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Abstract: The DEER (double electron-electron resonance, also called PELDOR) experiment, which
probes the dipolar interaction between two spins and thus reveals distance information, is an
important tool for structural studies. In recent years, shaped pump pulses have become a valuable
addition to the DEER experiment. Shaped pulses offer an increased excitation bandwidth and
the possibility to precisely adjust pulse parameters, which is beneficial especially for demanding
biological samples. We have noticed that on our home built W-band spectrometer, the dead-time
free 4-pulse DEER sequence with chirped pump pulses suffers from distortions at the end of the
DEER trace. Although minor, these are crucial for Gd(III)-Gd(III) DEER where the modulation
depth is on the order of a few percent. Here we present a modified DEER sequence—referred to
as reversed DEER (rDEER)—that circumvents the coherence pathway which gives rise to the distortion.
We compare the rDEER (with two chirped pump pulses) performance values to regular 4-pulse DEER
with one monochromatic as well as two chirped pulses and investigate the source of the distortion.
We demonstrate the applicability and effectivity of rDEER on three systems, ubiquitin labeled with
Gd(III)-DOTA-maleimide (DOTA, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) or with
Gd(III)-DO3A (DO3A, 1,4,7,10-Tetraazacyclododecane-1,4,7-triyl) triacetic acid) and the multidrug
transporter MdfA, labeled with a Gd(III)-C2 tag, and report an increase in the signal-to-noise ratio in the
range of 3 to 7 when comparing the rDEER with two chirped pump pulses to standard 4-pulse DEER.

Keywords: electron paramagnetic resonance; EPR; double electron-electron resonance; DEER;
PELDOR; arbitrary waveform generator; AWG; shaped pulses; Gd(III), distance measurements

1. Introduction

Double electron-electron resonance (DEER, also called Pulsed Electron Double Resonance,
PELDOR) is an Electron Paramagnetic Resonance (EPR) method that measures the dipolar interaction
between two (or potentially more) coupled spins and has become a routine method for structural
biology applications [1]. As the majority of proteins and nucleic acids are diamagnetic, spin
labels, which are covalently attached to the biomolecule of interest, are introduced via site-directed
spin labeling (SDSL) [2–4]. While the most commonly used spin labels are nitroxide-based
(mainly S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate, MTSSL),
the use of other paramagnetic tags as spin labels for biomolecules like triarylmethyl [5,6], Cu(II) [7,8],
Mn(II) [9–13] or Gd(III) [14–22] has been successfully demonstrated. In the case of these metal ions,
the metal is usually coordinated to chelating tags that are covalently attached to the biomolecule.
Additionally, genetically encoded chelators have been presented for, e.g., Cu(II) [23] and Gd(III) [24].
Gd(III)-Gd(III) distance measurements are gaining popularity in recent years due to the high sensitivity
at high magnetic fields of Gd(III) and its redox stability, which is an important feature for in-cell EPR
experiments [22,24–28].
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One main drawback of the DEER experiment compared to continuous wave (CW) EPR is its
significantly lower sensitivity which leads to accumulation times that, at times, are as long as 12 h or more,
especially for demanding biological samples with long distances that suffer from low concentration and
a short phase memory time. In the case of Gd(III), along with Cu(II) and Mn(II), the limited bandwidth of
commonly used monochromatic pump pulses allows only for a small fraction of the spins in the sample
to be excited, leading to a modulation depth (λ) of a few percent [29–32]. Challenging biological samples
may also suffer from a low labeling efficiency, which further diminishes λ. Additionally, as in-cell
experiments become increasingly popular [22,24–28], increased sensitivity in the range of only a few
micromolar protein concentration is desired to be as close as possible to physiological concentrations.
The small modulation depth—compared to nitroxide-nitroxide DEER, where λ can easily reach 30%
or more [33]—makes DEER on metal centers prone to small perturbations that may originate from the
cross-talk of the observe and pump pulses or other instrumental limitations, and are difficult to remove.

