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Abstract

Relaxation induced dipolar modulation enhancement (RIDME) is a valuable method
for measuring nanometer-scale distances between electron spin centers. Such dis-
tances are widely used in structural biology to study biomolecular structures and
track their conformational changes. Despite significant improvements of RIDME
in recent years, the background analysis of primary RIDME signals remains to be
challenging. In particular, it was recently shown that the five-pulse RIDME signals
contain an artifact which can hinder the accurate extraction of distance distributions
from RIDME time traces [as reported by Ritsch et al. (Phys Chem Chem Phys 21:
9810, 2019)]. Here, this artifact, as well as one additionally identified artifact, are
systematically studied on several model compounds and the possible origins of both
artifacts are discussed. In addition, a new six-pulse RIDME sequence is proposed
that eliminates the artifact with the biggest impact on the extracted distance distribu-
tions. The efficiency of this pulse sequence is confirmed on several examples.

1 Introduction

Nanometer-scale distance measurements using electron paramagnetic resonance
(EPR) spectroscopy provide important information for studying the structure and
conformational states of biomacromolecules, such as proteins, nucleic acids, and
their complexes [1]. In particular, several pulsed EPR techniques, such as pulsed
electron—electron double resonance (PELDOR or DEER) [2, 3], double quan-
tum coherence EPR (DQC) [4], single-frequency technique for refocusing dipolar
couplings (SIFTER) [5], and relaxation induced dipolar modulation enhancement
(RIDME) [6, 7], are widely used to measure distances in the range of 1.5-16 nm.
These techniques have no limitation on the size of a biomolecule and are applica-
ble to biomolecules in solution [8], within membranes [9] or whole cells [10-12].
Among the techniques mentioned, PELDOR is probably the most widely used.
This stems from the fact that it is well suited for distance measurements between
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nitroxide spin labels, which can be bound to the surface of a biomolecule in a site-
specific manner [13]. When applied to other types of spin centers, PELDOR can
become more difficult and less efficient than other EPR techniques. For example,
DQC and SIFTER outperform PELDOR in terms of modulation depth and sensitiv-
ity for spin labels with spectral widths comparable to microwave pulse bandwidths
[14], such as trityl-based spin labels [11, 15-17]. These advantages make it possible
to perform DQC measurements on trityl-labeled proteins at concentrations as low as
90 nM [11]. In addition, the five-pulse RIDME (5p-RIDME, Fig. 1a) sequence has
been shown to have advantages over PELDOR when applied to spin centers with
spectral widths that significantly exceed the bandwidths of microwave pulses, such
as Cu®" [18-24], Gd** [24-28], Mn** [24, 29, 30], Co** [31], low-spin, and high-
spin Fe* [32-35]. For all these metal ions, RIDME provides significantly larger
modulation depth and thus better sensitivity compared to PELDOR [36, 37]. For
example, Q-band RIDME experiments on the spin pair Cu**-nitroxide yielded about
100 times higher sensitivity than the corresponding PELDOR experiment with rec-
tangular pulses, allowing RIDME measurements at submicromolar concentrations
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Fig. 1 RIDME pulse sequences. a The Sp-RIDME sequence. The primary Hahn echo is denoted HE, the
virtual echo VE, and the refocused virtual echo RVE. b The 5p-RIDME sequence for the case of t=7,.
The inter-pulse time intervals of the Carr—Purcell subsequence are shown in green. ¢ The 5p-RIDME
sequence for the case of t=17, —7,. The inter-pulse intervals before and after the mixing block are also
shown in orange. d The 6p-RIDME sequence with refocused Hahn echo denoted as RE, and the other
echoes being identical to those of the five-pulse sequence (color figure online)
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[21]. Moreover, RIDME also allows to avoid orientation selectivity [38], for at
least one of the dipolar coupled spins, which simplifies the conversion of a primary
RIDME signal, called a RIDME time trace, into a distance distribution. RIDME is
particularly well suited for spin pairs consisting of a metal center and a nitroxide or
trityl spin label. For such spin pairs, the RIDME time trace is acquired on a slowly
relaxing organic radical, while a rapidly relaxing metal center is flipped by sponta-
neous relaxation [18, 20, 29, 33-35]. Acquiring the time trace on the slow-relaxing
organic radical results in a good signal-to-noise ratio (SNR), and the nonselective
inversion of the metal center by spontaneous relaxation maximizes the modulation
depth and avoids orientation selectivity for the metal centers. Thus, RIDME ena-
bles effective distance measurements between several, spectroscopically different
spin centers [18, 39, 40]. Moreover, RIDME measurements between metal ions and
organic spin labels are relevant for the localization of metal cofactors in biomol-
ecules [41, 42].

