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CHAPTER 1

Introduction and Motivation

The structure-function paradigm claims that the function of proteins and nucleic
acids can be understood with the knowldge of their three-dimensional structure.
With this motivation, several biophysical methods are available giving access to
the structure of biological polymers. With the help of crystallography, [1] nu-
clear magnetic resonance (NMR) [2,3] and nowadays additionally cryo-electron mi-
croscopy [4,5] the data bank of protein and nucleic acid structures [6] has grown
enormously within the last decades.
Nevertheless, even if a perfect three-dimensional picture of the whole cell could be
obtained, this static picture would be incapable of explaining all the mechanisms
of and interactions between the different kinds of biomolecules. More specifically,
macromolecules possess exceptionally fast, local fluctuations and slow, concerted
structural motions. A deep understanding of all the processes in the cell can
only be achieved with additional knowledge of the dynamics under native condi-
tions. Therefore, biophysics entered the "dynamic age" to tackle these problems.
Ensemble methods, like small angle X-ray scattering (SAXS), [7] cryo-electron mi-
croscopy and pulsed electron-electron double resonance (PELDOR) [8] do not yield
temporal information, however could add knowledge about the flexiblity of static
structures. Moreover, for example magnetic resonance based techniques as elec-
tron paramagnetic resonance (EPR) [9,10] and NMR [11] as well as optical methods
at various wavelength like Förster resonance energy transfer (FRET), [12,13] floures-
cent measurements, [14] infrared radiation (IR)- [15,16] and resonance raman (RR)-
spectroscopy [17] have already shown to be suitable tools for dynamical studies.
However, even if they encode temporal information, the extraction of this infor-
mation can be complicated and it is challenging to complement the structural
studies with the dynamical ones. Other approaches to reaching an understanding
of the dynamics of molecules include computational methods. [18] Quantum me-
chanical (QM) calculations explain the behavior of atoms and subatomic particles
and their interactions with energy. [19,20] Wave function-based approaches repre-
sent the traditional family of QM methods. They are successful in explaining the
structures and dynamics of small molecules like nucleobase. [21] However, these
approaches get time-consuming when molecules exceed several atoms. Even with
the coarsest quantum mechanical approximation, the Hartree Fock method, [22,23]

large systems are not accessible. More accurate post-HF methods, including elec-
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tron correlation functions like couples cluster (CC) [24,25] or configuration interac-
tion (CI) [26] are even more limited. To increase the accessible number of atoms,
density functional theory (DFT) [27,28] calculations, based on the electron density
can be used. Nevertheless even here more than several hunderts of atoms are out
of the range.
A more empirical approach, molecular dynamic (MD), was developed 50 years ago.
This method is based on the empirical description of atom-atom interactions. [29,30]

Force fields, [31,32] describing bonds, angles and intermolecular interactions, were
developed based on quantum mechanical simulations of small moieties and on
experimental data. These MD simulations provide a detailed description of the
biomolecules with high spatial and temporal resolution. However, their accuracy
depends on the specific systems of interest and needs careful evaluation. Especially
for nucleic acids, the currently existing force fields still have a lack of accuracy. [33]

The quality of newly developed force fields needs to be assessed against different
experimental data to reach trustworthiness.
Both experimental and the computational approaches have their weaknesses as
stand-alone strategies. Experimental data does not always produce unambiguous
results and theoretical studies condemned as untrustworthy. However, combining
the theoretical knowledge of structure and dynamics provided by computational
simulations with the empitical structures and dynamics yielded by experiments
can answer central questions in biology. Such questions mainly relate to two kinds
of biomolecules present in cells. Proteins are the main workers in living tissues.
They play a central role in biological processes for example in most catalytic
tasks, [34] in signal transduction [35] and for transport across the cell membrane. [36]

Most research groups in structural biology focus on this important biological class
Nevertheless nucleic acids are often underestimated in their importance, without
them, life would not be possible. DNA stores the genetic information and messen-
ger RNA (mRNA) carries the protein blueprint from a cell’s DNA to the ribosome,
the "machine" that drives protein synthesis. [37] Modern research has revealed that
in addition to its coding function, RNA plays numerous roles in both normal cel-
lular processes and in disease states. [38] The focus in structural RNA biology is
the understanding of large RNA structures like ribosomes and ribozymes as well
as smaller regulatory structural elemts like aptamers and riboswitches. These
shorter RNAs can be up to 200 nucleotides in length and bind small chemical
compounds or peptides specifically, leading to conformational rearrangements.

2



CHAPTER 1. INTRODUCTION AND MOTIVATION

1.1 | Motivation and Aim

EPR based distance measurements represent an experimental tool to study the
conformational rearrangements of doubly spin-labelled biomolecules, here nucleic
acids over long-range distances of 2 to (more recently) 12 nm. [39] These measure-
ments rest on the dipolare coupling of two electron spins’, therefore this method
is called dipolar spectroscopy. As the dipolar coupling is an anisotropic effect, one
feature of such measurements arises for structures where both the biomolecule and
the spin label are rigid: in this case even the orientation of the spin labels’ to each
other can be detected. [40] As a consequence, more details can be learned about
the system of interest. With this ensemble method flexibilities and conformational
changes can be studied. This is of interest in reaching a deeper understanding of
the details of the rearrangements in DNA and RNA aptamers and riboswitches
upon ligand binding. [41,42] Dipolar spectroscopy of nucleic acids has been per-
formed successfully in the past. These studies range from work with small 12 to
20mer double stranded DNAs [43,44,45] to research on RNA riboswitches such as
tetracycline [46,42] and will be discussed in section 3.7 in more detail.
However several problems remain unresolved, limiting the range of applicabil-
ity of such studies. One major aspect of performing such measurements is the
introduction of unpaired electron spins, usually with a nitroxide-based spin la-
bel. Such labels should neither impede nor destabilise the nucleic acid’s structure
and the dynamic of the spin label should also be known to be separate from
the dynamics of the nucleic acid. For orientation selective studies in particular
the dynamics of the spin label must be minimal or negligible in order to maxi-
mize anisotropic effects in the resulting dipolar time traces and not to introduce
dynamics obscuring the motions of interest. [47] However, the known spin label
Ç, [48] which has perfect spectroscopical properties for anisotropic data on nu-
cleic acids, needs a great synthetic effort, and it is challenging to incorporate
into nucleic acid motifs. Synthetically less challenging spin labels were developed
in the Sigurdsson laboratory, [49,50,51] replacing the Ç. However the orientation
and dynamics of these new labels could differ from those of the Ç and this has
been examined in this thesis. Traditional dipolar coupling-based studies were per-
formed with the double frequency pulse technique PELDOR; [52,53,40] however, for
the study of the two spin labels’ orientation a number of time-consuming multi-
frequency/multi-field PELDOR measurements are needed. [54] Other techniques
were supposed to work faster and more efficiently. However, the reliable usage
of other pulse techniques based on shaped pulses with broadband excitation was
hindered for a long time by hardware limitations. Other limitations include the
relaxation based restriction in the time windows, which limited the maximum

3



1.1. MOTIVATION AND AIM

measurable distance. [55] The development of fast arbitrary waveform generator
opened the door for the usage of shaped pulses, such as Gauss pulses and adi-
abatic pulses. [39] This resulted in both various new possibilities for the further
development of pulsed EPR, such as 7 pulse-Carr-Purcell-PELDOR to increase
the maximum time window, [56] and in the use of new pulse sequences like double
quantum coherence (DQC), [57,58,59,60] relaxation-induced dipolar modulation en-
hancement (RIDME) [61,62,63] or single-frequency technique for refocusing dipolar
couplings (SIFTER). [64,65,66] 2D-SIFTER [67] data could complement or partially
replace time-consuming orientation selective PELDOR measurements’, hence, in
this thesis new simulation protocols for 2D-SIFTER were written and evaluated
against known measurements and structures.
Another point is the challenge of archivieving an umambiguous interpretation of
the data in terms of structure and dynamics. Therefore additional information
about static structures or possible dynamics can aid the analysis. Static struc-
tures can be either reached by other experiments or by topological knowledge.
This is often more difficult dynamical studies. Model-based interpretations can
provide many useful hints but can also be challenging in a full analysis if more
than one dynamic is present in the sample. [45] In this respect MD simulations
combine a vast amount of knowledge from other experimental methods and from
QM simulations. A quantitative comparison of the experiments with these simu-
lations might be helpful but is still challenging in many of the following aspects.
As dipolar spectroscopy is measured at cryogenic temperatures, the temperature
difference between the measurements and typical room temperature simulations
could lead to differences or even artifacts. [68] Moreover the type and dynamics
of the spin labels has to be taken into account. Additional aspects would be the
size of the sampling window and arteficts due to the use of force fields not par-
ticularly suited to nucleic acids. [33] In this thesis, sensitive orientation-selective
measurements were used to benchmark newly developed force fields for nucleic
acids. Only by reaching a quantitative agreement between experiments and MD,
the reliability of the nucleic acid dynamics extracted from the MD simulation can
be established.
From a more biological point of view, the dipolar measurements are problematic
as they do not take place in a native-like environment. The relaxation of the
signal by room temperature dynamics cannot be avoided in any measurements at
native temperatures and in addition the rotation of the molecule in solution leads
to an average of the dipolar coupling. [69] One of several solution to overcome such
drawbacks could be a DNA electrostatically bound to a nucleosil, as this inhibits
the rotation and thus enables the measurements of the dipolar coupling. [69,70] The
use of rigid spin labels also leads to the fact that the relaxation of the signal is not
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CHAPTER 1. INTRODUCTION AND MOTIVATION

too fast; therefore the first orientation selective PELDOR data are available at
room temperature. In this thesis a contribution was made to understanding the
differences between measurements at two different temperatures and to confirm
the differences with calculations from MD simulations.
One point that has been noticed in the past in various studies on small RNA
building blocks is that double-stranded RNA ends tend to stack. [71,72,73] This
leads to chain-like structures in short double-stranded RNA building blocks. This
can be observed especially with PELDOR, as additional distances appear in the
measurements. [74,75,76,77,78,79] This can influence the investigations of such build-
ing blocks. Therefore, a special aim of this thesis was to prevent this stacking.
In addition, measurements under different salt concentrations contributed to a
better understanding of these intermolecular interactions.
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In summary this thesis focusses on the building of a bridge between, orientation
selective dipolar EPR measurements with various pulse techniques, experimental
conditions and various spin labels and MD simulations, provided by the group of
Prof. Hummer at the Max-Planck Institute of Biophysics. This integrated project
works to link the experimental and the computational perspective, to connect the
advantages of both and to overcome their disadvantages and limitations when
both were used in a standalone way. The third compound of this thesis includes
the goal to reach a deeper understanding of the dynamics and properties of small
nucleic acid duplexes.
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CHAPTER 2

Theoretical Framework

2.1 | Structure and Function of Nucleic Acids

2.1.1 | Structure of Nucleic Acids

Nucleic acids are long, linear chain composed of monomers called nucleotides.
These biopolymers contain from twenty nucleotide pairs, as with some micro
(mi)RNAs, to 108 nucleotide pairs in the case of a chromosome. The monomeric
units of nucleic acid are composed of three parts: a nucleobase - either a purine
or a pyrimidine isomer - a pentose sugar and a phosphate group.
The central part is the pentose sugar, which is locked into a five-membered fura-
nose ring. The sugars are joined together by phosphate groups that form phos-
phodiester bonds between the third (3′) and fifth (5′) carbon atoms of adjacent
sugar rings. Each phosphoryl is normally considered to belong to the nucleotide
whose 5′ carbon forms a bond with it. Any nucleic acid strand therefore normally
has one end with a phosphoryl attached to the 5′ carbon and another end with a
free hydroxyl. The orientation of the 3′ and 5′ carbons along the sugar-phosphate
backbone confers directionality to each nucleic acid strand.
The main difference between DNA and RNA is the sugar. RNA has a D-ribose
while DNA has a 2-deoxy-D-ribose. This minor change makes a difference in
stability with respect to hydrolysis. Hence the different nucleic acids have different
tasks in the biological machinery of the cell.
At the 1′ carbon of the sugar ring, one out of four different bases is attached.
Both nucleic acids contain the pyrimidine analogue adenine (A) and guanine (G)
and the purine analogue cytosine (C). However, RNA has an purine analogue
uracil (U), which is replaced by a thymine (T) in the case of DNA. These five
nucleobases are referred in their nucleotide form as guanosine, adenosine, cytidine,
thymidine and uridine, and their sequence along the backbone encodes biological
information.
Nucleic acid polymers, especially RNA, can be found as single strands or, as is
it often the case for DNA, as anti-parallel double strands. The three-dimensional
building blocks of RNA often include double stranded sections and other tertiary
motifs like hairpin loops and bulges. The phosphate groups have one negative
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2.1. STRUCTURE AND FUNCTION OF NUCLEIC ACIDS
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Figure 2.1.1: (a) DNA nucleotide composed of a 2-deoxy-D-ribose (marked in
green), a phosphate group (blue) and the nucleobase thymine (turquoise). (b) RNA
nucleotide composed a D-ribose, a phosphate residue and the nucleobase uracil. (c)
cytosine (d) guanine (e) adenine

charge each, making nucleic acids charged molecules (polyanions). These charges
neutralised by the surrounding ions’, therefore the kind of salt present and its
concentration play a major roles in the folding process and consequently in the
three-dimensional structure of nucleic acids.
In double-stranded nucleic acids the two polymer strands bind together in a helical
fashion by non-covalent bonding. This double-stranded structure is maintained
largely by the intra-strand base-stacking interactions and by hydrogen bonds be-
tween the nucleobases of different strands, resulting in a helix with both strands
coiled around the same axis. In such a double helix, each type of nucleobase on
one strand bonds with just one type of nucleobase on the other strand. This is
called complementary base pairing. Here, A bonds only with T/U with two hy-
drogen bonds, and C bonds only with G with three hydrogen bonds. Thus a G-C
pair has more impact on the stability of a double strand than a A-U/T
The helical structure can vary in its geometry. There are three different forms
found in nature. DNA is commonly found in the B-helical form, whereas RNA
occurs as an A-helix. Both the A- and B-forms are right-handed helices. [80] Dehy-
dration or protein binding can also force the DNA to form an A helical structure,
and alternating poly dG/dC chains at high salt concentrations lead to the left-
handed Z-DNA which has a zig-zag backbone and alternating sugar puckers. [81]

As the anti-parallel strands are not directly opposite to each other, the grooves
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CHAPTER 2. THEORETICAL FRAMEWORK

are unequal in size. The grooves in B-DNA have names with the so-called major
groove being wider than the minor groove. Therefore sequence-specific protein
interactions mostly happen in the major groove, while small synthetic drugs and
organic compounds intercalate in the minor groove. [82,83] In contrast, the A-form
geometry of RNA results in a very deep and narrow major groove and a shallow
and wide minor groove. Moreover, the B form is a more compact helical structure
whose base pairs are not perpendicular to the helix axis. The two different helical
geometries are illustrated in figure 2.1.2, and more structural features of the three
naturally occurring helical forms are given in table 2.1

Figure 2.1.2: Helical structure of B-DNA (left) and A-RNA(right)
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2.1. STRUCTURE AND FUNCTION OF NUCLEIC ACIDS

Table 2.1: Some structural features of the three natural occurence helical
forms. [84]

structural feature A-DNA B-DNA Z-DNA

helix handedness right right left
diameter [nm] ≈ 2,6 ≈ 2 ≈ 1,8
base pairs/ turn 11,6 10 12
rotation/ base pair [◦] 31 33 30
rise/ base pairs [Å] 0,29 0,33 0,44

2.1.2 | Biological Function of Nucleic Acids

RNA and DNA are both major players in the functions of living cells. Yet de-
spite their structural similarity, they have clearly different tasks. DNA is highly
stable due to its lack of the ribose hydroxal group, making it well suited to carry
the whole genetic instruction, including RNA and protein structures. It occurs
mainly as linear chromosomes in eukaryotes and circular chromosomes in prokary-
otes. The non-systematic sequence of nucleobases is protected due to the double-
stranded structure. Nevertheless, as the interaction between the strands is only
based on hydrogen bonds, this structure can be broken easily. This fact is needed
to ensure gene expression. The first step thereby is in transcription, where codons,
made up of the nucleobase sequence, are copied to a messenger (m)RNA with a
complimentary sequence. This mRNA serves as a template for the translation
of the genetic sequence into a protein. The whole process takes place in the ri-
bosomal (r)RNA. There transfer (t)RNAs act as adaptors and links each three
nucleobase code on the mRNA to a specific amino acid.
In addition to the known roles of mRNA, tRNA and rRNA in the transcription
and translation processes, RNA are play parts in catalytic and complex regulatory
processes. For example small nuclear (sn)RNAs like miRNAs can repress transla-
tion by binding to mRNAs. [85,86] The so-called riboswitches are also part of gene
regulation, when they bind small proteins or organic compounds in the cell or sen-
sore pH or temperature changes, they undergo structural changes. Due to these
changes gene expression is either started or supressed. Enzymatic RNAs with
catalytic activity are called ribozymes and can be active in replication, mRNA
processing and splicing. [87]
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CHAPTER 2. THEORETICAL FRAMEWORK

2.2 | Structure and Dynamic Determination
for Nucleic Acids

The focus of this thesis is structure elucidation, detecting of structural changes and
dynamics of nucleic acids. Today there is no method able to answer the complete
spectrum of these questions, therefore it is important that more methods work
together, to achieve real understanding of the chemical, physical and biological
processes of nucleic acids in cell. This chapter tries to provide an overview of the
most important methods without the claim of completeness.
Most methods addressing structural questions are based on spectroscopy or mi-
croscopy. Both measure the interaction between energetic radiation and matter.
Depending on the energy of the radiation, expressed in the wavelength, it in-
teracts with different particles, as there are atomic nuclei or electrons. While
spectroscopy measures the adsorption or emission of energy, microscopy measures
the diffraction, transmission or reflection on particles. The following methods
were sorted according to their wavelength.
Due to new detector technologies and software algorithms, cryo-electron microscopy
(cryo-EM) has made the greatest progress in recent years. Electron radiation has
a de-Broglie wavelength in the picometer range. This method allows the determi-
nation of biomolecule structures with near-atomic resolution; however in a frozen
state as cryo-EM works with rapidly frozen amorphous solids. A series of images
of single molecules were taken and processed by a reconstruction software, yielding
accurate and detailed 3D models. [5,88,89]

The method with the most solved high resolution structures is still macromolecu-
lar crystallography (MX), which uses X-ray radiation with wavelengths of several
Ångström to nanometer. Initially the first DNA structure was solved with help
of a X-ray fibre charge density map, measured by Rosalind Franklin and Maurice
Wilkins. [90] With computational help and better instruments, structures of most
kind of nucleic acids were solved by crystallography. [91,92] The main drawback is
that all structure are solved in crystals, which give rise to only one single con-
former that is not necessary in the same conformation as in native solution. More-
over for RNA most secondary-structural elements tend to appear quite similar,
making sequence assignment and backbone tracing challenging. Crystallization of
RNAs for X-ray diffraction studies is also far more challenging than for proteins
as the RNAs are able to fold into multiple secondary structures. [93] Interesting are
the new archievments in serial femtosecond nanocrystallography (SFX). [94] There
nanocrystalls, growing more readily than large crystals required for MX, are used
in a liquid fluid. All crystals are measured independently with femtosecond pulses
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2.2. STRUCTURE AND DYNAMIC DETERMINATION FOR NUCLEIC
ACIDS

to circumvent radiaton damage of the crystals, allowing snapshots by ’diffract be-
fore destroy’. [95,96] With this technique also dynamical processes, mainly reaction
so far, can be triggered. [97]

Another technique which relies on X-ray irridation is called
glssaxs [98,99] Reconstruction of 3-D electron density maps from 1-D scattering pro-
files made possible to exctract diverse global information about the size and shape
of biomolecules, intermolecular interactions or linker flexibilties. This can comple-
ment the results from other techniques and the interpretation of this 3-D maps are
often combined with MD simulations. [100] This scattering occures by interaction
of ∼ Å wavelenght X-rays probing nanometer-sized biomolecules in solutions. The
biggest advantage is that this method works in solutions, however going into cell
is problematic, due to crowding of different kind of other proteins. One example
for SAXS measurements on nucleic acids are the changes of riboswitches upon
ligand binding. [101]

By extending the wavelength, one arrives in the area of optical spectroscopy. This
includes ultraviolet (UV) radiation (10 − 400 nm), visible light (400 − 700 nm)
and infrared radiation (IR, ∼ mm to µm). A well-known method in optical spec-
troscopy for structural information is Förster resonance energy transfer (FRET),
which is based on the through-space interaction of two transition dipoles of two
flourophores. [102] This enables to measure long-range distances in the nm range
between two fluorescence labelled sites on a biomolecule. FRET can be performed
as an ensemble method in solution or as a single molecule method attached to
a solid support. [12,103] One possibility is the measurement of structural changes
and dynamics with a temporal resolution of about one microsecond. However, the
bulky labels can influence the result. Classically, two different labels are required,
with the exception of HOMO-Fret. [104] using the difference in emission and ecx-
etition of one label. New small labels, like the Çf

m have already been used for
fluorescence spectroscopy, [105] but anisotropic effects of this rigid label need to be
considered, by using the label for FRET spectroscopy. [106]

In addition to FRET, there are also other methods in optical spectroscopy. These
include fluorescence lifetime and depolarisation measurements. The flourescence
lifetime is sensitive to the environment of the flourophore and can highlight struc-
tural changes as has been reported for the neomycin aptamer upon ligand bind-
ing. [14] With circular dichroism (CD) the secondary structure of the highly chiral
nucleic acids can be studied. This method is in particular powerful to follow dy-
namical changes. [107,108] With 2D-IR spectroscopy one can determine the vibra-
tional coupling through bonding or through space interaction. With this method
basepair formation and the interactions with the surrounding solution can be
studed in detail. In addition vibrational backbone dynamics could be detect. The
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CHAPTER 2. THEORETICAL FRAMEWORK

strengenth of this technique is the time resolution: while most of the other tech-
niques are able to detect process happening in the nanosecond range or slower,
the time resolution of these experiments is around 1− 2 ps. [109]

By lowering the energy of the radiation to microwaves (1 − 100 cm), absorption
by paramagnetic centers can be detected. This will be discussed in more detail
in the following sections. With wavelength above one meter, the radiation is
absorbed by nuclei in magnetic fields, used by nuclear magnetic resonance (NMR)
spectroscopy. It can be performed on solids as well as in solution, which give
a broad range of application. NMR probes the angular momentum of nuclear
spins. Short range interaction of bound atoms, but also unbound restraints can
be measured and translated into a three-dimensional structure. They can be
used to compare structures in crystals to such in solutions. [110,111,112] With a
whole bunch of different experiments one can achieve angles, distances, couplings
etc; however, most of this value are short range, beneath 5 Å. [113,114] The whole
shape and flexibel regions are however hard to reach with NMR. Moreover, when
the systems increases, the spectrum complexity increases significant and pulse
overlaps decreases the possibility to solve the structure. Subsequently NMR is
limited to small systems up to 64 kDa. However, one of the strength of solution
NMR is the possibility to adress structural changes due to ligand interaction and
other dynamical processes at native conditions. Moreover it has the ability to
follow kinetic process in real time, like folding and aggregation. [115]

Other methods, which are not based on radiation are for example atomic force
microscopy (AFM) which can determine the secondary structure of larger RNA
viruses. A very thin tip (∼ 20 nm radius) scans the surface of the sample to
determine it with sub nanometer resolution. [116] isothermal titration calorimetry
(ITC) can be used to determine the thermodynamic parameters of interactions
with ligands in solution. Also electrochemistry methods, as scanning tunneling
microscope-break junction (STM-BJ) measurements [117] or gel electrophoresis to
study secondary structure based on the charge differences can be used for nucleic
acids. [116,118]
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2.3. MOLECULAR DYNAMICS SIMULATION

2.3 | Molecular Dynamics Simulation

To study conformational dynamics and energetic properties of biomolecules com-
putationally, quantum mechanical (QM) calculations provide the most accurate
description. These calculations are based on the Schroedinger equation, which
describes how a physical system changes over time and in which quantum effects,
such as wave–particle duality, are significant. Nevertheless, as QM considers all
electrons existing in the system, even calculations for very small molecules with
less than 100 atoms are extremely time-consuming, as it involves a partial differ-
ential equation. For most applications the degree of accuracy provided by QM
calculations is unnecessary and more empirical calculations are sufficient.
Such molecular dynamic (MD) simulations allow the calculation of the dynamic
evolution of the system over a certain time period, considering intra- and inter-
molecular forces. These forces are described in force fields, which are developed
based on QM simulations and empirical parameters. A force field consists of classi-
cal functions describing the main potential energy (V ) functions for the structural
parameters. Moreover MD simulations calculate the dynamic of biological systems
as a evolution of time. In such force fields the atoms are described as balls and
bonds as springs. Newton’s equation of motion is solved - the acceleration (a) of
each atom (n) is calculated from its mass (m) and the force (F) operating on it.

Fn = mnan (2.1)

The force can also be expressed as the gradient of the potential energy:

Fn = −∇nV (2.2)

Combining both equations yields the following equation:

−∂V
∂rn

= mn
∂2rn
∂t2

(2.3)

The force on each atom is derived by the empirical potential energy. An equation
of motion, a trajectory, describing the position (r), the velocities and the accel-
eration for each particle for each time point (t). The full potential energy of an
molecule can be described by classical physical properties. Therefore all pair-wise
interactions between atoms near to each other have to be taken into account, as
described in the following equation.

Vpot = Vbonds + Vangles + Vtorsions + Vnon−bonds (2.4)

The first term describes the sum of all bond energies in the molecules. This
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(a) Distance of a bond (b) Twist angle (c) Torsion angle

(d) Van-der-Waals interaction

(e) Electrostatic interaction

Figure 2.3.1: The total potential energy of any molecule is the sum of terms
describing (a) bond stretching, (b) bond angle bending, (c) bond twisting, (d)
van der Waals interactions and (e) electrostatics interactions. Modified from M.
Levitt. [119]

potential can be described using the model of harmonic oscillator (eqn. 2.5) as
shown in figure 2.3.1 (a) where kb is the force constant and b0 the equlibrium bond
length.

Vbonds =
∑
bonds

kb(b− b0)2

Vangles =
∑
angles

ka(Θ−Θ0)2

Vtorsion =
∑

dihedrals

∑
a

vn
2 [1 + cos(aφ− γ)]

(2.5)

The bend angle between two neighbouring covalently bonded atoms can be de-
scribed in a analogous fashion with ka as the force field constant and Θ0 as the
equilibrium angle. The last term for bond interaction describes the potential en-
ergy related to the dihedral angle (φ). This is called torsion and expressed as a
cosine series expansion with the constant vn. The a is the multiplicity and gives
the number of minimums within 360◦ rotation and γ is the phase angle for the
torsion.
The non-covalent interaction of an atom i and a nearby atom j near to each other
can be separated into two parts. The van-der-Waals (vdW) interaction can be
approximated by a Lennard-Jones potential, which describes the attraction and
repulsion between an atom and a nearby atom with which it does not share a
bond. The parameters are the equilibrium vdW distance (r0

ij), and the potential
well-depth (εij) as shown in eqn 2.6. The second part is the Coulomb interaction
between two charged particles. For calculating the potential theconstant for the
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permittivity of free space (ε0), the relative permittivity (εr) as constants and the
partial charges qi and qj are needed.

Vnb =
i<j∑
vdW

[(
r0
ij

rij

)12
εij − 2 ∗

(
r0
ij

rij

)6
εij

]
+

i<j∑
electrostatics

qiqj
4πε0εrrij

(2.6)

For accurate MD simulations the interaction with the surrounding solution - also
in this case water and salt - also has to be taken into account. As water molecules
occupy the majority of the simulations box and have different challenging char-
acteristics, like the hydrogen bond networks and non-additive inductive effects, a
describtion of water with the same accuracy as the biological system would lead
in a tremendous increase of computational cost. Therefore different models are
introduced, which describe a water molecule a rigid structures with effective point
charges. In this thesis the transferable intermolecular potential (TIP)-based mod-
els were used. They describe the water either by a three point model (TIP3P)
or with an additional displaced point charge for the oxygen (TIP4P) to correct
the excessively large dipole moment in TIP3P. [120] As these water models are
problematic to describe disordered biological structures, the TIP4P-D model was
introduced by Piana et al. with the goal of to approximating the water dispersion
interaction more accurately. [121] This leads to more dynamic simulations it how-
ever tends to destabilize folded protein and nucleic acid structures. The accuracy
of a force field is strongly dependent on the water model used. As optimisation is
always done with one particular water model, it should not be changed extensively
afterwards without further testing.
While the protein force fields used today are highly accurate, for a long time the
application of MD to nucleic acids has been hindered by the lack of accurate force
fields, which resulted in several artefacts. [33] Experimental results can be used as
sensitive benchmark data for the development and evaluation of new force fields
for nucleic acids.

2.3.1 | Force Field Development for Nucleic Acids

In this section, a short overview of the devolpment of the force field in the assisted
model builiding with energy refinment (AMBER) [122] package is given. A short
scheme can be found in figure 2.3.2.
The AMBER first force field for biomolecules was devoloped in the group of
Kollman and Weiner published in 1984. [31,32] They combine the bond parame-
ters already known from literature with the point charge and vdW parameters
that they calculated quantum mechanically. However at that time, only small
molecules with small basis sets could be addressed with QM. These parameters
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Weiner et al.
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DESRES

Figure 2.3.2: Historical flowchart of the main forks of the AMBER force field
for nucleic acids. Force field for DNA in blue, for RNA in turquoise and for both
in green. References in historical order [32,123,124,125,126,127,128,129,130,131,132,133].
Modified from Galindo-Murillo et al. [134]

were updated by Cornell et al. 10 years later, with a new parameter set called
’parm94’. [123] It adjusted the vdW parameters, which were calculated with QM
simulations using new basis sets. It also introduced the restrained electrostatic po-
tential (RESP) charge model which allows the reproduction of the electrostatic po-
tential around the nucleic acid. Cheatman and Wang, both also from the Kollman
group, modified the parameter set slightly in the following years to ’parm98’ [124]

and ’parm99’ [125] moderate success, using additional QM calculations to refine
the parameter for the dihedral angles and for the charges in order to eliminate
the under-twisting of the B-DNA. The main problems for nucleic acids was that
severe artifacts arise in simulations longer than 10 ns, while the accuracy seemed
to be high for short trajectories. [135,136] There had been only scarce simulations
reaching 100 ns at that time.
These parameter sets were developed for proteins and nucleic acids as well as
for small organic compounds. In 2007 Perez, from the Barcelona Supercomputer
Center (BSC) in the group of Modesto Orozco, refined the force fields only for
nucleic acids, by suppressing non-native conformational transitions of the α and γ
torsion angles. He used new QM calculations and was able to perform stable MD
simulations over 200 ns, archieving structures at the end that still were comparable
with the crystal structures. This set, called ’parmbsc0’ or simply ’BSC0’, [126] was
the reference force field for nucleic acids for a long time.
The main focus for further optimisations was on the dihedral angles of the back-
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bone (depicted for nucleic acids in the upper right of figure 2.3.2). Small changes
in the shape of the potential surfaces can have a large effect on the stabilisation of
the double strands. However, it was seen, that the artefacts change between RNA
and DNA. Therefore different parameter optimisations were proposed depending
on the system of interest, e.g., both nucleic acids have conflicting requirements in
the χ-potentials.
For DNA, many groups worked independently from another on the optimisa-
tion process. The Orozco group developed new parameters, called ’parmbsc1’,
which were published with updated parameter sets evaluated using comparisons
with NMR structures. [132] Stable simulation beyond the microsecond regime were
achieved. As an alternative, the group of Prof Šponer from Olomouc (OL) pro-
posed three independent updated paramters: for the backbone dehedrals βOL1

[131]

and ε/ζOL1
[129] and for the dehedral between the nucleobase and the sugar χOL4. [128]

All these parameters together are called OL15.
Simulations for RNA proved to be much more complicated. Aside from the χ
angle for which the Šponer groupproposed an update (OL3) [127] was the non-
bonding interactions presented greatest. The base pair strength, especially for
short distances < 2.7Å was underestimated. In contrast the stacking behaviour
between nucleobases was overestimated. One other severe problem was that the
point charges seemed to be well estimated with the RESP approach for the rel-
atively rigid and planar nucleobases, but a fixed set of point charges was too
limiting for the description of the flexible region of the backbone, specially for
different conformations. [137] Therefore the David E. Shaw group published an up-
dated parameter set, called DES RES, [133] which they said to behave as accurately
as MD simulations for proteins. This parameter set was updated again based on
the parm99, not taking the BSC0 into account. They included interactions with
the new water parameter set TIP4P-D, changed the values for the non-bounded
interactions and refined the values for the backbone dihedrals γ, ζ and for the χ
angle.
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2.4 | Electron Paramagnetic Resonance
Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy studies the resonant ab-
sorption of microwaves due to unpaired electron spins in an external magnetic
field. With this technique the microenvironment of paramagnetic centers can be
studied. This absorption was first observed by Jewgeni Zavoisky in Kasan (Rus-
sia), who measured a resonant absorption of copper(II) chloride dihydrate. [138]

Twenty-three years earlier the Stern-Gerlach experiment, done at the Goethe Uni-
versity in Frankfurt, had demonstrated electron paramagnetism and discrete spin
states. [139] The following chapter describes riefly the physical principles of the
electron paramagnetic resonance (EPR) technique briefly. For a more detailed
description standard textbooks are recommended. [39]

2.4.1 | Spin Labels for EPR

To enter the paramagnetic world with diamagnetic, and thus EPR silent, biopoly-
mers it is necessary to attach radicals or paramagnetic centres (called "spin labels")
at distinct positions on the molecule of interest. Spin labels have to fullfill two
main criteria to be suitable for EPR. The radical has to be stable - it should not
be easily reduced or affected by other chemical reaction which might occur by
handling biological samples. Moreover it should disturb neither the structure of
the system nor its function. The first point is the most critical point; however,
there are two main classes in organic chemistry which stay stable under vari-
ous biologically relevant conditions. These are carbon-based trityls and aminoxyl
(R-N-O)-based spin labels, commonly referred as nitroxides. [47] Also a number of
paramagnetic metal ions (e.g., Mn2+ or Gd3+) can be used. They can either natu-
rally occur in biological objects or be site-directed attached with metal containing
spin tags like Mn-DOTA. [140,141,142,143]

Although trityl-based labels have some spectroscopic advantages, e.g., an insignif-
icant amount of hyperfine coupling and long transversal relaxation times, they
require a complex synthesis, they are quite bulky with large tethers which re-
stricts the use of these labels for structural studies and they have low solubility
in aqueous systems. Therefore nitroxide labels are often preferable as they are
comperable small and thus relatively minimal perturbation to the structure and
function of most biomolecules. A major advantage for using nitroxides for EPR
is their solubility in polar solvents. The rest of this thesis will focus on nitroxides
that are classical five- or six-membered heterocycles, e.g., derivatives of piperi-
dine, pyrrolidine or isoindoline. Historically all of these are based on di-tert-butyl
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nitroxide. [144] They are by far the class of paramagnetic molecules for biological
applications most frequently used. Their paramagnetism originates from the cou-
pled 2pz-orbital of the nitrogen and oxygen, which results in a fully occupied π

orbital and a half-occupied anti-bonding π∗-orbital, with the spin density is delo-
calized over both atoms. The radical is further stabilised by steric shielding from
four alkyl groups at the α positions. This lack of protons prevents decomposition,
which would otherwise occur due to the low delocalization energy.
More details about spin labelling techniques for nucleic acids as well as informa-
tion on the important aspect of the flexibility of spin labels from spectroscopic
perspective can be found in the result section.

2.4.2 | Theoretical Principles of EPR Spectroscopy

EPR techniques study the behaviour of unpaired electrons. They have a spin
angular momentum quantum number of S = 1

2 , and, in the absence of a magnetic
field, two degenerated quantum states. When a magnetic field is applied, the
electron spins start to precess with their Larmor frequency around the magnetic
field, resulting in a net alignment along the magnetic field lines. This alignment
is based on their spin and can be either in the α-state or in the opposite direction,
the β-state. A magnetic moment (µ̂e) proportional to this angular momentum
and parallel to the spin vector operator Ŝ = (Ŝx, Ŝy, Ŝz) occurs

µ̂e = gµBŜ (2.7)

where g is the Landé or gyromagnetic factor of the electron and µB is the Bohr
magneton which is given by

µB = eh̄

2me
(2.8)

where me is the mass of the electron and e its charge. h̄ is the reduced Planck
constant. The exact g-value for a free electron of g = 2.0023193043617(15) is
predicted by quantum electrodynamics and an accurately determined fundamental
constant. [145]

The energy of the spin states is described as follows:

E = hν = µ̂e · B̃ = gµBB0Ŝz = msgµBB0 (2.9)

where h is the Planck’s constant and ν the microwave irradiation frequency. The
energy is the scalar product of the magnetic moment and the magnetic field vector
B̃, which is orientation dependent. As a convention the magnetic field B̃ =
(0, 0, B0) is aligned along the z-axis of the laboratory system. The projection of
the spin vector onto this z axis is the spin quantum number ms. The energy levels
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Figure 2.4.1: Energy splitting of an electron spin in relation to an external mag-
netic field. The typically used frequency bands with their frequencies and magnetic
fields given in the gray box on the right.

of the degenerate spin states split depending on their magnetic quantum number
mS = ±1

2 .
According to equation 2.9 the differences between the energies of the two states
are relative to the external magnetic field as shown in figure 2.4.1. A microwave
resonant to this energy difference can induce a spin transition, which can be
measured and analysed.

2.4.3 | Spin Interactions in EPR Spectroscopy

An EPR spectrum reflects the energies of the spin states. The energy of quantum
states can be described according to the Schrödinger equation with the Hamilto-
nian Ĥ and the wave function Ψ

ĤΨ = EΨ (2.10)

For paramagnetic spin centres the energies depend on the different interactions
among the electron spins, nuclear spins and the magnetic field present under the
conditions of the experiment. The effective Hamiltonian is given by

Ĥ = ĤEZ + ĤNZ + ĤHF + ĤDD + ĤNQ + ĤZFS (2.11)

The first two terms of the sum give the Zeeman interaction of the external mag-
netic field to the unpaired electron spin and at the nuclear spins, respectively.
The third term describes the interaction between the electron spin and nearby
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nuclear spins, the hyperfine interaction (HF). In the presence of another unpaired
electron, their interaction is described by the dipolar coupling (DD) term HDD.
The last two terms are the nuclear quadrupole interactions (NQ) for spins with
I > 1

2 and the zero field splitting (ZFS) for electron spins with S > 1
2 . In the

remainder of this thesis, the discussion of spin Hamiltonian terms is limited to
interactions relevant for the presented work, for simplification, a system consisting
only one electron interacting with one nuclear spin is considered.
For a nitroxide system with an electron spin quantum number of S = 1

2 and
nuclear spin number of I = 1 for the nitrogen, the interaction of the electron spin
with the magnetic field is given by the electron Zeeman interaction.

ĤEZ = µB · Ŝ · ḡ · B̂ (2.12)

For a free electron in vacuum the g is a scalar; however, this interaction is
anisotropic for interacting radicals, which is expressed by a (3x3) g-interaction
matrix. In general the g-matrix is orthorhombic and is expressed in its principal
axes system (PAS) as

gPAS =


gxx 0 0
0 gyy 0
0 0 gzz

 (2.13)

The geometric interpretation of the g-tensor is an ellipsoid, where the effective
g-value geff for an arbitrary orientation of the magnetic field is the distance from
the origin to the surface of the ellipsoid. In the special case of nitroxides the
definition of the main axes is set in such a way that the gxx points along the N-O
bond and gzz is the plane perpendicular to the nitroxide ring. According to its
orientation to the external magnetic field the effective g-value can be calculated
as following

geff (Θ,Φ) =
√
sin2(Θ)cos2(Φ)g2

xx + sin2(Θ)sin2(Φ)g2
yy + cos2(Φ)g2

zz (2.14)

with Θ and Φ the polar angles relative to the magnetic field. For the g-tensor
anisotropy the differences in the resonance frequencies for two transitions with
different orientations is

∆B = hνmw
µB

( 1
g1
− 1
g2

)
(2.15)

With this equation it can be seen that the spectral resolution scales linearly with
the microwave frequency νmw. As a result anisotropic interactions are better
resolved at higher magnetic fields. The deviation of the g-tensor from the value of
the free electron in vacuum (2.002319 [146]) can yield informations about the direct
environment. For organic radical the deviation is due to the spin orbit coupling
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and is in the per thousand range, while the deviations can be much higher for
metal ions.
In an external magnetic field, nuclear energies split into (2I+1) energy levels in a
manner analougous to the splitting of the electron energies. This so-called nuclear
Zeeman interaction is described as:

ĤNZ = µN · Î · ḡN ·B (2.16)

gN can have a positive or negative value. For most EPR experiments ĤNZ can
be considered isotropic. The nuclear Zeeman interaction is usually much smaller
than the electron Zeeman interaction and it is not considered since ∆mI = 0.
The hyperfine interaction describes the interaction between the magnetic moment
of a nuclear spin (̂I) and an electron spin (Ŝ). The electron spin experiences the
local magnetic fields built up by the nuclei close to it.

ĤHF = Ŝ · Ā · Î = Ŝ · Ā′ · Î +Aiso · Ŝ · Î (2.17)

The hyperfine interaction can be divided into two mechanism with different phys-
ical origins. The isotropic part, the Fermi contact interaction, describes the finite
electron density at the nuclei. The isotropic hyperfine coupling constant Aiso can
be derived as following:

Aiso = 2
3µ0µBµNgegN |Ψ(0)|2 (2.18)

This interaction is isotropic since the only orbital having a non-zero density at
the nucleus |Ψ0(r = 0)|2 > 0 is the s-orbital, which is spherically symmetric.
The second part is the classical electron nuclear dipole-dipole interaction which
depends on the relative orientation of the two magnetic moments to each other
and is therefore anisotropic. The hyperfine tensor Ā = Aiso+Ā′, and the g-tensor
are usually not collinear. However for the calculations of EPR spectra typically
the effective Ā tensor is used. This effective A-tensor can be described in a manner
analogous description of the g tensor in its orientation relative to the B0-field

A′eff (Θ,Φ) =
√
sin2(Θ)cos2(Φ)A2

xx + sin2(Θ)sin2(Φ)A2
yy + cos2(Φ)A2

zz (2.19)

For nitroxides the principal axis system of this interaction is approximately the
same as for the g tensor. The dipolar part of the hyperfine interaction is strong
when the z-axis is parallel to the external magnetic field, while a perpendicular
alignment results much weaker interaction. Therefore Axx ≈ Ayy < Azz is valid.
Between the nirtrogen and the oxygen, only the interaction to the nitrogen (I =
1) plays a role in the hyperfine interactions of nitroxides, as 16O has a zero spin.
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The methods used in this thesis are all based on the interacting of two electron
spins. For this case, electron-electron interactions occure, in addition to the men-
tioned (Ĥ(Ŝ)).