Over the past few years, the sensitivity issue was addressed by the introduction of Arbitrary
Waveform Generators (AWGs) to allow for broadband excitation on the pump channel. The successful
application of AWGs to EPR spectroscopy and the DEER experiment was first demonstrated in the
labs of Jeschke [34–36] and Prisner [37–39] at X- and Q-band, where the pump pulse was replaced
with linear chirps as well as more sophisticated pulse shapes (See Figure 1). At Q-band frequencies,
the modulation depth in Gd(III)-Gd(III) distance measurements could be increased to up to 15%
using chirp pump pulses [36]. The use of shaped pump pulses to increase the modulation depth
is also associated with increasing the intensity of combination frequencies in multi-spin systems as
they crucially depend on the modulation depth. Therefore, data analysis needs to be performed
carefully [40]. This issue is, however, less important in the case of Gd(III) spin labeling because the
modulation depth is still relatively low. Gaussian pump and observe pulses have also been shown
to be beneficial for removing artifacts arising from the overlapping frequency bandwidths of these
pulses [41]. A recent report described a coherent spectrometer at 200 GHz based on AWG [42] and
DEER experiments with shaped pulses at 180-GHz and 260-GHz frequencies [43], highlighting the
need for sensitivity improvement using shaped pulses with high-frequency spectrometers.

Figure 1. Cont.
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Figure 1. (A) The standard dead-time free 4-pulse double electron-electron resonance (DEER)
sequence [44] with a refocused echo in the observe channel (ν1); (B) a 4-pulse DEER sequence using
two consecutive chirped pump pulses generated with an AWG on the pump channel [36]; (C) a new
rDEER sequence with two consecutive chirped pump pulses.

We recently presented an AWG setup at the W-band where we reported signal to noise ratio (SNR)
improvements for Gd(III)-Gd(III) DEER with one chirp pump pulse by a factor of 2–3.3, meaning
a significant reduction in the experiment run-time by a factor of 4–10 [45]. In the current work,
we present a new and improved AWG setup for our spectrometer. Because current AWGs do not
have a sufficient sampling rate to generate pulses of tens of GHz directly, some upconversion or
mixing [42] scheme must be applied to reach the desired frequency. The main difference between the
previous setup and the setup presented here is the final upconversion step towards 95 GHz. In the
setup presented in Reference [45], this was achieved by a ×13 multiplier; while in the current setup
we mix an intermediate frequency of 7.3 GHz with 87.6 GHz. Details are given in the Materials and
Methods section.

While not a significant problem with the past setup [45], our efforts in increasing SNR with the
new setup were limited by a distortion at the end of the DEER time trace that required the extension of
the DEER evolution time, τ2 (refer to Figure 1 for an explanation of the symbols used) by almost 1 µs.
This requires discarding the last microsecond, thus reducing the effective SNR of the experiment.

In this work, we show the origin and consequences of the aforementioned distortion towards the
end of the time trace of Gd(III)-Gd(III) DEER experiments recorded with chirped pulses. We show
that it can be attributed to an echo originating from a specific coherence pathway involving both
the pump and observe pulses even though the pump pulses are coming from an incoherent
source. We found that using a slightly modified DEER sequence—the reversed DEER (here, called
rDEER, Figure 1C) where the DEER evolution time is dictated by τ1 and not τ2—it was possible to
alleviate this problem and gain the max SNR that can be afforded by the use of chirp pump pulses.
We demonstrate and compare the results obtained with rDEER with those obtained from regular DEER
and regular DEER with chirp pump pulses on human ubiquitin labeled with Gd(III)-DOTA-maleimide
(DOTA, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) and Gd(III)-DO3A (DO3A, (DO3A,
1,4,7,10-Tetraazacyclododecane-1,4,7-triyl) triacetic acid) [28], as well as the multidrug antiporter
MdfA [46–48], labeled with Gd(III)-C2 [49] (for the chemical structure of the spin labels, see Figure 2),
with different EPR and Gd(III)-Gd(III) DEER characteristics.
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Figure 2. Chemical structures of the spin labels that were used in this work: (A) Gd(III)-DOTA-
maleimide and (B) Gd(III)-DO3A, used to label ubiquitin. (C) Gd(III)-C2, used to label MdfA.
The leaving group of the labeling reaction is indicated in red.