Despite numerous advantages, some aspects of RIDME-based distance measure-
ments require further consideration. One of these is the background analysis. The
goal of the background analysis is to remove an unmodulated decay from a primary
RIDME time trace. The main contribution to this decay comes from spin diffusion
[36]. Unlike the PELDOR background, the RIDME background cannot be described
by a monoexponential decay. Keller et al. derived a theoretical expression for the
5p-RIDME background that contains the product of monoexponential and Gaussian
decays [24]. However, experimental studies emphasized that the background decay
is better described by one or two stretched exponential decays [24]. In addition to the
stretched exponential function, polynomial functions have been shown to provide
adequate fits to RIDME backgrounds [33-35]. The difference between the theory
and the experiments is likely due to the simplifications used to derive the theoreti-
cal expression. In addition to the complicated shape of the Sp-RIDME background,
Ritsch et al. reported an artifact that occurred repeatedly in Sp-RIDME backgrounds
measured on a nitroxide monoradical and a nitroxide-Cu** compound [20]. This
artifact was shown to have an effect on the shape of the S5p-RIDME time traces and
introduce errors into the distance distributions. Although an accurate description of
the artifact is required, the nature of this artifact still remains unclear. So far, it has
been shown that it is not an echo-crossing artifact and that it disappears for a suffi-
ciently long inter-pulse time interval 7, (r; =3.5 ps) [20]. However, since the ampli-
tude of the 5p-RIDME signal decreases in the time interval 27, with the transversal
relaxation time, the proposed method for removing the background artifact results in
significant losses in SNR and reduces the maximal accessible distance.

In the work presented here, the origin of the background artifact is identified and
a new six-pulse RIDME sequence (6p-RIDME, Fig. 1d) is proposed for suppressing
it. The performance of this sequence is tested on a nitroxide monoradical 1, a nitrox-
ide biradical 2, and two low-spin Fe>*-nitroxide model compounds, 3 and 4 (Fig. 2).
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Fig.2 Chemical structures of compounds used for RIDME experiments. a Nitroxide monoradical 1. b
Nitroxide biradical 2. ¢, d Low-spin Fe**-nitroxide model compounds 3 and 4

2 Experimental
2.1 Test Systems

Nitroxide monoradical 1 (Fig. 2a) was purchased from Cayman Chemicals. For the
RIDME measurements, 50 or 200 pM of 1 were dissolved in three different solvents: 1)
deuterated TES buffer (0.1 M TES pH 7.5, 100 mM NaCl in D,0) containing 20 v/v%
glycerol-dg, 2) toluene-dg (Deutero), and 3) THF-dg (Deutero).

The synthesis of nitroxide biradical 2 (Fig. 2b) has been reported previously [43].
RIDME measurements were performed on 200 pM of 2 dissolved in deuterated
toluene.

The synthesis of low-spin Fe**-nitroxide model compounds 3 (Fig. 2c) and 4
(Fig. 2d) has also been reported previously [34, 44]. Both compounds were dissolved in
deuterated THF and had a concentration of 200 pM.
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2.2 RIDME Experiments

Relaxation induced dipolar modulation enhancement measurements were performed
on a Bruker ELEXSYS E580 spectrometer using a Flexline probe head with a
Q-band resonator ER5106QT-2 (Bruker). Microwave pulses were amplified using
a 150 W TWT amplifier (Applied Systems Engineering, model 187Ka). To obtain
temperatures of 12-50 K, the resonator was mounted into a continuous flow helium
cryostat CF935 (Oxford Instruments), and the temperature inside the cryostat was
adjusted by a temperature control system ITC 503 (Oxford Instruments).

