not
be modulated but the orientation information is scrambled effi-
ciently. Such spin labels have been called ‘‘conformationally unam-
biguous’’ [74]. We have recently synthesized such a pair of
isoindoline derived spin labels, where we could show on double
stranded DNA that the orientation information is almost totally
gone by the one-axis rotation but can be reintroduced by stopping
the rotation by an intramolecular hydrogen bond [75,76].

Simulation with the PELDOR database does not account for
incomplete spin labeling or imperfections in pulse shapes, which
could lead to a change in the signal modulation depth. To avoid
inaccuracy in such cases, the fitting procedure can be redefined
in such a way that it neglects a constant offset between experimen-
tal and fitted signal for the optimization to emphasize the change
of oscillation frequency as a function of probe frequency in the
simulations.

6. Application examples

The procedures explained above for predicting the geometry
between two spinlabels without any pre-knowledge of the mole-
cule was demonstrated experimentally using the rigid biradical 1
shown in Fig. 7. The model compound synthesized to evaluate
our procedure [77] consists of two nitroxide spin labels rigidly
aligned in such a way that the molecular axis systems of both nitr-
oxides are coplanar and the distance vector r is aligned parallel to
the molecular x-axis of both nitroxides (the N–O direction). PEL-
DOR time traces have been recorded at X-band frequencies with
offsets between pump and probe frequency ranging from 40 to
90 MHz. Comparison of the experimental multi-frequency PELDOR
time traces with the synthetic spectra of the PELDOR database
revealed best agreement with the simulated structure with Euler
angles o = (0, 80�, 0) and a vector r of length 2.7 nm and an orien-
tation parallel to the nitroxide x-axis, in perfect agreement with
the molecular structure.

As described in the previous chapter, the orientation selection
can be strongly reduced by adding up all PELDOR time traces with
different probe frequency. Fig. 7 shows the distance distribution
function P(r) obtained by Tikhonov regularization with DEER-
analyis from such an offset-averaged PELDOR time trace [38],
which again nicely agrees with the known distance between the
two N–O groups of the biradical. With this, the orientation inten-
sity function k(h) can be obtained for all different probe frequen-
cies, as shown in Fig. 7 in the lower right panel. Strong probe
frequency dependent changes are observed for values of cos(h)
close to 1 (or h close to 0�), indicative for the given geometry of
the molecule.

The geometry of this very rigid molecule can therefore be
unambiguously determined by our PELDOR database approach.
Similarly the distance r between the spin labels could be accurately
predicted by calculation of P(r) from the offset-averaged PELDOR
trace. With this, the determination of the orientation functions
k(h) for all different probe frequencies can be numerically obtained,
which again allows the determination of the relative orientation of
the distance vector r in the nitroxide molecular axis system. Thus
for this very rigid molecule the distance vector r and the relative
orientation o between both nitroxide moieties can be unambigu-
ously and accurate predicted.

The situation becomes more complicated for more flexible mol-
ecules that can adapt several conformations. Compound 2 with a
more flexible linker (Fig. 8) and additional rotational freedom of
the two nitroxide moieties on a cone around the acetylene bond,
has been used as a more complex test case. Due to this rotation,
the nitroxide N–O bond direction (molecular x-axis) is distributed
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Fig. 8. Distance and conformational distribution of a flexible biradical. (A) Biradical molecule with flexible linker containing internal rotational flexibility of both nitroxide
moieties. (B) Comparison of experimental PELDOR time traces at different probe frequencies (black) with simulations based on the MD trajectories (black). (C) Experimental
PELDOR time traces (black) and best fit with a set of conformers from the PELDOR database (red). (D) The structure parameters of 20 conformers generating the signal
consistent with the experimental data. The values of the angles b1 and b2 of the conformer with the number i = 1. . .20 can be found as the y-coordinates of the circles marked
with the number i in the left and in the right boxes respectively. The distance between the unpaired electrons in the ith conformer is obtained by subtracting x-coordinates of
the ith circle in the left box from the x-coordinate of ith circle in the right box.
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on a cone with opening angle of 22�, in addition to considerable
bending of the linker.

Molecular dynamic studies of the molecule dissolved in a water
box have been performed using the GROMACS program package
with the AMBER 98 force field [78]. The equation of motion has
been integrated with time steps of 2 fs over a total time span of
20 ns. Snapshots of the atomic coordinates of both nitroxides have
been taken every 10 ps to create 2000 conformers. This set has
been used as statistical ensemble of the molecules in the frozen
sample. As can be seen (Fig. 8B) the MD simulations represent
the ensemble of conformers of the biradical model compound
rather well, only slightly underestimating the conformational flex-
ibility. Applying our fitting procedure to the experimental 2D-data-
set of the linear biradical resulted in an even better agreement
with the experimental dataset.