2. Results

In order to demonstrate the performance of the rDEER sequence, we chose three samples—
(A) Ubiquitin D39C/E64C doubly labeled with Gd(III)-DOTA-maleimide (Ubi-DOTA-M-Gd),
(B) Ubiquitin D39C/E64C doubly labeled with Gd(III)-DO3A (Ubi-DO3A-Gd) [28] and (C) MdfA
A163C/V307C doubly labeled with Gd(III)-C2 (MdfA-C2-Gd) [49]—to serve as model systems.
While Ubi-DOTA-M-Gd and MdfA-C2-Gd have a narrow EPR central transition and a relatively
broad distance distribution, Ubi-DO3A-Gd has a broader central transition but a narrower distance
distribution such that several oscillations are clearly visible in the DEER trace. These are all typical
examples of Gd(III) spin labels used in DEER measurements, and therefore we chose to evaluate the
performance of rDEER for these cases separately. Figure 3 shows the echo-detected EPR spectra of the
three samples in the region of the central transition. The pump and observe positions are also indicated.
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Figure 3. The normalized, echo-detected EPR spectra of (A) Ubi-DOTA-M-Gd, (B) Ubi-DO3A-Gd
and (C) MdfA-C2-Gd. For DEER with a rectangular pump pulse, the signal was observed at the
position indicated by a green arrow and pumped at the maximum of the central transition (blue arrow).
For chirp DEER and rDEER, the signal was observed at the maximum of the central transition (blue
arrow) and pumped on both sides by two 300 MHz wide chirp pulses (blue areas). The direction of the
linear chirp is indicated by light blue arrows above the respective pump regions.

Throughout this paper, we refer to regular, dead-time free 4-pulse DEER with a single,
monochromatic pump pulse as “Rectangular DEER”’; to DEER obtained with two consecutive linear
chirps, but with the regular DEER sequence as “chirp DEER”; and to the newly introduced rDEER
sequence with two consecutive chirp pulses and a reverted pulse direction, as “rDEER”. Schemes of
all pulse sequences are found in Figure 1. The primary time domain traces of the rectangular, standard
chirped DEER and rDEER measurements on Ubi-DOTA-M-Gd, along with the form factors and the
derived distance distributions are shown in Figure 4A–C. While the dipolar evolution time was set
to 3.15 µs, there is a clear artifact in the DEER trace visible in the range of 2.0–3.0 µs (Figure 4A,
blue trace). It is not possible to reliably analyze these data and one would need to cut off the
last microsecond of the DEER trace in order to use it. The obtained distance distribution reveals
that the shortened trace introduces errors in the evaluation of the background decay and therefore
drastically reduces the achievable data quality (Figure 4C). Thus, to achieve an evolution time of
3.15 µs, one would need to extend τ2 by 1 µs, which means a significant loss in SNR and, consequently,
a longer experiment (see Figure S1, where we extended the evolution time to 5.3 µs to demonstrate the
reliability of the data analysis). However, when using rDEER the distortion is not present. The results
for Ubi-DO3A-Gd are shown in Figure 4D–F. Here, we do not see a strong influence of the artifact
on the background-subtracted DEER trace and, in fact, the chirp DEER yields a reliable distance
distribution. However, a closer look at the data reveals that the distortion is also present in this sample.
The validation shows a rather large error in the intensity, but not in the position of the main peak
in the distance distribution which is attributed to changes in λ in the validation procedure. Similar
conclusions can be drawn from experiments on MdfA (Figure 4G–I). The SNR of the rectangular
trace is insufficient to yield any usable data within the 20 min of accumulation and is presented here
for comparison with chirp DEER and rDEER data accumulated for the same experimental run-time.
A higher-quality rectangular DEER trace can be found in Figure S2. Even this trace—which was
accumulated for 11 h—does not have an optimal SNR.
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Figure 4. Comparison of the DEER data of Ubi-DOTA-M-Gd (top panels), Ubi-DO3A-Gd (center panels),
and MdfA-C2-Gd (bottom panels) with rectangular DEER, chirp DEER, and the rDEER experiment;
(A,D,G) Raw data with the background correction function (red traces); The artifact is clearly visible at
2–3 µs for the chirp DEER sequence (blue trace) in (A) and from 2.5 µs to 3.3 µs in (G) and disappears with
the use of the rDEER sequence (green trace); (B,E,H) Background-corrected DEER data and fit obtained
with the distance distributions shown in (C,F,I) using Tikhonov regularization and DeerAnalysis
(red traces) [50]. Confidence intervals using DeerAnalysis’ built-in validation function are shown in
grey. Within each sample, all data were accumulated on the same sample tube and with the same tuning.
More details are given in Table 1. The regularization parameter α was kept constant within each sample
and was 100 for (C), 12.6 for (F) and 20.0 for (I). Figure S3 shows the DeerAnalysis’ color-coding of the
distance reliability ranges of the data shown in (C), (F), and (I).
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Table 1. Summary of the SNR and modulation depth obtained from the various DEER experiments on
the three samples studied.