Relaxation induced dipolar modulation enhancement experiments were per-
formed using an established five-pulse sequence #/2-7,-7-(t, +t)-2/2-T,,; -7/2-(7,-1)-
n-t5-echo [7], as well as a new six-pulse sequence #/2-7,-7-27,-7-(7 + )-7/2-T ;-
7/2-(75-t)-m-1y-echo (see SE, Chapter 1 for the PulseSPEL program). The frequency
of the microwave pulses was set in resonance with the maximum of the nitroxide
spectrum. The lengths of the #/2 and x pulses were 12 and 24 ns, respectively. The
initial value of 7, was set to various values, ranging from 100 ns to 4 ps, while the
initial value of 7, was kept constant at 3.5 ps. To suppress deuterium electron spin
echo envelop modulation (*H ESEEM), the initial values of 7, and 7, were increased
simultaneously and stepwise with an increment Az=8 ns and a number of steps
m=16, resulting in a total of 16 averaging cycles [26]. T,,;. was set to 100 ps, which
has been shown to be the optimal mixing time at 12 K in the earlier RIDME studies
on 3 and 4 [34]. For consistency, the same 7,,;, value and the same temperature were
used for the RIDME measurements on 1. For 2, T, ;. was set to 200 ps and the meas-
urements were performed at 50 K instead of 12 K (see SI, Chapter 5). During the
RIDME experiments, ¢ was linearly incremented from -40 ns to 3400 ns with a step
of 8 ns, yielding 430 data points in total. The shot repetition time was set to 10 ms.
To avoid overlap of unwanted echoes with the detected refocused virtual echo,
8-step [7] and 32-step (see SI, Chapter 2) phase cycling schemes were used for the
5p- and 6p-RIDME sequences, respectively. As a result, the duration of each five-
and six-pulse RIDME experiments was approximately 10 and 40 min, respectively.
All 5p- and 6p-RIDME time traces were averaged over 8 and 2 scans, respectively.

2.3 RIDME Data Analysis

Background correction of all experimental RIDME time traces was performed using
the program DeerAnalysis2019 [45]. The background was fitted using a fourth-
order polynomial function (see explanation below). The Fourier transform of the
background-corrected RIDME time traces was done using the home-written Python
script fft.py (www.github.com/dinarabdullin/Python-scripts-for-EPR/).

Distance distributions were extracted from the RIDME time traces of 2 using
the Tikhonov regularization implemented in DeerAnalysis2019. The regularization
parameter o was determined based on the L-curve criterion and fell within the range
of 2-5. The error of the DeerAnalysis-based distance distributions was estimated
using the validation tool. In each validation run, the noise level and the starting
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position for the background correction were varied in the range [1.0, 1.5] of the
original noise level (10 trials) and [50 ns, 500 ns] (50 trials), respectively.

For 3 and 4, the program AnisoDipFit [46] was used to extract distance and angle
distributions from RIDME time traces.