Ĥ(SA,SB) = Ĥ(ŜA) + Ĥ(ŜB) + Ĥexch + ĤDD (2.20)

For the nitroxide spin labels studied, the third term, corresponding to the Heisen-
berg exchange coupling, also called the J-coupling, can be neglected since the
spin orbitals do not overlap significantly. This term does need to be considered at
distances shorter than 1.5 nm or for strongly delocalised electron densities. For
the current work the mosr relevant contribution is the magnetic dipole-dipole in-
teraction between the electron spins which is dependent on the distance (r). This
can be described as follows

ĤDD = ŜA · D̄ · ŜB = −µ0µ
2
bgAgB

4πh̄r3 (Â+ B̂ + Ĉ + D̂ + Ê + F̂ ) (2.21)

The so-called dipolar alphabet in table 2.2 gives the product of the spin operators
and angular expressions in spherical coordinates Θ and Φ.

Table 2.2: dipolar alphabet with the related spin operator and angular expression

Term spin operators angular expression

Â ŜzAŜzB (1− 3 cos2 Θ)
B̂ −1

4(Ŝ+AŜ−B + Ŝ−AŜ+B) (1− 3 cos2 Θ)
Ĉ −3

2(Ŝ+AŜzB + ŜzAŜ+B) sin Θ cos Θ · exp−iΦ
D̂ −3

2(Ŝ−AŜzB + ŜzAŜ−B) sin Θ cos Θ · expiΦ
Ê −3

4 Ŝ+AŜ+B sin2 Θ · exp−2iΦ

F̂ −3
4 Ŝ−AŜ−B sin2 Θ · exp2iΦ

Here Ŝ± is the raising or lowering operator, with Ŝ± = Ŝx ± iŜy. All measure-
ments are performed in situations where the high-field approximation is valid.
This means that the electron Zeeman interaction is much larger than the dipolar
interaction, which results in a quantization of the spins along B0. Therefore only
the secular term Â and the pseudo-secular term B̂ have to be retained. For two
interacting nitroxides, within the weak coupling limit and the quantization of the
two electron spins along the direction of B0, only the term Â has to be taken into
account. This leads to

ĤDD = ωddŜzAŜzB (2.22)
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with
ωdd = Ddip

r3 (3 cos2 Θ− 1) (2.23)

where
Ddip = µ0µ

2
bgAgB

4πh̄ ≈ 2π · 52.04 MHz ∗ nm3 (2.24)

is.

2.4.4 | CW-EPR Spectrum of Nitroxide Radicals

In continous wave (CW) EPR the resonance absorption frequencies at various
magnetic field strength are measured. Due to technical reasons, these spectra are
obtained by varying the magnitude B0 of the external magnetic field, while the
microwave frequency is kept constant. For a single electron, only one resonant
frequency is expected. Nevertheless a radical attached to a biomolecule with a
coupled electron spin S and nuclear spin I shows multiple absorptions frequencies
depending on the first three terms of the Hamiltonian described in the last section.
CW-EPR spectra of liquid solutions show an average of the anisotropic interac-
tions, whenever the tumbling of the molecule exceeds several orders of magnitude
of the spectral anisotropy (rotational correlation time τr < 100 ps). Due to the
energy level diagram of a radical coupled with a nitrogen (S = 1

2 and I = 1) de-
picted in figure 2.4.2, a nitroxide spectrum contains three symmetric, narrow lines
with equal intensities. Thereby is the spectral field position for ∆mI = 0 is given
by the isotropic g value (βegisoB/h̄), and the splitting corresponds to the isotropic
A. The recorded first deviation and absorption spectrum for such an experiment
are shown in figure 2.4.2 (bottom right and upper right, respectively). When the

Figure 2.4.2: (a) Energy level diagram for a nitroxide (S = 1
2 , I = 1) (b) CW-

EPR spectrum of nitroxides in solution. The bottom spectrum gives the measured
first derivative, and the upper spectrum give the resonant absorption.

tumbling of a molecule decreases, the rotational correlation time increases, and
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spectral lines broadens. This can be used to investigate dynamic processes in
biological systems to study or the rigidity of spin labels.
A powder or a frozen solution is a collection of randomly oriented micro crystals.
Their spectra are therefore superpositions of the resonant absorptions of all possi-
ble orientations of the molecule with respect to the magnetic field. In figure 2.4.3
such powder spectra for nitroxides at two different magnetic fields are shown. At
lower fields the spectrum is dominated by the 14N -hyperfine interaction, espe-
cially by the Azz component (red marks). The g tensor anisotropy is unresolved
in the inhomogeneous linewidth of the central peak. Increasing the magnetic field
resolves the g tensor, which dominates the shape of the CW spectrum at high
frequency.

Figure 2.4.3: Simulated CW-EPR powder spectrum of nitroxides at different
magnetic field strengths. (left) X-band (9 GHz/0.3 T), (right) at G-band (180
GHz/6.4 T). The coloured marks represent the g tensor (light blue gyy /light green
gxx / light red gzz) and the related A-tensor
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2.5 | Introduction to Pulsed Dipolar
Spectroscopy

2.5.1 | Introduction to Pulsed EPR

A deeper insight into the structures, flexibility, folding and conformational rear-
rangements of larger biomolecules can be reached by using the more sophisticated
pulsed EPR spectroscopy as in CW EPR this information is hidden in the inhomo-
geneous linewidth. In pulsed EPR spectra are recorded by exciting spin ensembles
with high-power microwave pulses at a given carrier frequency ν and a constant
magnetic field B1. One can then measure the emitted microwave signal created by
the sample’s transversal magnetization. The pulses are named according to the
rotation of the magnetization M0 that they cause and the direction from which
they come. A π

2 -pulse (also called 90◦-pulse) with a magnetic field along x rotates
the magnetisation coming from z-axis to the y-axis, while a π-pulse (180◦) rotates
to -z. Notably the nutation angle Θ depends not only on the pulse length tp of
the pulse but also on the magnetic pulse strength γB1.

Θ = γB1tp (2.25)

One can differentiate between selective pulses, which excite only a defined spin
ensemble, and broadband non-selective pulses, which excite all spins simultane-
ously. The excited fraction is defined by the inversion profile in the frequency
domain of the pulse. In the case of a rectangular pulse this is a sinc function (fig.
2.5.1).
Historically most pulsed applications were based on, for nitroxides selective, rect-
angular pulses. However, they had some major disadvantages, namely the rela-
tively small bandwidth of approximately ∆νπ = 0.8

tp
for π-pulses and the inhomo-

geneous inversion profile stemming from the existence of sidebands and from an
offset-dependent orientation of the magnetisation at the end of the pulse. Thanks
to the development of arbitrary waveform generator (AWG) which are now fast
enough even for EPR experiments, shaped pulses are able to overcome these draw-
backs. Shaped pulses are pulses with altered amplitude, phase or frequency within
the length of pulse. [39] Adiabatic pulses and Gaussian pulses are among the shaped
pulses often used for EPR. Gaussian pulses can be used for selective excitation
without creating side-bands (fig. 2.5.1 (b)) and adiabatic pulses for broadband
excitation. Adiabaticity means that the magnetization follows the effective field
and is relatively insensitive to inhomogeneities in the driving field. wideband,
uniform rate, smooth truncation (WURST) and sech/tanh pulses belong to the
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class of chirp pulses. It should be mentioned that adiabatic pulses have an in-
trinsically longer pulse duration lasting for hundreds of nanoseconds. In figure
2.5.1 the pulse amplitude (c), frequency modulation (d) and the excitation pro-
file (e) for a sech/tanh pulse with 400 ns pulse length is shown with β=8, the
truncate factor to reach a certain B1. Pulse methods can be divided according to

Figure 2.5.1: (a) The pulse amplitude of a rectangular (green, tp =32 ns) and
of a Gaussian pulse (orange, tp=50 ns and FWHM=32 ns). (b) the resulting
excitation profile of both pulses (c) the puls amplitude of a sech/tanh pulse, with
tp=400 ns, β= 8 (d) the frequency modulation (e) the resulting excitation profile in
comparison to the rectangular pulse of (a). Simulations made with EasySpin. [147]

their detectable interactions. Among others hyperfine spectroscopy, e.g., electron
nuclear double resonance (ENDOR), can be used elucidate the molecular and elec-
tronic structure of paramagnetic species by measuring the hyperfine interactions,
and pulsed dipolare spectroscopy (PDS) techniques measure the dipolar interac-
tions of two paramagnetic centers. The most established type of PDS measure-
ments is pulsed electron-electron double resonance (PELDOR), also called dipolar
electron-electron resonance (DEER). [52,53,40] The four pulse variant is routinely
used, although pulse sequences with more pulses like five or even seven pulses are
now also used. [56,148] Other approaches include the single frequency techniques
such as relaxation-induced dipolar modulation enhancement (RIDME), [61,62,63]

single-frequency technique for refocusing dipolar couplings (SIFTER) [64,65,66,67]

or double quantum coherence (DQC). [57,58,59,60] However, their feasibilities have
long been time limited by the hardware available. With the introduction of non-
selective broadband shape pulses, such measurement types have become the focus
of recent research.
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In pulsed NMR spectroscopy macroscopic magnetisation gets directly measured
after the last pulse, resulting in a free induction decay (FID). Fourier transfor-
mation of the FID, a time domain signal, produces the frequency domain NMR
spectrum. In EPR the sensitive detector must be protected during and immedi-
ately after the microwave pulse from the high microwave power in the resonator.
Therefore direct signal recording is not possible. To overcome this limitation, all
pulse experiments are measured with their echo. The idea can be shown with a
basic pulse experiment, the Hahn echo. It can be used for studying the transversal
relaxation T2 and is the basis of other pulsed experiments.
The Hahn echo experiment starts with a π

2 -pulse to generate transversal magneti-
sation, but due to the dead time, the FID cannot be recorded directly after the
pulse. After this the inhomogeneity of the magnetic field introduces spin flip flop
processes and results in a dephasing of the signal. An additional π-pulse after
a delay time τ refocuses the dephasing due to the inhomogeneity after a second
time delay τ , producing an echo. One special case for an echo results from the

π/2

πτ τ

Figure 2.5.2: Pulse sequence of the Hahn echo experiments with the magneti-
sation shown in red. Above are the magnetisation vector at the specific sequence
position.

use of broadband pulses that excite the whole nitroxide spectrum. Fourier trans-
formation of these broadband excited echoes allows the recovery of their full EPR
spectral shape of nitroxides and other paramagnetic species with narrow EPR
lines.

2.5.2 | Pulsed Electron-Electron Dipolare Resonance
Spectroscopy

The most frequently used pulsed technique is called PELDOR, [52] or DEER. [40] As
it belongs to the pulsed techniques that measure dipolare interactions, PELDOR
relies on the magnetic dipole-dipole interaction between two electron spins. This
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interaction is inversely proportional to the cube of the distance and also depents
on the orientation of the spin label relative to the external magnetic field. This
method was first proposed by Milov and co-workers in the year 1981 as a three
pulse sequence. [52] However, due to the dead-time, this application of this tech-
niques remained problematic until 1998, when the four pulse PELDOR sequence,
which is echo-based, was proposed and first used in the Spiess group. [149,53] The
such measurements from this new pulse sequence were feasible and reliable.

𝝅

𝟐

𝝅 𝝅

𝝅

a

b

τ τ ττ1 1 2 2ν

ν
T

Figure 2.5.3: 4-pulse PELDOR Sequence

PELDOR is a double-frequency method in which microwave pulses are applied at
two different frequencies to excite different sub-ensembles of spins independently.
First a Hahn echo experiment is performed the (detection) pulses are resonant to
the first spins (spin A) with a frequency νA. After a time delay t after the Hahn
echo signal, the pump pulse is applied in the resonant frequency νB of the second
spin (B). This reverses the magnetisation of spins B but does not affect directly
the spin A. However, a spin flip changes the sign of the dipolar coupling. This
changes the local magnetic field at these spins, which now precess with an altered
frequency in the transversal plane. This leads to an imperfect refocussing by the
last π-pulse and dephases the echo signal by the dipolar coupling frequency of
±ωdip (eqn. 2.23) depending on the spin state of the B-spin before the inversion
pump pulse. The net magnetisation of the spins A in the whole ensemble after
the pump pulse is a sum of both, equally present, inversions.

M(T ) = 1
2(eiωddT + e−iωddT = cos(ωddT ) (2.26)

2.5.3 | A Mathematical Description of PELDOR

To aid in the understanding of the origin of orientation selection and distance
dependence in PELDOR time traces the mathematics PELDOR will be discussed.
More details can be found in previous publication of Andriy Marko. [150,151,54]

First an appropriate coordinate frame for the orientation of spin labels needs to be
defined. In the main axis system of the nitroxide spin label, the x-axis is parallel
to the N-O bond, with the z-axis is normal to the nitroxide plane, as depicted in
2.5.4 (a). For both spin labels the principal axis system is used as described before
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Figure 2.5.4: (a) Orientation of the axis system of a nitroxide spin label
{x, y, z}. (b) The three coordinate systems for the description of a rigid birad-
ical. {x1, y1, z1} and {x2, y2, z2} frames correspond to the axes of the first and the
second nitroxide, respectively. The z axis of {x, y, z} coincides with the interspin
axis r and the x axis is perpendicular to both vectors z and z1 (c) rotation of the
Euler angles (α, β, γ) in the z, x′, z′′ convention

with {xa, ya, za} for a = 1, 2 for the first and the second nitroxide, respectively.
Furthermore, the dipolar coordinate system needs be be defined with the unit
vectors {x, y, z}. For this system the z-axis corresponds to the interspin vector R,
and the x-axis is oriented orthogonally to the plane of the two vectors z and z1.
In this coordinate system the orientation to the external magnetic field B0 can be
described by the polar Θ and azimuth Φ angles.
The mutual orientation of the spin labels to each other is defined by the Euler
angles (αa, βa, γa) = oa (fig. 2.5.4), which describe the orientation of the coordi-
nate axis {xa, ya, za} of the spin label in relation to the main axis system {x, y, z}.
The Euler angles are defined by the rotation around z, x′, z′′ (depicted in fig. 2.5.4
(c)).
The full mathematical description of a PELDOR time trace for a conformation
ensemble of i = 1, ..., N molecules that have slightly different dipolar coupling is
the average sum over all conformations present

V (T, νA) = V0(νA) +
N∑
i=1

∫ π
2

0
u(νA,Θ, oi,1, oi,2)(cos(ωdd,i(r,Θ)T )− 1)sinΘdΘ

(2.27)
where V0 is the unmodulated Hahn echo signal and the function u(νA,Θ, o1, o2)
is the signal intensity modulation. In the case of a macroscopically disordered
sample (frozen solution), all orientations of the spin pairs relative to the external
magnetic field are equally probable. Therefore, the total signal is given as the

31



2.5. INTRODUCTION TO PULSED DIPOLAR SPECTROSCOPY

sum over the sphere of the contributions of each single molecular orientation. As
a simplification the conformational average can be divided in to two independent
averages. This decompensation can be done when only a weak correlation between
the distance fluctuation to the orientation fluctuation of both labels and results
in a product of the distance-dependent Kernel function K and an orientation-
dependent pump efficiency function λ. Such a normalized PELDOR description
with S(T, ν) = V (T, ν)/V0(νA) is defined as

S(T, ν) = 1 +
∫ 1

0
K(r,Θ, T )λ(Θ)sinΘdΘ (2.28)

With the Kernel function the time dependence enters the trace as well as the
dependence on distance and on the external magnetic field. There the dipolar
coupling is the relation that matters (cf. eqn. 2.23).

K(r,Θ, T ) = 〈cos[ωdd(ri,Θ)T ]〉i − 1 (2.29)

In contrast to this the pump efficiency function λ(Θ) is time- and distance- in-
dependent, but influenced by the orientation of the spin labels. The anisotropic
interactions, the electron Zeeman and the hyperfine interaction described in the
section 2.4, results in different resonance frequencies for chemically identical ni-
troxide spins where the labels have different orientations to the external magnetic
field B0, to the inter spin vector oa (Θ and Φ) and different nitrogen quantum
numbers (m = −1, 0, 1).

ωr(Θ,Φ, o,m) = γe

(
B0
geff (Θ,Φ, oa)

ge
+mAeff (Θ,Φ, oa)

)
(2.30)

where γe is the gyromagnetic ratio of the electron. The functions geff (Θ,Φ, oi) and
Aeff (Θ,Φ, oi) are effective values of the g-tensor and of the hyperfine interaction,
the A-tensor. They can be expressed as the square root of

T 2
eff (Θ,Φ, o) = T 2

xx + (T 2
yy − T 2

xx)[sin Θ sin γ cos(α− Φ)

+ sin Θ cos γ sin(α− Φ) cos Θ cos γ sin β]2

+ (T 2
zz − T 2

xx)[sin Θ sin β sin(α− Φ) + cos Θ cosβ]2
(2.31)

where Teff can be either the g-tensor or the A-tensor.
In PELDOR, a pulse does not excite all spins simultaneously, that is the detection
pulses excite only the A spin, while the spin partner gets excited by the pump
pulse. The excitation of a pulse depends on the pulse frequency νk, which must
match the resonance frequencies ωr of the spins. The Rabi frequency of such an
excited electron spin is
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Ω2
k = γ2

eB
2
1k + (2πνk − ωrk)2 (2.32)

Here k = A,B indicate the detection and pulse frequency, respectively. In a
PELDOR experiment, the detection pulses create a spin echo magnetization on
the spin A, whose transversal component can be expressed as follows

mx(ωri, νA) = γ0B1A
ΩA

sin(ΩAtA)1
4

[
γ0B

′
1A

Ω′A

]4

[1− cos(Ω′AtA)]2 (2.33)

where tA the pulse length of the detection pulses. In practice all pulse lengths
are kept constant and the difference between π

2 and π is achieved by doubling the
field strength (B′1A = 2B1A). Ω′1A is calculated accordingly. A pump pulse with
length tB and field strength B1B will flip a spin B with a probability pB. This
flip probability is defined by

pB(ωri, νB) = γ2
0B

2
1B

2Ω2
B

[1− cos(ΩBtB)] (2.34)

A PELDOR time traces includes two different contributions. In one part, spin A
will be excited by the first π pulse without excitement of the spin B. Those spin
pairs will contribute a constant, time-independent signal V (νa) proportional to
(1− pb) to the overall echo intensity. When both spins are excited, the intensity
of the refocused Hahn echo formed by the probe pulses will be modulated by
the dipolar coupling, depending on the delay time T between probe and pump
pulses. For this case the pump efficiency λ is an averaged sum of the spin echo
magnetization mx of spin A, weighted by the flip probability of the B-spin pB due
to the excitation by the pump pulse

λ(Θ) = 1
2V (νa)

∑
m1m2

〈mx(ωr1, νA)pB(ωr2, νB) +mx(ωr2, νA)pB(ωr1, νB)〉Θ (2.35)

with resonance frequencies of ωr1 = ωr(Θ,Φ, o1,m) and ωr2 = ωr(Θ,Φ, o2,m)
for the first and the second spin, respectively. The formulas for the transversal
spin echo magnetization mx and for the spin flip probability pb both contain the
resonance frequency, which depends on the magnetic field orientation with respect
to the nitroxide as described by the Euler angles. Thus both functions depend on
orientations, and the λ function is also called orientation intensity function.

2.5.4 | Orientation Selective PELDOR

As seen in the last section, there is an orientation dependence encoded in PELDOR
time traces, directly dependent on the resonance frequencies excited by the pulses.
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Figure 2.5.5: Simulated field sweep spectra for different magnetic fields. (A)
X-band (∼ 0.3 T/ ∼ 6.4 GHz) (B) Q-band (∼ 1.2 T/ ∼ 33 GHz) (C) G-band
(∼ 6.4 T/ ∼ 180 GHz). The excited orientations for a 30 ns pulse at different
field positions (marked by the arrows) are depicted by the balls. The small alphabet
correlate the orientation with the field position. The couloured lines are the g-
tensor and A-tensors (cf. fig. 2.4.3)
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Thus, the oscillation frequency, dampening and modulation depth of PELDOR
time traces can differ when changing the pump or the detection pulse position
within the nitroxide spectrum. The different orientation excited by a typically
30 ns long rectangular pulse at different magnetic fields is shown in figure 2.5.5.
The X-band is dominated by hyperfine anisotropies, as all three g-tensor are
hidden in the inherent linewidth. There are relatively small difference between the
orientations parallel to the nitroxide plane (in-plane components) of the hyperfine
interaction tensor (Axx and Ayy) in comparison to the orientation perpendiculare
to this plane (out-of-plane component, Azz). Thus, changes in the resonance
frequencies ωr of nitroxide caused by rotation about their z-axis are so small that
the variation in the function λ are barely noticeable. Due to this, the orientations
which influence the orientation density function are limited to in-plane orientation
changes (around the x- or y-axes). Hence, only the β angles of both sets of
Euler angles contribute. This reduces the amount of information of a systems,
nevertheless it simplificats data analyses. This advantage, or disadvantage, is lost
by increasing the magnetic field. At fields above 50 GHz, in our case at G-band
(180 GHz), the nitroxide spectrum becomes dominated by the g-tensor anisotropy.
This resolves all Euler angles, making the analysis more accurate, though more
challenging.
At low fields the pump pulse is set at the maximum of the nitroxide spectrum
in order to increase the signal. A typical pulse length of 12 ns will excite all
orientations with the quantum number ofm = 0. This is therefore a state selective
but orientation non-selective pulse. As the detection frequencies are commonly
varied within an offset range between both frequencies from 40 MHz to 90 MHz a
detection selection takes place. At high fields all pulses are orientation selective.
Therefore not only does the interspin vector contribute to the signal but the
orientations of the two spin labes relative to each other add to the signal. At
G-band the magnetic field is shifted, measuring from gxx to gzz with a constant
offset between the pulse frequencies.
Independent of the magnetic field, there are some limitations which always have
to be taken into account. As shown in the work of Abe et al. [152] equivalent
PELDOR traces are caused by symmetry of the magnetic tensor. Hence, the
out-of-plane orientation is limited by 180◦, having a inversion symmetry, while
the in-plane orientation is rotation symmetric on the 4th order (90◦). Moreover,
there is an invariance for both Euler angles, making both labels indistinguishable.
This is due to the fact that both labels give rise to identical nitroxide spectra.
Direct interpretation of the orientation-selective PELDOR data can be ambiguous
and challenging. Firstly a single orientation-dependent time trace is not sufficient
to distinguish between different orientations. Hence a set of up to six traces equally

35



2.5. INTRODUCTION TO PULSED DIPOLAR SPECTROSCOPY

distributed of the nitroxide spectrum, were measured. Several fitting algorithm
have been published for direct interpretation, for example using a database [45]

or a genetic algorithm. [153] The database reconstructs the experimental data by
fitting a selection of a sub-ensemble out of a set of pre-simulated traces that
were derived from a library of possible spin-spin orientations. However, traces
with different orientations could be almost identical. Moreover as the measured
ensemble increases it becomes more likely that the solution might not be unique,
since different ensembles of spin label conformations might represent the same
orientation-selective PELDOR data. Another point to consider, is that obtaining
a detailed picture of the molecule of interest from the Euler angles alone may
be challenging. A more reliable method of the interpretation is simulation of the
orientation selective PELDOR traces, as the simulation procedure using equation
2.28 through 2.35 are almost parameter-free. For this reason it is preferable
to evaluate the experimental data relative to a biologically acceptable model;
this increases the likelihood of determining a reasonable and unique solution.
For the simulation one can either use a educated guess, e.g., using simple three
dimensional models of the studied molecule by taking other experimental data into
account [41] or from known geometry. [45,154] Moreover by using structures from MD
or QM simulations knowledge derived from other experiments and from quantum
mechanical calculations can be combined with PELDOR spectroscopy.

2.5.5 | PELDOR of Flexible Systems

For the case that the orientation of the labels are randomly distributed, the λ
function results in an average value. For such flexible systems all anisotropy
related effects are cancelled out. Hence only the pulse length and the magnetic
field strength B1 contribute to the pump pulse efficiency λ. The signal can be
therefore described by

S(t) = 1− λ+ λ

∫ π
2

0
cos(ωddT )sinΘdΘ

= 1− λ+ λ

∫ rmax

rmin

K(t, r)p(r)dr
(2.36)

Either for a single distance or more realistically, for a distance distribution p(r).
Experimental parameters do not affect the oscillations of the traces, they only
affects the modulations depth ∆ (depicted in fig. 2.5.6 (b)), which is dependent
on the pump pulse length. Thus, traces from different magnetic field and with
different pulse excitation frequencies are identical.
The calculation of those PELDOR signals from a known distance distribution
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is straightforward using equation 2.36, whereas the extraction of distances from
the PELDOR time trace, the inverse problem, does not yield a unique solution,
especially considering the presence of noise in the experimental time trace. The
common strategy is to perform a Tikhonov regularisation a method proposed in
the Jeschke lab. This regularisation, implemented in the data processing software
DeerAnalysis, [155] tries to stabilize the solution of this ill-posed problem. The
solution is given by the root mean square deviation between a simulated trace
(K(t, r)P (r)) and the experiment trace (S(t)) with a regularisation term:

Gα = |S(t)−K(t, r)P (r)|2 + α|LP (r)|2 (2.37)

The regularisation is given by the α-weighted squared and normalised second
derivative of the distance distribution function (LP (r) = P (r)′′). This term gives
the smoothness of the distance distribution so that noise is not later fitted as
distances. Nevertheless, a high α can broaden the distribution and decrease the
resolution, while a low α create ’artefact’ peaks. The estimation of the correct
α parameter is done with an L-criterion, which gives the smoothness (logarithms
of the second term) against the logarithm of the mean square deviation between
the simulation and experiment (first term). The most probably valid parameter
gives a compromises between smoothness and resolution and could be found in
the kink of the curve.

Figure 2.5.6: Data procession for distance based PELDOR measurements. (a)
The raw data (violet) include the intermolecular background (green). (b) By back-
ground correction the black trace results with only intramolecular interactions. ∆
gives the modulation depth. (c) Via Tikhonov regularisation the distance distribu-
tion could be determined. [155] The resulting fit of the data is shown as a red dotted
line in (b).

Up to this point, only the dipole-dipole coupling of two distinct spin pair has
been discussed. However the A spin also couples with the randomly distributed
electron spins of the surrounding molecules. For a homogeneous spatial three-
dimensional distribution, such spin-spin interactions can be approximated by a
monoexponential decay of the signal, depending on the local spin concentration
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c:

Vinter(t) = e

(
−

2πgAgBµ
2
B
µ0

9
√

3h̄
cλt

)
(2.38)

Hence, the measured raw PELDOR traces can be decomposed to the intra- and
inter-molecular dipolar coupling.

V (t) = Vinter(t) · Vintra(t) (2.39)

The separation of the two components, the background correction, is usually done
by fitting a monoexponential decay at the end of the PELDOR traces, using the
DeerAnalysis Software. [155] Depending on the distance and the length of the traces
this can lead to an ambiguous solution. Thus, one has to ensure that all the dipolar
oscillation is either fully gone or at least two pronounced oscillations are present
for a reliable background correction.

2.5.6 | CP-PELDOR

The length of PELDOR time traces is restricted by the relaxation times of the
measured system. This limits the distance accessible with the 4P-PELDOR ex-
periment. There are two ways to overcome this problematic. On the one hand
one can try to diluting the sample and using deuterated solutions to prolong the
relaxation time. On the other hand one can use a new pulse sequence (see fig.
2.5.7) which was developed in our lab. [56]

𝝅

𝟐

𝝅 𝝅𝝅

𝑇1 𝑇2 𝑇3

τ τ τ τ τ τ1 1 2 2 3 3a

b

ν

ν

Figure 2.5.7: 7-pulse CP-PELDOR Sequence. The pump pulse sequence with
the frequency νb consist of three sec/tanh pulses (black)

This pulse sequences is based on the Carr-Purcell (CP) sequence, [156] which was
developed to minimize the translational diffusion effect on the phase memory time
in solution NMR by applying several refocusing pulses. Using this idea for dipolar
spectroscopy, a number of refocusing pulses can be used in the observer frequency
of spin A. However, the number of pump pulses must be chosen in such a way,
that the dipolar interaction gets refocussed. Thus, an odd number of pump pulse
is necessary. Hence, a 7-pulse CP-PELDOR method has been established in our
laboratory
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This new sequence benefits from the newly available fast AWG for EPR experi-
ments. The pump sequence consists of three sech/tan pulses (fig. 2.5.1), which ac-
company the three refocussing pulses of the detection sequence. Since non-uniform
inversion of multiple pump pulses can create artefacts, adiabatic sech/tanh pump
pulses are needed as they offer high inversion efficiency for a given bandwidth.
For a maximal intensity of the refocussed echo at the end of the CP sequence the
delay times τ1, τ2, τ3 are of approximately the same length. The time axis, T , of
the experiment is given as:

T = τ1 + τ2 + τ3 = T1 + T2 + T3 (2.40)

Nevertheless even these pulses can show a non-quantitative inversion. Hence, an
additional parameter p is defined to describe the probability that all spins are
inverted by two subsequent pump pulses. If the parameter p is less than one,
the derived signal is a superposition of 8 different dipolar signals with different
characteristics weighted by their respective probabilities and thus a complicated
intermolecular decay function. Practically, p must be greater than 0.7 to obtain
a major contribution of the desired dipolar signal.
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CHAPTER 3

Results and Discussion

This chapter summarizes the most important results of this thesis, which were
previously published in peer-review journals previously [157,158,159,160,161] or present
as manuscript. Each section starts with a short historical reappraisal including
the motivation behind this study. Following a summary of the major findings
regarding the author’s work is given with a short conclusion.

3.1 | PELDOR Spectroscopy on Nucleic Acids
- A Short Introduction

In the last two decades, several works has been published in the EPR community
for studying structures, conformational changes and flexibilities of nucleic acids
by means of PELDOR spectroscopy. This method was first proposed by Milov
and co-workers in the year 1981. [52] However, the dead-time problematic remained
problematic until 1998 when the four-pulse PELDOR sequence was proposed and
first used in the Spies group. [53,149] Since then measurements have become feasible
and reliable for structural biology.
These first measurements were done on biradical model systems, and afterward
several groups started to use the methods on various polymeric and biological
systems. Jeschke showed a first study of polymer chain conformations, [162] and
Persson from the Eaton group compared PELDOR measurements with distances
reached from CW spectra and Fourier deconvolution of line shape broadening.
Here a large protein system, the human carbonic anhydrase II (HCAII) could be
studied. [163] This was the first example of a PELDOR measurement on a doubly
spin-labelled protein.
At the beginning of this century feasibility studies for the usage of PELDOR
spectroscopy on nucleic acids were done. For RNA the three pulse PELDOR
sequence was used in the Prisner group by Schiemann et al. to measure distances
on small 12mer dsRNAs. The nitroxide spin labels were covalently bound to the
2’-carbon via a urea linker. [43] Bowman et al. performed 4P-PELDOR distance
measurements on C2’-labeled RNA duplexes using amide groups as linkers to
the spin label. [164] Schiemann showed in the same year that DNA labelled with
TPA (structure fig. 3.3.1) can be used as a model-free PELDOR-based nanometer
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distance ruler, when the spin labels’ positions are systematically varied. [75]

Following, PELDOR measurements on several NA systems were performed. In
the study of distances on short DNA duplexes were compared with a geometrical
model of a double helix by Ward et al. [165] In the group of Qin the R5 Spin
label was introduced with a phosphorthiate linkage. [166] This spin label could be
introduced in a efficient manner; however, the spin label could occur with two
diastereomers and show a large distribution. But nonetheless several PELDOR
data show clear distances with this spin label in dsRNA.
As a next step, small nucleic acid duplexes with covalently attached Ç, were stud-
ied. This rigid spin label showed no flexibility additional to the intrinsic motions
of the DNA and the nucleobase itself. The label is a cytidine analogue intro-
duced by Barhate from the Sigurdsson laboratory in 2007 and further studied by
Cekan. [48] Having this special label in hand, first orientation selective PELDOR
measurements on nucleic acids were achieved in the Prisner group. Systematic
work with these biological samples was evaluated qualitatively by their orienta-
tion relative to the interspin vector. [44] Based on further high field measurements
Marko and co-workers proposed a model for the backbone dynamics of small ds-
DNA motifs. [167]

In the following years the field of nucleic acid related PELDOR spectroscopy
become more widespread. Small dsDNA and dsRNA motifs and their hybrids
were studied by Romainczyk et al. [76] In this study the surprinsing finding was
made that the labeling position influences the helical geometry of both B and
A forms. Sicoli had a deeper look at the transitions of both helical geometrie
of dsDNA [168] and in the Steinhoff group Wunnicke studied non-standard DNA
duplexes. They were able to detect local changes due to the introduction of single
mis-matched pairs [169] as well as the difference between antiparallel and parallel
dsDNA. [170] Another paper from the Milov group showed that having a nucleotide
missing in a duplex leads to a bending of the structure. [171] In addition to these
small duplexes, motifs like bended DNA structures, studied by Grytz, [154] pRNA
three way junctions [172] and G-quadruplexes with di-copper labels have come into
recent research.
As stated in the introduction structural biologists in the RNA field are partic-
ularly interested in structures and structural rearrangement of riboswitches and
of aptamers. Several motifs have already been studied by the means of PEL-
DOR spectroscopy. Wunnicke studied the tetracycline aptamer, [46] Krstic the
preorganisation of the neomycin aptamer, [173] and Grytz, with orientation se-
lective PELODR restraints, the cocaine aptamer. [41] Moreover Nak-Kyoon Kim
investigated the folding of a hammerhead ribozyme in relation to Mg2+ concen-
tration. [174]
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Beside structural studies of isolated nucleic acids, experiments on protein-RNA in-
teractions [175] and the first in-cell measurements have already been performed. [74]

As mentioned previously, several studies have already been done on small DNA
and RNA duplexes of 12 to 25 nucleotides in length. As a result these sequences
seem to be well understood in terms of structure and dynamics. On the one hand
this makes these motifs interesting for method development and for evaluation of
new spin label. On the other hand, with the development of new, more sensitive
experimental methods, spin labels and computational possibilities, the previous
studies can be refined to reach a more detailed view of this motif; this knowledge
could later be transferred to more complex systems. This thesis studied exclu-
sively small nucleic acids duplexes in both ways. Primarily with help of advanced
computational MD simulations detailed knowledge of the dynamics of dsDNA
could be achieved. These simulations were evaluated against orientation-selective
PELDOR measurements on dsDNA. Based on these results methods and spin
label development were completed. New technical developments allowed an in-
crease in the applicability of single frequency techniques for orientation-selective
studies like 2D-SIFTER. There, simulation procedures were evaluated against
known orientation selective PELDOR measurements. To decrease the laboratory
effort for synthesizing spin-labelled duplexes the semi-rigid spin label ImU and
the non-covalent bound Ǵ was studied further. Additionally the effect of room
temperature PELDOR on the measured time traces was studied in detail. Finally,
artefacts from small RNA duplexes, based on π − π interaction at the end of the
strands were investigated.
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3.2 | Intermolecular Interaction -
’End-to-End’ Stacking of dsRNA

This chapter is based on the publication Erlenbach et al. RNA (2019) 25, 239. The
work was prepared in a collaborative manner. The contribution of the author was
the performing of all experiments and the following analysis of the PELDOR data.
The samples were synthesized by Bizera Krstic and Dr. Christian Grünewald from
the group of Prof. Heckel.

One artifact in PELDOR studies of small dsRNA is found several time in liter-
ature. Time traces with additional distances were found not only in the Prisner
lab [74,75,76,77] but also the Bennati lab [78] and in Qin’s lab. [79] Also recent unpub-
lished measurements showed systematic additional distances for RNA duplexes as
well as on the tetracycline aptamer. [42] Initially multiple distances for a doubly-
labelled small dsRNA were observed by Cai et al. [79] However, as they were only
interested in the single main distance, they exclude minor peaks. In the work of
Romainscysk these peaks were also found but not further studied. [76] The first
potential explanation was proposed by Halbmair and co-workers, who showed
in their supplementary information that the derived additional differences agree
with ’end-to-end’ stacking of two helices, [78] and Weinrich et al. attributed the
additional distances to this intermolecular interaction. [77] However, such a inter-
molecular interaction is expected to influence both the structure and the dynamics
of small RNA duplexes. Further, possible multi-spin interactions complicate the
analysis of PELDOR measurements. [176] As a consequence this interaction had to
be characterized and afterwards hindered.
The proposed ’end-to-end’ stacking might be due to π − π interaction between
two base pairs, first recognized in 1958 as a stabilisation force in nucleic acids
duplexes. [177] This interaction was studied multiple times as an intramolecular
attraction. [178,179,180] The occurrence of this interresidue effect between different
molecules was initially found in crystallography. [71] Here the dsDNA aggregates
spontaneously into rod-like structure, this can only be explained by axial stacking.
This ’end-to-end’ attraction in dsDNA and in dsRNA was further studied by the
Pollack group with SAXS. [72,73,181] With this method attraction and repulsion
between small biomolecules can be measured. They studied the dependence of
this ’end-to-end’ interaction in dsDNA on the sequence length and at different
divalent and higher-valent salt concentrations. They were able to see that this
interaction is much more pronounced in the case of dsRNA, due to the greater
number of nearby ions on dsRNA, which enables a more effective shielding of the
repulsing interactions between the negatively charged backbones.
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Figure 3.2.1: (a) Two dsRNAs stacked ’end-to-end’ (b) (left) Schematic pic-
ture of stacking possibilities for singly labelled dsRNA without overhang. (mid-
dle) Background corrected 4P-PELDOR time trace (black) and 7PnCP-PELDOR
traces (blue) with (right) the related distance distribution calculated with Tikhonov
regularisation. (c) Schematic picture of stacking possibilities for dsRNA with a
single base overhang at one end and their raw 4-pulse PELDOR data and the
related Tikhonov derived distance distribution. (d) Schematic picture of stacking
possibilities for dsRNA with a two nucleobase overhang, their raw 4-pulse PEL-
DOR data and the related Tikhonov derived distance distribution. Modified from
Erlenbach et al. 2019. [161]
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To work further on this topic with PELDOR spectroscopy, singly labelled dsRNA
carrying the TPA spin label were synthesized by Dr. Christian Grünewald and
Bisera Krstic. These samples have the advantage that the dipolar coupling, de-
tected by PELDOR, can be exclusively related to interactions between nucleic
acids and is not distorted by multi-spin effects. [176]

PELDOR measurements clearly show dipolar coupled spin pairs, indicating a de-
fined intermolecular interaction. The derived distances correspond to the expected
distances for dsRNA ‘end-to-end’ stacking via π− π-interaction of nucleobases at
the end of strands as depicted in figure 3.2.1 (a). As 4-pulse PELDOR is limited
in the distances measurable due to the phase memory time of the spins, the maxi-
mum distance which can be reliably derived from these samples is around 7 nm in
deuteriated solution. However, one distance was expected around 9 nm. To also
observe this long distance with high accuracy additional 7-pulse CP-PELDOR
measurements were performed, allowing expansion of the time window to up to
17 µs. By taking the advantage of this, the longest distance could be reliably
identified. Both measurements with their corresponding distances, derived by
Tikhonov regularisation, are shown in figure 3.2.1.
To prevent the ’end-to-end’ interaction one needs to add bulky ends, which steri-
cally inhibit the electrostatic attraction. Therefore, an additional nucleotide was
added to the ends of a strand during the solid phase synthesis, to exclude the
possibility of π − π stacking between the dsRNAs. PELDOR measurements with
an overhang at one side of the duplex show only an oscillation with a high fre-
quency, as depicted in figure 3.2.1 (b), that is related to a 2 nm distance. This
meets the expectations that only dimerisation is still possible. Subsequently, sin-
gle nucleotides were added at both ends of one strand. This leads to the absence
of any distinct distance, which proves the absence of any defined intermolecular
interaction. All contributions to the PELDOR signal exclusively relate to the
background of randomly distributed RNA duplexes.
The modulation depth of PELDOR measurements for dimers reports directly on
the number of spin pairs relative to the overall number of spin labels,

∆ = λp (3.1)

with the pump pulse efficiency λ (see sec. 2.5.2) and the stacking probability p
defined as

p = 2[Dimer]
[Monomer] + 2[Dimer] = 2[Dimer]

[RNA] (3.2)

Measurements at different Na+ concentrations revealed an increased stacking
probability, previously found for divalent ions by Pollack (fig. 3.2.2 (a)). This
was first found with samples with one overhang, where only dimerisation is pos-
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Figure 3.2.2: (a) Stacking probability of dsRNA in relation to the monovalent
salt concentration of NaCl and to the salt-to-RNA ratio, for a RNA concentration
of 200 µM. (b) Dimerisation constant for the ‘end-to-end’ stacking for different
salt-to-RNA ratios. For both, (a) and (b) in blue samples with one overhang
and in green samples without overhang, taking trimers and multi-spin effects into
account. (c) Stacking probability of dsRNA in relation to the RNA concentration
and the respective salt-to-RNA ratio for 200 mM NaCl (blue data points). The
dotted points indicate the expected stacking probability for only a change in RNA
concentration. In black the compensated stacking probability is shown in black.
Modified from Erlenbach et al. 2019. [161]

sible. However PELDOR data of samples without overhang, gives rise to the
same trend, but the modulation depths from these data reveals the possibility of
oligomers. Taking statistics of these oligomers explicitly into account, the same
stacking probability was found. Given the known definition of the Kd value in
relation to the stacking probability,

Kd = [Monomer]2
[Dimer] = 2[RNA] (1− p)

2

p
(3.3)

the Kd value for the equilibrium reaction of the dimerisation of two dsRNAs
could be calculated, varying between 0.2 − 1.2 mM. These values show a strong
dependency on the salt-to-RNA ratio in the measured range as depicted in figure
3.2.2 (b).
Though the dimerisation is an equilibrium reaction, the stacking probability does
not show a increase with increasing the RNA concentration. However as the total
salt concentration was kept constant in these experiments, the salt-to-RNA ratio
R was decreased significantly within this series. That p does not vary with RNA
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concentration can be explained by two counteracting effects. On the one hand
p increases with the RNA concentration (dotted line in figure 3.2.2), but on the
other hand p decreases due to the strongly reduced salt-to-RNA ratio. (see fig.
3.2.2 (c))
With this work we showed that PELDOR is a valid method not only to study,
structure and dynamics, but also for investigating intermolecular interactions.
By careful evaluation of the modulations depth, the effect of parameters such
as concentration on these interactions can also be detected, theories proposed to
avoid such interactions can be tested.
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3.3 | Flexibility of Spin Label -
A Semi-Rigid Approach

This chapter is based on the publication Erlenbach et al. Physical Chemistry
Chemical Physics (2016) 18,16196. This work was prepared in a collaborative
manner. The contribution of the author was the performance of 50 % of the exper-
iments, the remaining experiments were performed by Dr. Burhhard Endeward.
The author also performed the analysis of the orientation selective PELDOR data.
The samples were synthesized in the group of Prof. Sigurdsson by Dr. Gophane
from the University of Iceland Science Institute, Reykjavik.