The best solution is a superposition of 20 conformers, character-
ized by a pair of angles (b1 and b2), describing the angle between
the nitroxide normal with respect to the distance vector r, and
the distance r. The other angles are in this case not determined,
because only X-band PELDOR time traces have been recorded,
which cannot differentiate between the molecular x- and y-axis.
The parameters of the 20 conformers are tabulated with numbers
in the lower panel of Fig. 8. Each conformer consists of two circles,
where the y-coordinates describe the angles b1 and b2, respectively
and the difference of the two x-values determines the distance r of
this conformer. In the case of such flexible molecules it is possible
that different combinations of conformer ensembles represent
equally well the experimental 2D-PELDOR data set. This ambiguity
can be reduced by extending the experimental data set with high-
field PELDOR time traces or by further constraints from other
methods, as MD, NMR or FRET.

As a first application to nucleic acid molecules we incorporated
two of the rigid spinlabels Ç into double stranded DNA molecules
[77]. A set of 10 molecules with the distances between the two spin
labels from 5 to 14 base pairs was synthesized, PELDOR data col-
lected and analyzed. In all cases, the mean distance and the relative
orientation fit very well with predictions based on the known
geometry [77,79]. Additional information about the conforma-
tional dynamics of ds-DNA was obtained by a detailed investiga-
tion of the damping of the PELDOR oscillations [56]. In this case
we compared our PELDOR results with different existing models
describing the dynamics of ds-DNA molecules based on modeling
approaches [80], small angle X-ray scattering (SAXS) data [81], sin-
gle molecule fluorescence measurements [82] or molecular
dynamic simulations [83]. PELDOR experiments with six different
probe frequencies (with an offset ranging from +40 to +90 MHz)
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at 0.3 T and at three different spectral positions (corresponding to
the gxx, gyy and gzz position) at 6.4 T magnetic field were performed.
The full set of experimental PELDOR data was then compared with
simulations based on the different models: bending or twist-
stretch motion with either a change in pitch height or in helix
radius (Fig. 9). Only the model B with a twist-stretch motion,
where the radius of the ds-DNA is modulated, agrees with our PEL-
DOR data, whereas all the other models can be ruled out (Fig. 9).
Interestingly the elasticity modulus in our experiments on short
14-mer DNA molecules is much softer compared to the fluores-
cence measurements, which were performed on long DNA strands,
pre-stretched and attached to a magnetic bead [82]. The radius
change in this ‘breathing’ motion of ds-DNA molecules is only of
the order of 10%, meaning a change of 0.65 Å. This clearly shows
the very high precision obtained with the rigid spin labels attached
to the DNA molecule.

Despite the fact that we only observed the frozen-in conforma-
tional ensemble we could even prove the correlation between the
Fig. 9. Analysis of the conformational modes of double stranded DNA. Three different
molecules: (A) change in pitch hight (red), (B) change in radius (green) and (C) bending o
DNA molecule labeled at positions 5 and 9 are shown for all three models (black) together
function P(r) obtained from offset-averaged PELDOR time traces for ten double-stranded DN
Gaussian fits. A minimal width of P(r) was observed for the sample with eight base-pairs
correlated twist-stretch motion with change in radius (model A, green line) but not wit
stranded DNA molecules slightly changes with the stretching of the molecule, is consis
double labeled ds-DNA molecules.
twist and stretch motion of the DNA molecule by analyzing the
width of the distance distribution functions P(r), obtained by fitting
of the offset-averaged PELDOR time traces with a Gaussian distance
distribution. Whereas the average distance of the distance distribu-
tion function increases stepwise by enlarging the number of base
pairs between the two spin label positions, the width of the Gauss-
ian function has a distinct nonlinear behavior with a visible minima
(Fig. 9). For the molecule with spin labels attached at position x and
x + 8, the reduction in distance introduced by the twist motion is
almost compensated by the simultaneous lengthening of the dis-
tance by the correlated stretch motion, leading to a very small dis-
tribution in distances of the conformational ensemble.