3 Results and Discussion
3.1 RIDME Background Measurements on the Nitroxide Monoradical

According to the report by Ritsch et al. [20], when the 5p-RIDME signal is
acquired on nitroxide spin centers, the corresponding time trace contains a back-
ground artifact whose position depends on the inter-pulse interval z,. Here, this
artifact was investigated for nitroxide monoradical 1. First, the RIDME time traces
were recorded on 200 pM of 1 in deuterated TES buffer using different values of 7,
(Fig. 3). Interestingly, the time traces that were measured with 7; <7, have a non-
monotonic decay with prominent peaks at one or two time points (green and red
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Fig.3 Q-band 5p-RIDME (gray lines) and 6p-RIDME (black lines) time traces of 1 as a function of time
interval 7;. The corresponding initial values of 7, and z,, denoted as 7; ;,; and 7, ;,;, are given above each
time trace. The time points corresponding to t=1,, t=7,—7,, and t =7, — 27, are shown as green, red, and
blue regions, respectively. Since each RIDME time trace was averaged over several different values of
7, and 7, for the H-ESEEM suppression, the time points =7, are shown as bars having a width of the
ESEEM averaging interval (color figure online)
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bars in Fig. 3). These peaks are surprising because in the absence of intra-molecular
dipole—dipole coupling, the S5p-RIDME signal is expected to decay monotonically
due to spin diffusion of the detected spins. Therefore, the obtained peaks are referred
as “artifacts”. The analysis of the artifact positions for different 7; values shows that
all artifacts occur at two defined values of ¢, namely =7, and t=7, — 7, (green and
red bars in Fig. 3). Since the values of 7; and 7, were simultaneously incremented in
each single RIDME experiment for the >H-ESEEM averaging, the artifact at =1,
is distributed over the interval t=(z, ;,;+m-A7), where 7, ;,; is the initial value of 7|,
and At and m are the magnitude and the number of 7, increments, respectively. As
the same increment Az was used for 7; and 7,, the artifact at r=7, — 7, has the same
position for all 7; and 7, values. Note that the obtained dependence of the artifact
positions on 7; and 7, explains why no artifacts were observed for the case 7,>1,
(Fig. 3). Further 5p-RIDME experiments on 1 showed that both artifacts prevail if 1)
the temperature of the RIDME experiment is increased from 12 to 50 K (Figure S3),
2) different T, values are used (Figure S4), 3) different repetition rates are used,
including those that are significantly longer than the spin—lattice relaxation rate of
1 (Figure S5), 4) different integration window widths are used for measuring the
RIDME echo intensity (Figure S6), 5) the concentration of 1 is reduced from 200
to 50 pM (Figure S7), and 6) other solvents, such as deuterated THF or toluene, are
used (Figure S8). The experiments with different solvents revealed that the intensity
of both background artifacts depends on the type of solvent. The highest intensity
of the artifacts is obtained in TES buffer, and the lowest intensity in THF. The most
likely reason for this difference is the different degree of nuclear spin diffusion in
these solvents (Figure S9). The artifact at t=7,, but not the artifact at t=7, — 7;, was
also obtained in the 5p-RIDME time traces recorded on the refocused stimulated
echo (RSE) instead of the refocused virtual echo (RVE) (Figure S10). The absence
of the second artifact in the RSE-detected RIDME time traces is discussed below.
To develop methods to eliminate both artifacts in the RIDME background, the
origin of the artifacts has to be determined. One of the most common reasons for
artifacts in pulsed EPR data is echo crossing. However, echo crossing was excluded
earlier by the detailed analysis of all coherence paths in the RIDME experiment
[20]. Here, the previous result could be confirmed theoretically and experimen-
tally (see SI, Chapter 2). Most likely, effects such as spin diffusion and ESEEM are
also not the cause of the artifacts. Alternatively, the artifacts could be related to the
refocusing of hyperfine interactions in the Sp-RIDME experiment. It is known that
this process can be influenced by dynamical decoupling. Dynamical decoupling is
obtained, for example, in the Carr—Purcell sequences [47, 48], which use repeated
refocusing to suppress spin coherence decay caused by nuclear spin diffusion. The
simplest Carr—Purcell sequence is #/2-7-7-27-n-7-echo, where the spacing between
the two refocusing n-pulses is twice the spacing between the first z/2- and z-pulses.
When ¢=7, in the 5p-RIDME sequence and one considers the mixing block z/2-
T,.-7/2 as an effective n-pulse, one can recognize that the first four pulses of the
5p-RIDME sequence form the Carr—Purcell sequence discussed above (green
bars in Fig. 1b). Note that the spacing between the pulses required to obtain the
Carr—Purcell sequence is achieved only at r=7,. This explains why the amplitude
of the RIDME background increases at t=7,, giving rise to one of the artifacts. In
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addition, dynamical decoupling can be expected to influence the amplitude of the
detected echo even for ¢ values that only approach the condition t=7,. This is in a
good agreement with the fact that the artifact at #=7, has a quite significant width of
500-800 ns.