One crucial step for PDS measurements for the study of the structures and flex-
ibilities of nucleic acids is the usage of spin labels. From a spectroscopic point
of view a direct translation of PDS measurements to structure and flexibility is
desired. In these experiments the tether between the molecule of interest and the
nitroxide moiety plays an important role.
In the case of protein research, the commonly used nitroxide spin label is MTSSL.
The tether of MTSSL has several free rotations which broaden the measured dis-
tance distribution. [182] Hence, it is complicated to disentangling the distribution
of the label and the biomolecule and translate the distance information to protein
flexibility. The different conformations of the spin label possible for one single pro-
tein structure are often depicted as a flower pocket, which give rise to all possible
radical positions. [183]

On nucleic acids, 2,2,5,5-tetramethyl-pyrrolin-1-yloxyl-3-acetylene (TPA) is a promi-
nent spin label for distance determination (fig. 3.3.1 (a)). There the radical lies
on a cone for the rotation of the label around the tether, as the N-O bond is
not aligned with the tether. Nevertheless the broadening is minor compared to
MTSSL as the acetylene bridge to the nucleobase is short. For more accurate
distance determination the usage of a conformationally unambiguous spin labels
is preferred. These are labels without any distance broadening due to label flexi-
bility at the same time they do not show any orientation-selective effects on the
PELDOR time traces, which would complicate data analysis. In the best case the
N–O bond of the nitroxide would align with the tether because rotation around the
single bond does not cause displacement of the nitroxide relative to the DNA [184]

and the orientation effects would be rather efficiently averaged out by the rota-
tion. In the Gannett lab a conformationally unambiguous TPA analogue spin
label with a six-membered ring was developed. [185]

The ideal spin label for studies of nucleic acid structures and inherent flexibilitiesis
totally rigid. A direct translation of the measured data to the nucleic acids’ prop-
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erties would then be possible, and moreover anisotropic effects could be analysed
for even more details regarding the structure and dynamics of nucleic acids. The
first totally rigid spin label reported for DNA is known as Q and came from the
Hopkins labratory (structure shown in fig. 3.3.1). [186,187] Q is, a five-membered
nitroxide and is directly fused to a non natural nucleobase, forming a base pair
with 2-amino purine. Later on, Ç was developed in the Sigurdsson laboratory;
this is an prolonged cytidine analogue and forms a base pair to guanine without
structural perturbations. [48,105,188] The spin label points inside the major grooves.
A modified spin label Çm can also be used for RNA. [189]
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Figure 3.3.1: Spin label structures for nucleic acids (a) TPA (b) Q (c) Ç

Under consideration of this aspect for spin label attractivity, Ç has perfect spec-
troscopic properties; however, it is synthetically very demanding. Hence, semi-
rigid spin labels were intodruced. Two of these are the isoindoline derivate spin
labels ImU and OxU . The structures of both are reported in fig. 3.3.2 (a). They
are restricted in rotation around the single bond linking them to the uridine nucle-
obase. [49] In particular ImU forms an intramolecular hydrogen bond between the
NH of the benzimidazole and O4 of the nucleobase. Both labels show orientation-
dependent changes in PELDOR time traces although they are less rigid than Ç.
To gain an in-depth knowledge about a spin label is own mobility it is important
to be able to disentangle the intrinsic motion of the nucleic acids from the spin
label’s flexibility.
Simulations were made on the basis of a dynamical three dimensional model. For
every simulation, an ensemble of 500 conformers was calculated to represent the
conformational ensemble in the frozen solution. Each DNA duplexes was repre-
sented as a helix through the 1’ carbon of the sugar and the dynamical parameter
of the internal motion of the DNA was taken. This dynamic was found in previous
studies by Marko et al. using the same DNA sequence spin labelled at various
positions with the Ç. [167] Accordingly, a change in the radius of the DNA cylin-
der without any change of the helix pitch was utilized. In addition to this DNA
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twist-stretch motion, the electron spin position of the spin label and their mutual
orientation was constructed from the helix. To calculate the intrinsic internal mo-
bility of the spin labels, we introduced additional rotational motions around the
spin label molecular axes. The first one is a rotation around the linker between the
spin label and the nucleic acid base. This is calculated as a rotation around the
x-axis of the spin label (see fig. 3.3.2 (b)). To model any remaining flexibility of
the spin label to describe change in the spatial position relative to the DNA small
angle fluctuation about the other two axes (y and z) were introduced. All motions
were calculated independently from each other and based on Gaussian-distributed
angle variations. More details regarding the simulations procedure can be found
in Erlenbach et al. [157] Simultaneous simulations of orientation-selective PELDOR
data at three different magnetic fields provide excellent fittings, as shown in figure
3.3.2. The analysis proves the semi-rigidity of the isoindoline spin label and gives
quantitative values for the internal mobility of these labels. ImU is limited to a
x-rotation of 5◦, while the OxU label has twice the rotational freedom regardless
of the position of the spin label, due to the lack of the hydrogen bond. The other
two rotations, reflecting the overall residual flexibility, should be as small as pos-
sible for orientational dependent flexibility studies of nucleic acids. The two spin
labels had similiar amounts of y-rotation (about 15◦ − 20◦), and their z-rotation
was fixed at 5◦.
An analogous study was performed for the conformationally unambiguous spin la-
bel ExImU , which was again proposed by the Sigurdsson lab. [50] It is a isoindoline-
based spin label with a rather long tether, where a free rotation around the triple
bond of this tether is possible. Orientation-selective PELDOR measurements at
low field (X-band) did not show any anisotropic effects, while at high field slight
differences between the traces with a changing magnetic field could be obtained.
The three-dimensional model simulations explained above confirm the free rota-
tion around the tether; however owing to the rather long linker this label show
increased in-plane motion, which complicates the separation of the label and the
nucleic acid proportion in the distance distribution. All simulations are depicted
in figure 3.3.2(e).
These detailed analyses of the dynamics of ImU , OxU and ExImU will facilitate
the use of these spin labels for further studies of nucleic acid motifs.
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Figure 3.3.2: (a) Chemical structures of the isoindoline derivates spin labels
ImU/ OxU and ExImU(b) Modes of spin label motions shown for the ImU -labelled
duplex DNA. Experimental (black) and simulated (red) PELDOR time traces with
(c) ImU , (d) OxU and with (e) ExImU label. For X-band (left) and Q-band (mid-
dle) different offsets νn (in MHz) were set between probe and pump pulse frequency.
In both magnetic fields, the pump pulse was fixed at the maximum of the nitrox-
ide spectrum. The G-band (right) PELDOR time traces were shown at the three
magnetic field positions corresponding to the main g-tensor components. In these
experiments the difference between pump and probe frequency was kept constant
at νn = 60 MHz. Modified from Erlenbach et al. 2016. [157]
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3.4 | Study of an Intercalating Spin Label
This chapter is based on the attached manuscript Heinz et al. This work was
prepared in a collaborative manner. The contribution of the author was the
performing of all experiments and the analysis as well as the calculations of the
orientation-selective PELDOR data with help of MD simulations provided by
Marcel Heinz und Dr. Lukas Stelzl from the group of Prof. Hummer from the
MPI of Biophysics, Frankfurt am Main. The samples were synthesized in the
group of Prof. Sigurdsson by Nilesh Kamble from the University of Iceland Science
Institute, Reykjavik.

In addition to the relevant rigidity of the spin label, the site specific incorporation
of a spin label [190] to a biomolecule, plays a major role. While spin labelling on
proteins is mainly done with the specific reaction of MTSSL with the thiol groups
of cysteine amino acids post-synthetically, [191] the methods of spin labelling for
nucleic acids are much more diverse. Particularly in the Sigurdsson lab, but also
from others, a broad range of spin labelling strategies were developed in the last
years.
From the synthetic point of view, there are three main labelling strategies. For all
of them the main challenge is the stability of the radical moiety during incorpora-
tion of the spin label. One method is the usage of spin labelled phosphoramidites
directly via solid phase synthesis. This approach was first reported by Hopkins
and co-workers in 1988. [192] The spin label TPA [193] as well as the rigid Ç have
to be synthesized this way. This method has a few drawbacks, as the synthesis
of those phosphoramidites with the spin label requires a significant effort. Also
the synthesis conditions for the solid phase synthesise have to be adapted in a
way that it is non-reducing. Nevertheless it has also been shown that protection
groups can be added at the N-O and after the full synthesis successfully removed,
e.g., with light. [77,194]

Another way is to use modified nucleotides which contain unique reactive func-
tional groups. These phosphoramidites are commercially available, and it is pos-
sible to attach the spin label post-synthetically with different possible reactions,
for example with click chemistry. [195,196] This approach is less synthetically de-
manding, and the spin label is not exposed to the reductive conditions of the solid
phase synthesis and purification. Nonetheless incomplete labelling or possible side
reactions are still drawbacks for this method. Furthermore care has to be taken
that the spin label does not get reduced by the reaction conditions.
The last way is non-covalent site directed spin labelling. On the one hand there are
several RNA and DNA motives which have well defined binding pockets and can
be involved in ligand receptor interactions. There the small chemical compound
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itself can be spin labelled as done with the malachite green from Sigurdsson and
co-workers. [197] The interaction of the label often takes place through intercalation
or groove binding. [198,199] So far these labels have not been sequence selective, and
therefore have a limited usefullness in site-directed spin labelling (SDSL).
In this thesis the Ǵ (G-spin) spin label was studied which intercalates in an aba-
sic site in a double-stranded nucleic acid motif, using hydrogen bonds and the
π − π interaction of nucleobases. [200] Kamble and co-workers were able to show
via CW measurements that Ǵ intercalates specifically in an abasic site of a nu-
cleic acid duplex with a cytidine as base pairing partner. [51] The advantage is
that one can synthesize the spin label and the strand independently and mix the
two afterwards. For RNA duplexes stable Ǵ incoperation was established at room
temperature, while for the DNA the intercalation takes place by lowering the tem-
perature. First orientation selective PELDOR traces reveal a rigid incorporation
of the spin label into the structure. Nevertheless DFT calculations in vacuum,
performed by Marcel Heinz, show that a rotation around the tether between the
nucleobase analogue part and the isoindoline (fig. 3.4.1 (a) red dihedral angle d1)
results in two preferred orientations. Whether such a rotation is also possible
when the molecule is bound to a nucleic acid was investigated using orientation
selective PELDOR measurements and MD simulations. These simulations were
also performed by Marcel Heinz.

dsRNAdsDNA(a) (b) (c)

R

Figure 3.4.1: (a) Structure of the intercalating Ǵ spin label base pairing with
a cytidine. The dihedral angle d1 is marked in red. Dihedral angle d1 between
the aromatic purine scaffold and the isoindoline nitroxide plane of the two Ǵs in
dsDNA (b) and dsRNA (c) during the molecular dynamic simulations.

In the case of dsDNA the spin label points inside the minor groove, which sterically
restricts the rotation around the tether. Nevertheless a 1 µs simulations shows one
π
2 /90◦ flip for each spin label. (fig. 3.4.1 (b)) Also the PELDORmeasurements with
different frequency offsets at the X-Band do not show any orientation-selectivity,
while at high field orientation selective effects are observable. This is consistent
with the observation of the MD simulations, since in lower fields only the out-
of-plane orientation can be resolved, which are no longer selective due to the
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rotation. On the other hand, this rotation does not change the orientation of the
spin label in the other dimensions. These are additionally resolved in the high
field, thus preserving an orientation selection. Quantitative comparison of the
MD simulations and PELDOR traces show strong agreement for the X-band as
well as for the high field measurements at 180 GHz. The distance distribution
shows a comparable width to the distance width obtained fro Ç measurements on
the identical DNA duplex, which makes it a very promising unambiguous label
for DNA duplexes for reliable distance measurements at low fields.
In the case of a doubly labelled RNA duplex with the Ǵ things change. The
PELDOR traces at both magnetic field show high orientation-selective effects.
This already indicates a more rigid incorporation of the spin label in the duplexes.
This gets revealed by the MD simulation, where no rotation around the tether
was observed as the label is sterically hindered in the deep but narrow major
groove. (fig. 3.4.1 (c)) These result give rise to the conclusion that in contrast
to Ǵ incooperated in a dsDNA this label paired with dsRNA can be used for
accurate orientation-selective PELDOR measurements.
Quantitative simulation of the orientation-selective PELDOR time traces taking
the coordinates of the Ǵ from the MD simulation shows a small shift in the dis-
tances; however a strong agreement in the overall orientation selective PELDOR
pattern was found, as depicted in figure 3.4.2.
The presented work not only enables the direct comparison of PELDOR measure-
ments to MD simulations, it allows also a conclusion of the current state-of-the
art force fields for nucleic acids. Both force fields, ParmBSC1 for DNA and
ParmBSC0+χOL3 for RNA, are able to describe double stranded, helical nucleic
acids well. Only some small discrepancies observed between experiment and sim-
ulation for dsRNA. The well-established ParmBSC0+χOL3 force field for RNA
seems to describe the dynamics of dsRNA well to completely recapture the PEL-
DOR data. The MD interspin distance distribution is slightly shifted by 1.8 Å
towards longer distances and the calculated PELDOR time traces from the MD
simulations matches well with the PELDOR data, but still could be improved for
an almost perfect match.
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Figure 3.4.2: (a) X-band PELDOR time traces with different offsets νn (in MHz)
between probe and pump pulse frequency as indicated for dsDNA (left) and dsRNA
(right) Ǵ labelled. (b) G-band PELDOR time traces at different magnetic field
positions corresponding to the main g-tensor components. In these experiments,
the difference between pump and probe frequency was kept constant at νn = 60
MHz. (c) Distance distribution from the summed X-band PELDOR time traces
derived via Tikhonov regularisation. The coloured line are the distance distribution
for different rotational states of the spin label.
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3.5 | Orientation-Selective 2D-SIFTER
Simulations

This chapter is based on the publication Bowen et al. Applied Magnetic Resonance
(2018) 49, 1355-1368. The work was prepared in a collaborative manner. The
contribution of the author was to further develop a simulation protocol for 2D-
broadband SIFTER based on the PELDOR simulation protocol written by Dr.
Andriy Marco. Furthermore the author evaluated the simulation procedure for
two samples with known geometries and dynamics in comparison to orientation-
selective PELDOR measurements. The SIFTER measurements were performed
by Dr. Alice Bowen and Dr. Philip van Os (née Schöps).

PELDOR spectroscopy is still the gold standard among all different kinds of PDS
techniques to measure interspin distances. It is very robust and widely used for
long range distance measurements from 2 to 8 nm. As explained in the theo-
retical background, another advantage of PELDOR occurs whenever both spin
labels have a fixed relative orientation, as anisotropic interactions allow the spe-
cific excitation of defined orientation of the label to the external magnetic field B0.
Therefore only parts of the conformational ensemble contribute to the PELDOR
signals. This varies when the pump and/or probe frequencies change and affects
the orientation intensity function for each time trace. However, this way to mea-
sure the orientation-dependent dipolar coupling is highly time-consuming and the
combinations of different pulse positions is limited due to bandwidth limitation
in the resonator and to possible pulse overlap.
Next to PELDOR, different single frequency techniques were developed such
as DQC, [57,58,59,60] RIDME [201,62,63] or SIFTER. [64,65,66] Nevertheless, they have
been less frequently used in the last decades. The reason for this is that the
non-selective excitation of the whole resonance spectrum is necessary for these
methods. This can be achieved with typical rectangular pulses for trityl- but not
for nitroxides based spin labels. As a result, inefficient inversion of spins reduces
the sensitivity, decreases the modulation amplitude and furthermore introduces
artifacts. Rectangular pulses would need very high microwave field strengths and
short pulse lengths. However, by modulating the amplitude or phase of the pulse,
the excitation bandwidth can be increased, which was not possible in EPR due
to hardware limitation. As faster AWGs were developed in the last years, such
single frequency methods have become feasible for EPR.
This allows, e.g., the measurements of artifact-free SIFTER traces with high
modulation depth and high sensitivity. [64] SIFTER is a single frequency technique,
which is based on a solid echo and the Jeener-Broakaert sequence. [202] The pulse
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sequence of SIFTER is shown in figure 3.5.1. The time steps are measured as
function of τ1−τ2 while the sum of both time offsets is kept constant. As SIFTER
is also a PDS technique, the time trace retains the same dipolar coupling as
PELDOR time traces.

Figure 3.5.1: SIFTER pulse sequence

In an echo-based pulse technique, the integration of an echo will often be recorded
against the time delay. Subsequently, in the one-dimensional form, by integrat-
ing over the echo signal, all anisotropic information gets averaged. Though, Dr.
Philip van Os (née Schöps) was able to show that the Fourrier transform of the
transient echo, derived from a non-selective broadband pulse and simultaneously
exciting all orientations, recovers the full EPR spectra of the nitroxide. [64] Owing
to this, recording the transient echo instead of the integrated area at different
time point and Fourrier transform this echo, achieves a single two-dimensional
experiment in which the full spectrally resolved dipolar time traces can be de-
tected simultaneously. [67] Such time traces encode, in the case of two correlated
spin label orientations, an amount of similar orientation content similar to multi-
ple orientation-selective PELDOR time traces, but with less laborious and time-
consuming effort.
The differences between orientation-selective PELDOR and 2D-SIFTER occur
for two different reasons. SIFTER relies only on the detection selection of the
inhomogeneous linewidth as the broadband (pump) pulse excites all orientation
present. This makes it impossible to measure the relative orientations of the two
spin labels to each other and reduces the number of observable parameter to five.
At X-band a typical PELDOR pump pulse at the maximum of the spectrum is
hyperfine transition selective (m = 0); however it excites almost all orientations si-
multaneously. Therefore it is a comparable situation to a 2D-SIFTER experiment.
In contrast to this, at higher fields PELDOR has a pump- and detection-selection,
as both pulses excite only part of the orientations present in the sample, enabling
the study of the relative orientations of the two labels.
The second difference occur due to different pulse excitations. The excited fraction
for SIFTER as well as the comparison with a standard detection pulse in PELDOR
measurements is shown in figure 3.5.2. Therefore the simulations process has to be
adjusted and revealed with known models against orientation-selective PELDOR.
Fourier transformed 2D-SIFTER traces of a bis-nitroxide model system and with
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Figure 3.5.2: (a) Excitation profile of a 200 ns WURST pulse (blue) in com-
parison to a nitroxide spectrum in black. The excited fraction given is shown in
violet. (b) Comparison of the excitation of a simulated 32ns rectangular pump
pulse with 25 MHz offset (red) and the inhomogeneous linewidth in SIFTER with
20 MHz (green). The spheres represent the excited orientations.

a Ç double labelled small 20mer dsDNA, recorded by Dr. Alice Bowen and Dr.
Philip van Os (née Schöps) , were used to validate the simulations procedure. For
both datasets, additional orientation-selective PELDOR traces already existed.
For the analytical simulations of the PELDOR and SIFTER dipolar time traces,
the relative orientation of the nitroxide moieties as well as their distance distribu-
tion are required. A conical model simulating the allowed rotation of the nitroxide
moieties and the bending of the linker unit was used to derive the conformational
ensemble of the model system. For the doubly labelled dsDNA structures, a MD
simulation was used. [158] The 200 ns long MD trajectory, provided by Dr. Lukas
Stelzl, gives rise to an ensemble of 2000 structures, without explicitly simulating
the spin label. However, as the Ç is totally rigid, the inter spin distance and the
orientation of both spin label could be extrapolated for a quantitative simulation
of the PELDOR and SIFTER time traces. More details are described in section
3.6.
When using the analytical protocol described in section 2.5.2 the pump pulse
efficiency for non-selective WURST-based broadband excitation was modelled ac-
cording to Kupce et al. [203] In figure 3.5.2 (a) the excitation profile is shown, and
the excited fraction of the nitroxide spectrum is depicted in violet. The ’detection
pulse bandwidth’ was selected to correspond to the inhomogeneous linewidth of
the spectrum, which was 20 MHz. This was determined from fitting the the ni-
troxide spectrum found by Fourier transform of the solid echo and validated by
fitting the the field-sweep spectrum. This inherent linewidth is smaller than the
bandwidth of the 32 ns detection pulses (25 MHz) commonly used in PELDOR,
as seen in figure 3.5.2 (b). As a smaller fraction of orientation gets excited, its
ends up with a more pronounced orientation dependence.
Using this simulation method with the pulse parameters derived above and the
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Figure 3.5.3: Results for the DNA duplexe double labelled with the Ç label. (a)
Normalised frequency correlated SIFTER dataset presented in the time domain of
the dipolar dimension; time is τ1 − τ2. (b) Echo detected field sweep presented in
the frequency domain relative to the spectral maxima. The coloured lines show the
detection positions offsets for the PELDOR data presented in (c) and the frequency
slice of the frequency correlated SIFTER data presented in (d). (c) PELDOR
time traces, experimental data (black lines) with corresponding simulations from
molecular dynamics (MD)(coloured lines) (d) Slices from the frequency correlated
SIFTER experiment (black lines) with corresponding simulations (coloured lines).
Modified from Bowen et al. [160]
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models calibrated by the PELDOR data it was possible to simulate the 2D-
SIFTER data successfully. They show strong agreement with the experimental
data presented in figure 3.5.3 for the DNA. There, for a direct comparison, the
related PELDOR traces were also shown, these traces have the same frequency
differences to the maximum of the nitroxide spectrum (blue to red traces). Ad-
ditional traces, which were either not accessible with PELDOR due to overlap of
both pulses (-30 to 30 MHz offset, green traces) or had a low efficiency (-30 MHZ
offset, light blue traces) were additionally shown for SIFTER.
In conclusion, 2D-SIFTER is an effective way to measure dipolar coupling of two
nitroxide moieties with a fixed relative orientation. These data can be analysed
in a equally effective analytic manner, as done for orientation-selective PELDOR
traces in our laboratory in the recent years. [44,45,167] However, several aspect must
be considered, before this method can replace orientation-selective PELDOR. The
optimisation for the broadband pulses has to be done carefully and is the most
crucial step to avoid unwanted features in the recorded echo. This optimisa-
tion takes time. Additionally the net measurement time reduction might be also
less effective, as recording of the transient echo is much more time-consuming
than measuring the integrated area, at least with Bruker software. Additionally
a SIFTER sequence with around 200 ns long broadband pulses is considerably
longer, which has an effect on the signal-to-noise ratio. As a result the signal-
to-noise is much lower in comparison to PELDOR, especially at the edge of a
nitroxide spectrum. From a spectroscopic point, the most interesting orientation
content collected from a X-Band spectrometer is encoded in the difference between
an 40 MHz trace (x- and y-axes orientation) to 90 MHz trace (z-axes) at the edge
of the spectrum. Therefore at least an additional PELDOR traces recorded as
this edge might be necessary in order to fully resolve the orientation dependence.
Another point to considered is that modulated pulses, that are broad enough to
excite the whole nitroxide spectrum are only feasible for low field measurements,
up to 33 GHz. For measurements at high field, orientation-selective PELDOR is
still the method of choice.
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3.6 | Conformational Dynamics of DNA
by PELDOR and MD

This chapter is based on the publication Stelzl et al. Journal of the American
Society (2017) 30, 129. The work was prepared in a collaborative manner. The
contribution of the author was the simulation of the orientation-selective PEL-
DOR time traces using the MD simulations performed by Dr. Lukas Stelzl from
the group of Prof. Hummer from the MPI of Biophysics, Frankfurt am Main. The
measurements were already published. [45]

One central aspect of this thesis is related to the quantitative comparisons between
orientation-selective PDS measurements and MD simulations on nucleic acids. As
already mentioned in section 3.6, MD simulation of nucleic acids lacked of accu-
racy for a long time, e.g., the dihedral angles of the backbone and between the
sugar and the nucleobase had to be adjusted several times. From the traditional
computational point, force field development is done based on NMR and crys-
tallography data. Classical crystallography encodes static structures, and also
NMR provides only bundles of average structures. Therefore comparison with
these more static structures reports over the stability of MD trajectories over
time. Hence, evaluation against experimental ensemble methods, like SAXS and
PELDOR could be beneficial for evaluation of different force fields, not only check
for artifacts but also to evaluate dynamical properties.
When working with MD simulations one has to overcome several challenges for
quantitative comparisons with PDS time traces. In the last decades MD sim-
ulations were limited by the sampling problem, as exhaustive sampling of the
conformational space of even relatively small molecules (as nitroxide spin labels)
couldn’t be achieved due to the appearance of artefact, especially for nucleic
acids. The accuracy of the MD simulations, which is related to the quality of
the available force fields, constitutes another issue. As a consequence the first
comparisons between PELDOR measurements and MD simulations were mainly
made in a qualitative way by comparing only the distances and the distribution.
However, this could be problematic even from the experimental side as depend-
ing on the experimental quality the distance distribution, derived by Tikhonov
regularisation, is an ill-posed problem, where uncertainties could arise.
In the years around 2007 several studies were done for model systems, [204] pro-
teins [205,206,207] and nucleic acids, [75,193] correlating PELDOR distances with MD
simulations performed with the AMBER 98 and CHARMM19 force fields. For
all these simulations the mean distance was usually in a good agreement with the
PELDOR distances, while the distribution, whenever compared, was more prob-
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lematic. More comprehensive, MD simulations were used for the analysis of the
MTSSL spin label on proteins. Althought this spin label can be easily attached to
a broad range of proteins, it shows high flexibility. Hence, for separating the ef-
fects of the protein and the spin label on the distance distribution MD simulations
of the spin labels were performed. The first simulations were done by Robinson
in 1992 using Browian dynamics trajectories and by Steinhoff et al. 1996 for a
polyleucine trimer. [208,209] Several groups followed using more and more advanced
trajectories. [183,210,211,212,213,214,215] However not only was the MTSSL spin label
studied with the help of MDs, but the Rx spin label was also studied in such a
way. [216] Here a first quantitative comparison of simulated orientation selective
PELDOR traces and MD simulations were shown, however with moderate suc-
cess. Furthermore MD simulations can also be used for computational biology,
e.g., the Rosetta software suite includes algorithms for MD based computational
modelling and analysis of protein structures which is also usable with PELDOR
restraints. [217,218,219]

The most recent work on nucleic acids, was done in the Benatti laboratory, where
work has been done ab initio calculations of the conformation of a new restricted
spin label and where qualitative comparisons studies of duplex behaviour have
been performed with MD.
MD simulations with different force fields were performed in the Hummer group by
Lukas Stelzl for two DNA sequences. Ten different orientation-selective PELDOR
sets for these short 20mer double-stranded DNAs were measured previously. [44,45]

The spin labelling positions were varied by leaving the first spin label at the third
position of one strand (this position is called ’1st’) and placing the second spin
label at various locations from the 8th to the 18th position (called ’5th’ to ’15th’).
These data were previously used for first studies of orientation-selective PELDOR
traces and to interpret the DNA in terms of backbone dynamics. Comparisons of
the above mentioned MD simulations with these orientation-selective PELDOR
datasets clearly distinguish between the older (BSC0) and the newer DNA force
fields (OL15 and BSC1). Qualitative comparisons of distances from experiments
with PELDOR traces calculated by MD simulation using the BSC0 force field
show deviation, while both recent force fields gives equally strong agreement.
Nevertheless the concurrence between these simulated results and the experimen-
tal data changes with varying spin label position, which may be explained by
interaction of the spin label with the DNA or influence of a nearby position of
the spin label, as the most obvious differences are found for the samples with the
lowest distance between spin labels. An additional comparison can be made for
the experimentally determined angle β of the spin labels relative to the spin-spin
vector. This angle is also well described by the simulations. All these agreements
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Figure 3.6.1: Comparison between orientation-selective PELDOR experiments
(black) and MD simulations (a) PELDOR experiments with eleven spin-label pairs
and compared distances from experiments and MD (b) Spin-label orientations from
MD and PELDOR. The angle β describes the orientation between the vectors
normal of the spin-label plane and the dipole-dipole vector. (c) Spin-spin distance
distributions for DNA(1,13) from Tikhonov regularization of PELDOR time traces
and MD. Modified from Stelzl et al. [158]

are depicted in figure 3.6.1.
The way to gain the most honest quantitative comparison between MD simula-
tions and PELDOR time traces is to calculate the experimental traces directly
from the distances and spin label orientations achieved from the structural en-
semble calculated by the MD simulations. As already mention, gaining a distance
distribution is an ill-posed problem, while simulations from known distributions
are parameter free. This is even more true for orientation-selective PELDOR,
as the model free extraction of orientations can only be archived by different fit-
ting algorithms [45,153] but is not unique, depending on the orientation and on the
orientation distribution.
Therefore PELDOR traces were calculated using 2000 structures from a 200 ns
long MD simulation. The spin label positions were extrapolated using the DFT
structure and fitting this structure on the nucleobases. An overall strong agree-
ment was also found for direct comparison of X-band data as shown for the differ-
ent samples in figure 3.6.2. Some additional comparisons with high field G-band
measurements show an equally strong agreement, meaning that the additional
angles, which could be derived at higher fields, were also well sampled in the MD
simulations. With this agreement one can now interpret the MD simulations with
the new force fields in more detail. As an example a principal component analysis
(PCA) gives rise to all dynamical modes presents in the MD trajectories weighted
by the related mean squared displacement. Backbone dynamics were previously
discussed in literature. Rotor bead tracking experiments give rise to a twisting of
the backbone with a constant helix pitch and changing radius. [220] The findings
from SAXS data with gold crystals at both sides of the strands yielded the opposite
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Figure 3.6.2: (a)-(c) Comparison between X-band PELDOR signals calculated
from MD simulations (red) and collected experimentally (black). The PELDOR
time traces were measured with different offsets νn between probe and pump pulse
frequency from 40 MHz (lower) to 90 MHz (upper time trace). (d) Compari-
son between G-band PELDOR signals calculated from MD simulations (red) and
collected experimentally (black). The PELDOR time traces were measured at dif-
ferent field position, corresponding to B ‖ gxx, B ‖ gyy and B ‖ gzz positions (top
to bottom). Simulations with the BSC0, BSC1 and OL15 force fields are shown
in the left, center and right panels, respectively. Each panel lists the χ2 deviations
averaged over the three traces. Modified from Stelzl et al. [158]
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results. These data were interpreted as a stretching with a change in the helical
pitch with constant helical radius or by a bending mode. [221] An interpretation
with a vectorial model of the orientation-selective PELDOR traces emphasises the
twisting mode. This mode was also found previously MD simulations; however,
these simulations were restricted to motion along the helical axes. [222] Therefore,
the most prominent mode, found in the present MD simulations, where hindered.
The two most important motions, according to the principal component analysis,
were bending modes, which have also been found in very long MD simulations.
The third most important mode is a twisting motion.

Table 3.1: The dynamics of DNA from MD simulations and the analysis of
PELDOR experiments. Marko et al. [45] analysed PELDOR experiments in terms
of changes in helical pitch (model A), helical radius (model B) and bending (model
C). Helical pitch, helical radius and bending were extracted from a 200 ns trajectory
(with the BSC1 force field).

Marko et al. [45] MD

Helical pitch 33± 3.68 Å (A) 33± 1 Å
Helical radius 5.85± 0.65 Å (B) 6.3± 0.3 Å
Helical bending 28◦ (C) ≈ 23◦

With this work, light was shed on the differences between different force fields, and
one can conclude that the recent force field developments in Barcelona and Olomuc
both can describe the orientation selective PELDOR traces with high accuracy.
This enables to interpret MD simulation of small nucleic acids motifs. Moreover
MD simulation of systems of increasing size may be possible; nonetheless, this
still should be confirmed with experimental data.

66



CHAPTER 3. RESULTS AND DISCUSSION

3.7 | Analysis of Room Temperature
PELDOR Measurements

This chapter is based on the publication Gränz et al. Angewandte Chemie (2018)
57, 10540–10543. The work was prepared in a collaborative manner. The con-
tribution of the author was the analysis of the data. The sample preparation
was done by Markus Kallis (née Gränz), and the PELDOR measurements were
performed by Dr. Philip Spindler. The samples were synthesized in the group of
Prof. Sigurdsson by Dr. Gophane from the University of Iceland Science Institute,
Reykjavik.

PELDOR spectroscopy yields information about structure, conformational changes
and flexibility. However one has to deal with the major drawback that all samples
must be frozen prior to measurements For this reason the considerations must be
made for all results as they agree with the situation at room temperature. Usually
there are several reasons for an agreement; nevertheless the comparison done by
Krstic et al. between room temperature CW measurements and cold temperature
PELDOR time traces of the neomycin aptamer demonstrated certain changes in
flexibility. [173] Therefore several attempts were done in the recent years to do PDS
measurements at ambient temperatures.
There are two main reasons why the commonly used temperature for PDS is
beneath 60 K. First of all, the phase memory time T2 limits the maximum PDS
trace length. Traditional nitroxides show a tremendous decrease in this relaxation
time when the temperature rises above 65−80 K due to the gem-dimethyl groups
flanking the N-O radical moiety. These methyl groups provide kinetic stability
but start to rotate above a certain temperature which averages nonequivalent
couplings of the unpaired electron to the protons. [223] One can overcome this
issue by substituting the methyl groups with spirocyclohexyl groups, which can
increase the phase memory time at 150 K more than four fold, as showed by
the Eaton group. [224] Nevertheless, at ambient temperature gem-spiroxyl-based
spin labels also have rather short T2-times, as these substituents start to show
increased dynamics. As a consequence the effect of these substitutions is negligible
at room temperature. It should be noted that spin labels based on gem-spiroxyl
nitroxides are relatively hydrophobic, which makes site-directed spin labelling of
biomolecules difficult. Nevertheless, a doubly labelled t4 lysozyme with gem-
spiroxyl nitroxide labels was also measured at room temperature with a total
trace length of at least 1.4 µs. [225]

Another way to prolong the phase memory time is to replace at least one spin
label with a trityl-label. These labels were widely used in oxymetry and EPR
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imaging. [226] In the last years the Bagryanskaya lab studied these labels due to
their T2-time and conformational influences. [227,228] The phase memory time at
room temperature for these labels is in the order of microseconds, which make
them promising candidates for PDS at higher temperatures. However several
drawbacks limit their usability, as the synthesis is time demanding and for nucleic
acids, only the attachment at the end of the oligonucleotides were possible yet.
Moreover, their bulky structure, which is at the same size than a Alexa flourophore
commonly used for FRET measurements, as well as their high hydrophobicity may
influence the stability of native structures of biomolecules.
The second issue one has to overcome for measuring at room temperature is due to
the fact that rotational diffusion of the sample leads to averaging of the anisotropic
dipolar coupling. As this is the interaction of interest for PDS measurements, one
has to slow this rotation. This requirement is automatically satisfied at cryogenic
temperatures. At 295 K, this can happen naturally, for example in RNA-protein
complexes or by the usage of the natural rotational restriction found in membrane
proteins. [229] For small biological model systems or natural motifs one needs an im-
mobilisation approaches that does not influence the conformation of the molecule.
Some biomolecules can be attached on a solid support, as it was done for the
T4 lysozyme. [225] As this is a covalent attachment, it could intodruce structural
perturbation. Another approach uses dehydrated disaccharides such as there is
trehalose, glucose and sucrose. [225,230,231] In particular trehalose is able to mimic
the presence of water and used for studies on the photosynthetic system [232] as
well as for the storage of proteins. [233] Slow drying preserves the natural states of
proteins; their functions are fully restored after rehydration. [234] DsDNA in glassy
trehalose tends to denaturate, this must be avoided by careful sample prepere-
tion. [230] Another approach for nucleic acids is to use the electrostatic interaction
of the anonic phosphate groups of a nucleic acids with the cationic charge of Nu-
cleosilDMA, which holds the DNA on the particle’s surface. [70] This is a known
interaction, typically used for ion exchange chromatography.
All published room temperature PDS traces, both for a small double stranded
DNA and for the T4 lysozyme, show that the measured distance distribution
at ambient temperature reproduces the cryogenic measurements. However the
sensitivity is much lower at room temperature, and all measurements were per-
formed with either TAM- or spiroxyl-based spin labels having a long, flexible
tether. Therefore it might be interesting to measure more defined model systems
with the advantage of orientation selection, in order to study possible differences
between measurements at the two temperatures.
Room temperature measurements with double labelled dsDNA labelled with Ç
were successfully performed by Dr. Philip Spindler under orientation-selective

68



CHAPTER 3. RESULTS AND DISCUSSION

(a)

0 .6

0 .8

1

0                            0.5                            1

40 MHz

90 MHz

si
gn

al
 in

te
ns

ity

time [ s]

(b)

++ +
- -- - --- -

-
-

Figure 3.7.1: (a) Molecular model of the dsDNA molecule with an electrostatic
interaction with the silica beads (Nucleosil surface). (b) PELDOR time traces at
50 K of dsDNA in a 20 % glycerol/water mix (blue) and attached on Nucleosil
surface (red). Traces were recorded with 40 MHz (lower trace) and 90 MHz (upper
trace) frequency offsets between pump and probe pulse. The pump pulse was set
to the maximum of the nitroxide spectrum. Modified from Gränz et al. [159]

conditions with two different frequency offsets. The sample preparation, done
by Markus Kallis (née Gränz), uses the electrostatic interaction with a Nucleosil
surface, shown in figure 3.7.1. Calculations using the expected cation density
reveal an interaction at around three point per molecule. This is expected to be
enough to fully inhibit free rotation, while it should not disturb the conformational
space excessively. However, cryogenic PELDOR measurements with and without
absorption on the Nucleosil show differences, which can be seen in figure 3.7.1,
presumably as a consequence of this electrostatic interaction.
The PELDOR comparison between cryogenic and physiological temperature mea-
surements of the dsDNA immobilized on Nucleosil shows clear differences in the
damping of the signal. Using the MD trajectories described in the section 3.6,
simulations can reproduce the changes. The situation for the samples at frozen
solution is well known. The derived signal is a superposition of all conformations
present in the sample. Due to this, one can extract beside to the mean structure,
the distribution and with it the flexibility of the molecule at the glass tempera-
ture. PDS in frozen solution is therefore called an ensemble method. Moreover
the molecules do not change their conformation during the measurements. This
is not the case at higher temperatures. Although the molecule is electrostati-
cally immobilised on a solid support, this ’soft’ fixation still allows dynamics of
the molecule. As a consequence the Larmor frequency of the spins is modulated
the spins’ evolution time and the observed PELDOR time trace is affected. This
can lead to three different outcomes, depending on the correlation times of the
dynamics present in the sample. For dynamics whose correlation time is orders
of magnitude slower than the dipolar coupling frequency, no influence due to the
dynamic is expected to occur in the time traces. Whenever the time ranges over-
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lap, unusual behaviour might appear, which might be challenging to interpret.
The third situation appears when the dynamics are orders of magnitude slower
than the dipolar frequency dynamics. In this situation no change between the two
measurements will appear.
In the present sample the correlation times extracted from the MD simulations,
are considerably shorter than a nanosecond, so the effect of dynamic averaging of
fast internal motions occurs. As a consequence, the resulting dipolar interaction
is a conformational average. From the mathematical point of view, simulation has
to be done as an integral of the delay time of the pulse

S(T ) = 〈1 +
∫ π/2

0
λ(Θ(T ))(cos(

∫ T

0
ωdd(t)dt)− 1)sinΘdΘ〉N (3.4)

Using the MD trajectory, with different starting points mimicking different molecules
present in the sample and essentially using equation 3.4 one can directly compare
the measured and simulated traces. Nevertheless one has to be aware that the
MD simulations were done without the nucleosil, which leads only to a qualitative
comparisons, those these comparisons show strong agreement.
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Figure 3.7.2: (a) Experimental PELDOR time traces at 50 K (blue) and at
RT (red) of the dsDNA adsorbed on Nucleosil. The traces were recorded with 45
MHz (lower traces) and 85 MHz (upper traces) offset between pump and probe
pulses. The probe pulse was set to the maximum of the nitroxide spectrum to
achieve higher signal to noise (S/N). (b) Calculated PELDOR time traces from
MD trajectories as a conformational ensemble (blue) and with a dynamical average
(red). The traces were calculated with 45 MHz (lower traces) and 85 MHz (upper
traces) offset between pump and probe pulses. The probe pulse was set to the
maximum of the nitroxide spectrum. Modified from Gränz et al. [159]
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CHAPTER 4

Summary and Outlook

The main focus of this thesis was to combine experimental PDS measurements
with theoretical MD simulations to overcome disadvantages and limitations which
occur when using each methods in a stand-alone way. With this two methods
combined a dynamical description of nucleic acids duplexes and their spin label
was reached.