Experiment Run-Time/min SNR Modulation Depth Number of Scans **

Ubi-DOTA-M-Gd
Rectangular 15:50 7.2 * 4.3% 20
chirp DEER 08:00 15.0 * 5.2% 10

rDEER 15:55 18.4 * 4.5% 20
Ubi-DO3A-Gd

Rectangular 51:44 5.6 3% 50
chirp DEER 52:22 31.2 3.7% 50

rDEER 52:19 40.7 3.8% 50
MdfA-C2-Gd

Rectangular 18:20 2.2 8% 20
chirp DEER 18:22 15.6 6.5% 20

rDEER 18:43 13.9 5% 20

* This SNR was calculated in the range 0.896–1.888 µs due to the shorter length of the arbitrary waveform generator
(AWG) DEER trace; ** One scan consists of a complete 8-step phase cycle with 8× 50 shots per point and a repetition
rate of 800 µs, equivalent to a run-time of ~46 seconds, not taking overhead into account.

The investigation of the origin of the distortion at the end of the DEER trace revealed a traveling
echo that interferes with the observed echo at the position of the artifact. Figure 5 shows transient traces
at different time points where the maximum of the observed echo is fixed at 500 ns and the traveling
echo is clearly visible. When the traveling echo enters the detection window, this unwanted echo begins
to affect the integrated signal of the observed echo. Note that the first echo at around 300 ns is not
part of the detected signal and lies outside of the detection window. Investigation of the echo’s timing
revealed that it crosses the detection window at τ2 – 2τ1. Tait and Stoll have recently performed a
careful analysis of coherent pathways in the DEER experiment [51]; given the timing, it is likely to be
a stimulated echo that originates from the SE1p3 pathway which involves both the pump pulse and
observe pulses (see Table 1 of Reference [51]). Although the pump pulse originates from the AWG and
is, therefore, not coherent with the reference source, it is not averaged out entirely during the experiment
run-time. The timing of the rDEER moves this artefact outside of the DEER trace and the result is a
clean trace as can be seen in Figure 4A,D,G (green trace). We note that this distortion is different than
the “2 + 1” distortions appearing at the end of DEER traces that was described recently [41].

Figure 5. The transient traces of the data shown in Figure 4A (blue trace, on Ubi-DOTA-M-Gd) reveal
the presence of an additional echo that traverses the observed echo (indicated by a black arrow).
The number on the left refers to the time of the pump pulse (indicated as t in Figure 1). The integration
interval of the observe echo starts at the red line and ends 300 nsec later (the end of the integration
window is not within the scale of this figure).
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Additionally, we compared our rDEER experiments to the standard 4-pulse DEER with rectangular
pulses (Figure 4) to validate that the distance distribution the experiment yields is consistent with
the established DEER experiment. DEER with rectangular pulses is performed by pumping on the
central transition and observing on the side, while chirp DEER and rDEER are performed by pumping
on the sides and observing the central transition. The former gives an increased modulation depth
at the expense of signal intensity, which is why the modulation depth is similar on both types of
experiments, while the SNR of chirp DEER and rDEER is higher. The SNR is calculated according to
the following equation:

SNR =
1√

NumScan
·λ·

√
NumPt
SumSq

(1)

where NumScan is the number of scans, λ is the modulation depth, NumPt is the number of data
points and SumSq is the sum of squares, an indicator of the noise in the trace. This number is calculated
by subtracting the form factor from the DEER trace so that only the noise remains. This is done in
the region 1–2 µs (for MdfA-C2-Gd and Ubi-DO3A-Gd) or 0.896–1.888 µs (for Ubi-DOTA-M-Gd).
This follows the SNR calculation found on page 4 of Reference [45], but takes into account the number
of scans. In order to ease the comparison, we have added the number of points used for SNR
estimation to the calculation. For all experiments presented herein, NumPt = 31. It is worth noting
that all experiments carried out on a particular sample were performed with identical tuning, power,
and pulse settings so the relative improvements are reliable. Once a sample is removed from the
spectrometer and introduced again, the tuning conditions may change and, accordingly, the absolute
SNR may change as well.

While DEER with rectangular pulses on ubiquitin doubly labeled with Ubi-DOTA-M-Gd gave
an SNR of 7.2, chirp DEER gave a value of 15.0 and rDEER gave a value of 18.4 (see Table 1), which
corresponds to an increase by a factor of 2.5 for rDEER relative to rectangular DEER. Within acceptable
error, the distance distributions obtained by Tikhonov regularization using DeerAnalysis 2018 for
both the rectangular and the rDEER are the same. To interpret the chirp DEER data, the trace has
to be significantly shortened due to the distortion (see above); thus, the distance distribution, while
reproducing the main distance, is notably distorted.