The origin of the second artifact at r=7, — 7, is less clear. The key to explain
this artifact could be the fact that the condition t=17, — 7, leads to equal evolution
times of the electron spin coherence before and after the mixing block #/2-T,,; -7/2
(orange regions in Fig. 1c). Recall that the artifact at =7, — 7, did not appear in
the RSE-detected RIDME time traces. This result is consistent with the conjecture
above, because if 7, is not equal to 7,, the evolution time of the electron spin coher-
ence before the mixing block is never equal to the evolution time after the mixing
block in the RSE-based RIDME sequence (Figure S10).

Having identified the possible reasons for the artifacts, methods for their elimi-
nation need to be developed. Based on the proposed origin of the artifact at =7,
this artifact can be removed if the effect of dynamical decoupling on the 5p-RIDME
time traces will be reduced. To achieve this, a new six-pulse RIDME sequence
(6p-RIDME, Fig. 1d) is introduced. The main difference between the two pulse
sequences is that the primary echo in the 6p-RIDME is generated by the Carr—Pur-
cell subsequence 7/2-7,-7-27,-7-7,-echo instead of the Hahn echo subsequence 7/2-
7,-7-7,-echo. Evidently, this modification does not aim to avoid dynamical decou-
pling, but rather provides a condition at which the dynamical decoupling takes
place for all ¢ values instead of a single value r=7,. To test the efficiency of the new
sequence in suppressing this background artifact, 6p-RIDME measurements were
performed on 1 using the same parameters as in the 5p-RIDME measurements. The
obtained time traces are shown as black lines in Fig. 3. Comparison of these time
traces with the corresponding 5p-RIDME time traces reveals that the artifact at =1,
is significantly reduced. Especially, when 7, ;,; <300 ns, the peak at =17, is almost
completely suppressed. For larger values of z; ;,;, a small peak remains. The remain-
ing peak may be due to the fact that dynamical decoupling is slightly more efficient
at t=r, than at all other ¢ values, because only at =7, the Carr—Purcell subsequence
with two inversion pulses plus the mixing block transform into the Carr—Purcell sub-
sequence with three inversion pulses. In turn, increasing the number of inversion
pulses in the Carr—Purcell sequence is known to increase the efficiency of dynami-
cal decoupling [48]. Note that, to maximize SNR, one needs to keep 7, as short as
possible in the RIDME experiment. In this regard, the fact that the suppression of
the t=1, artifact for 7, ;,;>300 ns is not as efficient as for 7, ;,; <300 ns is not criti-
cal. To avoid the artifact at =7, one needs to use the 6p-RIDME sequence with
714, <300 ns.

As can be seen from Fig. 3, the second artifact at =7, —17, is also significantly
suppressed by the 6p-RIDME sequence. This result was expected because, in the
case of 6p-RIDME sequence, the time point t=7, — 7; does not correspond to
equal evolution times before and after the mixing block. Instead, this is achieved at
t=1,—27,. Consequently, all 6p-RIDME time traces contain an additional artifact
at t=1,— 27, (blue bars in Fig. 3). Due to the ?H-ESEEM averaging, the position
of this artifact is distributed over the interval t= (7, ;,; =T jui> Tp.ini = 271 jni — M-AT),
where 7, ;,; is the initial value z,, and the parameters 7, ;,;, m, and At are defined
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above. Since the RIDME time trace is typically acquired using a short 7, ;,; (e.g.,
71,;,<300 ns) and a much longer 7, ;,; (75;,;>>7|;,), the time point t=17,—27
appears at the end of the time trace. The artifact at =17, — 27, can be thus avoided
without significant efforts by limiting the ¢-axis of the RIDME experiment by ¢,,,. =
Ty ini — 271 i — M-A7 — At, where At is the time in which the artifact decays to zero.
Similarly, the artifact at =17, — 7, of the 5p-RIDME sequence can be avoided by lim-
iting the r-axis by #,,,, =7, ;,;— 71, — Af. In our experiments, Ar was about 400 ns.
Since the origin of the artifacts at t=17,— 27, and t=17, — 7, is not fully understood, it
is not possible to provide an explanation for the obtained value of At. In this regard,
further theoretical efforts to explain the origin of these artifacts are important.