Motivated by the challenge to gain a unique and detailed interpretation of 10
sets of highly sensitive orientation selective PELDOR time traces of a 20mer
double stranded DNA, MD simulations were performed in the group of Prof.
Hummer. However, a evaluation of the different force fields was first necessary,
as the established force fields were known to a have lack of accuracy for nucleic
acids. Quantitative comparisons using the established simulation protocol [151] and
structures from the MD simulation were able to rank the quality of force fields
and showed that the recently developed BSC1 and OL5 force field parameters
deliver an adequate description of the DNA ensembles for small duplexes. This
agreement strengthens confidence in interpretation of the MD simulations in a
more detailed biological sense. It was found in contrary to previous work, [45] that
the principle dynamic of the dsDNA background is comprised of a bending mode
and the proposed twisting mode. Twisting means a change in the helical radius
without a change in the helical pitch. In addition to the possibility of obtaining
new biological knowledge about dynamics and flexibilities, the agreement of the
dsDNA simulations with PELDOR data enables us to use the MDs to interpret
and elucidate new measurements done by other group members to further develop
the usage of dipolar-based spectroscopy.
One example is 2D-Sifter measurements performed by Dr. Alice Bowen and Dr.
Philip van Os (née Schöps). They have mostly the same information content as
a set of orientation-selective PELDOR data. The usage of this new pulse se-
quence was possible due to new hardware developments, in this case the faster
AWG. Broadband pulses lead to time traces without interfering artifacts caused
by inefficient excitation of spin packages. Both the PELDOR and the SIFTER
methods measure the dipolar coupling of two electron spins; however as the ex-
citation of the spins differ between the two experiments, the simulation protocol
has to be adjusted for each method. This procedure was evaluated by the previ-
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ously mentioned MD simulations. Combinations of new orientation-selective PDS
techniques like SIFTER with orientation-selective PELDOR increase the effective
information content.
In addition to new pulse sequences, one goal in the last years has been to perform
PDS measurements at higher temperatures. Markus Kallis (née Gränz) succeeded
in overcoming the decrease in relaxation time at higher temperatures by using the
rigid Ç-label and electrostatically bound the dsDNA on a nucleosil to prevent a
dipolar average due to fast rotation. Nevertheless measurements, performed by
Dr. Philip Spindler, of the same sample show significant differences when mea-
sured at two different temperatures, at 50 K and at room temperature. For the
interpretation reached in this thesis, simulations with MD trajectories were used
to prove the assumption of a dynamic time average at higher temperatures. At
cryogenic temperatures, a PDS signal is a superposition of all structural confor-
mations existing in the sample. The result is an ensemble measurement, allowing
interpretation of flexibilities. However as the structures are frozen, PDS could
only provide flexibilities. At room temperature, in contrast, the present dynamics
of the molecule modulate the Larmor frequency during the measurements and
therefore affect the resulting time trace. Couplings modulated by the dynamics
faster than their coupling strength are averaged out. However, these measure-
ments could yield a first look into the time-scale of the dynamics. A interesting
goal for the next years would be the development of room temperature mea-
surements with more native immobilisation techniques. Protein-RNA complexes
could provide an interesting platform for natural immobilization. Additionally
samples with dynamics on different time-scale could be very interesting to further
elaborate the effect of dynamical averaging at room temperature.
Another crucial step for orientation-selective PDS measurements is the need of
nucleic acid samples with rigid spin labels. As the most commonly used spin label
Ç is synthetically very demanding, the Sigurdsson group developed different semi-
rigid and intercalating spin labels for further nucleic acid studies. In this thesis
the flexibilities of IMU , OXU and EXIMU were studied, using a three-dimensional
model of a helix with additional rotational flexibilities for the isoindoline deriva-
tive spin labels. We were able to show, that IMU is less flexible than the other two
labels, due to its ability of forming a hydrogen bond to the nucleobase. Another
label was G̀, which could intercalate into abasic sides, base pairing with an ade-
nine. This spin label was studied again with help of MD simulations, provided by
Marcel Heinz, and showed strong agreement with the orientation-selective PEL-
DOR traces recorded at low (9 GHz) and high field (180 GHz). The label react
differently for each nucleic acids. In DNA, the label does not show orientation
selection at low fields but a rather narrow distance distribution. This allows very
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precise studies of nucleic acids when only distances are of interest. For the RNA
the label shows highly orientation-selective PELDOR traces, due to the sterically
inhibited rotation around the N-O bond of the nitroxide. Both are in qualitative
and quantitative agreement with the MD simulations.
A next step would be to reconsider the first projects on the dynamics for dsDNA
also for dsRNA. The comparison of MD simulation to a set of PDS measurements
might reveal MD force fields for RNA. This is expected to be more difficult, as
it is known that force fields for RNA are less stable and adequate than dynamic
descriptions of DNA. A first comparison showed differences for the OL3, however
a stronger agreement with the DES RES force field. As no full set of samples
with a systematic variation of the position of one spin label along the sequence
for RNA was available, this should be evaluated more carefully with more samples
in the near future.
One main problem tin working towards this description of RNA, has been the
tendency of small dsRNA to form rod-like structures, due to π − π interactions
between base pairs at the end of strands. This intermolecular interaction causes
multi-spin effects in the dipolar traces and results in multiple distance peaks.
Therefore accurate interpretations of the orientation-selective PELDOR data are
infeasible. This ’end-to-end’ stacking was studied with singly labelled dsRNA in
more detail, as such samples have the advantage of only showing intermolecular
interactions. Bulky ends at the end of the strands, in this case added nucleobases,
inhibit this interaction. Moreover an increasing stacking possibility was found for
an increased amount of monovalent salt concentration.
In the future orientation-selective PDS can be used to address several different
questions about nucleic acids. From the biological perspective, the G̀ label makes
it more feasible to study more complex systems that would be synthetically chal-
lenging to synthesize with an covalently bound spin label. Instead having an
abasic side inside a double stranded motif takes much less effort. This increases
the applicability of these methods to nucleic acids with increased sizes.
In summary, this work deals with different aspects of method development within
pulsed dipolar spectroscopy. Flexibility studies have been performed with different
spin labels, new simulation procedures were explored for new pulse sequences and
the differences between the measurements at 50 K and at room temperature were
investigated by means of simulations. The focus here is on the interaction between
very precise orientation-selective PDS measurements and MD simulations with
new force fields. On the one hand different force fields were evaluated with the
help of the measurements. On the other hand, MD simulations of good quality can
help in the understanding of PDS measurements in detail, which is often difficult
and ambiguous without additional knowledge about the biochemical system.

73





CHAPTER 5

Deutsche Zusammenfassung

Die Lebensfunktion der Zelle, dem elementaren Baustein des Menschen, beruht
auf der Funktion und Wechselwirkung von verschiedenen biologischen Makromo-
lekülen, zu denen die Nukleinsäuren DNA (2’-Desoxyribonukleinsäure) und RNA
(Ribonukleinsäure) sowie die Proteine gehören. Lange Zeit lag der Fokus der bio-
chemischen Forschungen auf den Proteinen, da sie einen Großteil der funktionalen
Biomoleküle abbildet. Neuere Forschungen zeigen aber die Wichtigkeit von Nu-
kleinsäuren, insbesondere von RNA-Bausteinen, welche vor allem regulatorische
Funktionen besitzen. Die Funktionsweise dieser RNAs wird bestimmt durch deren
Struktur, deren Dynamik, dem Zusammenspiel untereinander und der Interaktion
mit kleinen Molekülen.
Um die Gesamtheit der Zelle mit allen Funktionen und Aufgaben zu verstehen,
wird zuerst versucht, die Strukturen der Zellbestandteile zu bestimmen. Dies
wird klassischerweise mit den Strukturermittlungsmethoden Kristallographie und
NMR (engl. ’nuclear magnetic resonance’) durchgeführt und heutzutage zusätz-
lich mittels Kryoelektronenmikroskopie durchgeführt. Diese Methoden haben ein
großes Potential, unterschiedlichste Fragestellungen zu beantworten, allerdings
treten auch klassische Nachteile auf. So kann die Kristallographie keine Aussa-
gen über Dynamiken treffen. NMR ist begrenzt auf kleine Systeme und kann vor
allem flexible Bereiche nur ungenau abbilden, Kryoelektronenmikroskopie arbeitet
ausschließlich im gefrorenen Zustand. Um solche Nachteile auszugleichen gibt es
unterschiedliche biophysikalische Methoden, die keine komplette Strukturaufklä-
rung bewerkstelligen können. Sie liefern aber zusätzliche Informationen zur Dyna-
mik und zu Strukturänderungen, dem Schwerpunkten der heutigen Zellbiochemie.
Zu diesen Methoden gehört z. B. SAXS (engl. ’small angle X-ray scattering’) und
FRET (Förster-Resonanzenergietransfer)-Spektroskopie.
Eine weitere solche Methode, die auf Abstandsbestimmungen innerhalb biolo-
gischer Systeme basiert, ist die EPR (engl. ’electron paramagnetic resonance’)-
Spektroskopie. Mit Hilfe von PDS (engl. ’pulsed dipolare spectroscopy’)-Techniken,
einem Teilbereich in der EPR-Spektroskopie, können Abstände in einem Bereich
von 2−10 nm zwischen zwei markierten Positionen eines biologischen Makromole-
küls bestimmt werden. Diese Methode liefert neben den mittleren Abständen auch
Abstandsverteilungen, mit denen auf die Flexibilität des Moleküls geschlossen
werden kann. Durch PDS-Messungen eröffnet sich die Möglichkeit, Bewegungen
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und Zustandsänderungen zu untersuchen. Die Messung beruht auf der dipolaren
Kopplung von Radikalen (Spinlabel). Da die gemessenen dipolaren Kopplungen
eine anisotrope Wechselwirkung sind, können an starren Systemen neben den
Abstandsinformationen auch die Orientierungen der beiden Spinlabel zueinander
bestimmt werden. Diese zusätzliche Information ermöglicht es, mittels orientie-
rungsselektiver PDS-Messungen noch genauer die Geometrie und Flexibilität des
Systems zu untersuchen.
Allerdings hat auch PDS Nachteile und Einschränkungen, weshalb unterschiedli-
che Gruppen daran arbeiten, diese Methode weiterzuentwickeln. Klassischerweise
werden alle Messungen mit der Doppelfrequenztechnik PELDOR (engl. ’pulsed
electron-electron double resonance’) durchgeführt, da aufgrund von Techniklimi-
tationen nur selektive Rechteckspulse genutzt werden konnten. Einzelfrequenz-
methoden basieren dagegen auf Breitbandanregung, die mit den technischen Ge-
gebenheiten lange nicht möglich war. Eine sehr wichtige Problematik bei PDS-
Messungen ist, dass alle Messungen bei nicht-nativen kryogenen Temperaturen
durchgeführt werden, da ansonsten die Signale schon vor dem eigentlichen Mes-
sen vollständig relaxiert sind bzw. die freie Rotation von verhältnismäßig kleinen
biologischen Systemen in der Lösung das dipolare Signal ausmittelt. Eine wei-
tere Schwierigkeit für speziell orientierungsselektive PELDOR-Messungen ist die
aufwendige Synthese von mit dem starren Ç-Label markierten Nukleinsäuren. Al-
lerdings ist der Einsatz von starren Spinlabeln nötig, um die anisotropen Effekte
zu maximieren und zusätzlich den Beitrag der Flexibilität des Systems und des La-
bels zuverlässig zu trennen. Zuletzt ist eine große Herausforderung die eindeutige
Interpretation von den sensitiven orientierungsselektiven PELDOR-Messungen. In
der Vergangenheit wurden dazu oft einfache Modelle genutzt, die aber uneindeutig
sind, wenn gleichzeitig mehrere unbekannte Bewegungen bestimmt werden sollen.
Die Alternative, PELDOR-Daten mittels MD(Moleküldynamik)-Simulationen zu
beschreiben, war bisher nur qualitativ möglich, da vor allem im Bereich von Nu-
kleinsäuren die Qualität noch nicht so hoch war, dass sie die benötigte Genauigkeit
aufweisen. Neue Entwicklungen durch unterschiedliche Gruppen in und außerhalb
der EPR-Gemeinschaft machen es möglich, diese unterschiedlichen Problematiken
langsam zu überwinden. Sie bieten aber nicht nur Lösungen, sondern werfen oft-
mals neue Fragestellungen auf. Diese können auf verschiedene Arten gelöst werden.
Ein Ansatz kann die Zuhilfenahme von MD-Simulationen sein.
Diese Computersimulationen können ein vollständiges und detailliertes Bild eines
biologischen Systems liefern und so genutzt werden, um z. B. orientierungsselektive
PDS-Daten zu beschreiben. MD-Simulationen nutzen empirische Kraftfelder, um
Atom-Atom-Interaktionen, wie Bindungen, Winkel und Anziehungskräfte durch
den Raum, zu beschreiben. Solche Simulationen sind heutzutage sehr leistungsfä-
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hig und ergeben eine sehr präzise zeitliche und örtliche Auflösung. Allerdings ist
die Qualität stark abhängig von der Güte der Kraftfelder, die in der Vergangenheit
für Nukleinsäuren noch nicht sehr hoch war. Aber auch neu entwickelte Kraft-
felder sollten sorgfältig an kleineren Systemen evaluiert werden. Dies geschieht
üblicherweise mit Hilfe von Kristallstrukturen und NMR-Daten. Diese Messdaten
ergeben aber hauptsächlich statische oder gemittelte Strukturen. Damit kann si-
chergestellt werden, dass die Simulationen über einen bestimmten Zeitraum stabil
sind, nicht dagegen aber, dass die Flexibilität des Systems durch die Kraftfel-
der richtig beschrieben ist. Ensemble-Methoden, wie z. B. orientierungsselektive
PELDOR-Messungen, können diese Lücke füllen.
In dieser Arbeit wurden zehn orientierungsselektive PELDOR-Datensätze einer
20mer doppelsträngigen DNA mit unterschiedlichen Labelpositionen mit MD-
Simulationen (bereitgestellt durch die Gruppe von Prof. Dr. Hummer) verglichen.
Der Vergleich zeigt, dass es offensichtliche Verbesserungen zwischen dem etablier-
ten Kraftfeld BSC0 aus dem Jahr 2007 und den neuen Kraftfeldern OL3 und
BSC1 gibt. Diese neuen Kraftfelder beschreiben sowohl den mittleren Abstand
als auch die Abstandsverteilung mit hoher Präzision, was quantitative Vergleiche
mit den PELDOR-Messungen zeigen. Dies ermöglicht eine genaue Interpretation
der Dynamik des dsDNA-Rückgrats, das sowohl die durch dieselben PELDOR-
Messungen zuvor postulierte Twist-Bewegung der Helix als auch zusätzlich als
Hauptdynamik ein Biegen der dsDNA zeigt.
Genau diese Analyse der Kraftfelderqualität an der dsRNA stellte sich als schwie-
rig heraus. Die kurzen dsRNA-Bausteine tendieren dazu, Oligomere zu bilden, die
wiederrum zu Multispineffekten führten. Zusätzlich beeinflusst diese Aggregati-
on die Dynamik der einzelnen RNAs. Daher musste dieses ’end-to-end’-Stacking
verhindert werden. Eine Nukleobase an einem Ende der dsRNA führt zu einer
Dimerisierung, während eine Nukleobase an beiden Seiten dieses Stacking voll-
ständig verhindert. Messungen mit unterschiedlichen Salzkonzentrationen konnten
zusätzlich zeigen, dass die π− π-Interaktion zweier dsRNAs bei höheren Salzkon-
zentrationen zunimmt. Erste dsRNA-Proben ohne Stacking ergaben im Vergleich
mit MD-Simulationen neuerer Kraftfelder eine Übereinstimmung, die im Verhält-
nis zu älteren Kraftfeldern verbessert, aber noch nicht so gut wie für die dsDNA
ist.
Das gewonnene Wissen einer Übereinstimmung von MD-Simulationen mit be-
kannten dsDNA-Proben kann für die Interpretation der neuen Entwicklungen im
Feld der gepulsten dipolaren Spektroskopie genutzt werden. Technische Neue-
rungen, die es erlauben, die in der NMR bereits etablierten modulierten Pulse zu
nutzen, machen es möglich, neue Pulssequenzen in der EPR anzuwenden. Eine sol-
che Sequenz ist SIFTER (engl. ’single frequency technique for refocusing dipolar
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couplings’), die mit solchen Breitbandpulsen eine Alternative für dipolar basier-
te Abstandsbestimmungen darstellt. Da mit Hilfe dieser Methode die anisotrope
dipolare Kopplung mit nur einer Messung bestimmt werden kann, ist es möglich,
damit zeitaufwendige, aber etablierte orientierungsselektive PELDOR-Messungen
zu ersetzen bzw. zu ergänzen. Auch wenn beide Methoden die selbe dipolare Kopp-
lung messen, sind aufgrund unterschiedlicher Pulsanregungen die experimentellen
Zeitspuren und der Simulationsprozess nicht identisch. Eine im Rahmen dieser
Arbeit von PELDOR ausgehend weiterentwickelte Simulationsprozedur wurde an
dem oben beschriebenen biologischen Modellsystem, der doppelsträngigen 20mer
DNA, evaluiert und mit orientierungsselektiven PELDOR-Daten verglichen. Es
zeigte sich, dass beide Messdaten mit gleicher Qualität simuliert werden können.
Eine weitere elementare Bedingung, um EPR-Spektroskopie an biologischen Pro-
ben messen zu können, ist das Anbringen von Spinlabeln an spezifischen Stellen
innerhalb des Moleküls. Um neue spezifische Spinlabel zu entwickeln, müssen vor
allem zwei Aspekte beachtet werden. Zum einen muss aus synthetischer Sicht das
Label möglichst einfach, effizient und spezifisch an das Biomolekül angebracht wer-
den können. Zum anderen muss aus spektroskopischer Sicht ein neuer Spinlabel für
die in dieser Arbeit genutzten orientierungsselektiven PDS-Techniken besonders
starr sein. Spinlabel besitzen allerdings zumeist eine Eigendynamik, die die Ab-
standsverteilungen der PELDOR-Messungen verbreitern. Diese Starrheit ist ideal
im Falle des Ç-Labels, der aber synthetisch sehr anspruchsvoll ist. Als Alternative
wurde in der Sigurdsson-Gruppe das IMU -Label entwickelt. Dabei handelt es sich
um ein halbstarres Label, bei dem eine Wasserstoffbrücke zum Zuckerbaustein
der Nukleinsäure die Beweglichkeit einschränkt. Die Analyse der orientierungsse-
lektiven Daten aus unterschiedlichen Magnetfeldern durch ein dreidimensionales
Modell mit der dsDNA-Dynamik von Andriy Marko als Basis bestätigt dies. Dazu
zählt eine Rotationsmöglichkeit von 5° um die X-Achse (entlang der N-O Bindung)
sowie eine vertikale und horizontale Rotation von 15− 20◦.
Ein weiterer interessanter Spinlabel ist der G̀. Dieser Label ist nicht kovalent ge-
bunden, sondern interkaliert in eine Stelle der Nukleinsäure, in der eine Guanin-
Base fehlt. Mit Hilfe von Wasserstoffbrückenbindungen zum gegenüberliegenden
Cytidin und π − π-Interaktionen zu den benachbarten Basen sitzt der Spinlabel
fest innerhalb der Nukleinsäure. MD-Simulationen im quantitativen Vergleich mit
orientierungsselektiven PELDOR-Messungen an verschiedenen Magnetfeldern er-
gaben eine hohe Übereinstimmung. Dabei konnte gezeigt werden, dass der Label,
interkaliert in eine dsDNA, flippen kann, was zu einer Ausmittelung der Aniso-
tropie führt, allerdings zu keiner Verbreiterung der Abstandsverteilung. Damit ist
eine sehr präzise Abstandsbestimmung möglich. In der dsRNA dagegen wird die-
ses Flippen um die Einfachbindung sterisch gehindert, so dass neben dem Abstand
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auch die Orientierung des Labels bestimmt werden kann.
Eine weitere Entwicklung die innerhalb der EPR-Community vorangetrieben wird,
ist die Entwicklung von PDS-Messungen bei Raumtemperatur. Dabei müssen zu-
erst zwei Bedingungen erfüllt sein. Zum einen muss die Eigendynamik des La-
bels reduziert werden, da diese die Relaxationszeiten bei Temperaturen über der
Glastemperatur drastisch kürzt. Daher ist der starre Ç ideal für Messungen bei
Raumtemperatur. Zum anderen muss die Rotation des Moleküls in der Lösung
verhindert werden. Diese besonders bei kleineren Systemen sehr schnelle Rotation
führt zu einem Ausmitteln der dipolaren Kopplung. Dies kann durch elektrosta-
tische Bindung des Moleküls an eine Nukleosil-Oberfläche geschehen. Die kurze
dsDNA markiert mit dem Ç, vorbereitet und gemessen von Markus Kallis (geb.
Gränz) und Dr. Philip Spindler, zeigte auch bei Raumtemperatur orientierungs-
selektive Effekte in den PELDOR-Zeitspuren. Die Messungen ergaben allerdings
zwei Effekte. Zuerst konnte gezeigt werden, dass die Bindung an das Nukleosil zu
einer Verbreiterung des Konformationsensembles führt. Trotzdem führt diese Bin-
dung nicht zur vollständigen Fixierung, so dass die gebundene Struktur weiterhin
dynamische Effekte zeigt. Diese Dynamik ist wichtig für den zweiten Effekt. Die
Zeitspuren, gemessen bei zwei Temperaturen, unterscheiden sich besonders in ih-
rer Dämpfung. Der physikalische Unterschied beider Messungen konnte mit Hilfe
von Simulationen durch die oben genannten MD-Simulationen qualitativ nach-
vollzogen werden. Dabei wurde ersichtlich, dass diese Dynamiken, die schneller
sind als die Frequenzen der dipolaren Kopplung selbst, sich während der Messung
ausmitteln. Das bedeutet, während bei tiefen Temperaturen die Messungen eine
Superposition aller Konformere in der Probe sind, kann bei höheren Temperatu-
ren nur das zeitliche dynamische Mittel der Strukturen gemessen werden. Dadurch
ist es möglich, erste Aussagen über die Größenordnung der Geschwindigkeit der
Dynamik mit Hilfe von PDS-Messungen zu treffen.
Insgesamt befasst sich diese Arbeit mit unterschiedlichen Aspekten der Metho-
denentwicklung innerhalb der gepulsten dipolaren Spektroskopie. Hierzu wurden
Flexibilitätsstudien von unterschiedlichen Spinlabeln gemacht, neue Simulations-
prozeduren für neue Pulssequenzen geschrieben und evaluiert sowie die Unter-
schiede zwischen Messungen bei 50 K und bei Raumtemperatur mittels Simula-
tionen beschrieben. Im Mittelpunkt steht dabei das Zusammenspiel zwischen sehr
präzisen orientierungsselektiven PDS-Messungen und MD-Simulationen mit neu-
en Kraftfeldern. Dabei werden zum einen mit Hilfe der Messungen unterschied-
liche Kraftfelder verglichen und evaluiert. Zum anderen können qualitativ gute
MD-Simulationen helfen, die PDS-Messungen im Detail zu verstehen, was ohne
zusätzliches Wissen über das biochemische System oft schwierig und uneindeutig
ist.
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CHAPTER 7

List of Collaborator Contributions

Except where stated otherwise the work presented was performed by the author
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Flexibilities of isoindoline-derived spin labels for
nucleic acids by orientation selective PELDOR†

N. Erlenbach,a B. Endeward,a P. Schöps,a D. B. Gophane,b S. Th. Sigurdssonb and
T. F. Prisner*a

Pulsed electron electron double resonance experiments with rigid spin labels can reveal very detailed

information about the structure and conformational flexibility of nucleic acid molecules. On the other

hand, the analysis of such data is more involved the distance and orientation information encoded in the

time domain data need to be extracted and separated. In this respect studies with different spin labels

with variable internal mobility are interesting and can help to unambiguously interpret the EPR data. Here

orientation selective multi-frequency/multi-field 4-pulse PELDOR/DEER experiments with three recently

presented semi-rigid or conformationally unambiguous isoindoline-derived spin labels were performed

and simulated quantitatively by taking the spin label dynamics into account. PELDOR measurements were

performed for a 20-mer dsDNA with two spin labels attached to two defined uridine derivatives.

Measurements were recorded for different spin label positions within the double helical strand and for

different magnetic field strengths. The experimental data sets were compared with simulations, taking

into account the previously described dsDNA dynamics and the internal motions of the spin label itself,

which had shown distinct differences between the three spin labels used. The ExImU spin label shows a

free rotation around a single bond, which averages out orientation effects, without influencing the

distance distribution as it can occur in other spin labels. The ImU and OxU spin label, on the other hand,

show distinct orientation behaviour with minimal intrinsic motion. We could quantitatively determine this

internal motion and demonstrate that the conformational dynamics of the nucleic acid and the spin

label can be well separated by this approach.

1. Introduction

Nucleic acids play a fundamental role in all forms of life as they
are involved in storing, transmitting and expressing genetic
information. Furthermore, they have various other functional
roles, such as protein synthesis and regulation of gene expres-
sion. Information about nucleic acid structure and dynamics
gives insight into how they are able to carry out their functions.
Their structures, and to some extent dynamics, can be investi-
gated with the established methods of X-ray crystallography1,2 and
nuclear magnetic resonance (NMR) spectroscopy.3–6 However,
for a better understanding of the functions of subtle nucleic
acids dynamics, for example sequence dependent internal
dynamics of duplexes involved with protein recognition, other

spectroscopic techniques, such as fluorescence-based techni-
ques and electron paramagnetic resonance (EPR) spectroscopy
are very useful. Both of these techniques require reporter
groups, fluorescence spectroscopy requires fluorescent labels
while EPR spectroscopy uses paramagnetic spin labels. When
single labels are used, both techniques can give information
about dynamics, but for structural studies, the distances
between two labels must be measured, either using the Foerster
resonance energy transfer7,8 (FRET) or pulsed electron-electron
double resonance9–14 (PELDOR/DEER).

Commonly used reporter groups for EPR spectroscopy are
aminoxyl radicals, usually called nitroxides. Nitroxides are relatively
stable and can be synthetically manipulated and attached site
specifically to nucleic acids, a technique referred to as site-
directed spin labeling15,16 (SDSL). Most nitroxide spin labels
have some inherent mobility due to rotation around the tether
between label and nucleic acid, giving rise to imprecision when
used for distance measurements. We have developed the rigid
spin labels Ç and Çm17,18 (Fig. 1a) to circumvent this drawback,
in which the nitroxides are fused to a nucleobase and do,
therefore, not have motion independent of the base. However,
if the intrinsic motion of the spin label is strongly restricted,
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the common assumption of random orientation distribution,
which applies to flexible labels, is no longer correct. Therefore,
distance analysis of a single time trace using Tikhonov regulariza-
tion is not applicable. If only reliable distance information are
required, this would be a drawback of rigid spin labels. However,
the large advantage of rigid spin labels is the access to information
about the relative orientation between spin labels and flexibility
of the system under study.19,20 We have shown that the analysis
of distances and relative orientations between such labels using
multi-frequency/multi-field PELDOR data sets can give informa-
tion about the internal motion of double stranded DNA21 and
the three-way junction of the cocaine aptamer,22 which would be
inaccessible with flexible spin labels.

Although Ç shows a high orientation selection in PELDOR
experiments, its preparation is non-trivial. For this reason
we have recently introduced isoindoline spin labels that are
linked by a single bond to a uridine. The semi-rigid spin labels
ImU and OxU (Fig. 1b) are restricted in rotation around the
single bond linking them to the nucleobase.23 In particular the
ImU spin label can form an intramolecular hydrogen bond
between the NH of the benzimidazole and O4 of the nucleo-
base. Both ImU and OxU show orientation-dependent changes in
the PELDOR time traces as a function of the chosen probe
and pump frequencies, although they are less rigid than Ç.
Nevertheless even this small intrinsic motion could have an
influence on the analysis of the dynamics of the nucleic acids.
Therefore, it is necessary to gain an in depth knowledge about
the mobility of the spin label itself to be able to separate this
from the motion of the biopolymer.

In addition to ImU and OxU, we have prepared the ‘‘confor-
mationally unambiguous spin label’’24 ExImU (Fig. 1c), which can
freely rotate around the single bonds flanking the acetylene.25

Since the N–O bond of the nitroxide aligns to the same axis as
these bonds, the displacement of the unpaired electron spin due
to this rotation should be negligible. However, the orientation
should be rather efficiently averaged out by the rotation and this
label could be therefore used for direct distance determinations.
It was confirmed that PELDOR of this label does not contain
observable orientation information at Q-Band frequencies where
such measurements are usually performed.26 Nevertheless
at higher frequencies, where the in-ring orientations can be also
distinguished, even ExImU shows some retained orientation
dependence (see below).

In this paper, we describe the detailed analysis of the internal
motion of the spin labels ImU, OxU and ExImU. Two DNA duplexes
(DNA(1,9) and DNA(1,12)), which have already been analyzed
with regards to their mobility using the rigid spin label Ç, were
spin labeled with ImU, OxU and ExImU and measured by multi-
frequency/multi-field PELDOR.

2. Experimental

Six different samples were used to analyse the flexibility of
isoindoline-derived spin labels. The spin labels, ImU, OxU and
ExImU, were incorporated pairwise into two DNA duplexes (Fig. 1).

Fig. 1 Spin-labeled nucleosides. (a) Rigid spin labels Ç and Çm (b) Isoindo-
line derived spin labels ImU and OxU. (c) Benzimidazoline spin label ExImU.
(d and e) The sequence for DNA(1,9) and DNA(1,12),respectively. The X
indicates the spin label position. The internal motion of the DNA, found in
previous studies, which shows a change in the radius of the DNA cylinder
without any change of the helix pitch, was utilized along with a simple three
axis model for the internal motion of the spin labels to simulate all PELDOR
data sets simultaneously.21 Excellent fits of all experimental data could be
obtained by assuming rotation of the spin labels around the molecular x-axis
of the spin label, which is equal to the N–O bond direction, with different
amplitudes for the three spin labels investigated. Our analysis proves the
semi-rigidity of the isoindoline spin label and gives quantitative values of the
internal mobility of these labels. In the case of ImU, the rotation around
the N–O axis of the nitroxide which has the largest influence on the
orientation dependence is around �51, whereas for OxU it was found to
be twice as high. In the case of the ExImU the assumption of a free rotation
around the tether that reduces orientation effects could be deduced. This
detailed analyses of the dynamics of ImU, OxU and ExImU will facilitate the use
of these spin labels for further studies of nucleic acid motifs.
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The samples were previously measured at X-band frequencies25

and for this work, they were additionally measured at Q-band
(33.8 GHz/1.2 T) and G-band (180 GHz/6.4 T) frequencies.
The dead-time-free four-pulse PELDOR sequence11 was used
for all experiments. In order to extract the intramolecular
PELDOR form factor the raw data were pre-processed using
the DeerAnalysis2013 software package,27 with homogenous 3D
background correction.

2.1 PELDOR sample preparation

The DNA samples for PELDOR measurement were prepared by
annealing 10 nmol of each strand with 10 nmol of its comple-
mentary strand in phosphate buffer (100 mL, pH 7.0, NaCl
(100 mM), and EDTA (0.1 mM)), followed by evaporation of the
water. The annealed dried samples were subsequently dissolved in
20% ethylene glycol/H2O (100 mL). The final spin concentrations for
all samples are listed in the ESI.† All samples were rapidly frozen
and stored in liquid nitrogen until they were measured.

2.2 Q-band measurements

A Bruker Elexsys E580 X/Q-band spectrometer equipped with
an Oxford CF935 cryostat and a phase unlocked PELDOR
frequency unit was used. A home built loop-gap Q-band reso-
nator with a larger bandwidth was used to achieve higher
offsets between pump and probe pulses. Microwave pulses
were amplified by a 10 W solid state Q-band amplifier. 64 ns
(p/2 and p)-pulses were used for detection and a 34 ns (p) pump
pulse was used. The delay between the first and second probe
pulses was 132 ns. The pulse separation between the second
and third probe pulse was typically 2.0 ms. The frequency
of the pump pulse was fixed to the intensity maximum of
the nitroxide powder spectrum to obtain maximum pumping
efficiency. The probe frequency was chosen to be 50, 100 or
150 MHz below this frequency (Fig. 2). All experiments were
carried out at a temperature of 50 K.

2.3 G-band measurements

All G-band EPR experiments were performed with a home built
G-band spectrometer equipped with two independent fre-
quency sources.28–30 The probe pulse length were between
32–40 ns for the p/2-pulse and 60–70 ns for the p-pulse and

the pump inversion pulse was adjusted to be about 60 ns. The
pulse separation between the first and second probe pulse was
220 ns and 1.8 ms between the second and third probe pulse.
The repetition time of the experiment was between 6 and 8 ms.
All experiments were carried out at a temperature of 40 K. Every
set of experiments consisted of around 80 time traces averaged
with 100 shots per point and were recorded at different field
positions across the EPR spectrum, corresponding roughly to
the gxx, gyy, and gzz positions of the spectrum (Fig. 2). The probe
frequency was set in all cases at a constant offset of 60 MHz
above the pump frequency.

2.4 Simulations

A home-written Matlab@ program was used for analysis of the
PELDOR data. After generating the positions and orientation of
the two unpaired electron spins according to the conforma-
tional flexibility of both the helix and the spin label, PELDOR
time traces were simulated and compared with experimental
data. For every simulation, an ensemble of 500 conformers was
calculated, to represent the conformational ensemble in the
frozen solution. Each simulation was performed in two steps.
First, the DNA helix conformational flexibility was calculated
according to the correlated change of the helix radius and
the length of the DNA, as described in Marko et al.21 These
calculations were done with two constant helix parameters: the
helix of the B form DNA was calculated with a 3.3 nm pitch and
a contour length of 0.485 nm, which presents the distance
between two base pairs along the helix. The mean radius of the
helix cylinder was set to 0.585 nm, with a Gaussian distributed
standard deviation of 0.065 nm, which reveals a negative
twist-stretch coupling. Each C10 atom of the nucleosides was
calculated with these parameters. In a second step, the electron
spin position of the spin label and their mutual orientation
was constructed from the helix. Two rotations are needed to
obtain the angles describing their relative orientation. The first
rotation started with the vector between the nucleoside C1a and
C1b atom and goes around the z axis with a = 1051. Additionally
a rotation by b = 101 around the normal vector of the plane
between the z axis and the new vector was applied (Fig. 3). The
resulting vector starts from the C1a-atom in the direction of the
electron spin. As the distance between the C1a and the electron

Fig. 2 Simulated Field-sweep-spectra at (a) Q-band and (b) G-band
frequencies indicating the positions of the PELDOR pump und detection
pulses. Green arrows show the position of the pump pulses, the red arrows
the detection pulses.

Fig. 3 Isoindoline-derived spin label paired to Adenine. The angles between
the yellow lines define the rotation angles to calculated the electron spin
position with the start C1 coordinates of the paired nucleobases.
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spin is 1.15 nm for the ImU and OxU spin label and 1.95 nm for
the ExImU along this vector, the coordinates of the electron spin
could be calculated. These distances and angles are estimated
from the model shown in the ESI of Gophane et al.25 To allow for
the intrinsic internal mobility of the spin labels, we introduced
additional rotational motions around the spin label molecular
axis. The first one is a rotation around the linker between the
spin label and the nucleic acid base. This is calculated as a
rotation around the x axis of the spin label (Fig. 4). To model
other residual flexibility of the spin label to describe the change
of the spatial position of the electron spin relative to the DNA
we introduces small angle fluctuation about the other two axis
(y and z). All rotations originate at the C5 atom of the uracil.

The y rotation has a more pronounced effect to the damping
of the PELDOR oscillation and was adapted to fit the experi-
mental observed damping of the oscillations. The small
angle fluctuations around the z-axis have similar effect to the
damping but a factor of 10 less. Because it could not be fully
distinguished between both fluctuations, the z-rotation were
fixed to �51 for all simulations. All three axis motions were
calculated independently from each other and are based on
Gaussian-distributed angle variations. The calculated electron
spin coordinates and the coordinate system of the nitroxide
were transformed to distances and Euler angles with respect to
a laboratory frame in order to simulate the PELDOR time
traces. All optimizations are made by visual comparison of
the simulated and experimental time traces as well as by a least
square fit procedure. Details regarding our time trace simula-
tion procedure has previously been described.20 Due to poor
reproducibility of the modulation depth at G-band, only the
frequency of the oscillations and the damping was taken into
account for these experiments. Variations in modulation

depths can be caused by uncertainties of the resonator perfor-
mance and calculation of the excitation profile.

3. Result and discussion

Fig. 5 shows the best simulation results obtained for the three spin
labels ImU, OxU and ExImU for the DNA(1,9) construct (see Fig. S5
and S6, ESI† for the corresponding results for the DNA(1,12)
construct). In contrast to the spin label Ç, all the three semi-rigid
isoindoline spin labels show some intrinsic motion in addition to
the mobility of the dsDNA molecule itself. The main internal
motion of the spin labels was expected to be around the x-axis of
the nitroxide molecular axis system. To simulate the other residual
motions of the spin label with respect to the DNA molecular frame,
small angle Gaussian distributed fluctuations around the z- and
y-axis have been included in our model. The respective angles for
all three axis rotations are reported in Table 1.

The rotation around the x axis is of special interest because
it directly reflects the expected rotational flexibility around the
N–O bond of the spin label. Whereas this rotation is strongly
hindered for ImU and OxU, ExImU rotates freely around this bond
(a 901 rotation angle distribution reflects a full rotation due to
symmetry reasons). For orientation selective measurements, a
high rotational freedom is a disadvantage, as it leads to loss of
orientation information. On the other hand, the distances from
such data might be more easily predicted. Thus ExImU is an
almost perfect spin label, for obtaining high-precision distance
data alone, although possible structural perturbations in complex
folds or in macromolecular complexes must be considered. In
comparison the ImU is limited to an x-rotation of �51, whereas
the OxU spin label has rotational freedom of �101. These values
are independent of the spin label position. Thus, the determined
x-axis rotational freedom of the spin labels are in very good
agreement with the expectations and fully support the influence
of a hydrogen bond between the spin label and the nucleobase in
the case of the ImU spin label. The other two rotations reflect the
overall residual flexibility of the spin label. These values should
be as small as possible to allow a detailed study of the dynamic of
the DNA molecule itself. They are rather similar for all three spin
labels investigated, demonstrating that the main difference in the
motion of the three spin labels can indeed be described by their
rotational freedom around the x-axis. The rotation around the y
axis, which correspond to an up and down movement in direc-
tion of the helix axis, results for the isoindoline derived spin
labels to rotation angles between �141 to �221. These values can
be compared to the fluctuations found for the Ç spin label
(Fig. S3, ESI†). This rigid spin label shows a small fluctuation
with 61 for the y-rotation, while no x-rotation could be observed.
These small vibration, could be interpreted as DNA dynamics,
that are not explicitly described by our physical model.

These best fit parameters are slightly larger for OxU. Addi-
tionally these values are slightly larger for the DNA(1,12). This
could by caused by a higher mobility at the end of the DNA
strand and thus reflect also partly motion of the DNA itself.
More systematic studies, including the rigid spin label Ç, have

Fig. 4 Modes of spin label motions shown for the ImU-labelled duplex
DNA. In addition to the DNA twist-stretch motions,9 rotational variations
around the x, y and the z axes were introduced for simulations of the
experimental PELDOR time traces.
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to be performed to investigate this further. Overall the spin
label ImU is somewhat better for orientation measurements,
compared to the OxU spin label.

The simulations that were performed were based on simpli-
fied models of the overall conformational motion of the DNA
molecule and the spin label and, therefore, the question arises
about the uniqueness of the solution and the accurateness of
the obtained values. All rotation parameters for the spin label
movement were estimated by comparison of the simulated
and experimental data from measurements at X- and Q-band.

The y-axis rotation is already rather well defined by the X-band
data, because it strongly influences the damping of the dipolar
oscillations. For the x-axis rotation only an accuracy of about
�101 was possible with the X-band data alone. The effect of this
rotation is mainly seen as a change in modulation depth of the
X-band time traces for large offsets between pump and probe
pulses. However at Q-band frequencies, variation of the x-axis
rotation shows also more sensitive changes in the modulation
period of the time trace with 15 MHz offset between pump and
probe frequency. Despite the fact that these effects are quite
small, it led to an enhanced precision of the determination of
this important rotation angle to �31. Additional experiments at
G-band frequency were performed to take advantage of the fact
that at high fields the anisotropy of the g- and A-tensor is fully
spectrally resolved, allowing one to distinguish all orientations
with high precision. Simulations using the (low field) optimized
parameters were performed and compared with the experi-
mental data, as depicted in Fig. S4 in the ESI.† A large deviation
between experiment and prediction was observed, especially at
the gxx position. A small fixed rotation of the spin label of 91
around the x axis (N–O bond), before the rotation started,
improves the fit without influencing the (low field) simulation

Fig. 5 Experimental (black) and simulated (red) PELDOR time traces. For X-band (right) and Q-band (middle) different offsets Dn (in MHz) between
probe and pump pulse frequency for DNA(1,9) with (A) ImU (B) OxU (C) ExImU spin label. G-band (left) PELDOR time traces at the three magnetic field
positions corresponding to the main G-tensor components. In these experiments, the difference between pump and probe frequency was kept constant
at Dn = 60 MHz.

Table 1 Result for the flexibility of the different spin labels in respect to
their position at the DNA. The values represent the result of the global
analysis over all frequencies. The numbers in brackets show the error. An
example for error estimation is given in the ESI

x-rotation y-rotation z-rotation

ImU-DNA(1,9) 51 (2) 141 (1) 51
ImU-DNA(1,12) 51 (2) 201 (1) 51
OxU-DNA(1,9) 101 (2) 181 (1) 51
OxU-DNA(1,12) 101 (5) 221 (2) 51
ExImU-DNA(1,9) 901 (5) 121 (2) 51
ExImU-DNA(1,12) 901 (10) 161 (2) 51

PCCP Paper

Pu
bl

is
he

d 
on

 2
5 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Fr

an
kf

ur
t o

n 
20

/0
6/

20
16

 1
4:

56
:3

4.
 

