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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.
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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
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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
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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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