In addition, Fig. 3 reveals that almost all 5p-RIDME backgrounds, and especially
the corresponding 6p-RIDME backgrounds, exhibit a steeper slope at short ¢ values
(r<100-500 ns) and a flatter slope at larger ¢ values. The reasons for this remain
unclear and will be studied in the future. Here, the steeper slope at short ¢ values was
considered as being a part of the RIDME background.

Lastly, the influence of the artifacts on the RIDME data analysis was studied for
the most relevant case, i.e., when 7, ;,; <300 ns. In this case, the artifacts at t=1, -1,
and r=1,— 27, can be easily avoided (see above) and only the artifact at =7, has
to be considered. The Fourier analysis of the 5p- and 6p-RIDME backgrounds is
shown in Fig. 4. First, all backgrounds were fitted with a fourth-order polynomial
function (red dashed lines in Fig. 4a) and then divided by it. The fourth-order poly-
nomial function was used as the fitting function because it offered the best trade-off
between underfitting and overfitting among a number of exponential and polynomial
functions tested. Surprisingly, fitting the backgrounds by stretched exponential and
third-order polynomial functions, which are commonly used for background cor-
rection, resulted in significant underfitting (Figure S12). Second, the background-
corrected RIDME time traces were converted to spectra by means of fast Fourier
transformation (FFT). All three 5Sp-RIDME spectra show two prominent features: 1)
a small 2H-ESEEM peak at 7.8 MHz that remains after the >2H-ESEEM averaging,
and 2) a more intense, negative peak that occurs in the +4.5 MHz region around the
zero frequency (gray lines in Fig. 4b). The latter peak was also observed by Ritsch
et al. [20] and is attributed here to the artifact at r=7, ;. Importantly, this peak
almost completely disappears when the 6p-RIDME sequence is used (black lines in
Fig. 4b).

3.2 RIDME Measurements on the Nitroxide Biradical

Nitroxide biradical 2 was used as a second model system to investigate the effect of
the RIDME background artifacts on the extracted distance distributions and to test
the performance of the 6p-RIDME sequence. Note that RIDME is rarely used to
measure nitroxide—nitroxide distance distributions, because PELDOR outperforms
RIDME in terms of modulation depth and SNR for this particular spin pair [1].
Nevertheless, to model the situation at which the background artifacts become pro-
nounced in the RIDME time trace, a large RIDME modulation depth is not needed
and even deliberately avoided here.
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Fig.4 Fourier analysis of the RIDME time traces of 1. a 5p-RIDME (gray lines) and 6p-RIDME
(black lines) time traces and their fourth-order polynomial fits (red dashed lines). b The corresponding
5p-RIDME (gray lines) and 6p-RIDME (black lines) spectra. The position of the remaining >D ESEEM
peak is marked by a dot (color figure online)

5p- and 6p-RIDME time traces of 2 were measured at 50 K with 7, ;;=100, 200,
and 300 ns (Fig. 5a, rows 1-3 and 5-8). In addition, the 5p-RIDME time trace of 2
was also acquired with 7 ;,,=4 ps, corresponding to the case 7, ,,;>1,;, (Fig. 5a,
row 4). All time traces were background corrected with a fourth-order polynomial
function (red dashed lines in Fig. 5a). The resulting time traces are shown in Fig. 5b.
The 5p-RIDME time traces measured with 7, ;,; of 100-300 ns are strongly affected
by the t=1, artifact, which can be seen as a broad peak over the first few periods of
the dipolar oscillation (Fig. 5b, rows 1-3). After the Fourier transform, the artifact
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Fig.5 Q-band RIDME measurements of the inter-nitroxide distance distribution in 2. a 5p and
6p-RIDME time traces (black lines) and their fourth-order polynomial fits (red dashed lines). b The
background-corrected S5p- and 6p-RIDME time traces (black lines) and their DeerAnalysis fits (red
dashed lines). ¢ The 5p- and 6p-RIDME spectra (black lines) and their DeerAnalysis fits (red dashed
lines). Components of the spectra that cause the distance artifacts are marked by triangles. d The Deer-
Analysis-based inter-nitroxide distance distributions (black lines) and their confidence intervals (gray
shades). The PELDOR-based inter-nitroxide distance distribution taken from Ref. [44] is shown as a
dashed line (color figure online)