View Article Online

http://dx.doi.org/10.1039/c6cp02475k


This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 16196--16201 | 16201

time traces. This reflects a slight tilting of the spin label plane with
respect to the nucleobase plane. With this very small readjustment
of the spin label position, very good predictions of the G-band
PELDOR time traces taken at the canonical g-tensor positions could
be achieved, indicating that our model with the optimized para-
meters can indeed be used to accurately model the spin labels. This
rotation was also applied to the analysis of the other two spin
labels, since they have the same geometry.

4. Conclusion

In this work orientation selective PELDOR experiments were per-
formed at multiple magnetic fields (0.3 T, 1.2 T and 6.4 T) and
allowed the determination of the flexibility of the isoindoline-derived
spin labels ExImU, ImU and OxU, all of which were covalently attached
to a dsDNA. For this purpose, the earlier proposed model for the
dsDNA dynamics, consisting of a negative correlated twist-stretch
motion with a radius change of the DNA21,31 was extended to
include the intrinsic rotational freedom of the spin labels. Simula-
tions were found to be in very good agreement with the experimental
time traces, which verified the expected different degree of rotational
freedom around the N–O axis for the conformationally unambig-
uous spin label ExImU and the two semi-rigid spin labels, ImU and
OxU. The spin labels showed some additional flexibility, which could
be modeled by a 10–201 rotation around the y-axis of the nitroxide
molecular axis system. The dependence of this parameter on the
position of the spin label might indicate some additional DNA
dynamics at the ends of the helix. The parameters describing the
internal flexibility of the spin labels, which were obtained from
X-band and Q-band PELDOR experiments, predicted very accurately
the high-field PELDOR time traces at G-band frequencies. Thus, we
believe that our parameterization of the intrinsic nitroxide dynamics
is reliable and can be used also for modeling of more complex DNA
structures. That will allow to use these new spin labels to study the
conformational flexibilities of nucleic acids with respect to their
specific sequence, the ionic strength and other parameters effecting
their structure and dynamics.
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18 C. Höbartner, G. Sicoli, F. Wachowius, D. B. Gophane and
S. T. Sigurdsson, J. Org. Chem., 2012, 77, 7749–7754.

19 T. F. Prisner, a. Marko and S. T. Sigurdsson, J. Magn. Reson.,
2015, 252, 187–198.

20 A. Marko, D. Margraf, P. Cekan, S. T. Sigurdsson,
O. Schiemann and T. F. Prisner, Phys. Rev. E: Stat., Nonlinear,
Soft Matter Phys., 2010, 81, 1–9.

21 A. Marko, V. Denysenkov, D. Margraf, P. Cekan, O. Schiemann,
S. T. Sigurdsson and T. F. Prisner, J. Am. Chem. Soc., 2011,
133, 13375.

22 C. M. Grytz, A. Marko, P. Cekan, S. T. Sigurdsson and
T. F. Prisner, Phys. Chem. Chem. Phys., 2016, 18, 2993–3002.

23 D. B. Gophane and S. T. Sigurdsson, Chem. Commun., 2013,
49, 999–1001.

24 M. Sajid, G. Jeschke, M. Wiebcke and A. Godt, Chem. – Eur. J.,
2009, 15, 12960–12962.

25 D. B. Gophane, B. Endeward, T. F. Prisner and S. T. Sigurdsson,
Chem. – Eur. J., 2014, 20, 15913–15919.

26 Y. Polyhach, E. Bordignon, R. Tschaggelar, S. Gandra, A. Godt
and G. Jeschke, Phys. Chem. Chem. Phys., 2012, 14, 10762.

27 G. Jeschke, V. Chechik, P. Ionita, A. Godt, H. Zimmermann,
J. Banham, C. R. Timmel, D. Hilger and H. Jung, Appl. Magn.
Reson., 2006, 30, 473–498.

28 M. M. Hertel, V. P. Denysenkov, M. Bennati and T. F. Prisner,
Magn. Reson. Chem., 2005, 43, S248–S255.
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1. Final spin concentrations

Table 1 depicts the final spin concentrations of the samples for the PELDOR measurements. The spin 
concentrations of the samples are measured by CW-EPR measurements at X-Band. The integrated area is analysed 
by a calibration curve with nitroxide standards of different spin concentrations.

Tab. 1 Final spin concentration for the  DNA samples

spin concentration [µM]

ImU DNA(1,9) 197

ImU DNA(1,12) 191

OxU DNA(1,9) 178

OxU DNA(1,12) 180

ExImU DNA(1,9) 120

ExImU DNA(1,12) 136



 2.Original experimental PELDOR time traces in Q-Band
Figure S1 contains the Q-Band PELDOR time traces, normalized and phase corrected (where necessary) with and 
without any background correction. The frequency of the pump pulse was fixed to the intensity maximum of the 
nitroxide powder spectrum to obtain maximum pumping efficiency. The probe frequency was chosen to 50, 100 or 
150 MHz below this frequency. 

Fig. S1 Q-band PELDOR time traces before (left) and after (right) background correction for DNA (1,9). Offset is indicated. (A) ImU –
DNA(1,9) (B) OxUDNA(1,9) (C) ExImUDNA(1,9) and (D) IMUDNA(1,12)



3. Original experimental PELDOR time traces in G-Band
Figure S2 contains the G-Band PELDOR time traces, normalized and phase corrected (where necessary) with and 
without any background correction. The field positions correspond roughly to B || gxx, B || gyy, and B || gzz. The 
probe frequency was set at a constant offset of 60 MHz above the pump frequency. 

Fig. S2 G-band PELDOR time traces before (left) and after (right) background correction at the three magnetic field positions corresponding 
to the main G-tensor components for DNA (1,9) (A) ImU (B) OxU (C) ExImU



4. Simulations for the Ҫ-DNA(1,9) and DNA(1,12)
Figure S3 shows the comparisons between experimental and simulated time traces for X-Band and G-Band with 
the Ҫ-spin labels of DNA(1,9) and DNA(1,12). Since this spin label is assumed to be nearly rigid, no rotation around 
the x axis is used. Nevertheless, even this spin label shows a small own flexibility of 6° for the y rotation.

Fig. S3 Experimental (black) and simulated (red) PELDOR time traces for (A) Ҫ-DNA(1,9) and (B) Ҫ-DNA(1,12). On the left panel are the X-
band time traces. The offset Δv are indicated in the Figures. On the left panel are the G-band time traces at the three magnetic field 
positions corresponding to the main G-tensor components.



5. Simulations using the (low field) optimized model
The rotation parameters for the IMU spin label movement were estimated by comparison of the simulated and 
experimental data from measurements at X- and Q-band. Simulations for G-Band, using this optimized model, 
were performed and compared with the experimental data. Especially in the region of B || gxx a large deviation 
was observed.

Fig. S4 Experimental (black) and simulated (red) G-band PELDOR time traces at the three magnetic field positions corresponding to the 
main G-tensor components for the ImU-DNA(1,9). Simulations are based on the parameter estimated only at low fields

6. Simulation for DNA(1,12)
The comparisons between experimental and simulated time traces for all frequencies and spin labels of 
DNA(1,12). The parameter for the spin label flexibility are shown in Table 1 in the paper.

Fig. S5 Experimental (black) and simulated (red) X-band PELDOR time DNA(1,12). The offset Δv are indicated in the Figures (A) ImU (B) OxU 
(C) ExImU.

Fig. S6 Experimental (black) and simulated (red) Q-band PELDOR time DNA(1,12). The offsets Δv are indicated in the Figures.



7. Error estimation

For an estimation of the error an example is given for the y-rotation for the ImU-DNA(1,9). On the left picture the 
summed RMSD value for all frequencies are shown against the y-rotation. On the right picture a comparison for 
two different y-rotation is given. The experimental time traces (black) are measured at Q-band. The red traces 
have a 14° rotation and the blue ones 18°. The damping of the signal increases significant with higher y-rotation. 

Fig. S7 Left:  The summed RMSD values for the ImU-DNA(1,9) for different y-rotations. Right: Experimental (black) and with 14° y-rotation  
(red) and 18° rotation  Q-band PELDOR time DNA(1,9). 



Resolving the Conformational Dynamics of DNA with Ångstrom
Resolution by Pulsed Electron−Electron Double Resonance and
Molecular Dynamics
Lukas S. Stelzl,†,¶ Nicole Erlenbach,‡,¶ Marcel Heinz,† Thomas F. Prisner,‡ and Gerhard Hummer*,†,§

†Department of Theoretical Biophysics, Max Planck Institute of Biophysics, 60438 Frankfurt am Main, Germany
‡Institute of Physical and Theoretical Chemistry and Center of Biomolecular Magnetic Resonance, Goethe University Frankfurt,
60438 Frankfurt am Main, Germany
§Institute for Biophysics, Goethe University Frankfurt, 60438 Frankfurt am Main, Germany

*S Supporting Information

ABSTRACT: Pulsed electron−electron double resonance
(PELDOR/DEER) experiments of nucleic acids with rigid
spin labels provide highly accurate distance and orientation
information. Here we combine PELDOR experiments with
molecular dynamics (MD) simulations to arrive at an
atomistic view of the conformational dynamics of DNA.
The MD simulations closely reproduce the PELDOR time
traces, and demonstrate that bending, in addition to twist-
stretch motions, underpin the sub-μs dynamics of DNA.
PELDOR experiments correctly rank DNA force fields and
resolve subtle differences in the conformational ensembles
of nucleic acids, on the order of 1−2 Å. Long-range
distance and angle measurements with rigid spin labels
provide critical input for the refinement of computer
models and the elucidation of the structure and dynamics
of complex biomolecules.

The conformational dynamics of DNA is essential for its
biological function and thus central to biochemistry. DNA

double helices are often modeled as elastic rods,1 but
experiments demonstrated that the dynamics of DNA is more
complex.2−6 DNA often stretches7 and bends to bind proteins.
However, experiments have largely been interpreted in terms of
geometric models,6 which capture the essential behavior of
DNA, but do not provide an atomic-scale view of the dynamics.
In this work we combine molecular dynamics (MD)
simulations with pulsed electron−electron double resonance
(PELDOR) experiments to arrive at a high-resolution view of
the conformational motions of DNA.
MD simulations can resolve the dynamics of DNA in

solution with atomic resolution.9 Very long MD simulations10

showed that DNA features complex dynamics on the sub-μs
time scale including bending motions, but dynamics are largely
absent on the time scale of tens of μs. Despite the successes, the
quality of force fields remains a concern. Recently, two very
promising DNA force fields have been released, AMBER
parmbsc1 (bsc1)11 and AMBER OL15 (OL15),12−14 which
may supersede the well established AMBER parmbsc0 (bsc0)15

force field. In MD simulations, the new force fields capture key
experimental properties,11,16−18 but further probes of long-
range structural information are required.

PELDOR experiments,19 which are also often referred to as
double electron−electron resonance (DEER), provide an
exciting prospect for the validation and development of
computational models because PELDOR provides long-range
distance, orientation and dynamical information. PELDOR
distance measurements on doubly spin-labeled20 macro-
molecules are well established and have provided distance
information on DNA with nm accuracy.21 Spin-label flexibility
limits the information that can be extracted from PELDOR.22

PELDOR measurements with rigid spin labels can resolve
distances with higher precision23 and relative orientations.8

Here we show that the high-resolution long-range
information from orientation-selective PELDOR can clearly
distinguish between an older (bsc015) and newer DNA force
fields (OL1512−14 and bsc111). We compare MD simulations to
previous PELDOR measurements6 of DNA labeled with the
rigid Ç (Cspin) spin label24,25 (Figure 1A), which also provides
an opportunity to interpret the data in greater detail than
before. A key advantage of MD simulations in the analysis of
PELDOR experiments is that no extraneous assumptions about
the conformational dynamics have to be made. For a
parameter-free direct comparison we calculated PELDOR
time traces8 from the MD trajectories (SI text). The signal
S(T) is given by

∫ λ= + Θ − Θ −

× Θ Θ

π ⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥S T

D

r
T

d

( ) 1 ( ) cos (1 3cos ) 1

sin

0

/2 dip
3

2

(1)

where Ddip = 52.16 MHz·nm3, T is the time, Θ is the
orientation between the interspin vector and the external
magnetic field, λ is the pump efficiency, which depends on the
mutual orientation of the spins to each other, and r is the spin−
spin distance. The mutal spin-label orientation and spin−spin
distance were determined from MD simulations. As Ç is largely
rigid, spin-positions were determined by mapping the Ç
structure26 onto the simulated conformations (SI Figure S5).
This mapping approach neglects the influence of Ç on the
DNA, which appears justified given the high level of agreement
with experiment we obtained.
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Even small differences between the MD ensembles have a
marked effect on the PELDOR time traces calculated from the
simulations. For the DNA(1,13) spin-label pair, the mean
spin−spin distances were 36.3, 37.6, and 38.3 Å, respectively,
for bsc0, OL15, and bsc1. Clearly, the PELDOR time traces
calculated from the simulations with the latest force fields
(Figure 1C), bsc1 and OL15, match the experiment
substantially better than the time traces from the bsc0
simulation. For a direct comparison of distances (Figure 1A),
we summed up all X-band time traces for a given spin-label pair
and extracted distances27 via Tikhonov regularization.28,29 For
DNA(1,13), we find that the bsc0 simulation noticeably
underestimates the experimental spin−spin distance of 38.3
Å, OL15 reproduces it very well, and bsc1 matches it exactly.
The PELDOR traces (SI Figure S6) and distances (Figure

1A) for the other ten spin-label pairs also agree better with bsc1
and OL15 than with the bsc0 simulations. Mean MD distances
≳25 Å agree with the PELDOR results typically within 1 Å. For
the two spin-labels pairs, DNA(1,5) and DNA(1,6), where the
spin labels are closest together, the agreement is not as good,
which is also apparent from comparing the calculated and
measured PELDOR traces. For DNA(1,6) the OL15 force field
performs best (SI Figure S6B). At small separations, details of
the conformations of the spin labels may play a larger role (SI
Figure S5B,C). Short distances <18 Å, outside the range
accessible to highly accurate PELDOR measurements, are
frequently sampled in the MD simulations for DNA(1,5) and
DNA(1,6). Accounting for these short distances in the
calculation of the PELDOR signals is challenging.30

The calculated PELDOR time traces from the MD
simulations take the orientation of the spin labels into account.
The experimentally determined8 angle β of the spin labels
relative to the spin−spin vector is well described by the
simulations (Figure 1B), with larger angles for spins closer
together and smaller angles for spins further apart. Measured
and calculated angles agree in almost all cases within the
experimental uncertainty (Figure 1B). For DNA(1,8), the
agreement is not as good, with β underestimated by about 10°
(OL15 and bsc1) or more (bsc0) in the MD simulations.
Overall, the newer force fields perform somewhat better than
bsc0, with better agreement for DNA(1,6) to DNA(1,9). High-
field experiments are particularly sensitive to spin-label

orientations. Measurements for DNA(1,9) and DNA(1,12)
give better agreement for the new OL15 and bsc1 force fields
(SI Figure S8) than the bsc0 force field. Overall, the
comparison ranks the bsc1 and OL15 force fields above bsc0,
as judged by the mutual orientations and by distinguishing
differences in the mean spin−spin distances as small as ≈1−2
Å. We would thus expect an older force field to produce poorer
PELDOR traces. Indeed, a simulation with parm9431,32

performs significantly worse than newer force fields (SI Figure
S10), in particular concerning orientations (SI Figure S9C).
PELDOR experiments are sensitive to the distributions of the

mutual spin-label orientations and distances, i.e., conforma-
tional flexibility. A broad conformational distribution dampens
the oscillations of the PELDOR signals. In general, the
oscillations in the experimental PELDOR traces are well
reproduced, as evidenced for DNA(1,13) (Figure 1C). For
DNA(1,9) and DNA(1,10), all MD simulations show more
pronounced dampening of the oscillations than experiment.
The small discrepancy may stem from neglecting the
interactions between Ç and the DNA, which could affect
dynamics.
Overall, the simulations yield distance distributions that agree

well with distributions extracted from the summed PELDOR
time traces, as evidenced, e.g., by Figure 1D. To confirm that
we have captured the dominant dynamics of DNA, giving rise
to the PELDOR signals, we extended a trajectory to 1 μs and
find equally good agreement (SI Figure S7).
A possible concern is that the PELDOR measurements were

conducted at 40 K, whereas the MD simulations were run at
room temperature. As the sample is cooled down, DNA
molecules adjust their structures. However, below temperatures
of 200−250 K no large scale rearrangements are possible and
structures are trapped in local minima.33 To explore the effect
of sample freezing, we ran an additional set of MD simulations
at 230 K. The agreement is on par with room temperature
(Figure S11), suggesting that freezing has only a mild effect and
preserves the overall dynamics, reminiscent of theoretical
filtering methods.34

The simulations with the novel OL15 and bsc1 force fields,
validated by PELDOR, provide an updated view of the
dynamics of DNA. The two most important motions, according
to principal component analysis, were bending modes, which

Figure 1. Comparison of orientation-selective PELDOR experiments (black) with MD simulations. (A) We analyzed PELDOR experiments (from
ref 6) with 11 spin-label pairs and compared distances from experiments and MD. The spin label on one strand was kept at a fixed position, denoted
as 1. The spin-label on the complementary strand was varied from positions 5 to 15. Left inset: DNA(1,14) with Ç residues in red. Right inset: Ç, a
2′-deoxycytidine analogue, base pairs with guanine. (B) Spin-label orientations from MD and PELDOR. The angle β describes the orientation
between the vectors normal to the spin-label planes and the dipole−dipole vector.8 (C) Comparison of PELDOR signals calculated from MD to
experiments for DNA(1,13). The PELDOR time traces were measured at X-band with different offsets νn between probe and pump pulse frequency
from 40 MHz (lower time trace) to 90 MHz (upper time trace). (D) Spin−spin distance distributions for DNA(1,13) from Tikhonov regularization
of PELDOR time traces and MD. Gray indicates the range of profiles obtained from resampling 20 PELDOR traces.
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have also been found in very long MD simulations.10 The third
most important mode is a stretching motion. As the DNA
twists, the helical rise increases and the DNA becomes more
extended (SI Figure S13). This negative-twist stretch coupling
has been identified in MD simulations,35,36 single-molecule
experiments,7 and in the original analysis of the PELDOR data.6

Marko et al. analyzed the PELDOR data (Table 1) with a

stretching model with changes in helical pitch (Model A), or
changes in helix radius (Model B), and a model of helix
bending (Model C). Model B gave the best agreement with
PELDOR. In MD simulation with bsc1, we find variations in
the pitch of the helix (⟨hP⟩ = 33 ± 1 Å), in its radius (⟨hR⟩ = 6.3
± 0.3 Å), and bending motions. The mean bending angle, ⟨θ⟩
≈ 19° (at a distance of 49 Å) agrees well with ⟨θ⟩ = 25°
estimated from PELDOR experiments.8 A combination of these
bending and stretching motions closely reproduces the
PELDOR signals calculated from the MD simulations (SI
Figure S14). The near quantitative agreement of the geo-
metrical/mechanical model parametrized from MD shows that
bending and twisting dominate the motions probed by
PELDOR in the conformational ensemble of double-stranded
DNA.
In summary, MD simulations with the most recent DNA

force fields accurately report on the structure and conforma-
tional flexibility of DNA. Detailed investigations of, e.g.,
chromatin structure,37 are thus feasible by combining MD
and PELDOR. Conversely, our comparison shows that with
rigid spin labels it is possible to use PELDOR to measure
distances and angles with ≈1 Å and ≈5° resolution. PELDOR
was thus able to rank the bsc1 and OL15 force fields ahead of
the older bsc0 force field, and all of them ahead of parm94,
confirming the expectation of improvements. Orientation-
selective PELDOR should be generally useful for the validation
and refinement of computer models of biomolecules.
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Orozco, M. Biophys. J. 2012, 102, 2140−2148.
(10) Galindo-Murillo, R.; Roe, D. R.; Cheatham, T. E. Nat. Commun.
2014, 5, 5152.
(11) Ivani, I.; Dans, P. D.; Noy, A.; Peŕez, A.; Faustino, I.; Hospital,
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Supplementary Methods

Molecular dynamics simulations of DNA and their analysis

Molecular dynamics (MD) simulations were run in GROMACS 4.6,1 using the AMBER

parm94,2,3 parmbsc0 (bsc0),4,5 OL156–8 and parmbsc1 (bsc1)9 force fields. B-DNA helices

were constructed using the Nucleic Acid Builder (NAB) webserver or NAB module in the

AMBER suite,10 for the sequences studied by Marko et al.11 OL15 and bsc1 simulations

systems were set up with the help of ACPYPE.12 To model the PELDOR experiments on

the eleven different label combinations, we ran two simulations for each force field, one with

the sequence used for experiments with the second spin labels at odd positions (positions 5

to 15), and one with the sequence featuring the second spin label at even positions (positions

6 to 14). We did not explicitly model the spin labels in our simulations, but reconstructed

the mutual positions and orientations of the spin labels from the DFT-optimized structure of

Ç (details below),13 taking advantage of its rigid structure and the essentially unperturbed

base pairing geometry (details given below). The six simulations were run for 200 ns each.

One simulation with bsc1 was extended to 1 µs.

5' GT - C₁ AG -TCG - CG  C - G   CG   - CG   C - ATC 3'
3' CA - G  TC -AGC₆- GC₈G - C₁₀GC₁₂- GC₁₄G - TAG 5'

5' GT - C₁AG - TG C - G CG  - CG  C - G  CG   - ATC 3'
3' CA - G TC - AC₅G - C₇GC₉- GC₁₁G- C₁₃GC₁₅- TAG 5'

a)

b)

Fig. S1: The two DNA sequences studied in MD simulations. (A) Second spin-label at even
positions (positions 6 to 14) and (B) second spin-label at odd positions (positions 5 to 15).
A spin-label pair with Ç at, e.g., positions 1 and 13 is referred to as DNA(1,13) throughout
this work.

Simulations were conducted using the TIP3P water model,14 periodic boundary condi-

tions, and a NaCl concentration of 120 mM. In the OL15 and bsc1 simulations the updated

ion parameters by Joung and Cheatham were employed.15 Simulation systems contained
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≈ 59000 (bsc1, OL15) and ≈ 75000 (bsc0, parm94) atoms respectively. The experimental

samples contained 20 % ethylene glycol as a cryoprotectant.11 We assumed that the cryopro-

tectant does not disturb the conformational ensemble of the DNA and hence did not attempt

to model its effect in the simulations. After setup, the simulation systems were energy min-

imized and equilibrated for 10 ns in the NPT ensemble without position restraints for the

bsc1 and OL15 simulations and with position restraints for the bsc0 and parm94 simulations.

Production simulations were run without restraints at 298.15 K and 1 bar for 200 ns for the

AMBER parm94, bsc0, OL15 and the bsc1 force fields. The production simulations were

kept in the NPT ensemble using the velocity rescaling thermostat by Bussi et al.16 with τt =

0.1 ps and the Parrinello-Rahman barostat17 with τp = 4 ps. Electrostatic interactions were

treated using the Particle-Mesh-Ewald approach and van der Waals interactions were cut-off

at 10 Å. A time step of 2 fs was used to integrate the equations of motion.

Simulation analysis built on the MDAnalysis Python library18,19 and 3DNA20 using

do_x3dna.21 Helix pitch, helix radius and bending, were extracted from a 200 ns trajec-

tory (with the bsc1 force field).

DFT calculations

An initial Ç geometry was constructed by taking the 1.7 Å resolution crystal structure

embedded in DNA13 (pdb: 3OT0). The surrounding residues were removed and the sugar

moiety was substituted by a methyl group. Missing hydrogen atoms were added, resulting in

a molecule containing 43 atoms. Geometry optimization was performed in Gaussian0922 at

the PBE023/N07D24,25 level of theory, which was used in previous nitroxide studies.24,26,27

Analysis of the computed eigenvalues in the Hessian matrix reveals a minimum structure

(i.e. all values are positive). The optimized atom coordinates are presented in Table S1.
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Table S1: XYZ coordinates of the optimized Ç structure at the PBE0/N07D level of theory.

N -0.413256 -8.238653 11.151577 C -0.510058 -7.756990 9.824992
O 0.098728 -8.339476 8.946571 N -1.294621 -6.650189 9.614902
C -1.915993 -6.082668 10.612233 N -2.687412 -4.986708 10.376451
H -2.740023 -4.662661 9.421498 C -1.837456 -6.546089 11.961285
C -1.066280 -7.638084 12.183807 H -0.946154 -8.062400 13.176020
C -3.376000 -4.335587 11.397652 C -3.264692 -4.832500 12.707444
O -2.500157 -5.932748 12.994619 C -3.928919 -4.222649 13.761103
H -3.815863 -4.639127 14.759139 C -4.714618 -3.102531 13.506019
C -4.831536 -2.602294 12.212070 C -4.165616 -3.213437 11.154675
H -4.250138 -2.830466 10.138839 C -5.725526 -1.390762 12.159147
N -6.095184 -1.275389 13.589199 C -5.513931 -2.294313 14.494173
O -6.856714 -0.366868 14.009302 C -6.640840 -3.090937 15.155948
H -7.250676 -3.603761 14.405853 H -6.226966 -3.839967 15.839578
H -7.281707 -2.410767 15.725567 C -4.648668 -1.603655 15.550956
H -5.264308 -0.904603 16.125519 H -4.222619 -2.343535 16.237066
H -3.828707 -1.049143 15.084362 C -6.988734 -1.606980 11.322447
H -6.734600 -1.676471 10.259254 H -7.501874 -2.527080 11.618442
H -7.669574 -0.762255 11.466198 C -4.996413 -0.119613 11.717453
H -4.079852 0.027610 12.296893 H -4.731601 -0.181114 10.656376
H -5.650052 0.745415 11.866612 C 0.419071 -9.409096 11.360313
H 0.406719 -9.672090 12.420506 H 0.044866 -10.246282 10.764320
H 1.443956 -9.202093 11.039624

Calculation of orientation-selective PELDOR signals

This section contains a brief introduction to orientation selective PELDOR and the calcu-

lation of PELDOR signals from conformations visited in a MD trajectory. A more detailed

description of the calculation of PELDOR signals can be found in the literature.28,29 The

PELDOR pulse sequence is given in Fig. S2A. PELDOR is a double frequency method, in

which microwave-frequency pulses are applied at two different frequencies to excite electron

spins resonant with these frequencies. Under certain conditions, samples with two spin labels

of the same type, e.g., a pair of nitroxide spin labels, can be characterized. The g-tensor

describing the Zeeman interaction of the electron spin with the static magnetic field, and the

tensor A, describing the hyperfine interaction of the electron spin with the spin of the 14N
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nucleus, are both anisotropic and depend on the orientation of the spin labels to the magnetic

field. Consequently, the distribution of the resonance frequencies in a powder sample, with

randomly orientated molecules, will be broad. Two spin labels with different orientations

with respect to the static magnetic field will differ in their resonance frequencies. Thus spin

labels with different orientations and with different spin states can be excited independently.

Typically PELDOR measurements are performed on biomolecules labeled with flexible spin

labels such as TPA (2,2,5,5-tetramethyl-pyrrolin-1-oxyl-3-acetylene). The mutual orienta-

tions between the two spin labels will be random and the full Pake pattern gets excited.

Therefore only the distance between the two spins can be extracted from the experiment.

However for rigid spin labels such as Ç the mutual orientation between the two spin labels is

no longer random and their relative orientation will be encoded in the measured PELDOR

signals. The mutual orientation of the spin labels to each other are defined by Euler angles

(α1, β1, γ1) ≡ o1 and (α2, β2, γ2) ≡ o2 (Fig. S2C), which describe the orientation of the co-

ordinate axis of the spin label to the main axis system. The coordinate system of the spin

label is chosen in such a way that the x-axes points along the NO axis and the z-axis is plane

normal (Fig. S2B). The main axis system has its z-axis along the distance vector between

the two radicals (Fig. S2D). The polar Φ and azimuth Θ angles describe the orientation of

the distance vector to the external magnetic field.

From these definitions of the spin-label orientations and distances, the PELDOR signal

for given conformation visited in an MD trajectory can be calculated. This calculation is

essentially parameter free. The inputs are spin-label distances and orientations as determined

from MD. Other inputs are experimental parameters, e.g., the pulse durations. To a first

approximation, a PELDOR signal can be described as a modulation of the signal from

the refocused Hahn-echo sequence (Fig. S2A). The Hahn-echo sequence is applied with the

frequency νA and the modulation occurs due to the dipolar interaction between spins A and

B. The dipolar modulation between two spins depends on the inversion of spin B by the

pump pulse at the second frequency νB. A PELDOR signal S(T ) of a powder sample can
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be calculated with eq 1 given in the main text,

S(T ) = 1 +

∫ π/2

0

λ(Θ)

[
cos

(
Ddip

r3
(1− 3 cos2 Θ)T

)
− 1

]
sin ΘdΘ (1)

where Ddip = 52.16 MHz·nm3,T is the time, Θ is the orientation between the interspin vector

and the external magnetic field, r is the spin-spin distance and λ is the pump efficiency. The

pump efficiency λ depends on the mutual orientations of the spin labels to each other.

The function λ is an averaged sum of the echo magnetization mx formed by probe pulses,

multiplied by the flip probability of the B-spin p achieved by the pump pulse

λ(Θ) =
1

2V (νA)

∑
m1,m2

〈mx(ωr1, νa)p(ωr2, νB) +mx(ωr2, νA)p(ωr1, νB)〉Φ,δb1,δb2 (S1)

with V (νA) the unmodulated Hahn echo signal. Importantly, both the flip probability p and

the transversal echo magnetization mx, depend on the resonance frequency for each nitroxide

spin

ωr(Θ,Φ,o,m) = γe

(
B0
geff(Θ,Φ,o)

ge
+mAeff(Θ,Φ,o) + δb

)
(S2)

where γe denotes the gyromagnetic ratio of the electron, and the quantum number m =

−1, 0, 1 accounts for the state of the nuclear spin. The angular dependence enters via the

effective g-tensor geff for the Zeeman interaction and Aeff for the hyperfine interaction. Ex-

pressions for geff and Aeff can be founded in Marko et al.28 Additionally the term δb reflects

the inhomogeneous line broadening as shift due to for coupling to other nuclear spins or local

field fluctuations. The flip probability

p(ωr, νB) =
1

2

[
γeB1B

ΩB(ωr)

]2

(1− cos(ΩB(ωr)t
B
π )) (S3)

depends on the pulse length of the pump π pulse (tπ), magnitude of the microwave magnetic

field B1B and the Rabi frequency eq S4, which depends on the resonance frequency of the
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B-spin. Specifically, the Rabi frequency

ΩB(ωr) =
√
γ2
eB

2
1B + (2πνb − ωr)2 (S4)

depends on ωr, the resonance frequency, and B1 the external magnetic field strength. The

magnitude of the transversal magnetization after applying the three Hahn echo pulses

mx(ωr, νA) =
1

4

[
γeB1B

ΩA(ωr)

]5

sin(ΩA(ωr)t
A
π/2)(1− cos(ΩA(ωr)t

A
π )2 (S5)

is given by the product of the Rabi frequency and the pulse durations tAπ/2 and tAπ of the

probe pulses. The resonance frequency ωr encodes the orientation information.

Comparison of PELDOR time traces to MD simulations

We analyzed PELDOR time traces previously measured at X-Band frequency (0.3 T, 9.5

GHz) and G-band frequency (6.4 T, 180 GHz),11 with different offsets between pump and

probe pulse frequency. For rigid spin labels, the orientation dependence of the dipole-dipole

interaction between the spin labels is not averaged out, unlike for flexible spin labels. Mea-

sured with different pulse frequencies, the time traces thus change as a function of orientation.

The frequency of the pump pulse was fixed to the intensity maximum of the nitroxide powder

spectrum to obtain maximum pumping efficiency. In X-band measurements, probe frequen-

cies 40 to 90 MHz larger than the pump frequency were employed. In our quantitative

comparison of X-band data to MD simulations, we took into account the frequency of the

oscillations, the dampening and the relative modulation depths of the PELDOR time traces

at different offsets. The depth variations between the set of X-band time traces measured at

different offsets were not fitted. However, for the G-band data, due to uncertainties of the

resonator performance and non-perfect calculations of the excitation profiles, the modulation

depth was adjusted for each time trace. For simulating the PELDOR signal, 2000 regularly

spaced structures (one for every 0.1 ns) were taken from the respective MD trajectories.
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Fig. S2: Orientation-selective PELDOR experiments. (A) Four-pulse PELDOR sequence.
νA and νB are probe and pump frequencies, respectively. (B) Axis system of a nitroxide spin
label (C) Euler angles (α, β, γ)=o defining the orientation of the axis system {x′, y′, z′} of
the nitroxide in the main axis system frame {x, y, z}. (D) The three coordinate systems for
the description of a rigid biradical. {x1, y1, z1} and {x2, y2, z2} frames correspond to the axes
of the first and the second nitroxide, respectively. {x, y, z} has the z axis coinciding with
the interspin axis r and the x axis is perpendicular to both vectors z and z1.

S9



Deviations of the simulated signals V sim(tm) from the measured PELDOR signals V obs(tm)

were quantified by

χ2 = N−1

N∑
m=1

[V sim(tm)− V obs(tm)]2

σ2
. (S6)

The statistical error σ in the PELDOR experiments was determined from the standard

deviation between the scaled experimental time trace and a ninth-order polynomial fit.30

Values of χ2 ≤ 1, indicate that, on average, the measured and calculated signals are within

one standard deviation, ignoring errors in the MD simulations and correlations. To estimate

the effect of the statistical uncertainty in the PELDOR experiments on the extracted distance

distributions of, e.g., DNA(1,13), we have generated synthetic data based on the experimental

time traces and their noise, and then repeated the Tikhonov regularization. The range of

profiles from generating 20 synthetic PELDOR time traces is indicated in Fig. 1D in the

main text.

Supplementary Results

Overall stability of the MD simulations

Calculating the root mean square deviation (RMSD)18,31,32 of the atomic positions demon-

strated that all the MD trajectories were stable (Fig. S3). Here the RMSDs of atomic

positions were calculated with respect to ideal B-helical structures generated with the NAB

webserver and suite,10 which we used to set up the simulations. MD simulations with the

older bsc0 force field relax to a RMSD of ≈ 4 Å to the reference B-helix. Simulations with

the recently developed OL15 (Fig. S3C and D) and bsc1 (Fig. S3E and F) force fields settle

at a RMSD of ≈ 3 Å, with respect to the reference B-helix. In all simulations the DNA

stayed close to the average structure adopted after relaxation for the remainder of the tra-

jectories (Fig. S4). Extending one simulation with the bsc1 force field to 1 µs showed that

current force fields enable stable simulations of B-DNA on the timescales of hundreds of ns
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(Fig. S3F and Fig. S4F).

Fig. S3: RMSD from starting structure for MD simulations with the bsc0 (A and B), OL15
(C and D) and bsc1 (E and F) force fields. All heavy atoms were included in the RMSD
calculation. The green curves correspond to 5 ns window averages.

S11



Fig. S4: RMSD from the average simulation structure for simulations with the bsc0 (A and
B), OL15 (C and D) and bsc1 (E and F) force fields. All heavy atoms were included in the
RMSD calculation. The green curves correspond to 5 ns window averages.
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Testing the extraction of spin-positions from MD simulations

Since the MD simulations were run without the spin labels, the spin positions were deter-

mined according to the published structure of Ç13 in a mapping approach. The position of

the unpaired electron was extrapolated from the cytosine ring (Fig. 1A in the main text),

assuming a perfectly rigid and planar spin label. Specifically, the vector connecting the

centers of C4-C5 and C2-N1 bonds of the cytosine ring was extrapolated to the position of

the radical, as illustrated in Fig. S5F. This extrapolation over two aromatic ring systems

(with the distance between the edge of the cytosine ring, the C4-C5 bond, and the unpaired

electron 7.7 Å) may lead to uncertainties in the spin positions (Fig. S5) as the cytosine ring

may deviate slightly from its ideal, planar structure due to thermal motions in MD and/or

imperfections in the force field. Larger relative uncertainties in the spin positions would

be expected for the spin-label pairs closer together, which may contribute to the trend we

found in the comparison of experiment and simulation, with excellent agreement at large

distances (e.g., DNA(1,13)), but worse agreement at the shortest distances (DNA(1,5) and

DNA(1,6)). To test for possible uncertainties in the extracted spin positions, we also de-

termined the spin positions by fitting the Ç coordinates onto cytosine at spin-labeled sites.

Fig. S5D highlights cytosine at spin-labeled site 6 in a snapshot taken from a MD trajectory.

The Ç is then RMSD fitted onto the heavy atoms of the cytosine ring (Fig. S5E). In the

X-ray structure,13 the N-O featuring the paramagnetic center is not in the plane of the Ç

ring system. Geometry optimizing the structure at the PBE0/N07D level of theory moved

the N-O bond into the plane of Ç. The resulting Ç structure is almost identical to the one

Edwards et al. obtained at the B3LYP/6-31G* level of theory.

For both a short distance DNA(1,6), and a long distance, DNA(1,12), we find that fitting

Ç to the respective cytosine in the MD trajectory leads to spin-spin distances virtually

identical to the ones determined by extrapolation (Fig. S5B and C). The analysis suggests

that high quality spin positions can be determined, simply by extrapolating from the cytosine

positions. However, residual flexibility in Ç may further broaden the distance distribution.
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Fig. S5: Spin-spin distances from MD simulations. Timeseries are shown in the left and
distributions in right panel. (A,B) For DNA(1,5) and DNA(1,6) short distances < 18 Å
outside the range accessible to high-resolution distance measurements by PELDOR were
sampled in MD. Distances as determined from MD trajectories from extrapolation of spin
positions (blue) are compared to RMSD fitting the DFT-optimized Ç X-ray structure (green)
onto cytosines 1 and 6 (B) and 1 and 12 (C). (D) Cytidine at position 6 in a structure from
MD. (E) Ç fitted onto the heavy atoms of the cytosine ring of cytidine 6. (F) Determining
the spin-positions by extrapolation of the vector connecting the centers of the C4-C5 and
C2-N1 bonds of the cytosine ring.
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The time series for DNA(1,5) and DNA(1,6) also show that many distances shorter than

18 Å are sampled in MD, which is outside the range accessible to high-resolution PELDOR

experiments. The contributions of these distances to the experimental signals33 may not be

fully captured by the theoretical formalism used here .

From the distance between the two spin labels and their mutual orientation, which is

described by a set of five Euler angles, we calculated the PELDOR traces as described

briefly above and in detail by Marko et al.28

Comparison of X-Band PELDOR traces to MD simulations

Overall the PELDOR signals calculated from MD simulations agree well with X-band experi-

ments (Fig. S6), with the newer force fields marking a clear improvement over the established

bsc0 force field as discussed in the main text. By extending a MD trajectory with the bsc1

force field to 1 µs, we test whether we have captured the essence of the motions giving rise

to the experimental PELDOR signal in our simulations. We find a similar level of agreement

for the PELDOR signals calculated from the first (0 - 200 ns) and the second part (200 ns

- 1 µs) of the simulation, with e.g., the agreement improving somewhat for DNA(1,9) and

DNA(1,13) (Fig. S7). This suggests (1) that the bsc1 force field is stable on the 100 ns - 1 µs

timescale, (2) that our simulations have captured the essence of the dynamics giving rise to

the PELDOR signal, and correspondingly (3) that for our B-DNA sub-µs motions largely

determine the PELDOR signal.
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Fig. S6: Comparison of X-band PELDOR signals calculated from MD simulations (red)
to experiment (black). The PELDOR time traces were measured at X-band with different
offsets νn between probe and pump pulse frequency from 40 MHz (lower) to 90 MHz (upper
time trace). Simulations with the bsc0 force field are shown on the left. The middle panel
shows simulations with the bsc1 force field and the right panel with the OL15 force field.
Each panel lists the χ2 deviations averaged over the six traces.
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with different offsets νn between probe and pump pulse frequency from 40 MHz (lower) to
90 MHz (upper time trace). Each panel lists the χ2 deviations averaged over the six traces.
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Comparison of G-band PELDOR time traces to MD simulations

PELDOR experiments were also recorded at G-Band frequency (6.4 T, 180 GHz),11 which

enables us to further probe spin-label orientations from MD (Fig. S8). G-band PELDOR

experiments were recorded at different field positions, corresponding to B||gxx, B||gyy, and

B||gzz positions. High-field G-band experiments are more sensitive to mutual orientation

than X-band experiments, especially with respect to the orientation in the plane of the spin

label. We compare the MD simulations to the experiments by calculating corresponding

PELDOR traces28 using the same procedure as for the X-band analysis. We find that the

newer OL15 and bsc1 force fields yield better agreement with the G-Band PELDOR traces

for DNA(1,9) and DNA(1,12) than the well-established bsc0 force field. Changes in the form

of the traces, in particular for DNA(1,9), suggest that orientations are better captured in

the simulations with the OL15 and bsc1 force fields.
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(a) DNA(1,9)
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Fig. S8: Comparison of G-band PELDOR signals calculated from MD simulations (red)
to experiment (black). (a) DNA(1,9) and (b) DNA(1,12). The PELDOR time traces were
measured at G-band at different field position, corresponding to B||gxx, B||gyy, and B||gzz
positions (top to bottom). Simulations with the bsc0, bsc1 and OL15 force fields are shown
in the left, center, and right panels, respectively. Each panel lists the χ2 deviations averaged
over the three traces.
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Comparison of MD simulation with parm94 to PELDOR

A simulation with the older force field parm942,3 further confirmed that calculating PELDOR

signals from MD simulations can rank the quality of simulations ensembles. The parm94

and parm99 force fields capture the structure of DNA relatively poorly, which necessitated

the development of the bsc0 force field.4 We ran a 200 ns simulations with parm94 using the

DNA sequence with the second spin label at odd-numbered positions (Fig. S1A). As expected

the DNA structure moved away from the reference B-helix, with on average, a RMSD of > 6

Å over the last 50 ns of the simulation. Simulations with the bsc0, OL15 and bsc1 force

fields stayed much closer to the reference helix as discussed above. Visual inspection also

revealed degradation in helical structure and the helix radius (parm94: 7.3 ± 0.5 Å, bsc1:

6.3± 0.3 Å) and helix pitch (parm94: 31± 1 Å, bsc1: 33± 1 Å) also differed markedly from

the bsc1 simulations.
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Fig. S9: Analysis of a MD simulations with parm94. (A) RMSD from starting structure, a
reference B-helix. All heavy atoms were included in the RMSD calculation. (B) Mean spin-
spin distances from the simulation with parm94 compared to the experimentally determined
distances. The distances from the simulations with other force fields are shown for reference.
(C) Comparison of calculated G-band PELDOR signals (red) for DNA(1,9) to experiment
(black).The PELDOR time traces were measured at G-band at different field position, corre-
sponding to B||gxx, B||gyy, and B||gzz positions (top to bottom). The χ2 deviation averaged
over the three traces is listed in the panel.