DEER of Ubi-DO3A-Gd was accumulated up to a t of 4 µs. In this sample, the SNR of the DEER
with rectangular pulses was 5.6, with chirp DEER having an SNR of 31.2 and with rDEER having an
SNR 40.7. The improvement of rDEER compared to rectangular DEER is 7.3, the highest of all samples
presented in this work, while the chirp DEER gave an improvement of 5.6.

For MdfA-C2-Gd, the improvement is again quite pronounced with an SNR of 2.2 for rectangular
pulses compared to 13.9 with the rDEER sequence, a factor of 6.2. Chirp DEER gives an SNR of 15.6
and thus an improvement of 7. However, with the standard chirp DEER, a reliable determination of
the background is not possible due to the distortion and because the obtasined distance distribution
is distorted (see Figure 4). A possible solution here would be to significantly increase the dipolar
evolution time at the expense of a large loss in SNR. The rDEER sequence, on the other hand, does not
exhibit this artifact.

3. Discussion

In this paper, we showed that the implementation of broadband chirp pulses as pump pulses in
W-band Gd(III)-Gd(III) DEER experiments can result in echoes from additional coherence pathways
that are potential sources of distortion to the DEER trace and its data analysis. We showed that using
broadband chirp pump pulses together with a modified pulse sequence, where we moved the dipolar
evolution into the time between the spin echo sequence and the pump pulse (see Figure 1C), makes it
possible to record a practically distortion-free trace, with a minimal dead-time at the end of the trace of
0.15 µs. This also required setting τ2 to be rather long, which surprisingly did not significantly reduce
the echo intensity. We demonstrated the effectiveness of the rDEER on three proteins labeled with
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different tags and thereby exhibiting Gd(III) central transitions with different widths that are typical
examples encountered in Gd(III)-Gd(III) DEER applications.

As can be seen in Figure 4 and Table 1, the modulation depth changes very little across all
experiments on both ubiquitin samples, although the rectangular DEER was recorded by pumping the
central transition and observing 100 MHz away while rDEER and chirp DEER were recorded while
observing at the maximum of the central transition and pumping on the sides. For the MdfA sample,
Table 1 reports a very high modulation depth of 8%. The importance of this number should not be
overestimated as it is probably a consequence of the low overall SNR of the trace; longer accumulation
(see Figure S2) shows that the modulation depth is more likely to be around 3.5% and, therefore,
comparable to the other experiments.

It is possible to observe on the central transition using rectangular pulses; however, this setup
leads to very low modulation depths (>1%) and is prone to artifacts and is, therefore, usually not used
in our lab. With chirp pulses, observing the central transition becomes feasible due to the increased
modulation depth owing to the increased excitation width of the chirp pump pulses. This, in turn,
generates a much higher absolute echo intensity, which is the primary source of the improvement in this
study. The improvements in SNR reported here lie between 3.3 and 7.3 and exceed the improvement of
1.8 that we reported earlier on Ubi-DOTA-M-Gd [45]. This advancement is mainly due to the following:
(1) in the present study, the pump pulse was applied symmetrically around the central transition
with two separate pulses (94.5–94.8 GHz and 95.0–95.3 GHz) [36], while previously only one pump
pulse was used; (2) with the improved AWG setup shown in Figure 6, it is possible to position the
observe sequence directly at 94.9 GHz, to which the resonator is tuned. This was not possible in the
previous study. There, a distortion of unknown origin at a frequency of 94.9 GHz forced us to move
the observe frequency to 94.95 GHz, which—while it is feasible—results in a decrease in the observed
signal intensity. Interestingly, the present study showed that the DO3A tag [28] performed very well
with chirp pulses. The same holds true for the C2-Gd tag. Here, however, we do not understand why
C2-Gd performs better than DOTA-M as they have spectra with a very similar width.

Figure 6. The scheme of the arbitrary waveform generator (AWG) setup.