gives rise to a large negative peak around the zero frequency (Fig. 5c, rows 1-3), in
complete analogy to the one obtained for monoradical 1. In the presence of this arti-
fact, accurate background correction becomes difficult, leading to different values of
modulation depth for different 7, ;,; (Fig. 5b, rows 1-3). In contrast, the 5p-RIDME
time trace measured with 7, ;=4 ps shows no traces of the r=7; artifact. This
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artifact is also strongly suppressed in the 6p-RIDME time traces, as indicated by the
absence of the negative peak around the zero frequency in the corresponding spectra
(Fig. 5c, rows 4-8). Small residuals of the artifact can still be seen in the 6p-RIDME
time traces recorded with 7, ;,; of 200 and 300 ns, which makes the minimum around
the zero frequency in the corresponding spectra slightly deeper than usual. Never-
theless, it can be seen that the 6p-RIDME sequence clearly suppressed the artifact,
which is also reflected in the consistent modulation depth for all 7, ;,; values used.

Next, the inter-nitroxide distance distribution was extracted from the background-
corrected time traces using DeerAnalysis. For all 5p-RIDME time traces contain-
ing the r=r, artifact, it turned out to be impossible to obtain a good fit (Fig. 5b,
rows 1-3), and consequently the uncertainty ranges of the extracted distances were
large (gray shades in Fig. 5d, rows 1-3). Nevertheless, the expected distance peak
at about 19 A was still correctly determined in the case of 7y4,;=100 ns. In the
case of 7 ;,,=200 ns, the significant part of the expected distance peak is below
the uncertainty range, and in the case of 7, ;,;=300 ns, the entire distance distribu-
tion falls within the uncertainty range. In contrast, DeerAnalysis provided good fits
(Fig. 5b, rows 4-8) and distance distributions with better precision (Fig. 5d, rows
4-8) for all 6p-RIDME time traces, as well as the Sp-RIDME time trace recorded
with 7, ;,,=4 ps. However, in addition to the expected, most intense peak, the corre-
sponding distance distributions contain an unexpected distance peak of weak inten-
sity in the range of 20-25 A (Fig. 5d, rows 4-8). A large part of this peak falls
within the uncertainty range, suggesting that it is most likely an artifact. This is also
suggested by the fact that the position of this distance peak depends on the 7, ;,;
value. The component of the RIDME spectra that gives rise to the distance artifact
is marked by the triangle in Fig. Sc. Note that this component is present in both,
5p- and 6p-RIDME spectra. The only reason why this component does not lead to
the distance artifact in 5p-RIDME data acquired with 7, ;,;<300 ns is an overall
low quality of the DeerAnalysis fits obtained for the corresponding time traces. The
reasons causing the distance artifact are unclear. It could be due to imperfections
of background correction or insufficient ESEEM suppression, especially of small
hyperfine couplings.

With the exception of the small distance artifact, the inter-nitroxide distance
distributions obtained with 6p-RIDME are in a good agreement with the distance
distribution obtained with PELDOR. In principle, some of the distance distribu-
tions obtained with Sp-RIDME are also in an overall agreement with the PEL-
DOR results, but the precision of these distributions is much lower compared to
6p-RIDME. Thus, the capability of the 6p-RIDME sequence to suppress the t=1,
artifact is an important factor for the accurate extraction of distance distributions
from RIDME data.