The agreement between the calculated PELDOR signals from the simulation with parm94

is significantly worse than for more recent force fields. The χ2 values for the X-band measure-

ments are larger than for the bsc0, OL15 and bsc1 simulations. The oscillatory frequencies

in the calculated X-band traces differs markedly from experiment (Fig. S10), which indicates
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Fig. S10: Comparison of X-band PELDOR signals from MD simulation with parm94 (red)
to experiment (black). The PELDOR time traces were measured at X-band with different
offsets νn between probe and pump pulse frequency from 40 MHz (lower) to 90 MHz (upper
time trace). Each panel lists the χ2 deviations averaged over the six traces.

that the spin-spin distances extracted from the simulation are too short, as confirmed by

comparing the experimental distances to the parm94 simulation in Fig. S9B. The disagree-

ment is more much dramatic for the high-field G-band measurements for DNA(1,9) (Fig. S9),

i.e., the orientations are poorly reproduced by the parm94 simulation. By contrast, the other

force fields give much better agreement for the G-band measurements for DNA(1,9) (Fig. S8).

The unique long-range orientation information from PELDOR is thus particularly useful in

the evaluation of computer models of biomolecules.

Effect of freezing on the determination the conformational ensemble

by PELDOR

PELDOR experiments are recorded at cryogenic temperatures and sample freezing might

affect the comparison of the MD simulations run at room temperature. As the sample is
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frozen, the system responds to cooling, but at some point most dynamics is frozen out34,35

and the system becomes trapped. This trapped ensemble is then probed by the PELDOR

measurement.36 The effect of freezing on the comparison between simulation and experiment

can be investigated, for instance, by essential dynamics,37 which is based on principal com-

ponent analysis (PCA), to remove the effect of thermal fluctuations from room-temperature

simulations or in low-temperature simulations. We ran an additional set of simulations at

230 K. This temperature should be close to the point where most of the dynamics is frozen

out, according to previous work using a comparable simulation setup,38 with DNA described

with an AMBER force field (parm9939) and water with the TIP3P model.

Given that at low temperature conformational transitions are expected to slow down

and simulations will be trapped in local minima, generating a representative ensemble from

a single trajectory would require exceedingly long simulation times. Hence we ran many

(2000) short (100 ps) simulations started from structures sampled during a room temperature

trajectory (bsc1, sequence with the second spin label at odd positions, Fig. S1B) to generate

a representative ensemble. The PELDOR traces calculated for the low temperature ensemble

give overall good agreement with experiment (Fig. S11).
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Fig. S11: Effect of freezing. Comparison of simulations at 230 K (red) to the experimental
X-Band PELDOR data (black). At 230 K, we ran 2000 simulations for 100 ps each, starting
from structures sampled at room temperature. The PELDOR time traces were measured
at X-band with different offsets νn between probe and pump pulse frequency from 40 MHz
(lower) to 90 MHz (upper time trace). Each panel lists the χ2 deviations averaged over the
six traces.
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Geometrical analysis of DNA helix in the MD simulations

The DNA helix showed considerable bending in the MD simulations. Bending motions con-

stituted the two most important principal component analysis (PCA) modes. To characterize

the extent of bending in MD to parameterize a 3D vector model of helix dynamics (see be-

low) we calculated the bending angle θ. To calculate θ, we first RMSD fitted the structures

in a MD trajectory on a five base-pair segment at one end of the helix. Subsequently, we

aligned a second five base-pair segment a distance L away from the first base-pair segment

and determined the Euler angle θ, corresponding to a polar angle, from the rotation matrix.

To reduce the error incurred by RMSD fitting to a flexible molecule, we used the average

structure in the simulation as a reference. As expected we find small bending angles at close

separation and larger angles at larger distance L. The mean bending angles from MD and

the previous PELDOR study agree well (Table 1 in the main text).
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Fig. S12: Bending in MD. Distributions of θ at different center of mass distances/ contour
lengths L, with the base pair distance between the centers of the segments indicated in the
legend.

To further characterize the motions of the DNA, we calculated helix radius, helical rise

and helical twist. The helix radius and rise (Table 1 in the main text) were averaged over

the 12 central base pairs in order to remove noise from the more flexible base pairs at the

ends of the DNA helix. From the correlation between the helical twist and the helical rise

we determined the twist-stretch coupling, i.e., changes in the length of DNA as it twists

(Fig. S13).40,41 We analyzed 2000 snapshots from the MD trajectories, spaced 0.1 ns apart,
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using 3DNA.20,21 Because base pairs at the ends of a dsDNA strand are more flexible, we

included only the central base pairs in the calculation and the data were smoothend by

binning in intervals of 0.2◦, following the approach taken by Liebl et al.40 As expected, we

find a correlation between the helical twist and rise. The considerable bending of the DNA

in the MD simulations adds noise to the analysis. The bending motions give rise to a spread

in the helical rise (the distance between two neighboring base pairs) for a given value of the

helical twist.

Fig. S13: Coupling of helical rise and helical twist for MD simulations with bsc0 (green)
and bsc1 (yellow). The plots are generated for 2000 structures equally spaced in the 200 ns
trajectories. The helical twist and helical rise is averaged over the 16 central base pairs. The
slopes are 0.026 Å deg−1 (bsc0) and 0.03 Å deg−1 (bsc1). The data were binned in intervals
of 0.2 deg following Ref. 40.
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Comparison with a geometrical model of DNA helix dynamics

Previously the dynamics of spin-labeled DNA were analyzed with a geometrical/mechanical

model,11,42 capturing the essence of the dynamics of double helical DNA, which we re-

examined based on our MD simulations. This 3D vector model was parameterized according

to the distributions of helical rise, helical twist and helix bending determined from a MD

simulation with the bsc1 force field (Table 1 in the main text). The mean bending angle for a

contour length of 64 Å was estimated to be 23◦ for the MD simulations by extrapolating with

an exponential fit to the mean bending angles determined at different contour lengths (from

3.2 Å to 49.1 Å). The signals calculated from the MD ensemble are a bit more dampened

(Fig. S14), reflecting additional motions not captured by the helix model. Nevertheless, good

agreement was observed, confirming that bending and twist-stretch motions are the most

important motions captured by the PELDOR experiments.
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Fig. S14: Comparison of PELDOR signals calculated from MD (black) and a geometri-
cal/mechanical model of the DNA (red). The PELDOR time traces were measured at X-
band with different offsets νn between probe and pump pulse frequency from 40 MHz (lower)
to 90 MHz (upper time trace). The mechanical model was parameterized to reproduce the
helical dynamics observed in the MD simulations with the bsc1 force field.
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Abstract
Frequency-correlated 2D SIFTER with broadband pulses at X-band frequencies 
can be used to determine the inter-spin distance and relative orientation of nitrox-
ide moieties in macromolecules when the flexibility of the spin-labels is restricted. 
At X-band frequencies the EPR spectrum of nitroxides is governed by the strongly 
anisotropic nitrogen hyperfine coupling. For rigid spin-labels, where the orientation 
of the inter-connecting vector R correlates to the relative orientations of the nitrox-
ide labels, the dipolar oscillation frequency varies over the EPR spectral line shape. 
Broadband shaped pulses allow excitation of the complete nitroxide EPR spectra. 
In this case, Fourier transform of the echo signal gives both fast and direct access to 
the orientation dependent dipole coupling. This allows determination of not only the 
inter-spin distance R, but also their mutual orientation. Here, we show the applica-
tion of the frequency-correlated 2D SIFTER experiment with broadband pulses to a 
bis-nitroxide model compound and to a double stranded DNA sample. In both mol-
ecules, there is restricted internal mobility of the two spin-labels. The experimen-
tal results are compared to orientation selective pulsed electron double resonance 
(PELDOR) experiments and simulations based on a simple geometrical model or 
MD simulations describing the conformational flexibility of the molecules. Fourier 
transformation of the SIFTER echo signal yields orientation selective dipolar time 
traces over the complete EPR-spectral range. This leads to an improved frequency 
resolution and either to a reduced experimental measurement time or a larger span 
of frequency offsets measured compared to orientation selective PELDOR experi-
ments. The experimental potential and limitations of the 2D SIFTER method for 
samples containing rigid spin-labels will be discussed.
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1  Introduction

Pulsed dipolar spectroscopy (PDS) methods measure the dipolar interaction 
between unpaired electron spins. It is an increasingly important set of techniques 
in biophysics for the determination of structure and structural flexibility in bio-
molecules. Example of PDS techniques include: pulsed electron double resonance 
(PELDOR [1, 2], also known as double electron–electron resonance, DEER) [3, 
4], double quantum coherence (DQC) [5], relaxation induced dipolar modulation 
enhancement (RIDME) [6, 7], and the Single Frequency Technique for Refocus-
ing dipolar couplings (SIFTER) [8]. All PDS techniques result in oscillating time 
traces, where the frequency of oscillation ωdd can be related to the inter-spin dis-
tance R and, in cases of rigid radical moieties or spin-labels, to the orientation θ 
of the distance vector R with respect to the external magnetic field direction.

Here, µ0 is the magnetic susceptibility of a vacuum, µB is the Bohr magneton 
and ħ is the reduced Planck constant. gA and gB are the effective g-factors of the 
two coupled spins (notated A and B).

Many biomolecules are inherently EPR silent; therefore, to study them spin-
labels must be used. Frequently, these spin-labels are nitroxide based, due to 
their stability and ease of handling. In the case, that the nitroxide spin-labels are 
attached to the biomolecule via flexible tethers, all orientations of R with respect 
to the external magnetic field (described by the angle θ) contribute to each reso-
nance position within the EPR spectra. This is typically the case for the MTSSL 
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl methanethiosulfonate) spin-label 
covalently bound to cysteines of proteins, modified via site directed mutagenesis 
[9]. In this case, the Fourier transform of the dipolar time trace results in the 
well-known Pake pattern. This can be analysed purely in terms of the distance R 
between both spin-labels or a distance distribution P(R) for flexible macromol-
ecules [10].

In contrast, when rigid nitroxides are attached to the macromolecule such 
that they have limited motion, as is the case for the spin-labeled DNA molecule 
presented in this work, different angles θ contribute to the dipolar time trace, 
depending on the frequencies excited in the EPR spectrum. Currently, the most 
common method to probe orientation selection in PDS is 2D-PELDOR, a method 
where several one-dimensional time traces are recorded sequentially by varying 
the pump and/or detection pulse frequency or the external magnetic field strength 
to sample different orientations of the spin-label with respect to the external mag-
netic field. Commonly, for nitroxide spin-labels at X-band, this is achieved by 
positioning the pump pulse at the centre of the nitroxide spectrum and varying 
the detection pulse frequency offset.

For nitroxide spin-labels, when the system is fully rigid, a set of orientation 
selective X-band data set may allow full determination of the distance and relative 
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orientation between both spin-labels [11]. However, as most molecules have some 
degree of flexibility, an increased set of orientation selective PDS traces may pro-
vide a more stable solution.

A disadvantage of the 2D PELDOR methodology is that a number of differ-
ent time traces must be collected to allow accurate analysis making the experi-
ment time consuming. Furthermore, to sample the full range of orientations at 
X-band frequencies, the probe frequencies have to be offset up to 90 MHz, which 
due to the finite resonator bandwidth leads to varying microwave field strengths 
as a function of the offset frequency. This can lead to a variation of the excita-
tion bandwidths and modulation depths as a function of the pump and probe fre-
quencies. These experimental variations make the quantitative analysis of such 
2D-PELDOR experiments more demanding.

For molecules with rigid spin-labels attached, it is, therefore, highly desirable 
to have a single two-dimensional experiment in which the complete spectrally 
resolved dipolar time traces can be detected simultaneously. This can be achieved 
by single frequency PDS methods, such as DQC and SIFTER, if the pulses that 
are used excite the whole nitroxide EPR spectrum, as already realized by Jack 
Freed in several very elegant and benchmarking experiments [12–14].

Whereas rectangular pulses need very high microwave field strengths and short 
pulse lengths to excite the whole nitroxide spectrum, broadband pulses shaped 
by a fast arbitrary waveform generator (AWG) can achieve such excitation band-
widths with more moderate microwave powers for prolonged pulse lengths [15, 
16]. We have shown that such broadband pulses improve the quality of the 1D 
SIFTER pulse sequence considerably [16]. However, in the one-dimensional 
form, integrating over the echo signal has the effect of removing all orientation 
information [17]. Doll and Jeschke reported a frequency-correlated 2D-SIFTER 
recorded at Q-band frequencies (35 GHz) using broadband chirp pulses [18].

In this manuscript, we present two-dimensional frequency correlated 
2D-SIFTER performed at X-band frequencies, where the spectrum asymmetry is 
governed by the hyperfine anisotropy. At this frequency band, orientation selec-
tion is more easily probed compared to Q-band frequencies, where the g-tensor 
and nitrogen hyperfine asymmetries have similar size. Additionally, it is often 
not possible to achieve sufficiently large frequency offsets to adequately sam-
ple all orientation selective data at Q-band frequencies without a special wide 
bandwidth resonator. We compare the 2D-SIFTER experiments with PELDOR 
experiments performed with several probe frequencies for a bis-nitroxide chemi-
cal compound and a double stranded DNA molecule with two rigid Ç spin-labels 
[19–22]. The optimization of the broadband SIFTER pulse sequence for orienta-
tion selective 2D experiments is described, and to validate the methodology, we 
show comparison of the frequency correlated 2D-SIFTER data recorded to the 
current gold standard of orientation selective PELDOR and explain the differ-
ences in the forms of the data. Finally, we show that it is possible to quantitatively 
simulate the spectrally resolved time traces using an analytical methodology [11] 
and compare the data with simulations based on geometrical models [21, 23] or 
MD simulations [24, 25].
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2 � Experimental Methods

2.1 � Instrumentation and Experimental Conditions

Experiments were performed at X band (9.5 GHz) on a commercially available 
Bruker Elexsys E580 spectrometer. For experiments using broadband pulses this 
was modified with an ITS 8200 (innovative technical systems) arbitrary wave-
form generator (AWG) positioned before the 1 kW travelling wave tube (TWT) 
amplifier as described in [16]. An Oxford Instruments CF935 cryostat was used 
to cool the sample and resonator, a Bruker MS3 3  mm loop gap resonator. All 
experiments were performed at 50  K using a continuous flow of liquid helium 
and the temperature maintained using an Oxford Instruments ITC 503 tempera-
ture control unit.

Pulsed electron double resonance experiments used the four pulse DEER 
sequence [3, 4], with detection pulse lengths of 32  ns and pump pulse lengths 
of 16 ns. In all cases, the pump pulse frequency was set to be resonant with the 
maximum of the nitroxide spectrum and the detection pulses were offset from 
this frequency by 30 MHz or 40 MHz to 80 MHz or 90 MHz in 10 MHz incre-
ments. The bandwidth of the 16  ns pump pulse is sufficient to excite the com-
plete central Az hyperfine transition (Az, mI = 0) of the nitroxide spectrum, and as 
a result excites all of the orientations of the nitroxide centre with respect to the 
magnetic field in this transition while exciting minimal amounts of the other Az 
transitions. This results in a pump pulse that yields very little orientation selec-
tion. The frequency offsets of 30–90 MHz for the detection frequency was used 
as this allowed detection on the more intense Az, mI = + 1 feature, a similar set of 
traces could be measured on the Az, mI = − 1 feature with negative frequency off-
set between the pump and detection frequencies, however, this would yield traces 
of lower signal to noise. The lower limit of 30 MHz corresponds to the frequency 
at which overlap of the pump and detection pulses becomes significant and the 
upper limit of 80–90 MHz to the edge of the nitroxide spectrum.

To reduce the presence of nuclear modulations in the time traces a tau-averag-
ing procedure of 8 steps with an increment of 56 ns (for deuterated solvent sam-
ples) were utilized. For the chemical model system in total 540 time steps with 
640 averages per data point have been recorded, resulting in a total acquisition 
time of about 45 min per offset. The echo signal is integrated over a 32 ns time 
window. In the DNA system, the concentration of the sample was lower. There-
fore, to detect a reasonable signal to noise ratio (SNR), the number of averages 
was varied for different pump pulse offsets.

The set of PELDOR experiments recorded on the DNA system were recorded 
keeping the pump pulse frequency constant at the centre of the resonator and 
the detection pulses were retuned at a different frequency offset for each subse-
quent experiment. This makes recording the data labour-intensive as retuning 
is required between each experiment. For the bis-nitroxide model compound an 
alternative approach was used, whereby the detection frequency was kept con-
stant and the pump frequency and attenuation changed between each experiment. 
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Pulse length and field strength of the pump pulse were calibrated for each offset 
frequency of the overcoupled MS3 resonator to achieve same excitation efficiency 
for all PELDOR traces. This has been reliably achieved, as observed in the data 
in Figs. 2 and 3 where the modulation depths were in good agreement with the 
simulations using experimental methods.

For SIFTER we used broadband sech(x)/tanh(x) pulses [26] combined with a 
WURST, (wideband, uniform rate, smooth truncation) amplitude function [27], as 
previously employed [16]. Two forms of the experimental sequence using broadband 
pulses were trialled; one where all pulses had equal length (200 ns) and chirp rate, 
resulting in the relative amplitude of the pulses being ca. 0.4:1 for the π/2 (200 ns):π 
(200 ns) pulses; and another where the pulse length of the final π pulse used was 
100 ns. The second sequence has the effect of refocusing the phase of all components 
of the echo at a fixed time [16], leading to the largest solid echo signal. However, it 
was found that using pulses of equal lengths (200 ns) yielded a better modulation 
depth, as the longer pulses possessed better excitation efficiency. All of the pulses 
were calibrated to have bandwidths of ca. 200 MHz, (sufficient to excite the com-
plete nitroxide spectrum). In this optimised sequence the 200 ns π pulses used in the 
experiment had β = 9.3 MHz, bandwidth parameter = 0.017 × 2π, ω1,max = 25 MHz, 
φ = 0, βWURST = 16 MHz, n = 16. The 200 ns π/2 pulses used had β = 9.3 MHz, band-
width parameter = 0.017 × 2π, ω1,max = 10 MHz, φ = 0, βWURST = 16 MHz, n = 16. For 
optimum performance, the bandwidth of the broadband pulses was set symmetri-
cally to the edges of the nitroxide EPR spectrum, and thus the carrier frequency 
was offset from the maximum of the nitroxide spectrum. For our data analysis, a 
frequency dependent phasing of each time trace after Fourier transform of the echo 
was used to minimise the contributions in the imaginary channel.

SIFTER was recorded both as a one-dimensional experiment, which allows 
determination of the distance R by Tikhonov regularization, and as a two-dimen-
sional one to enable orientation dependent analysis. As with the PELDOR sequence 
described above tau-averaging was incorporated in all of the SIFTER experiments 
by increasing each tau period by 56 ns over 8 steps to average over the deuterium 
nuclear oscillations form the deuterated solvents used.

2.2 � Processing of Experimental Data

For PELDOR time traces an exponential background correction was performed 
using Deer Analysis to remove the background due to intermolecular dipolar inter-
actions [10]. SIFTER backgrounds are known to contain components due to both 
inter molecular dipolar interactions and relaxation [29]. It is possible to remove the 
part due to relaxation by recording an additional experimental SIFTER traces under 
the same conditions with the second π/2 pulse removed [29]. The two systems pre-
sented here were optimised to maximise modulation depth and contributions from 
relaxation were minimized using deuterated solvents. This means that the data did 
not require any background correction.

In frequency correlated 2D-SIFTER the raw echo transients stored from the 
two dimensional experiments were apodized by a Gaussian function centred at 
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the centre of the echo in the direct time domain to supress the noise at the edge 
of the echo transient. These data were then Fourier transformed in the direct time 
domain. After that the time traces for each offset frequency were phased individu-
ally using a 0th order correction to achieve a maximum signal in the real part at 
the time point τ1 − τ2 = 0.

2.3 � Samples

Data were recorded on two samples: a bis-nitroxide model-compound [16] pre-
pared at a concentration of 150 µM in deuterated toluene and a double stranded 
DNA molecule with two rigid spin-labels Ç at position 3 and 15 prepared in a 
deuterated solvent [21] (Fig. 1).

Fig. 1   a Broadband SIFTER pulse sequence with all pulses of equal length here. b Bis-nitroxide model 
compound used in this study. c Sequence of the dsDNA molecule used in this study. d Chemical struc-
ture of the cytidine analogue spin-label Ç incorporated into the dsDNA molecule
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2.4 � Simulation Methods

The simulation procedure of orientation dependent PELDOR time traces, based on 
the secular approximation of the dipolar interaction (Eq. 1), is described in detail in 
[11, 22]. This assumes that the dipolar coupling strength is smaller than the offset of 
pump and probe frequency in the PELDOR experiments. This approximation is not 
fulfilled for all possible spin-pairs in single-frequency dipolar experiments, such as 
DQC or SIFTER [8, 28], especially for very short distances (< 1.5 nm). The inter-
spin distances in the two molecules used here are longer than 2 nm and the excellent 
agreement of the experimental SIFTER data with the simulations and PELDOR data 
show that the approximation is still sufficient here.

For the analytical simulations of the PELDOR and SIFTER dipolar time traces 
of the bis-nitroxide compound, the relative positions of the nitroxide N–O moieties 
and their conformational distribution is required. A geometric model was used, as 
described in [21] to provide this data. For the ds-DNA molecule, the MD simula-
tion, detailed in [25], was directly used to determine the distances and relative ori-
entations between the two Ç spin-labels for the quantitative simulation of the PEL-
DOR and SIFTER time traces [23].

3 � Experimental Results

3.1 � Optimization of Pulse Settings for 2D‑SIFTER

PDS experiments with rigid spin-labels can encode up to six parameters: the dis-
tance R, the three Euler angles describing the mutual orientation between both 
nitroxide spin-labels and the two polar angles describing the orientation of the R 
vector with respect to one of the nitroxides. However, when the pump is orientation 
unselective, as is the case for PELDOR at X-band with a pump pulse that excited 
the complete central transition and frequency correlated SIFTER, only the distance 
and polar angles of each of the centres can be resolved, and in the case that the spin-
centres are chemically identical the number of angles that can be resolved is further 
reduced. To unravel the unknown distance and orientation parameters quantitatively 
an X-band PELDOR data set, the pump pulse positioned at the nitroxide maximum 
and with detection-pump frequency offsets ranging from 30–40 up to 80–90 MHz 
with 10 MHz steps, can be used [22]. In a 2D frequency correlated technique, these 
frequencies are captured within a single experiment. The signal intensity of each 
dipolar trace will depend on the spectral intensity at each frequency, which is a fea-
ture of the radical species being studied, and on the degree of excitation at each 
frequency. The broadband pulses used in our experiments were designed to have 
a rectangular frequency profile across the whole EPR spectrum of the nitroxide. 
Therefore, the Fourier transform of the echo for zero dipolar evolution time should 
reproduce the EPR spectrum. Experimentally it was found that the measured profile 
did not always agree with expected nitroxide profile measured via an echo detected 
field sweep. There are several reasons for this: First, the exact shape of the Fou-
rier transform will depend on the signal processing used; if a Gaussian apodization 
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window is used this improves SNR but may cause some broadening of the resulting 
spectrum. Second, the precise shape of the echo detected field sweep depends on the 
lengths of the pulses used, the excitation bandwidths of these pulses and the inte-
gration window used in detection. The broad bandwidth of short pulses can cause 
broadening of the spectrum from its expected form when the integration window 
used is less than ca. 200 ns; in all data sets recorded using rectangular time domain 
pulses the integration window used was set to the length of the π pulse. Finally, 
although the broadband pulses were designed to have equal excitation at all frequen-
cies of the nitroxide spectrum, convolution of the pulses with the resonator band-
width and the bandwidths of other components used in generation of the pulses and 
detection may cause a distortion of the spectrum observed. Specifically the video 
amplifier in the Bruker E580 has a bandwidth of only 200 MHz. Experiments con-
ducted with the amplifier removed, while showing slight increase in the amplitudes 
of the signals at large frequency offsets from the carrier frequency did not show 
differences in the shape of the dipolar traces recorded at these offsets. While it is 
possible to compensate for the component bandwidths using compensated pulses, 
[29] as our analysis is based on the shape of the traces at different offsets, rather 
than the signal amplitude, this was not necessary for the experiments presented in 
this work and the experiments were conducted with the video amplifier in use as 
the overall signal to noise was marginally increased. Artefacts due to carrier fre-
quency leakage in the pulse up-conversion process can also occur and show up in 
the frequency domain as sharp spikes. Although all these features may distort the 
frequency spectrum at zero dipolar evolution time of the experiment, they do not 
change the observed dipolar oscillations in the indirect time domain (although they 
can degrade the signal to noise of the traces at specific frequencies).

3.2 � Comparison of Simulations with the Experimental Data

For a quantitative analytical simulation, the following spin parameters 
were used: g = (2.0088, 2.0065, 2.0027) and nitrogen hyperfine coupling of 
A[MHz] = (15, 15, 95) . Orientation-selective PELDOR data were simulated using 
the experimental pulse lengths, field strengths and offset frequencies. The conforma-
tional model for the DNA system is based on a molecular dynamics simulation [25], 
and the conformers for the bis-nitroxide model compound were derived from a coni-
cal model simulating the allowed rotation of the nitroxide moieties and the bending 
of the linker unit as described before [11, 20, 23]. We achieved very good agreement 
between simulated and experimentally recorded PELDOR data sets for both mol-
ecules as demonstrated in Figs. 2, 3; bottom left plots. 

Comparison of the orientation selective PELDOR data recorded with the pump 
pulse at the central maximum and the detection pulse offset by 30–80  MHz with 
individual traces from the 2D SIFTER data sets that were recorded at equivalent 
offsets from the nitroxide maximum as the detection frequency in the comparative 
PELDOR experiment showed small but reproducible differences in the shape of the 
time traces (Fig. 4). These differences can be assigned to the differences in the exci-
tation profiles of the pulses used in the two different experiments. As previously 
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mentioned the experimental setup used for the PELDOR experiments results in a 
pump pulse that provides little orientation selection and, therefore, the orientation 
selection is provided mainly by the detection pulses. Likewise in SIFTER the ori-
entation selection is provided only by the detection, thus a comparison of the traces 
provides an insight into the degree of selectivity of the detection mechanism and 
how sensitive the orientation of the labels are to this. As the shape of the traces is 
sensitive to the orientation of the two labels the degree of difference in the SIFTER 
and PELDOR traces detected at the same frequency offset from the nitroxide 
maximum.

In the remainder of the paper offset frequency is defined for PELDOR as the off-
set of the detection frequency from the nitroxide central maximum, where the pump 

Fig. 2   Results for bis-nitroxide model system: a Spin-label orientations calculated using a cone model. 
b Normalised frequency correlated SIFTER dataset measured with all pulses 200 ns long presented in 
the time domain of the dipolar dimension; time is τ1 − τ2. c Echo detected field sweep of the system pre-
sented in the frequency domain relative to the spectral maxima with coloured lines showing the detection 
positions offsets for the PELDOR data presented in d and the frequency slice of the frequency correlated 
SIFTER data presented in e. d PELDOR time traces, experimental data (black lines) with corresponding 
simulations (coloured lines). e Slices from the frequency correlated 2D-SIFTER experiment (black lines) 
presented in b with corresponding simulations (coloured lines). Molecular graphics and analyses were 
performed with the UCSF Chimera package (colour figure online)
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Fig. 3   Results for the ds-DNA molecule: a spin-label orientations from molecular dynamic (MD) simu-
lations of DNA(1, 13), Ç structure from final frame from the MD trajectories shown as a stick represen-
tation relative to a ribbon representation of the DNA backbone. The positions of nitroxide spins over 
the course of a 200 ns MD trajectory are visualized as yellow spheres, showing 1000 spin positions per 
label, a subset of the 2000 orientations used in the simulation of the PDS traces. The distribution of the 
nitroxide spins results from the flexibility of the DNA backbone as shown with superimposed frames 
from the MD simulations in b. c Normalised frequency correlated SIFTER dataset presented in the time 
domain of the dipolar dimension; time is τ1 − τ2. d Echo detected field sweep of the system presented in 
the frequency domain relative to the spectral maxima with coloured lines showing the detection positions 
offsets for the PELDOR data presented in e and the frequency slice of the frequency correlated SIFTER 
data presented in f. e PELDOR time traces, experimental data (black lines) with corresponding simula-
tions (coloured lines). f Slices from the frequency correlated SIFTER experiment (black lines) presented 
in c with corresponding simulations (coloured lines) (colour figure online)
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pulse is applied and in SIFTER experiments traces corresponding to the same off-
set frequency are classified as the frequency slice that has the same offset from the 
nitroxide maximum.

In the broadband SIFTER experiment at X-band, all pulses are designed to excite 
the whole nitroxide EPR spectrum, as visible by the large experimental modulation 
depth. This can be analytically simulated by a pump pulse efficiency of 100%. The 
‘detection pulse’ bandwidth for the simulation of the 2D-SIFTER data was cho-
sen as a Gaussian function to best fit the experimental frequency selective dipolar 
time traces obtained by Fourier transform of the SIFTER data set. The linewidth 
of 20 MHz obtained from this fitting procedure is about a factor of 2 smaller than 
the excitation bandwidth of the 32 ns detection pulse sequence used for the PEL-
DOR data set. It is limited by the inhomogeneous linewidth broadening from unre-
solved hyperfine couplings, which has to be used to simulate the nitroxide EPR 
spectral shape. Additionally, the Gaussian window function used for filtering of 
the echo transient before Fourier transformation will add further broadening. Cor-
respondingly, the orientation selection achieved with the 2D SIFTER experiment is 
higher compared to that observed in the PELDOR experiment, leading to more pro-
nounced oscillations in some traces specifically for the bis-nitroxide model system 
at 50–30 MHz frequency offset. Taking the differences in excitation and detection 
bandwidth between both methods into account, it was possible to simulate the 2D 
SIFTER data quantitatively, as presented in Figs. 2 and 3 (right side).

It should be noted that to record data of comparable SNR significantly fewer aver-
ages (about a factor of 6) were needed for 1D SIFTER compared to PELDOR; this 
is a result of the fact that SIFTER allows both pumping and detection of the whole 
nitroxide spectrum. Although fewer averages are needed for 1D SIFTER the average 
time to acquire one average of a data point can be longer partly, partly because of 
the external triggering of sequence with the AWG pulses. Although the sequences 
for the 1D- and 2D SIFTER experiments are identical, the detection procedures 

Fig. 4   Comparison of PELDOR (violet) and SIFTER (green) time traces for the bis-nitroxide model 
system (on the left) and for the DNA (on the right). For the bis-nitroxide molecule the PELDOR time 
traces have offsets between pump and detection pulse frequency varying from 80 MHz (lowest trace) to 
30 MHz (uppermost trace) in 10 MHz steps. For the dsDNA molecule the PELDOR time traces have off-
sets between pump and detection pulse frequency varying from 80 MHz (lower) to 40 MHz (uppermost 
time trace) in 10 MHz steps. In both cases, the slices for the SIFTER time traces are taken at the same 
frequency offsets from the signal maximum as for the corresponding PELDOR time traces (colour figure 
online)
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are not. In the 1D SIFTER experiment the solid echo is integrated over the central 
50 ns time region whereas in 2D SIFTER a time trace with the full echo signal was 
recorded with a 1 ns time resolution and 512 points in the echo dimension. Within 
the Bruker hard- and software, recording the complete echo transient takes longer 
than integrating over the echo and, therefore, the time to acquire one average of a 
data point is increased. Comparing the SNR of the PELDOR data recorded to that 
of the 2D SIFTER it was found that approximately 4 times the number of averages 
were required for the 2D SIFTER compared to a single PELDOR experiment to 
yield time traces of comparable SNR. However, the 2D SIFTER experiment pro-
duces directly 100 individual time traces with a frequency spacing of approximately 
2 MHz distributed over the whole EPR spectrum. Our analysis additionally showed 
that the bandwidth of contributing frequencies to each time trace of the 2D SIFTER 
data set is significantly narrower compared to the PELDOR time traces, where the 
bandwidth is determined by the strength of the detection pulses. Therefore, signif-
icantly higher SNR can be achieved with the 2D SIFTER method with the same 
number of acquisitions. While hard- and software limitations might reduce this 
gain if the overall measurement time is considered, it may be possible to overcome 
some of these limitations on homebuilt spectrometers built to a different design and 
specification.

4 � Conclusions and Outlook

In this work, we have shown that it is possible to record a 2D frequency correlated 
SIFTER spectrum with broadband pulses at X-band frequencies on a bis-nitroxide 
model compound and a ds-DNA molecule containing two rigid Ç spin-labels. This 
could be achieved using broadband excitation pulses created by an AWG and imple-
mented into a commercial spectrometer and resonator. For rigid spin-labels, this 
technique allows orientation selective datasets to be acquired reliably from a single 
2D experiment in a reasonable amount of time.

As the information provided by both orientation dependent PELDOR traces and 
2D SIFTER is comparable, the question arises as to which is the better method 
to use. We have shown that the spectral resolution of such frequency correlated 
2D-SIFTER time traces is superior to datasets achieved by the PELDOR method 
with several probe frequencies under typical conditions. For this reason when the 
sample being studied has some flexibility, fitting to the complete 2D SIFTER dataset 
may be preferable to a collection of frequency offset dependent PELDOR traces as 
the 2D SIFTER provides a more complete and finer grain description of the dipolar 
orientation dependence. However, the offset dependent modulation depth of the 2D 
PELDOR data set, which also contains information on the geometry between both 
spin-labels, is lost in the 1D SIFTER experiment.

Based on our datasets it appears that approximately the same SNR is reached 
for a single time trace of the 2D SIFTER experiment compared to a PELDOR time 
trace with the same offset frequency (for the same number of averages per time 
step). However, the 2D SIFTER experiment can access all offsets over the full spec-
tral range simultaneously with much higher spectral resolution compared to the 
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PELDOR experiment. Integration of the time traces over all offsets (as achieved also 
with the 1D SIFTER experiment) allows also a simple determination of the distance 
R and the distance distribution function P(R) for samples with orientation selection 
[14].

We have also shown that the 2D-SIFTER data can be quantitatively simulated 
by the same analytical procedure used for the simulation of the orientation selec-
tive PELDOR time traces, taking the different excitation and detection bandwidth of 
both experiments into account. This is demonstrated here for a bis-nitroxide model 
compound, where the conformational ensemble of the spin system is obtained from 
a geometrical model, and for a double spin-labelled DNA molecule, where the con-
formational ensemble is derived from MD simulations. Of course it is well known 
that X-band data alone are not sufficient for an ab initio determination of all of the 
parameters describing the geometry between both spin-labels [11, 22]. This is espe-
cially true if a broad distribution of conformers exist. Therefore, taking additional 
data at high magnetic field strengths is important, as well as the incorporation of 
data from other spectroscopic, computational or structural methods. We believe 
that the frequency correlated 2D-SIFTER method with shaped broadband pulses 
at X-band frequencies is a very promising new technique and tool for the determi-
nation of structure and conformational flexibilities of macromolecules with rigid 
spin-labels.
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Abstract: The investigation of the structure and conforma-
tional dynamics of biomolecules under physiological condi-
tions is challenging for structural biology. Although pulsed
electron paramagnetic resonance (like PELDOR) techniques
provide long-range distance and orientation information with
high accuracy, such studies are usually performed at cryogenic
temperatures. At room temperature (RT) PELDOR studies are
seemingly impossible due to short electronic relaxation times
and loss of dipolar interactions through rotational averaging.
We incorporated the rigid nitroxide spin label Ç into a DNA
duplex and immobilized the sample on a solid support to
overcome this limitation. This enabled orientation-selective
PELDOR measurements at RT. A comparison with data
recorded at 50 K revealed averaging of internal dynamics,
which occur on the ns time range at RT. Thus, our approach
adds a new method to study structural and dynamical processes
at physiological temperature in the < 10 ms time range with
atomistic resolution.

Pulsed electron paramagnetic resonance (EPR) spectrosco-
py is established as a valued method for investigations of
biomolecular structures and conformational flexibility, next
to nuclear magnetic resonance (NMR) spectroscopy, X-ray
crystallography, and optical or infrared spectroscopy. Most
common are pulsed electron–electron double resonance
(PELDOR, also called double electron–electron resonance/
DEER)[1, 2] or double quantum coherence (DQC)[3] experi-
ments. These techniques rely on the detection of the magnetic
dipolar interaction between unpaired electrons. For this
purpose, two spin labels are covalently attached to specific
sides of the system by side-directed spin labeling (SDSL).[4]

Such labeling can be performed either during the synthesis of
a biopolymer or post-synthetically.[5, 6] PELDOR spectrosco-

py in combination with SDSL is not limited by the size of the
molecules under investigation and can determine distances in
the 1.5–10 nm range for nucleic acids, proteins, and their
complexes.[7–9]

Due to the intrinsically fast echo dephasing time of
nitroxide spin labels at higher temperatures, PELDOR
experiments are usually carried out in frozen solutions at
& 50 K.[10] Thus, such experiments report on a static frozen
conformational ensemble, providing the full conformational
accessible space of flexible biomolecules at the freezing
temperature.[11] However, freezing may trap biomolecules in
specific conformations. Furthermore, cryo-protectants, neces-
sary additives to form a good glass upon freezing, can also
affect natural equilibria.[12] Additionally, kinetics for dynamic
processes are not accessible in frozen solution.

A longstanding goal is to relate PELDOR data acquired
at low temperatures to physiological conditions. In order to
perform PELDOR measurements at room temperature (RT),
one needs to overcome two fundamental limitations which
are not present in frozen solutions. First, the rotational
motion of the molecules has to be inhibited to avoid averaging
out the dipolar interaction. This can be achieved by, for
example, immobilization on a solid support. Second, the
transverse relaxation time T2 of the spin label has to be long
enough to obtain an appropriate time window for the
evolution of the dipolar coupling.

A proof of concept for RT DQC experiments has been
demonstrated using triarylmethyl (TAM, trityl) labels at-
tached to a biotin-immobilized protein[13] and on double-
stranded DNA.[14,15] As the echo-dephasing mechanism in the
liquid phase is strongly driven by the anisotropy of the
hyperfine- and g-tensor, the carbon-based trityl radicals with
isotropic hyperfine couplings and very small g-tensor aniso-
tropy are good candidates for RT experiments. However,
incorporation of the bulky and hydrophobic trityl label into
biomolecules is limited, for example, to end groups or loops
and requires an adequate linker to overcome steric hin-
drance.[16–19] Spirocyclohexyl-derived nitroxides have also
been utilized as spin labels on DNAs[15] and proteins[21] to
obtain distance information by PELDOR at RT. Here the
absence of the rotating methyl groups on the carbon atoms
adjacent to the nitroxide functional groups leads to longer
relaxation times. Nevertheless, for both trityls and spirocy-
clohexyl nitroxides there are indications that the linkers and
the attachment strategy still limit the transverse relaxation
time T2.

[16] In the case of nitroxides, the molecules had to be
immobilized in solid matrices to prevent the tumbling motion
of the biomolecule and the nitroxide spin label. Polysugars,
like trehalose and sucrose, exhibit great immobilization and
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cryo-protection properties. However, the degree of dehydra-
tion affects the biomolecular structure[19] and full immobili-
zation requires very high sugar concentrations.[22] Thus, the
structure and especially the conformational flexibility of the
biomolecules under investigation might be affected by this
immobilization procedure.

Here we report the use of rigid spin labels for RT
PELDOR. The rigid spin label Ç (“C-spin”)[23] is a cytidine
analogue where the nitroxide is fused to the base such that
Watson–Crick base pairing to guanine is maintained
(Figure 1). The spin label does not perturb the helical

structure of dsDNA, as demonstrated by X-ray crystallog-
raphy,[24] and has been shown to be an excellent tool for
PELDOR measurements of DNA[25–27] as well as its ribo
derivative Çm for RNA.[28, 29] Moreover, the rigidity of Ç
yields information on the mutual orientation between both
spin labels, in addition to the distance. Due to this and its rigid
attachment to the biomolecule, the conformational dynamics
of nucleic acids can be observed with unprecedented preci-
sion.

We synthesized a duplex oligonucleotide containing two Ç
spin labels with a distance of 2.65 nm for proof-of-principle
experiments. This dsDNA had previously been characterized
by PELDOR measurements at cryogenic temperature, which
revealed the conformational flexibility of the DNA.[23, 26,27]

The measurements reported on the ensemble of all possible
conformations, yet this is fundamentally a static view. At RT,
in contrast, the dynamics of the molecule will modulate the
Larmor frequency of the spins within their evolution time and
therefore affect the observed PELDOR time trace. Aniso-
tropic couplings modulated by the dynamics that are much
faster than their coupling strength will be averaged out.

Synthesis of the spin-labeled dsDNA was performed by
phosphoramidite chemistry on controlled pore glass (CPG) as
previously published.[30] Subsequently, the spin-labeled
dsDNA was adsorbed to functionalized silica surface beads
(Nucleosil) through electrostatic interactions (Figure 1). Con-
tinuous wave (CW) EPR data proved that the dsDNA was
immobilized upon binding to the Nucleosil (Figure S1). At
50 K, the transverse relaxation time T2 of the DNA sample
was found to be 3 ms in protonated solvent and around 8 ms in
deuterated solvent (Figure S3). The relaxation time in

buffered solution at RT was too short to be measured. After
immobilization on the Nucleosil surface T2 was found to be
around 550 ns. This time is similar to those obtained with
nitroxides immobilized in glassy trehalose.[16] As T2 depends
on the spectral position, the rates are measured on the
maximum of the spectrum, represented in Figure S2. The
Boltzmann population difference between the two-electron
spin states decreases with increasing temperature, reducing
the signal-to-noise ratio of the PELDOR experiment. For-
tunately, the longitudinal relaxation rate T1 also decreases,
thus allowing faster signal averaging because of much shorter
shot repetition times (SRT).