Therefore, a very detailed picture of the conformational flexibility
of ds-DNA molecules has been obtained by our rigid spin label Ç
attached to a series of DNA molecules at different positions and
measured with several probe spin frequencies and at two magnetic
field strengths. The data may serve as benchmark for optimization of
force fields for nucleic acid molecules. Further work to investigate
models are considered for the conformational dynamics of double-stranded DNA
f the helix (brown). Experimental X-band PELDOR time traces for a double-stranded
with the best fits resulting from the different models (red). (D) Distance distribution
A molecules labeled at positions with increasing distance between the base pairs by
between the two spin labels. (E) This is only in agreement with predictions from a

h the other two models. Therefore only the model, where the radius of the double-
tent with all our multi-frequency/multi-field experimental PELDOR data for all 10



Fig. 10. PELDOR on a penta-A loop DNA molecule. PELDOR time traces taken at X-
band frequencies with a pump–probe offset of 80 MHz for two different labeling
positions for the Ç spin labels in each double-helical part of the molecule (shown in
red).
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the dependence of these dynamics on the specific sequence, the
ionic strength or the type of ions is planned.

This procedure can now be applied to more flexible nucleic acid
molecules where the rigid spin labels are incorporated into double
stranded DNA helical parts of the molecule. Fig. 10 shows a demon-
stration on a DNA molecule with a penta-A-bulge in the center. The
molecule, which has been labeled in the two double stranded parts
with two rigid spin label Ç to monitor the bending and twisting of
the two helical parts with respect to each other. The PELDOR time
traces taken at 0.3 T magnetic field exhibit well resolved oscilla-
tions, indicating that a quantitative analysis will be also possible
for such more flexible structures. It will be interesting to compare
the conformational flexibility extracted from multi-frequency/
multi-field PELDOR data of this molecule with structural predic-
tions from NMR [84] and FRET experiments [9]. This work is under
progress at the moment in our laboratory.
7. Conclusions and outlook

The use of rigid spin labels allows determination of not only the
distance r but also the direction of this vector r and the relative ori-
entation o between the two spin labels. This increased the number
of restraints from one to six for a doubly-labeled sample. In addi-
tion, not only the number but also the quality and accuracy of
the restraints get increased. Because of the rigidity of the spin
label, no additional degrees of flexibility are introduced by the spin
label itself. This is especially important if the conformational flex-
ibility of the biomolecule is under investigation. This has also been
recognized in protein research and new spin labels with restricted
rotameric freedom have been recently developed [85].

The advantages of rigid spin labels more than compensate for
the effort required for their preparation, the extended multi-fre-
quency/multi-field PELDOR measurements and the more compli-
cated data fitting analysis necessary to obtain full angular and
distance information from rigid spin labels. This is especially useful
to follow small conformational changes ore large conformational
ensembles with highly flexible or partially disordered molecules.
The fact that several PELDOR traces have to be taken with different
probe or pump frequencies does not make these experiments more
time consuming compared to PELDOR experiments with flexible
spin labels, because all different offset traces can be summed up
to obtain the distance distribution function P(r), thus obtaining
almost the same sensitivity if only this information is needed. On
the other hand more detailed information is available, for example
an easy check if some orientation restriction occurs which might
otherwise easily lead to miss- or over-interpretation of the dis-
tance distribution function.
Another potentially important advantage of rigid nitroxide spin
labels is the possibility to extend PELDOR measurements to
physiological temperatures. With carbon based trityl spin labels
room temperature PELDOR has already been demonstrated on
immobilized lysozyme [86] and DNA [87]. With flexible nitroxide
molecules this is not possible, because of the large hyperfine A-ten-
sor anisotropy, leading to a short transversal relaxation time at
room temperature due to fast rotational tumbling [86]. With the
rigid spinlabel Ç, such motion can be suppressed if the carrying
nucleic acid molecule is immobilized or large enough to tumble
slowly. The possibility to incorporate spin labels into long RNA
molecules by ligation techniques [88,89] as well as the investiga-
tion of RNA-protein complexes [90,88] has been already demon-
strated. A rigid spin label will not only prolong the transversal
relaxation time, but also allow collection of information on dynam-
ics of biomolecules that occur on the nano- to microsecond time-
scale. Because the intrinsic high sensitivity of EPR, which allows
experiments to be performed also in whole cells [91–94], investi-
gations under physiological conditions (room temperature and
in-cell) might be feasible in the future.

For a full and detailed description of the structure and dynamics
of nucleic acid molecules a combination of different spectroscopic
and computational techniques, such as NMR, EPR, fluorescence and
MD simulations, will be necessary. All the spectroscopic methods
have their own distance ranges and time scales so that a combina-
tion of such methods will give a more comprehensive and unique
picture of the dynamics of nucleic acid molecules [90,88]. Rigid
spin labels, like our Ç for nucleic acids, are valuable to obtain
restraints with high accuracy, which is crucial for a detailed anal-
ysis of conformational dynamics of such molecules on an atomistic
level.
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