3.3 RIDME Measurements on Fe(lll)-Nitroxide Model Compounds
In the final test, the performance of 5p-RIDME and 6p-RIDME was compared for

the low-spin Fe’*-nitroxide model compounds 3 and 4. The 5p-RIDME measure-
ments on 3 and 4 were described in our previous publication [34]. Here, the same
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samples and the same parameters were used to record the 6p-RIDME time traces.
An overlay of the 5p- and 6p-RIDME time traces of 3 and 4 is shown in Fig. 6a.
After background correction, the shape and modulation depth of the 6p-RIDME
time traces barely different from the shape and modulation depth of the correspond-
ing Sp-RIDME time traces (Fig. 6b). The corresponding RIDME spectra differ only
in the range +2 MHz around the zero frequency, where the Sp-RIDME spectra show
a slightly deeper minimum due to the =1, artifact (Fig. 6¢). Because of the similar-
ity of the 5p- and 6p-RIDME time traces, the analysis of these time traces using the
program AnisoDipFit yielded nearly identical distance and angle distributions and
the corresponding confidence intervals (see SI, Chapter 6). Based on these results,
one can conclude that the influence of the t=7, artifact on the S5p- and 6p-RIDME
data of 3 and 4 is negligible. This is likely due to the fact that deuterated THF was
used as the solvent for 3 and 4 instead of TES buffer. As shown above for 1, the
intensity of the =1, artifact is significantly lower in deuterated THF than that in
deuterated TES buffer (see Figure S8). The measurements on 3 and 4 in TES buffer
could not be done, because neither of these compounds is soluble in TES buffer.
Another reason may be the larger modulation depths obtained for 3 and 4 as com-
pared to those for 2.

4 Conclusions

Sp-RIDME background artifacts were systematically investigated on several test sys-
tems, which provided insight into the possible origin of these artifacts. One of the
artifacts was assigned to the effect of dynamical decoupling at the time point t=1,.
Another artifact was shown to appear only when the evolution times of the electron
spin coherence before and after the mixing block were the same. In the Sp-RIDME
sequence with refocused virtual echo detection, this condition is realized at the time

510 5p-RIDME 51
So8 _6p-RIDME & |
3 go.e-.‘ g 5
E04 = 1.0+
% 2 0.5
m 0.2 ——_  § 04 0.0 s -
0.0051.01520253.035 00 05 10 15 20 25 -30 20 -10 0 10 20 30
t (us) t (us) Frequency (MHz)
10 5p-RDME 3 1.0 =3
808 —6p-RIDME 3§ 09! 3
g 208 e
4 §oo §o7||[V—~—
<04 < 51
o o 0.6+ £
5 02 . 5.5 < o J .
W 0005101520253035 Y 00 05 10 15 20 25 30 20 -10 0 10 20 30
t (us) t (us) Frequency (MHz)

Fig.6 Q-band RIDME measurements of the low-spin Fe>*-nitroxide distance distribution in 3 (top row)
and 4 (bottom row). a 5p-RIDME (gray lines) and 6p-RIDME (black lines) time traces and their fourth-
order polynomial fits (red dashed lines). b The background-corrected 5p- (gray lines) and 6p-RIDME
(black lines) time traces and ¢ the corresponding spectra (color figure online)
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point t=1,—7,. The intensity of both artifacts was shown to depend on the type of
solvent. Among the three tested solvents tested, the highest artifact intensity was
obtained for deuterated TES buffer, and the lowest intensity for deuterated THF. To
suppress the first artifact, a new 6p-RIDME sequence was introduced. The efficiency
of this sequence was confirmed on several examples. The second artifact occurred at
the end of the Sp- and 6p-RIDME time traces and could, therefore, be easily avoided
by limiting the time axis of the time traces. Alternatively, the second artifact can be
avoided using the Sp-RIDME sequence with refocused stimulated echo detection.

The 5p-RIDME measurements on the nitroxide biradical demonstrated the impor-
tance of removing the background artifacts before converting the time traces into
the distance distributions. This goal was achieved when the 6p-RIDME sequence
was used. Despite this improvement, the distance distributions extracted from both
the 5p- and 6p-RIDME time traces were found to contain a distance artifact that is
not present in the corresponding PELDOR-based distance distribution. The origin of
this artifact is unclear and needs to be explored in the future.

In contrast, the background artifacts were shown to have a small effect on both
the 5p- and 6p-RIDME time traces of the low-spin Fe**-nitroxide model com-
pounds. This was attributed to the solvent effect, as well as to the influence of the
background artifacts on the RIDME data becoming smaller as the RIDME modula-
tion depth increases.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00723-021-01326-1.
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