X-band PELDOR measurements of the spin-labeled
dsDNA were performed at 50 K with and without binding
to Nucleosil. The two time traces obtained with 45 MHz and
85 MHz offset between pump and probe pulses showed
orientation selection[27] but also revealed some differences
(Figure 2). Attaching the dsDNA to the surface increases the

dampening of the time traces (Figure 2 red line, Figure S4).
This is presumably a consequence of the electrostatic
interaction between the positively charged Nucleosil surface
and the negatively charged backbone (Figure 1), leading to
a somewhat larger conformational distribution of the dsDNA.

When the temperature is increased to 295 K, orientation
selection remains visible in the PELDOR time traces at both
offset frequencies (Figure 3 A, Figure S5). Additionally, the
RT traces of Nucleosil-immobilized dsDNA samples show
a reduced dampening of the dipolar oscillations compared to
the 50 K measurements. This goes in line with the assumed
averaging of fast conformational dynamics at RT. MD
simulations[31] (at RT) of this specific dsDNA revealed bend
and twist-stretch dynamics which reflect the conformational
ensemble probed by PELDOR at cryogenic temperatures
very well. This conformational flexibility is responsible for the
dampening of the PELDOR oscillations at low temperature.
As these dynamics have a correlation time shorter than 0.5 ns

Figure 1. Sequence of the double-stranded 20mer DNA sample. Left:
The rigid nitroxide spin label Ç base-paired with guanine (G). Right:
Molecular model of the dsDNA molecule with nitroxide spin labels
(blue) and electrostatic interaction to the silica beads (Nucleosil
surface).

Figure 2. PELDOR time traces at 50 K of dsDNA in a 20% glycerol/
water mixture (blue) and attached on Nucleosil surface (red). Traces
were recorded with 45 MHz (lower trace) and 85 MHz (upper trace)
frequency offset between pump and probe pulses. The pump pulse
was set resonant to the maximum of the nitroxide spectrum.
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at room temperature, the modulation of the dipolar inter-
action arising from these dynamics is averaged out (Fig-
ure 3B).

For both frequency offsets, the dynamic-averaged ensem-
ble calculated from MD trajectories is in qualitative agree-
ment with the experimental observed PELDOR time traces
at RT, whereas the full ensemble of MD structures corre-
sponds well with the low-temperature PELDOR experiments,
as previously reported.[31] Slight changes of the low-temper-
ature PELDOR time traces of the dsDNA sample with
Nucleosil reveals structural modifications introduced by the
electrostatic interaction. Nevertheless, the damping of the
oscillations in the PELDOR time traces stays the same.
Therefore, we conclude that binding of the dsDNA to
Nucleosil does not inhibit its internal dynamics, leading to
the more pronounced dipolar oscillations at room temper-
ature.

In conclusion, we have demonstrated that Ç is very well
suited for PELDOR investigations on DNA molecules
performed at physiological temperatures. Since Ç is a rigid
spin label, the overall immobilization of the dsDNA is
sufficient to obtain a long enough transversal relaxation

time T2 for RT PELDOR measurements. This guarantees
minimum distortion of the structure and conformational
dynamics of the DNA molecule. The additional orientation
information obtained with this rigid spin label enables
sensitive detection of even small changes of these properties.
Our measurements showed that the attachment to the silica
beads (Nucleosil) not only prevents the overall tumbling of
the DNA molecule but also changes the conformational
distribution slightly. Furthermore, the orientation-selective
PELDOR data at RT show for the first time the effect of the
dynamic averaging of fast internal motions. The orientation-
selective PELDOR time traces are in full agreement with
predictions based on MD simulations. Such details are not
accessible with flexible spin labels. Thus, our approach offers
direct access to structural and dynamical investigations under
physiological conditions on such molecules.
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Sample preparation for EPR measurements 
 
The spin-labeled DNA sample was prepared by annealing 10 nmol of each strand in 100 μL of 10 mM 
phosphate buffer, pH 7.0, 100 mM NaCl and 0.1 mM EDTA, followed by evaporation of the water. The 
dried sample was dissolved in degassed D2O (100 µL) and 24 μL of this stock solution with additional 6 
μL of d8-Glycerol were added to prewashed Nucleosil particles (5 mg). Nucleosil© (5 μm in size, CS 
Chromatographie Service GmbH) is a silica gel, whose surface is functionalized with dimethyl amino 
(DMA) residues. As a solid phase Nucleosil is commonly used for nucleic acid separation with HPLC. 
DMA groups on the silica beads are protonated at neutral pH and were washed before usage as 
described elsewhere.1 

The sample mixture was transferred in a 1.6 mm outer diameter (OD) quartz EPR tube (Suprasil, 
Wilmad LabGlass) under argon atmosphere, followed by spinning with a hand-driven rotor. The 
supernatant was separated from the settled particles and measured individually for non-bound DNA 
left-overs. No EPR signal was detected for the supernatant, indicating full adsorbance on the Nucleosil 
surface. For pulsed X-band measurements the 1.6 mm OD quartz capillary was taken into a 2.8 mm OD 
quartz tube (Suprasil, Wilmad LabGlass). 
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Continuous wave EPR analysis of duplex DNA  
 

Continuous wave (cw) EPR measurements at RT were performed at X-band frequency (9.54 GHz) using 
a Bruker E500 spectrometer equipped with a TE102 cavity. Experimental parameters were set to 100 
kHz modulation frequency, 0.1 mT modulation amplitude, 0.2 mW microwave power, 40.96 ms time 
constant, 40.96 ms conversion time, 1024 points, 6 mT sweep width and 20-100 scans. 

The cw EPR spectra were recorded as the first derivative of the absorption spectra. For spin counting 
the baseline was corrected by a 2nd order polynomial fit to remove a zero offset of the single integrated 
spectra. Nitroxide spin concentration was determined by comparing the intensity of the double 
integrated spectra with those of  standard sample with known concentration (200 μM of 4-Hydroxy-
2,2,6,6-tetramethylpiperidinyloxyl (TEMPOL) in buffered solution). The spin concentration of the 
samples was 180 ± 20 μM. The cw-EPR data proved full immobilization upon binding to the Nucleosil 
(Fig. S1). 

 

 

Figure S1: Continuous wave EPR spectra of dsDNA free in buffered solution (blue) and bound on Nucleosil 
particle (green). The spectra were normalized to the middle peak. For calculation of spins, double integral 
intensities were determined and compared to calibrated standard.  
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Echo-detected field sweep  
 

Field-sweep experiments were performed by using the Hahn echo sequence (π/2-τ-π) with 32 ns  π/2 
and π pulses both at RT and 50 K. The time τ between the pulses was set to 400 ns at 50 K and to 200 
ns at RT. Echo integration was done in a 60 ns window  and the shot repetition time (SRT) was 300 μs 
at RT and 4000 μs at 50 K. For the RT PELDOR measurements, the probe pulse was set to the maximum 
of the nitroxide spectrum (Fig. S2). Selective orientations were pumped by inversion pulses 45 MHz 
and 85 MHz offset to the probe pulses. The distorted shape of the field sweep spectrum obtained at 
room temperature is due to the fast and anisotropic transversal relaxation time, most probably due to 
small angle motions of the nitroxide spin labels.  
Due to the strongly anisotropic phase memory time at RT PELDOR time traces at non-canonical 
orientations are very difficult to aquire. Thus the positions of pump and probe pulses have been 
interchanged here. The probe pulse was set to the center of the nitroxide spectra, where hardly any 
orientation selection occurs and the pump pulses were set to 45 or 85 MHz offset. For pump pulses 
the orientation dependent T2 relaxation time is not important, as long as the excitation width of the 
pump pulse exceeds the homogeneous linewidth.   
   
 

 
Figure S2: Echo-detected field sweep EPR data of dsDNA bound to Nucleosil at X-band frequency. Spectra are 
normalized to the same maximum intensity; RT (298 K) spectrum is shown in green, the spectrum obtained at 
50 K is shown in red. Pump and probe pulse positions for the RT PELDOR measurements are indicated by black 
arrows.  
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Hahn echo decay curve 
 

The transverse relaxation times (T2) were measured by a Hahn echo sequence as a function of the 
inter-pulse delay, starting  from a value of 200 ns and increasing in steps of 8 ns. Figure S3 shows the 
echo decay function measured at the field position corresponding to the maximum of the EPR 
spectrum. Deuterium or proton electron spin echo modulation (ESEEM) was prominent in the 50 K 
spectra, but not at RT. The relaxation curve at RT has two components. The PELDOR measurements at 
RT were measured with τ2 = 900 ns (indicated with dotted line, Fig. S3). 
 

 
Figure S3: Hahn echo decay curve of dsDNA absorbed on Nucleosil at 50 K buffered in D2O (red) and at 298 K / 
RT shown in green. Supplementary, the measurement at 50 K in H20 without Nucleosil is shown in blue.  
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PELDOR Experiments 
 

X-band frequency (9.5 GHz) experiments were performed with a BRUKER ER4118X-MS3 resonator 
equipped with a continuous-flow helium cryostat (CF935, Oxford Instruments) and a temperature 
control system (ITC 502, Oxford Instruments). For PELDOR experiments, the conventional dead-time 
free four-pulse sequence was used.2 All pulses were amplified with a 1 kW traveling wave tube 
amplifier (Applied Systems Engineering 117X) and pump pulses were generated by an arbitrary 
waveform generator (AWG, SP devices SDR14). A 4-step phase cyle (0°, 90°, 180°, 270°) was performed 
on the coherent pump pulse, in addition to the phase cycle of the PELDOR detection pulses 
(incoherent; on x, -x, y channels). Shot repetition time was set to 4000 μs at 50 K and 300 μs at 298 K. 

The 12 ns long pump pulse was applied to the maximum of the spectrum for the 50 K PELDOR time 
traces (Fig. S4). The probe pulses (π/2 and π) were set to 32 ns and applied with a frequency offset of 
~45 MHz and 85 MHz above the pump pulse frequency. For the measurements on the Nucleosil at 50 
K and at RT (Fig. S5) this setting was changed. Here the length of the pump pulse was set to 32 ns 
applying at the left shoulder with 45 MHz and 85 MHz off. While setting the probe pulses with 12 ns 
at the maximum this leads to a switch of the pump and probe positions (see depicted in Fig. S2). This 
setting is different from typical experiments at 50 K. It optimizes the detection time window and signal-
to-noise ratio of the signal at room temperature, at the expense of the modulation depth of the 
PELDOR time trace.  

The delay time between the first two pulses of the primary echo sequence was varied between  
100 ns and 164 ns in 8 ns steps in order to reduce the 1H nuclear modulation contributions to the 
PELDOR signal. The length of the PELDOR time trace evolution is limited by the transversal relaxation 
time T2. At RT, the maximum length of the time trace that could be measured with a good signal-to-
noise ratio was around 900 ns. Primary experimental data were background-corrected by fitting an 
exponential decay function to the time trace and dividing the experimental time trace by this 
background function to remove the intermolecular contribution. The measurement time for RT 
experiments was around 12 hours. 
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PELDOR data without background correction (at 50K) 

 
A) With Nucleosil                                B) Without Nucleosil 

 

C) Fourier transform of both traces 

 
Figure S4: PELDOR time traces of dsDNA at 50K with designated pump-probe frequency offsets and with (A) or 
without Nucleosil (B). The pump pulse was set to the maximum of the nitroxide spectrum. C) Fourier transform 
of both traces. The small peaks observed at about 14 MHz arise from proton hyperfine couplings. 

 
 

 

45 MHz 

85 MHz 

85 MHz 
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PELDOR data without background correction on Nucleosil 

 
A) At 50 K       B) At 298 K 

 

C) Fourier transform of both traces 

 
Figure S5: PELDOR time traces of dsDNA on Nucleosil at designated pump-probe frequency offsets at 50 K (A) 
and 298 K (B).The probe pulse was set to the maximum of the nitroxide spectrum to achieve higher signal-to–
noise ratio. Modulation depth is thereby smaller comparing to traces in Fig. S4. C) Fourier transform of both 
traces. . The small peaks observed at about 14 MHz arise from proton hyperfine couplings. 
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Direct comparison of room temperature PELDOR time traces of dsDNA with 
Nucleosil with low temperature measurements in frozen solution of dsDNA 
without Nucleosil 
 

The room temperature PELDOR time traces of dsDNA adsorpt on silica beads show more pronounced 
modulation (Figure S6), consistent with our hypothesis that the electrostatic interaction with the 
Nucleosil particles inhibit the rotational motion of the dsDNA molecule but do not suppress their 
internal dynamics.  
 

 

 

Figure S6: PELDOR time traces of dsDNA at RT on Nucleosil (green) compared to dsDNA buffered in solution at 
50 K (blue). The time traces are rescaled in modulation depth for better comparison.   
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Simulation of time dependence of the dsDNA dynamics 
 

An MD simulation with the state-of-the-art parambsc1 force field3 was used to generate an ensemble 
of conformers which were used to calculate the PELDOR time traces. The sum of the PELDOR time 
traces calculated from the ensemble of conformers represents the experimental situation at cryogenic 
temperature (Fig. 3B). A 200 ns long MD simulation with 0.1 ns steps was used to generate such an 
ensemble, resulting in 2000 structures. The atomistic MD simulation in explicit water was run without 
explicitly representing the spin label and the Nucleosil. However, for the rigid spin label Ç the position 
of each of the two spin labels can be extrapolated from the planar cytosine ring, as discussed in detail 

in Ref 4. The mutual spin-label orientations and spinʷspin distances were determined analytically 
from the coordinates and used to simulate the PELDOR time traces. Details regarding the MD and 
PELDOR simulation procedure are described elsewhere.4,5 In this static ensemble, the resulting PELDOR 
time traces are an average over all structures present in the MD simulation. 
 
At room temperature the Larmor frequency of the observer spin as well as the dipolar coupling 
frequency between both spins will fluctuate due to the conformational dynamics of the dsDNA 
molecule. For a 3-pulse PELDOR sequence this leads to a phase fluctuation given by:  
 

૎(૛ૌ) = න ૑(ܜ)ܚ ± ૑ܜ܌(ܜ) ܌܌ + න ૑(ܜ)ܚ ∓ ૑ܜ܌(ܜ)܌܌ − න ૑(ܜ)ܚ ∓ ૑ܜ܌(ܜ)܌܌

૛ૌ

ૌ

ૌ

܂

܂

૙

 

 
with the resonance frequency ߱௥ describing the electron Zeeman interaction and the hyperfine 
interaction of the observed spin, the time T were the pump pulse is applied  and ߱ௗௗ the dipolar 
coupling between both spins. The dipolar coupling frequency is usual given by  

(࢚)ࢊࢊ࣓ =
ࡰ

࢘(࢚)૜ (૚ − ૜࢙࢕ࢉ૛(ࣂ(࢚))) 

with r(t) the distance between both spin-labels and θ(t) the angle between the distance vector and the 
external magnetic field. The dipolar coupling constant is D = 2π*54.07 MHz*nm3. 

The only part which is dependent on the time T of the inversion pulse is given by:  

૎(܂) = න ૑ܜ܌(ܜ)܌܌ 

܂

૙

 

For frozen solutions dd is not a function of t, resulting in the usual formula for the PELDOR signal: 
 

(ࢀ)ࡿ =  ࡺ〈ࣂ〈(ࢀ ࢊࢊ࣓) ܛܗ܋〉〉

with a sum over all the conformers N in the sample and all possible orientation of the magnetic field 
with respect to the dipolar axis. At room temperature the dipolar coupling is modulated by the internal 
dynamics of the dsDNA, therefore the PELDOR time trace is given by: 

(ࢀ)ࡿ = න) ܛܗ܋〉〉 (࢚ࢊ (࢚)ࢊࢊ࣓

 ࢀ

૙

 ࡺ〈ࣂ〈
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For the dsDNA system investigated here, we used the dipolar coupling strength dd(t) obtained from 
the MD simulation.5 Trajectory segments were used to calculate a conformational ensemble, where 
the windows moved by 2 ns further for each segment. The ensemble is then represented by N=100 
trajectory segments. Since the PELDOR experiment report on the internal dynamics rather than 
diffusion of the DNA, we fitted the trajectory to a reference structure, removing the rotational diffusion 
fron the MD simulations for subsequent analysis. To calculate the orientation selection of the dsDNA, 
the pump pulse effiency, also called orientation intensity function λ(θ(T)), was calculated according to 
Ref. 5. The orientation-selective PELDOR time traces for the dsDNA at RT (Fig. 3) is calculated as 
followed: 

(ࢀ)ࡿ = 〈૚ + න ((܂)દ)ࣅ ቌܛܗ܋ ቌන (࢚ࢊ (࢚)ࢊࢊ࣓

 ࢀ

૙

ቍ − ૚ቍ

࣊

૛

૙

 ࡺ〈દࢊદ࢔࢏࢙
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“End-to-end” stacking of small dsRNA
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ABSTRACT

PELDOR (pulsed electron–electron double resonance) is an established method to study intramolecular distances and can
give evidence for conformational changes and flexibilities. However, it can also be used to study intermolecular interac-
tions as for example oligerimization. Here, we used PELDOR to study the “end-to-end” stacking of small double-stranded
(ds) RNAs. For this study, the dsRNA molecules were only singly labeled with the spin label TPA to avoid multispin effects
and to measure only the intermolecular stacking interactions. It can be shown that small dsRNAs tend to assemble to rod-
like structures due to π–π interactions between the base pairs at the end of the strands. On the one hand, these interactions
can influence or complicatemeasurements aimed at the determining of the structure and dynamics of the dsRNAmolecule
itself. On the other hand, it can be interesting to study such intermolecular stacking interactions in more detail, as for ex-
ample their dependence on ion concentration. We quantitatively determined the stacking probability as a function of the
monovalent NaCl salt and the dsRNA concentration. From these data, the dissociation constantKd was deduced and found
to depend on the ratio between the NaCl salt and dsRNA concentrations. Additionally, the distances and distance distri-
butions obtained predict a model for the stacking geometry of dsRNAs. Introducing a nucleotide overhangs at one end of
the dsRNA molecule restricts the stacking to the other end, leading only to dimer formations. Introducing such an over-
hang at both ends of the dsRNA molecule fully suppresses stacking, as we demonstrate by PELDOR experiments
quantitatively.

Keywords: EPR; PELDOR/DEER; dsRNA; stacking

INTRODUCTION

In 1958 it was recognized that the hydrogen bonds be-
tween the complementary base pairs in double-stranded
nucleic acids (dsNA) (Fonseca Guerra et al. 1999) cannot
be the only interaction stabilizing the secondary structure
of duplexes (Sturtevant et al. 1958). An additional effect
of parallel aromatic stacking by London dispersion forces
between the base pairs above and below each other was
found, also knownas π–π interaction (vandeWaal 1986;Mi-
gnon et al. 2005). This intramolecular interaction was stud-
ied intensively in the last decade using experimental and
computational methods (Hunter and Sanders 1990; Gell-
man et al. 1996; Florián et al. 1999; Brown et al. 2015;
Häse and Zacharias 2016; Kilchherr et al. 2016; Šponer
et al. 2018). However, this inter-residue interaction is not
only an intramolecular effect; it can also be observed as in-
termolecular interaction between two duplexes. In such
cases, the short dsNAs stack spontaneously into rod-like
structures, which were first observed for DNA in liquid crys-

tals (Nakata et al. 2007). The “end-to-end” stackingwas the
only possible way to explain the axial ordering in these
crystals. Previous studies had primarily focused on “side-
by-side” forces between long dsDNA (Oosawa 1968; Alla-
hyarov et al. 2004; Maffeo et al. 2010; Wong and Pollack
2010).
Rod-like stacking can play an important role in RNA–pro-

tein interactions, as shown by Ryter and Schulz (1998).
They studied the interactionbetweenadsRNA-bindingdo-
main and two ten base pair long dsRNAs. These dsRNAs
stacked with each other to form a pseudo-continuous
helix. The stacking expanded the major groove, which
seemed to create the binding site for the protein.
The Pollack group (Qiu et al. 2006; Pollack 2011) studied

“end-to-end” stacking of dsDNA with small angle X-ray
scattering (SAXS). They were able to differentiate between
repulsion and attraction of two dsNA, and they studied the
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contribution of salt concentration, of DNA concentration
and of the number of base pairs to the attraction and repul-
sion forces between short dsDNA (Qiu et al. 2007). In the
case of dsRNA, they found that the nearby divalent Mg2+

ion distribution shields the negative charge of the nucleic
acids more effectively compared to dsDNA. They also
found that for dsRNAs the π–π attraction plays an important
role even at low salt concentrations (Pabit et al. 2009).

Another method to study these interactions is electron
paramagnetic resonance spectroscopy (EPR). Pulsed elec-
tron–electron double resonance spectroscopy (PELDOR/
DEER) (Milov et al. 1984; Martin et al. 1998) is a method
for measuring distances in a range of 2–10 nm (Fig. 1).
However, paramagnetic reporter groups attached to the
biomolecule are required for such measurements. Com-
monly used modified nucleic acids are aminoxyl radicals
based spin labels, called nitroxides. The well-established
spin-label 2,2,5,5-tetramethyl-pyrrolin-1-oxyl-3-acetylene
(TPA, chemical structure depicted in Fig. 2A) is used
for dsNA (Spaltenstein et al. 1989) and produces reliable
distances (Schiemann et al. 2007). Such measurements
were performed to obtain information about structure and
about dynamic and conformational changes of different
kinds of NAs (Krstic ́ et al. 2010; Romainczyk et al. 2011).
The experimental PELDOR time trace (Fig. 1C) can be de-
scribed as a product of the specific intramolecular interac-
tion between the two spin labels on the RNA molecule
(giving rise to awell-defined oscillation) and the nonspecif-
ic intramolecular interaction between all molecules in the
sample (resulting in an exponential decaying background
function). After background division and normalization
(to the signal intensity for Δt=0) of the PELDOR time trace
(Fig. 1D), Tikhonov regularization can be used to extract
from the oscillations of the time trace the distance distribu-
tion function P(r) between both spin labels (Fig. 1E).

However, the PELDOR method is not limited to intra-
molecular interactions. Wherever specific intermolecular

distances in the 2–10 nm range appear, for example in olig-
omerization of membrane proteins (Endeward et al. 2009)
or “end-to-end” stacking of RNA, these distances can
be measured by this method. Such distances have already
been observed in previously published PELDOR mea-
surements of NAs (Piton et al. 2007; Romainczyk et al.
2011; Halbmair et al. 2016; Weinrich et al. 2017) and
were especially pronounced for RNA molecules. Whereas
only one distinct distance was expected for short dsRNAs
with two spin labels, additional distances were observed.
Comparedwith dsRNAmodels, it was clear that these addi-
tional distances could only be explained by “end-to-end”
stacking between dsRNA molecules. However, a detailed
analysis of the intramolecular distances is more difficult
in such cases, because more than two coupled spins con-
tribute to the PELDOR signal (Bode et al. 2007).

In addition to information on distances, a PELDOR time
trace also provides information about the number of spins
interacting within an ∼10 nm sphere. The modulation
depth Δ of the background corrected and normalized
PELDOR signal (Fig. 1D) reports on the number of inter-
acting spins. This was recognized by Milov et al. (1998)
and used for spin counting in multispin molecules (Bode
et al. 2007). However, this method is not only useful in
determining the number of spins per macromolecule
but also in assessing the stacking of singly spin-labeled
dsRNA molecules. In this case, a direct correlation of
the experimental easy accessible modulation depth Δ
and the dsRNA stacking probability P exists, allowing
a quantitative determination of the thermodynam-
ic equilibrium between stacked and unstacked dsRNA
molecules.

In this paper, we investigated the influence of themono-
valent NaCl salt concentration and of dsRNA concentra-
tion itself on the stacking probability p. For this specific
purpose, the dsRNAs were only mono-labeled with the
TPA spin label. Hence, only intermolecular distances aris-

ing from stacking of the dsRNAs are
visible in our PELDORmeasurements.
From the distance distribution func-
tions P(r) derived from the PELDOR
time traces the end-to-end stacking
geometry could be deduced. The
influence of dsRNA concentration
and of the salt concentration was
studied by PELDOR spectroscopy.
The stacking probability could be
quantitatively determined from the
modulation depth Δ, as a function of
NaCl salt and dsRNA concentration.
From this, the dissociation constant
Kd of the stacking could be calculat-
ed. Additionally, we could demon-
strate that stacking of short dsRNAs
can be quantitatively avoided by

A B

C D E

FIGURE 1. (A) Cartoon of possible intramolecular (red) and intermolecular (green) interactions
in doubly labeled dsRNAmolecules. (B) Four-pulse PELDOR sequence. (C ) Raw PELDOR time
trace (black) with intermolecular mono-exponential background (green). (D) Background cor-
rected PELDOR time trace with only intramolecular interaction. The modulation depth Δ is in-
dicated in the figure. (E) Distance distribution derived from a Tikhonov regularization of the
background corrected PELDOR time traces.
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introducing an overhang of one nucleotide at both ends
of the dsRNA.

RESULTS AND DISCUSSION

Our PELDOR measurements performed on singly labeled
dsRNAs (Fig. 2) confirm that additional distances observed
previously on doubly labeled dsRNAs (Piton et al. 2007;
Romainczyk et al. 2011; Halbmair et al. 2016; Weinrich
et al. 2017) are due to “end-to-end” stacking. PELDOR
measurements with single-labeled dsRNAs exclusively
show distances that result from intermolecular attraction
between nucleic acids. This means that only stacked
dsRNA molecules contribute to the modulation depth of
the PELDOR signal after background division. As the stack-
ing can occur at both ends of the strands, three different
distances can be measured, as depicted in the cartoon in
Figure 2C. Two distances can clearly be identified in the
four-pulse PELDOR time traces (Fig. 2E,F). An additional
higher distance peak (Fig. 2F, marked with a star) indicates
the possible presence of a longer distance, but it is already
beyond the distance range accessible with the maximum
achievable four-pulse sequence time window of 7 µsec.
To be able to reliably observe the expected long

distance seven-pulse-CP-PELDOR measurements were
performed. With the Carr–Purcell (CP) pulse sequence
(Fig. 2G), the length of the time traces can be significant ex-
tended tomore than 17 µsec. Therefore, distances up to 10
nm can be measured. The seven-pulse-CP-PELDOR mea-

surements confirm the shorter distances and show the ex-
pected additional distance at around 9 nm (Fig. 2H,I).
These distance distributions have been used for a simple

geometrical interpretation of the orientations between
two stacked dsRNAmolecules, with each dsRNAmolecule
represented as a rigid cylinder. Assuming a rise per base
pair of 0.28 nm, which is in full agreement with previous
PELDOR measurements on doubly labeled dsRNA mole-
cules (Halbmair et al. 2016), the mean values of all three
measured intermolecular distances fit very well with a par-
allel end-to-end alignment of the dsRNA molecules (bend
angle θ=0). To model the width of the experimental ob-
served distance peaks, we used a Gaussian distribution
of the bend angle θ:

P(u) = 1
����
2p

√
s

e−
u2

2 s2 . (1)

Comparison of the experimental distance distribution
widths for all three distance peaks resulted in a standard
deviation σ of about 40°–50° for the kink angle distribution.
To inhibit the stacking, a nucleotideoverhangwasadded

to one end of one RNA strand during the solid phase syn-
thesis. This prevents the possibility of a π–π interaction be-
tween the dsRNAs at one end; therefore, stacking can
only lead to dimers with a single distinct distance as shown
in the cartoon in Figure 3A. PELDOR measurements fully
validated our expectations as they show only the high fre-
quency oscillation corresponding to the short distance

A

B

C

D

E

G

H

F I

FIGURE 2. (A) Model of a stacked dsRNA dimer. (B) Chemical structure of TPA. (C ) Three stacking possibilities, which relate to three different
measurable distances in a singly labeled dsRNA sample. (D) Pulse sequence of the four-pulse PELDOR experiment. (E) Background corrected
four-pulse PELDOR time trace for a stacked singly labeled dsRNA. (F ) Distance distribution from the four-pulse PELDORmeasurements obtained
by Tikhonov regularization. (G) Sequence of the seven-pulse-CP-PELDOR experiment. (H) Background corrected seven-pulse-CP-PELDOR time
trace for a stacked singly labeled RNA. (I ) Distance distribution from the seven-pulse-CP-PELDOR measurements obtained by Tikhonov
regularization.
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between the spin labels (Fig. 3A). In a second step, over-
hangs were added to both ends of one RNA strand. This
led to the absence of any PELDOR oscillation, which indi-
cates that there is no distinct distance and therefore a lack
of stacking between the dsRNAs. The monotonous decay
of the PELDOR signal in this case originates solely from
the background signal arising from randomly distributed
dsRNA molecules in the frozen solution sample (Fig. 3B).

Samples with different Na+ concentrations were pre-
pared to investigate the dependency of stacking on the
concentrationofmonovalent counterions. Themonovalent
sodiumconcentrationwas varied between50 and 800mM,
while keeping the dsRNA concentration constant at 200
µM. Theoverall shapeof the PELDOR time traces remained
constant (Supplemental Fig. S3A), but the modulation
depth Δ systematically increased as a function of the salt
concentration. The modulation depth Δ depends on the
excitation efficiency λ of the nitroxide spin label by the mi-
crowave pump pulse and on the fraction of coupled spins.
The excitation efficiency is given by
the microwave field strength (given
by the pulse length) and the spectral
position (definedby themicrowave fre-
quency and magnetic field strength)
andcanbeeasily calibratedwithnitrox-
ide model compounds (Bode et al.
2007). For samples with a nucleotide
overhang on only one end (Fig. 3A)
only dimers andmonomers can occur.
In this case, the relation between the
stackingprobabilityPand themodula-
tion depth Δ is especially simple:

D = l∗P, (2)

with the stacking probabilityPdefined
as

P = 2(D)
(M)+ 2(D)

= 2(D)
(RNA)

. (3)

Thus, the stacking probability P can be
directly computed from the experi-
mentally observed modulation depth
Δ for the different salt concentrations
(blue squares in Fig. 4A). For samples
without any overhang higher oligo-
meric states can also occur. This leads
to larger modulation depths for these
samples (see Supplemental Fig. S3B).
However, these samples yield the
samestackingprobabilityP, if statistics
for the higher oligomeric states are
taken into account (green diamonds
in Fig. 4A, see Supplemental Material
for details). The straight line in the dia-
gram of Figure 4A serves only as an

empirical correlation for the experimentally accessed salt
concentration range. With Equation 3 and the thermody-
namic definition of the dissociation constant Kd, the dis-
sociation constant can be easily calculated for all salt
concentrations from the derived stacking probabilities P
and the known RNA concentration:

Kd = M2

D
= 2(RNA)

(1− P)2

P
. (4)

The dissociation constant Kd varies between 0.2 and
1.2 mM (Fig. 4B) for the experimentally accessed NaCl
salt concentration, ranging from 50 to 300 mM. It should
be mentioned that the dissociation constant itself is of
course not a function of the RNA concentration; this factor
is compensated by the intrinsic RNA concentration depen-
dence of the stacking probability P, directly derived from
the experiment (Fig. 4A).

In a second series of experiments, we measured the
modulation depth as a function of the RNA concentration

A

B

FIGURE 3. (A) dsRNA with a single nucleotide overhang at one end. (B) dsRNA with an over-
hang at both ends of the dsRNA. (Left) Schematic picture of stacking possibilities; (middle) raw
four-pulse-PELDOR data; (right) Tikhonov derived distance distribution.

A B

FIGURE 4. (A) Stacking probability of dsRNA in relation to the monovalent salt concentration
of NaCl and to the salt-to-RNA ratio, for a RNA concentration of 200 µM. In blue for samples
with one overhang and in green for samples without overhang but taking oligomers and multi-
spin effects into account. The error was estimated to be 10%. (B) Dimerization constant Kd for
the “end-to-end” stacking for different salt-to-RNA ratios. In blue for samples with one over-
hang and in green for samples without overhang but taking trimers and multispin effects
into account. The error was estimated to be 10%.
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(ranging between 50 and 300 µM). These experiments
were performed for two NaCl concentrations (200 and
500 mM). Surprisingly, no dependency of the stacking
probability P on the RNA concentration itself was found
(Fig. 5A).
Solving Equation 4 for the stacking probability P leads to

the following expression:

P = 1+ C −
�����������
C(C + 2)

√
. (5)

with

C = Kd

4(RNA)
. (6)

The second solution of the quadratic equation for P can
be ignored because it would lead to values of P>1.
The stacking probability P calculated from Equation 5
for a NaCl concentration of 200 mM is shown in Figure
5B as dotted line. As expected, this curve shows increas-
ing stacking probability for higher RNA concentrations,
but it does not fit our experimentally determined stacking
probabilities. On the other hand, our experimental find-
ings can be successfully described by Equation 5 if we
define the Kd values in Figure 4B not as a function of
the absolute NaCl salt concentration but as a function
of the ratio R between the NaCl salt and the RNA concen-
tration. Whereas the overall NaCl concentration does not
vary significantly for the experimentally accessed RNA
concentration range between 50 and 300 µM, the ratio
R does range from 4500 to 650. In this case, our experi-
mental findings that P does not vary with RNA concen-
tration can easily be rationalized by two counteracting
effects. On the one hand, P increases with the RNA con-
centration (dotted line in Fig. 5B), but on the other hand
P decreases because of the strongly reduced salt-to-RNA
ratio R. The calculated P values taking Kd (R) explicitly into
account are shown as a solid black line in Figure 5B and

fits our experimental determined values within experi-
mental error.
Our finding that the dissociation constant Kd does not

depend on the absolute NaCl concentration, but rather
on the ratio R between the absolute NaCl concentration
and the overall RNA concentration is an interesting exper-
imental observation. It is further supported by the fact that
we find the expected dependence of P as a function of the
RNA concentration with a constant Kd if we keep R cons-
tant (Supplemental Fig. S5) and vice versa that we get
only a Kd value independent of the RNA concentration
for one ratio R (Supplemental Fig. S6). Thus, all our exper-
imental results are consistently described by Equation 5
and by taking Kd as a function of R.

Conclusions

In this work, “end-to-end” stacking of small dsRNA
was studied by PELDOR spectroscopy. We synthesized
20mer dsRNAs containing one spin-label TPA per dsRNA
molecule and performed four-pulse PELDOR and seven-
pulse-CP-PELDOR measurements. The distinct dipolar
modulationsof thePELDOR time tracesarise fromthemag-
netic dipole–dipole interaction between two spin labels
belonging to two stacked dsRNAmolecules. The extracted
distances confirm that thedsRNAstack “end-to-end” via π–
π interaction of bases at the end of the strands. The kink an-
gledistributionwidthof the stackedmolecules couldbees-
timated from the widths of the observed distance peaks.
The influenceofmonovalentNaCl salt concentrationand

of the dsRNA concentration itself on the stacking probabil-
ity was investigated by the PELDOR signal modulation
depth parameter Δ. Our measurements show that the
stacking probability P and the dissociation constant Kd

depend strongly on the overall NaCl to RNA concentration
ratioR. HigherR ratios increase the stackingprobability and
decrease the dissociation constant. Varying the dsRNA

concentration in a range between 50
and 300 µM for a constant sodium
concentration therefore does not alter
the stacking probability due to the
simultaneous decrease of the salt-to-
RNA-ratio. It should be stressed that
the ratio Rdoes not reflect on the local
number of the salt ions per RNAmole-
cule and that our experimental find-
ings only have validity in NaCl and
RNA concentration ranges tested in
our experiments. An interpretation of
our macroscopic findings in terms of
the local ion atmosphere and screen-
ing around the dsRNA molecules
(see, for example, Lipfert et al. 2014)
is not part of this study. Nevertheless,
we believe that our experimental

BA

FIGURE 5. (A) Stacking probability of dsRNA in relation to the RNA concentration for 200 mM
NaCl (blue) and 500 mM NaCl (orange). The error bars are statistical σ values of five measure-
ments each. (B) Stacking probability of dsRNA in relation to the RNA concentration and the re-
spective salt-to-RNA ratio for 200 mM NaCl concentration (blue data points). The dotted line
indicates the expected behavior with a constant Kd and the black line with a Kd dependent on
the salt-to-RNA ratio R.
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results and findings will be interesting for theoretical mod-
eling of such local properties and optimization of MD sim-
ulations for these molecules. Similar experiments for
dsRNAmolecules in a cellular environment will be interest-
ing and are on our agenda.

Further, we could prove by the PELDOR method that
stacking of dsRNA molecules can be efficiently avoided
by the addition of a nucleotide overhang at both ends of
the dsRNA. For these experiments, an additional base
was added during the solid-state synthesis of the individu-
al strands at one end of the dsRNA or at both ends. While
a base at one end still leads to a dimerization of dsRNA
molecules, bases at both ends of the double strands fully
inhibit stacking. This strategy is important for future in-
vestigations of the internal dynamics of dsRNA molecules
by PELDOR spectroscopy currently in progress in our
laboratory.

MATERIALS AND METHODS

Sample preparation

Spin-label TPA (2,2,5,5-Tetramethylpyrrolin-1-yloxyl-3-acetylene,
structure depicted in Fig. 2B) was synthesized according to the lit-
erature (Schiemann et al. 2007; Azarkh et al. 2011). Oligonucleo-
tide synthesis was performed using an Expedite Nucleic Acid
Synthesis System from PerSeptive Biosystems and TBDMS-strat-
egy amidites and standard protocols. The deprotection agent
was dichloroacetic acid in dichloromethane, the coupling agent
was 0.5M ethylthiotetrazole, capping was performed using acetic
anhydride in THF and N-methylimidazole in THF/pyridine, re-
spectively. The oxidizing agent was iodine in THF/pyridine/
H2O. Since both the detritylation agent and oxidation agent are
known to partially redox deactivate the spin label, the spin label
was placed at the 5′-end of the oligonucleotide, and special
care was taken to separate redox-deviated spin-labeled oligonu-
cleotides. Oligonucleotide synthesis was stopped after the incor-
poration of the 5-iodouridine. Subsequently, TPA was coupled to
the oligonucleotide by site-specific Sonogashira coupling to the
5-iodouracil base on solid support applying reported protocols
(Schiemann et al. 2003; Grünewald et al. 2008). After the Sonoga-
shira coupling, oligonucleotide synthesis was completed. For
deprotection of phosphates and cleavage from solid support,
cpg was removed from the column, suspended in 2 mL of a 3:1
mixture of 37% aq. ammonia/ethanol and incubated at 37°C for
18 h. Afterwards the supernatant was separated, the cpg material
was washed two times with water and combined fractions were
evaporated to dryness. TBDMS deprotection was performed by
adding 300 µL of N-methylpyrrolidone/triethylamine (TEA)/
TEA∗3HF 6/3/4/v/v/v) and incubating at 65°C for 90 min. Precip-
itation with 1.2 mL butanol at −20°C and subsequent centrifuga-
tion yielded a pellet of crude oligonucleotide product.

The crude RNAwas purified by AE-HPLC (A: water, B: 1 M LiCl;
gradient: 0%–49% B for 30 min; flow 5 mL/min) on a JASCO LC-
800. Further purification as well as concurrent desalting was typ-
ically accomplished by RP-HPLC (A: 1M TEAA buffer, B: water,
C: acetonitrile; gradient: constant 10% A, 0%–45% C within

30 min; flow 4 mL/min) on a JASCO-2000 system including three
times evaporation with water to remove buffering salt using a
SpeedVac device.

Oligonucleotide concentrations were determined via UV spec-
trometry measurement on a nanodrop2000 (Thermo Scientific)
applying the Lambert–Beer law. Extinction coefficients were de-
termined by a nearest neighbor model according to the literature
(Puglisi and Tinoco 1989; Gray et al. 1995). For that purpose,
modified bases were considered correspondent to natural bases.

For all purification steps and resuspension, we used Milli-Q wa-
ter that had been treated with 0.1% DEPC overnight and had
been subsequently autoclaved.

The following oligonucleotides have been synthesized:

5′-GU XAG UCGCGCGCGCGCAUC-3′ (X = spin-labeled C)

3′-CA GUC AGC GCG CGC GCG UAG-5′ (no overhang)

3′-CA GUC AGC GCG CGC GCG UAG A-5′ (5′-overhang)

3′-ACA GUC AGC GCG CGC GCG UAG A-5′ (3′,5′-overhang)

EPR samples were prepared by resuspending the single strands
in pure water, mixing the intended duplex of spin labeled oligo-
nucleotide with counter strands with or without overhang and
evaporation to dryness by SpeedVac. The oligonucleotide duplex
was resuspended in buffer. Buffers used were phosphate buffer
with different defined salt concentrations. Duplex concentration
was set to 200 µM in a total volume of 30 µL if not otherwise stat-
ed. EPR samples contained 20% D8-glycol as cryoprotectant. For
the determination of the intermolecular distances between the
spin labels of dsRNA samples without overhang (Fig. 2) water
was replaced by D2O. This was necessary for increasing the trans-
versal relaxation time T2 of the spin label, allowing the recording
of time traces with sufficient length. Before measurements, all
samples were frozen in liquid nitrogen.

PELDOR methodology

The four-pulse PELDOR method was used to measure the dis-
tance between the spin labels and to measure the stacking prob-
ability of the dsRNA molecules. The pulse sequence is shown in
Figure 1B. Pulses applied in PELDOR experiments have two dis-
tinct frequencies. The pump pulse frequency is typically set to
be resonant with spins at the maximum of the nitroxide EPR spec-
tra. This gives an optimal excitation efficiency λ, which depends
on the applied microwave power and the chosen pulse length
(for a π-pulse typically inversely related to the microwave power).

A refocused Hahn echo created by the probe pulses is used to
monitor the magnetic dipole–dipole interaction between the
nitroxide spins. The probe frequency is chosen 70 MHz below
thepump frequency to avoid thepumpandprobepulses affecting
the samespins (typically calledAandBspins affectedby theprobe
and pump pulses, respectively). The flip of the B spin by the pump
pulse shifts the Larmor frequency of the probed A spin, due to
the dipolar spin–spin coupling. This reduces the intensity of the
refocused Hahn echo, depending on the time Δt at which the
pump pulse is applied. Recording the refocused Hahn echo in-
tensity as a function of this time Δt results in the PELDOR time
trace, which oscillates with the dipolar coupling frequency ωdd.

PELDOR distances above 6 nm are challenging to measure,
due to the limited observation time window of the four-pulse
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PELDOR sequence.We also used a seven-pulse-Carr-Purcell (CP)-
PELDOR sequence here, recently developed in our laboratory, to
extend the time window of the PELDOR measurement (Spindler
et al. 2015). In the seven-pulse-CP-PELDOR experiment, three re-
focusing π pulses are applied at the probe frequency (as depicted
in Fig. 2F), leading to a slower decay of the transversal magneti-
zation of the observedA spin. Amatching number of pumppulses
on spin B have to be used to obtain the maximum evolution time
window for observation of the dipolar coupling. Sech/tanh pulses
were used as pump pulses to suppress artifacts arising from
the nonuniform inversion efficiencies of rectangular pulses.
Nevertheless, a parameter describing the nonquantitative inver-
sion of the adiabatic inversion pulses has to be taken into account
when analyzing the seven-pulse-CP-PELDOR signals. Artifact and
background corrections were performed as described before
(Spindler et al. 2015) and are shown in the Supplemental Material.

The PELDOR time traces were analyzed in terms of distances
and modulation depth after background division, which was per-
formed using the DeerAnalysis software (Jeschke et al. 2006).

Q-Band measurements

A Bruker Elexsys E580X/Q-band spectrometer equipped with an
Oxford CF935 cryostat and a phase unlocked PELDOR frequency
unit was used. Microwave pulses were amplified by a 10 W solid-
state Q-band amplifier. Thirty-two nanoseconds (π/2 and π)-puls-
es were used for detection and a 16 nsec (π) pump pulse was used
for the four-pulse PELDOR experiments. The delay between the
first and second probe pulse was 132 nsec. The frequency of
the pump pulse was fixed to the intensity maximum of the nitro-
xide powder spectrum to obtain optimal pumping efficiency.
The probe frequency was chosen to be 70 MHz below this
frequency.

In the seven-pulse-CP-PELDOR experiment, a sech/tanh pulse
with a pulse length of 400 nsec and a bandwidth of 60 MHz was
used as the pump pulse. All experiments were carried out at a
temperature of 50 K.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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4-pulse PELDOR background correction 

Original 4-pulse PELDOR time trace and the assumed non-specific background function for 

the time trace of Figure 2e in the manuscript is depictured in Figure S1.  

 
Figure S1  Background correct ion for the 4 -Pulse PELDOR t ime t races of  s ingly  label led dsRNA without  overhang  

 

  



7-pulse CP-PELDOR background correction 

The 7-pulse CP-PELDOR experiments (Figure 2g) exhibit three inversion pulses for the 

coupled spin. Despite the fact that adiabatic sech/tanh inversion pulses are applied, the 

inversion efficiency is not perfect. This leads to unwanted signal contributions arising from 

spins where two or one of the inversion pulses only inverts the coupled spin. With our published 

procedure (Spindler et al. 2015) an undisturbed time trace (Figure 2h) can be derived. All 

correction steps to obtain the final dipolar time trace shown in Figure 2h are depictured in 

Figure S2.  

 

Figure S2  7 -pulse CP-PELDOR data of  s ingly  labe l led dsRNA without  overhang.  Top f igure:  The exper imental  
raw t ime t race is  shown in blue.  In b lack are shown the decay funct ions for  the di f ferent  possible dipolar 
pathways.  The product  of  al l  o f  them is  shown in red .  The background corrected dipolar s ignals af ter subtract ion 
of  the unmodulated part  and renormal izat ion is  shown in green.  Bot tom f igure:  Background corrected PELDOR 
t ime t race in green and the ar tefact  corrected t ime t race ( l ight  blue) .  The sum of  al l  ar tefacts  is  shown in black.   

 

 

  



Determination of modulation depths parameter   

The modulation depths reported in Figure 3 and 4 of the main text were extracted from the 

following raw PELDOR time traces (Figure S3). 

 

 

Figure S3  Raw 4-pulse-PELDOR traces of s ingly  label led dsRNA. a) T ime t races of dsRNA samples w ith one 

nucleot ide overhang for three di f ferent  monovalent  NaCl sal t  concentrat ion as depicted in the f igure legend .  b) 
T ime t races of  dsRNA samples without  any overhang for s ix  di f ferent  sal t  concentrat ion as d epicted in the f igure  
legend.  c) and d) T ime t races of  dsRNA samples with one nucleot ide overhang for di f ferent  RNA concentrat ion s 
as depicted in the f igure legend s.  c) Experiments for a sal t  concentrat ion of  500 mM  and d) for a sal t 
concentrat ion of  200 mM.  

For short times t < 0.8 s ,the background deviated slightly from a straight exponential. 

Therefore, for the singly labelled dsRNA with one nucleotide overhang a higher dimensional 

(D=4) background was used. This higher dimensional background might be due to a very small 

remnant stacking probability between the protected ends or to an excluded volume effect. As 

demonstrated in Figure S4, such uncertainties in the determination of the background function 

does only very weakly influence the determination of the modulation depth parameter . This 

uncertainty was taken into account and reflects the error bars of the stacking probabilities p 

shown in all figures.   



 
Figure S4  Background correct ion for the 4 -pu lse PELDOR t ime t races of  s ingly  labe l led dsRNA with one 
overhang.  On the lef t  s ide ,  the or ig inal  exper imental  data are shown in blue and the background  in red.  On the 
r ight  s ide,  the background corrected form factors  are depictured .  Background correct ion was done with  
DeerAnalys is  in a)  with a three dimensiona l background  and in b) with a four  dimensional  background.  As can 
be seen the chosen background d imensional i ty  does only  s l ight ly  af fect  the value for the modulat ion depth  (<5%).    

  



Detection of the excitation efficiency λ 

To detect the excitation efficiency λ a nitroxide biradical (Schöps et al. 2015, structure depicted in 

Figure S5) was measured with the same pulse parameter than the dsRNA samples. As for the model 

compound all spins are quantitatively dipolar coupled, the modulations depth only depends on the 

excitation frequency. An excitation efficiency of 0.36±0.05 was determined from three independent 

measurements (Figure S5). 

 

Figure S5  Three background corrected  4-pu lse-PELDOR t ime t races ( two shown in gray and one in blue) 
measured with  the bin i t rox ide  model compound shown on the r ight .  

  



Stacking probability p and dissociation constant Kd for samples with 

different RNA concentrations 

To confirm that Kd only depends on the salt-to-RNA ratio R and not the absolute salt 
concentration, we have measured two samples with an equal salt-to-RNA ratio of 2000 but 
with different RNA concentrations. The signal time trace for the sample with higher RNA 

concentration (blue PELDOR time trace, Figure S6a) has an increased modulation depth  
and therefore a higher stacking probability p compared to the time trace with lower RNA 
concentration (black curve). Both data points for p fit within experimental error to equation [5], 

described in the manuscript for a dissociation constant Kd = 460 M. This dissociation constant 
was read-off from Figure 4b for a fixed salt-to-RNA ratio of R=2000.   

 

Figure S6  (a) PELDOR measurements with RNA duplexes having one overhang.  Both samples are di f ferent  in  
their  RNA concentrat ion but  ident ical  in the ir  sal t - to-RNA rat io.  Black :  c(RNA) =100 µM; c(NaCl)= 200 mM . Blue:  
(c(RNA) =250;  c(NaCl)=500 mM  (b) Stacking probabi l i ty  o f  dsRNA in relat ion to the RNA concentrat ion.  The 

dot ted l ine indicate the expected behaviour fo l lowing equat ion [5]  f rom the main text  with a constant  Kd  of  460M 
(corresponding to a sal t - to-RNA rat io of  2000 ,  see Figure 4 main text) .  

 

Moreover it can be shown that also all the measurements with varying RNA concentrations 

(shown in the main text in Figure 5a) fall onto the curve Kd(R) extracted from the measurements 

with varying salt concentration and a constant RNA concentration (Figure 4b main text). The 

results are shown in Figure S7. 

 

Figure S7  Dissociat ion constant  Kd  der ived f rom experiments  with di f ferent  RNA concentra t ion s and two constant  
sal t  concentrat ion (2 00 mM NaCl (blue) and 500 mM NaCl (orange)).  The dot ted l ine is  the Kd  dependency on R  
extracted f rom measurements with a constant  RNA concentrat ion and di f ferent  sal t  concentrat ions  (F igure 4b of  
the main text) . ’   

 

 



Calculation of stacking probability for samples without overhang 

For samples with one overhang, only dimerization of the dsRNAs is possible. However, 

dsRNAs without any overhang are able to form higher oligomers. As stated in the main text 

the modulation depth Δ depends on the excitation efficiency λ of the nitroxide spin label and 

the number of coupled spins n. If higher oligomers occur, more than two spin labels are coupled 

to each other. For n spins coupled, the modulations depth can be calculated to (Bode et al. 

2005) 

Δ = 1 − (1 − 𝜆)𝑛−1      [S1]  

with  being the excitation efficiency defined before. 

The probability for a specific oligomeric state P(n) depend on the stacking probability p of the 

dsRNA duplex  and is given by: 

𝑃(𝑛)  =  𝑀 𝑝𝑛−1                           [S2] 

with M being the probability of the monomer. The normalization condition P(n)=1 and the 

convergence of the geometric series leads to  

      𝑃(𝑛)  = (1 − 𝑝)𝑝𝑛−1     [S3] 

Therefore, the overall modulation depth for dsRNA molecules without overhang can be written 

as: 

Δ = (1 − 𝑝) ∑ (1 − (1 − 𝜆)𝑛−1)𝑝𝑛−1𝑛=∞
𝑛=1   [S4] 

Again, the infinite sum can be written as two geometric series, leading to the following solution: 

                                                             𝑝 =
∆

(∆+𝜆−𝜆Δ)
                                                           [S5] 

The experimental modulation depth  for measurements with (blue) and without (green) 

overhangs are shown in Figure S8a. The resulting stacking probabilities p (Figure S8b) for 

samples with overhang can be calculated with p=Δ/λ. For the samples without overhang, the 

stacking probability was calculated according equation S5. As can be seen, both samples lead 

to the same ‘end-to-end’ stacking probabilities p.   

 

Figure S8  Dependence of  the stack ing probabi l i ty  to the sal t - to-RNA rat io.  Lef t  s ide:  Modulat ion depth Δ  
extracted f rom the PELDOR t ime t races.  Green data points  represents the measurements without  overhang whi le 
the blue rectangles show the experiments f rom samples  with one overhang.  The error of  the determined 
modulat ion depth  was est imated to be 10 % (see above) .  Right  s ide:  Calculated stack ing probabi l i t ies  p  for  the 
samples with  one overhang (b lue) and without  overhang (green).  For  the calcu lat ion of  p  the respect ive formulas  
were used (see above).   
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Abstract

Pulsed EPR experiments, among them most prominently pulsed electron-electron

double resonance experiments (PELDOR/DEER), resolve the conformational dynamics

of nucleic acids with high resolution. The wide application of these powerful experi-

ments is limited by the synthetic complexity of some of the best-performing spin labels.

The recently developed Ǵ (G-spin) label, a isoindoline-nitroxide derivative of guanine,

can be incorporated non-covalently into DNA and RNA via Watson-Crick base paring

in an abasic site. We used PELDOR and molecular dynamics (MD) simulations to

characterize Ǵ, obtaining excellent agreement between experiments and time traces

calculated from MD of RNA and DNA double helices labeled with explicitly modeled

Ǵ. The MD simulations reveal stable hydrogen bonds between the spin label molecules

and the paired cytosine. The abasic site has only minor influence on the helical struc-

ture. Ǵ remains rigidly bound to helical RNA, but exhibits dynamics in helical DNA,

which explains why strong orientation-selection is seen in PELDOR measurements

on RNA but not DNA. Distance distributions are not substantially broadened by spin

label motions and agree between experiment and MD. Ǵ and similar non-covalently

attached spin label, promise high-quality distance and orientation information, also

for larger nucleic acid complexes.

Introduction

Pulsed EPR experiments can resolve the global structure characteristics and flexibility of

nucleic acids with high resolution.1 DNA and RNA carry the genetic information of the cell

and RNA plays countless regulatory roles. The biological function of nucleic acids can often

be understood by elucidating their structure and dynamics. Pulsed EPR experiments and in

particular pulsed electron-electron double resonance experiments2 (PELDOR also referred

to as DEER) complement structure determination by X-ray crystallography,3 nuclear

magnetic resonance (NMR)4–6 and Cryo-EM experiments.7,8 PELDOR provides highly
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accurate information on distances and angles even in highly dynamic systems, where

traditional structure determination is not possible, reporting also on the conformational

flexibility of proteins and nucleic acids. Typically, PELDOR experiments require the

introduction of a pair of spin labels. The nature of the spin label is a critical issue. Flexible

spin labels complicate the determination of high-resolution distances9 and do not permit

the extraction of angular information. By contrast, the rigid spin label Ç10,11 (C-spin)

enables highly accurate distance and angle measurements on, e.g., DNA. However, the

synthesis of the Ç itself and especially Ç labeled nucleic acids remains difficult, limiting

the wide applicability of high-resolution pulsed EPR experiments on nucleic acids.

A number of different spin labels were developed in the last years,12–15 but there is still

a lack of spin labels that can be employed with little synthetic effort. One way to reduce the

synthetic effort, which is particularly relevant for larger nucleic acids of biological interest,

is to incorporate the spin label non-covalently. There, the challenge is to achieve high-

affinity and high specificity binding to the nucleic acid target molecule.16–18 Only recently

we were able to show that the Ǵ (G-spin) incorporates with high affinity and specificity

into abasic sites in double-stranded RNA (dsRNA) and dsDNA.19 Furthermore, first

measurements of labeled dsRNA revealed orientation selection in the measured PELDOR

time traces, which permits the extraction of angular information. However, use of this

labels for the analysis of nucleic acid structure and flexibility requires an understanding of

the detailed structure and dynamics.

Molecular dynamics (MD) simulations can provide a deeper understanding of the

impact of non-native residues on nucleic acid structure and dynamics. It has been shown,

that native DNA,20 as well as larger photolabile protecting groups covalently attached

at DNA bases,21 can be well described by state-of-the art MD simulations. For RNAs,

despite the fact that current RNA force fields do not fully reflect experimental observations

for single-stranded RNAs,22 native and protonated bases in double stranded RNAs are

described well.23–26 Short MD simulations of a covalently attached EPR spin label (TEMPO)

3



in RNA double helices were already compared with experimentally determined distance

distributions and revealed promising agreement.27

With the methods on hand to calculate the PELDOR time traces from MD simulation1,28

and to explicitly model the spin-label in the MD simulations of DNA and RNA for a direct

comparison with PELDOR experiments, we elucidate the influence of the non covalently

attached Ǵ on dsRNA and dsDNA structure and dynamics. Conversely, we validate state

of the art nucleic acid force fields with the new PELDOR data.

Results

The spin label Ǵ19 consists of an isoindoline derivative with an aminoxyl radical and

an aromatic purine scaffold part (Fig. 1C). Both geometrical planes are connected via a

rotatable nitrogen bridge, which allows a rotation with respect to each other. A DFT relaxed

surface scan of the dihedral angle d1 (depicted in Fig 1C , marked in red) was done at

B3LYP-GD3BJ/cc-pVTZ and PBE0/N07D level of theories (s. Fig. 1B). Both scans reveal a

global minimum at 0◦ and a local minimum at 180◦, indicating two favored conformations

of the Ǵ molecule in the gas phase without the nucleic acid.

We then proceeded to study the conformations of Ǵ in a double stranded DNA (dsDNA)

helix and found it to be stably incoperated. During 1 µs of Molecular Dynamics (MD)

simulation the purine end of the Ǵ molecule is located at the position of a native guanine

base and forms hydrogen bonds with the corresponding cytidine in the complementary

strand, mimicking a native base (s. Fig. 2). An additional hydrogen bond was observed

between the nitrogen (N9) of the Ǵ molecules and the oxygen (O4’) of the abasic site. The

isoindoline aminoxyl radical end of the Ǵ molecule is positioned inside the minor groove

of the helix.

The abasic sites and Ǵ molecules slightly perturb the helical dsDNA structure and its

dominant dynamics. Individual averages over all characteristic backbone torsion angles
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Figure 1: (A) Simulation system with two Ǵ molecules (red) incorporated in the RNA
helix (lime), solvated in a periodic truncated octahedral box of water (blue) with Na+

(yellow) and Cl− ions (green). (B) DFT relaxed surface scans of the dihedral angle d1
in the Ǵ molecule at B3LYP-GD3BJ/cc-pVTZ and PBE0/N07D level of theories. The
scans reveal two energetical minima orientations of the aromatic purine scaffold to the
covalently attached isoindoline nitroxide at 0◦ and 180◦ in vacuo. Energies are relative
to the minimum energy structure of each scan. (C) Lewis structure of the Ǵ molecule
corresponding to a dihedral angle d1 of 0◦ (syn), the global minimum.

were calculated for a native dsDNA and the complementary Ǵ labeled dsDNA. The

difference between the dihedral angles reveal fluctation of the ζ torsion angle of up to 35◦

close to the spin label position or −27◦ directly at the spin label position (s. Fig. 3A). The δ

torsion angle of the corresponding cytidine in the complementary strand is also perturbed

with a deviation up to 32◦. Visual inspection of the MD trajectory reveal that the abasic

site sometimes rotates slightly out of a native-like helix structure. However, the overall

helical structure stays intact during these short events. The heavy-atom position RMSD of

the Ǵ-labeled dsDNA to an ideal B-helical structure is only ≈ 1 Å larger than for a native

dsDNA simulation (Fig. 3B).

The spin flexibility does not significantly impact spin-spin distance distributions, which

agree well with the PELDOR experiments. Single rotations in the MD simulation around

the dihedral angle d1 in both Ǵ molecules were observed (Fig. 4A), capturing three out

of four possible states, i.e. (i) both Ǵ molecules in syn configurations (syn-syn), (ii) one
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unlabeled DNA
G-spin positions

Figure 2: Hydrogen bonds between the two Ǵ molecules and the complementary cytidines
and the abasic sites in dsDNA. (A)The three stable Watson-Crick H-bonds are shown
with their distances during the simulations (1. G-spin: DC38O2-G43H4, DC38H41-G43O1,
DC38N3-G43H3; 2. G-spin: DC16O2-G44H4, DC16H41-G44O1, DC16N3-G44H3). Addi-
tional hydrogen bonds between Ǵ molecules and the O4’ of the abasic sites are depicted
in blue and remain stable within the simulations (1. G-spin: DQ6O4’-G43H1; 2. G-spin:
DQ28O4’-G44H1). (B) Average structures of the labeld and native dsDNA simulations.
The position of the Ǵ molecules and abasic sites are depicted in red at the native structure.
(C) H-bonds between Ǵ (G43), the abasic site (DQ6) and the cytidine (DC38) are depicted
in dashed lines.
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Figure 3: Structural and dynamical differences between native and Ǵ labeled DNA. (A)
difference of the average backbone dihedral angles in native and labeled DNA. Abasic
sites (6,28) are highlighted in gray and the corresponding residue in the complementary
strand (16,38) in light-gray. (B) Heavy atom position RMSF of the labeled MD simulation
with respect to an ideal A-helical structure.

molecule has rotated into anti configuration (anti-syn) and (iii) both spin labels have rotated

into anti configuration (anti-anti). A syn to anti rotation inside the minor groove reveal

the parallel orientation of the isoindoline plane to the backbone (Fig. 4B). To compare the

MD simulation with the PELDOR data, the experimental interspin distance distribution

was extracted via a Tikhonov regularisation over the sum of all X-band (0.3 T/ 9 GHz)

time traces of the orientation selective PELDOR data, following the protocol from Prisner

et al.29 The distance distribution is still very narrow and the different rotational states

are indistinguishable within the overall distance distribution (s. Fig. 5C). The summed

PELDOR traces show a distinct oscillation frequency (s. SI), revealing a narrow distance

distribution. This distribution show a main population at 37.2 Å with a small shoulder

at 33.9 Å, whereas the MD simulation reveals a major population centered around 36.8

Å with almost exact overlap to the experimental distribution (s. Fig. 5C). A comparison

between the covalently attached and rigid spin label Ç1 to the non-covalently attached Ǵ

molecule at the same dsDNA sequence do not show a broadening in the inter spin distance

distribution (FWHM: Ç 0.633 nm to Ǵ 0.675 nm) as determined by Tikhonov regularisation

from the experimental data.
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Figure 4: (A) Dihedral angle d1 between the aromatic purine scaffold and the isoindoline
nitroxide plane of the two Ǵs in DNA and RNA during the molecular dynamic simulations.
(B) Core bases around one Ǵ in dsDNA with an observed rotation from syn to anti
conformation of dihedral angle d1.
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Low field X-band (0.3 T/ 9 GHz) measurements are dominated by the hyperfine

anisotropy, i.e., by the axis perpendicular to the nitroxide plane (z-component (s. Fig.

5A,D), revealing the out-of-plane orientations of the spin labels with respect to each other.

Since the PELDOR time traces measured with different frequency offsets are identical

in their dampening and oscillation frequency, there are no orientation selective effects

observable, meaning no distinct out-of-plane orientation for the Ǵ molecule, which goes

in line with the observed rotations in the MD simulations. High field G-band (180 Ghz/6.4

T) data are dominated by the fully resolved g-tensor of the electron Zeeman interaction

of the electron spin to the nitrogen spin, resolving additionally the in-plane orientations

of the nitroxide planes (i.e., x- and y-components s. Fig.5D). The rotations around the

dihedral angle d1 does not change the spatial position of the spin label, and with it the x-

and y- orientation of the spin label to each other. Therefore the rigidity of the spin label is

still preserved, resulting in orientation selection effects in the measured G-band PELDOR

time traces, i.e, differences in dampening and oscillation frequency in the PELDOR traces

measured at different field positions (s. Fig. 5B).

A quantitative comparison of the measured and calculated PELDOR time traces for

dsDNA shows excellent agreement. The PELDOR time traces are directly calculated1,28

from the coordinates of the spin labels of the MD simulation and compared to the measured

PELDOR time traces (s. Fig. 5A,B). The low field X-band and high field G-band PELDOR

time traces are excellently captured in the MD simulation, suggesting that the simulation

reflects the observed experimental behavior and that latest DNA force fields describe

B-helix dynamics well.1

The MD simulation of two Ǵ molecules non-covalently attached into a double stranded

RNA (dsRNA) helix reveal an intact helical structure (s. Fig. 1A). Structurally, the Ǵ

molecule shows similar behavior in dsRNA as in dsDNA. The purine parts of the Ǵ

molecules are located inside the A-helix, forming hydrogen bonds to the complementary

cytidine in the opposite strand, mimicking a similar behavior as a native guanine base (s.
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Figure 5: Comparison of PELDOR signals calculated from MD (red) to experiments
(black) for DNA(1,10). (A) PELDOR time traces measured at X-band with different offsets
νn between probe and pump pulse frequency from 40 MHz (lower time trace) to 85
MHz (upper time trace). (B) PELDOR time traces measured at G-band at different field
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a nitroxide spin label.
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Fig. 6). A hydrogen bond is additionally formed between the purine nitrogen (N9) and

the oxygen (O4’) of the abasic site sugar, where more fluctuations are observed than in

dsDNA. The isoindoline aminoxyl radical part points into the minor groove, as already

proposed previously.19

The abasic sites and Ǵ molecules do not significantly effect the overall dsRNA structure

and dominant dynamics. The backbone torsion angles of the dsRNA were calculated for a

native dsRNA and Ǵ molecule labeled dsRNA simulation. The differences between native

and labeled dsRNA in each individual torsion angle reveal a small perturbation directly at

the abasic site and the corresponding cytidine in the complementary strand (s. Fig. 7A).

Nonetheless, the overall structure stays intact and the perturbation is negligibly small with

an overall heavy atom position RMSD to an ideal A-helix of 3.3 ± 0.7 Å compared to a

native dsRNA simulation with an RMSD of 2.9 ± 0.7 Å (s. Fig. 7B).

Within the MD simulation time of 1 µs no rotations of the Ǵ around the dihedral

angle d1 were observed (Fig. 4), explaining the orientation selection observed in low field

PELDOR experiments (s. Fig. 8). The differences in damping of the X-band PELDOR time

traces give a strong evidence for a highly preserved out-of-plane orientation of the Ǵ in

dsRNA. Also in the high field G-band data, strongly pronounced orientation-selective

effects could be measured (s. Fig. 8). Both orientation selections are strongly supported

with the observed rigidity of the spin labels in the MD simulations of doubly labeled

dsRNA, without a rotation around dihedral angle d1.

Comparison of measured and calculated PELDOR time traces, and the interspin dis-

tances for labeled dsRNA show very good agreement. Excellent agreement is achieved for

the low field X-band data (s. Fig. 8). The high field G-band reveal a good agreement in the

in-plane orientation in the measured and calculated PELDOR time traces. The extracted

distance population of the PELDOR data have a main distance population at 37.5 Å, while

the direct extracted distances from the MD simulation tend to longer distances with a main

population at 38.9 Å. The small difference between experiment and simulation of labeled
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Figure 6: Hydrogen bonds between the two Ǵ molecules and the complementary cytidines
and the abasic sites in dsRNA. (A) The three stable Watson-Crick H-bonds are shown
with their distances during the simulations (1. G-spin: C40O2-G45H4, C40H41-G45O1,
C40N3-G45H3; 2. G-spin: C18O2-G46H4, C18H41-G46O1, C18N3-G46H3). Additional
hydrogen bonds between Ǵ molecules and the O4’ of the abasic sites are depicted in blue
and remain stable within the simulations (1. G-spin: Q5O4’-G45H1; 2. G-spin: Q27O4’-
G46H1). (B) Average structures of the labeled and native dsRNA simulations. Ǵ molecule
and abasic site positions are depicted in red at the corresponding native structure position.
(C) Involved H-bonds between Ǵ (G46), the abasic site (Q27) and the cytidine (C18) are
depicted in dashed lines.
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dsRNA of 1.8 Å is still remarkably good. The comparison to PELDOR, which reports on

long-range distances and angles, shows that the structure and dynamics of RNA A-helices

are described well by the ParmBSC0+χOL3 force field.

Discussion

The comparison between our MD simulations and PELDOR experiments on Ǵ labeled

dsRNA and Ǵ labeled dsDNA reveal that both systems are highly suited for further dis-

tance measurements using PELDOR. The simulated Ǵ molecule distance distributions are

on par with the PELDOR experiment in dsDNA and in excellent agreement for dsRNA.

In both labeled nucleic acid helices, the helical structure remained intact. Small, local

perturbations are introduced into the system with the abasic site and the Ǵ molecule,

which were very small in dsDNA and almost negligible in dsRNA. Both helices kept

the Ǵ molecules at their corresponding purine positions while for the Ǵ molecule itself,

intramolecular rotations around the dihedral angle d1 were only observed in dsDNA.

These rotations explain the absence of orientation selectivity in PELDOR experiments of

the Ǵ in dsDNA. By contrast, Ǵ has a distinct orientation selection in dsRNA. A projection

of the labeled trajectory onto the eigenvectors of the native trajectory demonstrate that

the dominant helical motions, i.e., bending, are almost unperturbed with a slightly more

prominent perturbation in dsDNA than in dsRNA. Interestingly, the non covalently at-

tached Ǵ molecule does not significantly effect the width of the distance distribution and

is comparable to a completely rigid and covalently attached spin label Ç,1 which requires

a much higher synthetic effort to incorperate in nucleic acids.

The direct comparison to PELDOR measurements provides highly accurate information

to evaluate current state of the art force fields for nucleic acids. Both force fields, ParmBSC1

for DNA and ParmBSC0+χOL3 for RNA, are able to describe double stranded, helical

nucleic acids well. For dsDNA there is almost no difference discernable between the
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experimental PELDOR data and PELDOR time traces computed from the MD simulation.

The excellent agreement for ParmBSC1 confirms our previous conclusion that state-of-

the-art force fields (including OL15) describe the dynamics of dsDNA well.1 By contrast,

the discrepancies between experiment and simulation were some what larger for dsRNA,

though still small. The well-established ParmBSC0+χOL3 force field for RNA seems to

describe the dynamics of dsRNA well. The MD interspin distance distribution is slightly

shifted by 1.8 Å towards longer distances and the calculated PELDOR time traces from the

MD simulations matches well with the PELDOR data, but further improvement is possible.

As new RNA force fields are developed, we envisage that PELDOR data will provide

a valuable reference for validation by providing highly accurate long-range distance

information.

Computational Details

Relaxed surface scans of the dihedral angle d1 in the Ǵ molecule were performed using

the Gaussian09 program package30 at a PBE0/N07D31,32 level of theory, which was used

in previous nitroxide studies.1 An additional relaxed surface scan was performed with a

dispersion correction (GD3BJ33), an increased basis set of triple-ζ quality (cc-pVTZ34) and

the more commonly used B3LYP35 functional. The dihedral angle between the aromatic

purine scaffold and the isoindoline nitroxide plane was scanned with a step size of 5◦ in

forward and backward direction. The final energy surface was constructed with the lowest

energy for a given point in forward or backward direction.

MD simulations were performed with the Amber16 program package.36 Native nucleic

acid helices were constructed with the Nucleic Acid Builder (NAB37). Double stranded

RNA (5’-CGAGGAUCGCGCGCGAUCCUCG-3’) was built in the characteristic A-helical

form. The dsDNA was constructed in B-helical form with an additional T base over-

hang at the 5’ end of each strand (i.e., 5’-TGTCAGTCGCGCGCGCGCATC-3’ and 5’-
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TGATGCGCGCGCGCGACTGAC-3’). Partial charges of the abasic site were newly de-

termined, based on a restrained electrostatic potential fit (RESP38) as implemented in

the R.E.D. Tools Version III.52.39 Therefore, the abasic site was saturated with a methoxy

group at the phosphate group at the 5’ end. An additional monomethyl phosphate group

was attached at the 3’ oxygen, resulting in a net charge of -2 e. The partial charges of the

abasic moiety atoms were determined and the additional attached substituents removed,

afterwards. To obtain a net charge of -e at the abasic site, the remaining charges were dis-

tributed over all remaining atoms in this residue. The new partial charges were assigned to

the abasic site (SI). Native and abasic site for DNA were described with the parmbsc1 force

field40 and RNA residues were described with the parmbsc0 force field including the χOL3

correction.41–43 The Ǵ molecule is described with GAFF,44 following the parameterization

work flow as stated elsewhere45 (SI).

The MD system was prepared with the tleap module as part of the AmberTools14

program package.46 A layer of at least 15 Å TIP3P water47 molecules separated the solute

from the edges of the periodic, truncated octahedral box. System was neutralized and

additional NaCl48 was added to mimic a salt concentration of 100 mM. The system

contained approximately 60,000 atoms in the RNA simulations and approximately 68,000

atoms in the DNA simulations.

After energy minimization and equilibration (s. SI), production runs were performed

using the pmemd.cuda engine in Amber16. Continuous trajectories of 1 µs length were

simulated for RNA and DNA in 10 ns segments, where coordinates, velocities and box

information were taken from the previous run. The written out coordinates were wrapped

into a primary box. Temperature was kept at 300 K using Langevin dynamics (γ = 1.0 ps

−1). To prevent the simulation for "synchronization" artifacts,49 caused by the thermostat,

a random seed was set at every restart, which affects the set of pseudo-random values used

for Langevin dynamics. Covalent bond lengths of hydrogen atoms were maintained with

the SHAKE50 algorithm. The pressure was kept at 1 atm with isotropic position scaling
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and a relaxation time of 2 ps for the Berendsen barostat.51

Due to the limited number of atom types in the general amber force field (GAFF), the Ǵ

nitroxide atoms (N–O) are not optimally described, i.e., the oxygen atom was always out-of

the isoindoline plane during the MD simulations. The oxygen was therefore virtually

positioned in the isoindoline plane for the presented analysis and comparison of the MD

to PELDOR data.

The covariance matrix of the atom fluctuations and the corresponding eigenvectors

and eigenvalues were computed with the GROMACS (version 5.1.352) programm gmx

covar. Afterwards, the trajectories were projected onto the eigenvectors using gmx anaeig.

X-band measurements

A Bruker Elexsys E580 X/Q-band spectrometer equipped with an Oxford CF935 cryostat

was used with a Bruker MS3 3mm loop gap resonator. Microwave pulses were amplified

by a 1 kW Travelling Wave Tube (TWT). 32 ns (π
2 and π)-pulses were used for detection

and a 20 ns (π) pump pulse. The delay between the first two probe pulses was 132 ns. The

separation to the second π-probe pulse was 1.8 µs. The repetition time of the experiment

was 6 ms. The frequency of the pump pulse was fixed to the intensity maximum of the

nitroxide powder spectrum to obtain maximum pumping efficiency. The probe frequency

was chosen to be 40/55/70/85 MHz (DNA) and 40/50/60/75/90 MHz (RNA) above

this frequency. All experiments were performed at 50K using a continuous flow of liquid

helium and the temperature maintained using an Oxford Instruments ITC 503 temperature

control unit.
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G-band measurements

All G-band EPR experiments were performed with an in house built G-band spectrome-

ter equipped with two independent frequency sources.53 The probe pulse lengths were

between 32–40 ns for the π
2 -pulse, 60–70 ns for the π-pulse. The pump inversion pulse

was 30-38 ns. The pulse separation between the first probe pulses was 220 ns and 1.8 µs to

the next probe π-pulse. The repetition time of the experiment was 6 ms. All experiments

were carried out at a temperature of 40 K. Every set of experiments consisted of around

40-120 time traces averaged with 100 shots per point and were recorded at different field

positions across the EPR spectrum, corresponding roughly to the B ‖ gxx, B ‖ gyyB ‖ gzz

and two additional position in between. The probe frequency was set in all cases at a

constant offset of 60 MHz above (DNA)/below (RNA) the pump frequency.
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MD simulations

Energy minimizations were carried out in the sander program as implemented in Amber16.

Firstly, the solvent and ions were relaxed by 500 steps of steepest descent minimization

and by 500 steps of conjugate gradient minimization. The nucleic acid atom positions and

the Ǵ atom positions were restrained with a force constant of 500 kcal·mol−1· Å−1 during

this step. Non-bonded interactions were treated with a cut-off of 12 Å. Relaxations were

performed with constant box volume. Secondly, the restraints were exclusively kept at the

nucleic acid atoms, while relaxing the rest of the system. Thirdly, the whole system was

free to relax with 1000 steps of steepest descent minimization and 1500 steps of conjugate

gradient minimization.

The system was equilibrated in 50,000 steps with a time step of 2 fs (=∧ 100 ps). Weak

atom position restraints (10 kcal·mol−1· Å−1) were applied at the atoms of the nucleic acid

atoms. The solvent, ions and Ǵ molecules were free to equilibrate. Random velocities were

drawn from a Maxwell-Boltzmann distribution. Long-range electrostatic interactions were

treated with the particle-mesh Ewald summation and a cut-off of 12 Å was applied for

non-bonded real-space interactions. Hydrogen containing bonds were constrained with

the SHAKE algorithm. Langevin dynamics with a collision frequency of 1.0 ps−1 slowly

heated the system up from 0 K to 300 K. In a second equilibration step, we switched from

the sander to the pmemd.cuda engine in Amber16. The complete system was relaxed in

500 ps with a constant temperature of 300 K using Langevin dynamics (γ = 1.0 ps −1).

Isotropic position scaling with a relaxation time of 2 ps ensured an average pressure of 1

atm. A random seed was set at the restart. Non-bonded interactions were truncated after

12 Å and hydrogen atoms were constraint with SHAKE.
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Table 1: Atoms, atom types and partial charges (δ) of the native and abasic site in RNA
after the RESP fit. The table only contains the atoms of the abasic site, so not all native
atoms are shown (i.e. purine atoms are missing). Native partial charges are taken from the
parmbsc0+χOL3 force field for comparison.

atom abasic atom type native residue abasic residue
δ [a.u.] δ [a.u.]

P P 1.166 200 1.150 865
OP1 O2 −0.776 000 −0.790 585
OP2 O2 −0.776 000 −0.790 585
O5’ OS −0.498 900 −0.404 835
C5’ CI 0.055 800 0.013 465
H5’ H1 0.067 900 0.060 165
H5” H1 0.067 900 0.060 165
C4’ CT 0.106 500 0.128 465
H4’ H1 0.117 400 0.074 065
O4’ OS −0.354 800 −0.465 635
C1’ CT 0.019 100 0.064 865
H1’ H1 0.200 600 0.038 965
H1” H1 / 0.038 965
C3’ CT 0.202 200 0.067 265
H3’ H1 0.061 500 0.110 765
C2’ CT 0.067 000 0.307 565
H2’ H1 0.097 200 0.050 765
O2’ OH −0.613 900 −0.748 535

HO2’ HO 0.418 600 0.459 365
O3’ OS −0.524 600 −0.425 535

∑ δ=-0.8963 ∑ δ=-1.0000
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Table 2: Atoms, atom types and partial charges (δ) of the native and abasic site in DNA
after the RESP fit. The table only contains the atoms of the abasic site, so not all native
atoms are shown (i.e. purine atoms are missing). Native partial charges are taken from the
parmbsc1 force field for comparison.

atom abasic atom type native residue abasic residue
δ [a.u.] δ [a.u.]

P P 1.165 900 1.084 847
OP1 O2 −0.776 100 −0.782 353
OP2 O2 −0.776 100 −0.782 353
O5’ OS −0.495 400 −0.308 753
C5’ CI −0.006 900 −0.118 353
H5’ H1 0.075 400 0.090 846
H5” H1 0.075 400 0.090 846
C4’ CT 0.162 900 0.154 747
H4’ H1 0.117 600 0.060 947
O4’ OS −0.369 100 −0.447 753
C1’ CT 0.035 800 0.010 547
H1’ H2 0.174 600 0.056 246
H1” H2 / 0.056 246
C3’ CE 0.071 300 0.119 547
H3’ H1 0.098 500 0.096 447
C2’ CT −0.085 400 −0.013 253
H2’ HC 0.071 800 0.031 847
H2” HC 0.071 800 0.031 847
O3’ OS −0.523 200 −0.432 153

∑ δ=-0.9112 ∑ δ=-1.0000
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Table 3: Atoms, GAFF atom types, partial charges (δ), x-,y- and z-coordinates of the G-spin
atoms.

atom atom type δ coordinates
[a.u.] x y z

N1 na −0.348 400−3.661 000 2.136 0000.774 000
H1 hn 0.338 900−2.946 000 2.773 0001.041 000
C1 cc 0.250 800−4.729 000 0.373 0000.120 000
N2 nc −0.564 100−5.683 000 1.326 0000.398 000
C2 cd 0.183 900−5.019 000 2.348 0000.781 000
H2 h5 0.144 900−5.435 000 3.287 0001.083 000
C3 cd 0.164 400−3.474 000 0.865 0000.350 000
N3 nd −0.474 800−2.275 000 0.251 0000.203 000
C4 cc 0.548 400−2.380 000−0.963 000−0.212 000
N4 n −0.497 200−3.575 000−1.562 000−0.479 000
H3 hn 0.336 200−3.599 000−2.494 000−0.835 000
C5 c 0.484 200−4.859 000−0.978 000−0.350 000
O1 o −0.535 200−5.821 000−1.625 000−0.628 000
N5 nh −0.480 200−1.290 000−1.747 000−0.427 000
H4 hn 0.328 300−1.466 000−2.717 000−0.562 000
C6 ca 0.137 000 0.061 000−1.417 000−0.157 000
C7 ca −0.275 900 0.610 000−0.204 000−0.546 000
H5 ha 0.202 500−0.006 000 0.532 000−1.022 000
C8 ca 0.011 000 1.949 000 0.031 000−0.294 000
C9 ca 0.038 500 2.746 000−0.925 0000.313 000
C10 ca −0.339 600 2.201 000−2.140 0000.685 000
H6 ha 0.203 900 2.801 000−2.897 0001.158 000
C11 ca −0.084 200 0.857 000−2.378 0000.457 000
H7 ha 0.127 600 0.421 000−3.313 0000.762 000
C12 c3 0.196 200 2.734 000 1.283 000−0.626 000
C13 c3 −0.272 100 2.233 000 2.518 0000.130 000
H8 hc 0.082 400 2.169 000 2.320 0001.194 000
H9 hc 0.082 400 1.249 000 2.807 000−0.224 000
H10 hc 0.082 400 2.914 000 3.346 000−0.027 000
C14 c3 −0.263 800 2.809 000 1.563 000−2.130 000
H11 hc 0.080 900 3.150 000 0.687 000−2.670 000
H12 hc 0.080 900 3.500 000 2.375 000−2.319 000
H13 hc 0.080 900 1.833 000 1.843 000−2.514 000
N6 n3 0.163 000 4.060 000 0.892 000−0.123 000
O2 o −0.398 500 5.043 000 1.662 000−0.197 000
C15 c3 0.257 600 4.173 000−0.448 0000.475 000
C16 c3 −0.237 200 4.603 000−0.329 0001.941 000
H14 hc 0.068 200 4.677 000−1.311 0002.397 000
H15 hc 0.068 200 3.887 000 0.256 0002.507 000
H16 hc 0.068 200 5.570 000 0.154 0002.004 000
C17 c3 −0.258 400 5.181 000−1.288 000−0.316 000
H17 hc 0.072 600 6.157 000−0.819 000−0.285 000
H18 hc 0.072 600 4.876 000−1.384 000−1.351 000
H19 hc 0.072 600 5.264 000−2.283 0000.110 000
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PELDOR experiments
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Figure 1: G-band PELDOR time traces before (left) and after (right) background correction
at the magnetic field positions corresponding to the main G-tensor components for (a)
DNA (b) RNA
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Figure 2: X-band PELDOR time traces before (left) and after (right) background correction
for (a) DNA and (b) RNA. Offset is indicated
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Figure 3: (left) Summed PELDOR time traces (black) with the Tikhinov fit (red) (right) the
correspondet distance distribution. Distances were derived with DeerAnalysis.1
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