Although rDEER is a good tool to avoid the problem of an artifact towards the end of the DEER
trace as well as recording high-SNR DEER traces in a reasonable amount of time, the source of the
distortion in an incoherent setup like ours is not completely understood. The literature describing the
implementation of AWGs at X- [39] and Q-band [36] does not mention any appearance of distortions
of the magnitude that we observed. However, the upconversion/modulation scheme used in these
works significantly differs from ours. Additionally, the hardware requirements at high microwave
frequencies are more demanding and our comparably low modulation depth due to power limitations
makes these experiments sensitive to distortions. While we can clearly exclude that the cause of the
distortion is purely instrumental, its intensity and impact changed significantly with different tags.
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In the Ubi-DO3A-Gd, for example, the distortion is barely visible at all, while it is quite pronounced
with both of the other tags. The artifact does not depend on the pulse sweep direction (see Figure S4).
We were also not able to phase-cycle the artifact out by applying a 16-step phase cycle instead of the
8-step phase cycle that is commonly used (see Figure S5). Additionally, in the case of Gd(III)-Gd(III)
DEER, the time τ2 can be significantly increased to several microseconds without the loss of signal
intensity, a fact that we exploited to clear the observation window of unwanted echoes (see Figure S6).
This interesting spectroscopic feature deserves further investigation, which is, however, beyond the
scope of this study.

The large SNR improvements together with an artifact-free DEER trace produced by the rDEER
experiment are highly beneficial especially for challenging experiments like membrane proteins in a
heterogeneous environment or in-cell measurements where the protein concentration should be as low
as possible. Notably, we demonstrated that a DEER of a challenging low-concentration (around 30 µM)
membrane protein labeled with Gd(III)-C2 can be obtained with a reasonable SNR in only 20 min
and, on suitable samples, the improvement in SNR can be as high as 7.3 when applying shaped pump
pulses. The rDEER sequence is now routinely used in our lab.

4. Materials and Methods

4.1. Sample Preparation

Experiments were performed on three systems: (A) Ubiquitin D39C/E64C doubly labeled
with Gd(III)-DOTA-maleimide (purchased from Macrocyclics, Inc., USA and used without further
purification; here called Ubi-DOTA-M-Gd; 50 mM MES buffer, pH 6.5, 50 µM protein concentration).
Ubiquitin purification and labeling were performed according to a published protocol [45];
(B) Ubiquitin D39C/E64C doubly labeled with Gd(III)-DO3A (Ubi-DO3A-Gd). Protein purification
and labeling were performed according to Reference [28] (50 mM MES buffer, pH 6.5, 50 µM
protein concentration). (C) MdfA double mutant A163C/V307C was solubilized (MdfA-C2-Gd)
with dodecyl-maltopyranoside (DDM) and labeled with C2 [49] (20 mM Tris-HCl, 120 mM NaCl,
200 mM Imidazole, 0.1% DDM, approx. 30 µM protein concentration, as determined by NanoDrop).
Details on the purification and labeling will be published elsewhere. All samples were supplemented
with 10% glycerol-d8 and filled in 0.6/0.84 mm (inner/outer diameter) quartz capillaries (VitroCom,
New Jersey, USA).

4.2. Spectroscopy

All experiments were performed on our home-built W-band (94.9 GHz) spectrometer [52,53]
using the controller software SpecMan [54]. The spectrometer is equipped with two microwave (MW)
physical channels and a 2 W solid-state amplifier. To reduce losses and dead-time, we have recently
replaced our ferrite based circulator with a quasi-optical setup designed and manufactured by Thomas
Keating Inc. For sample cooling, a cryo-free closed cycle cryostat, custom-designed and manufactured
by Coldedge Inc. tailored for our setup was used. The minimal sample temperature obtainable with
this system is 4.5 K.

Echo-detected EPR spectra were recorded with a spin-echo sequence π/2 – τ – π – τ – det.
The following parameters were used: tπ/2 = 15 ns, tπ = 30 ns, τ = 550 ns. The field was swept at
10 mA/s.

DEER. All experiments were performed at 10 K. The standard dead-time free 4-pulse DEER
sequence [44] was used with the 8-step phase cycling (x)(x)(xP)x (a pulse in parenthesis is cycled in a
2-step manner; for details on the phase cycling nomenclature, refer to References [51,55]). The observe
and pump frequencies were 94.95 GHz and 94.85 GHz (foffset = 100 MHz), respectively, with the
resonator tuned at 94.9 GHz, τ1 = 375 ns and a repetition rate of 0.8 ms; the magnetic field was
positioned such that the central transition of Gd(III) was pumped, this mode is referred to as “pump on
maximum”. The time τ2 was experiment-dependent and as follows: For Ubi-DOTA-M-Gd τ2 = 3.5 µs,
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for Ubi-DO3A-Gd τ2 = 4.5 µs and for MdfA-C2-Gd and the trace shown in Figure S2, τ2 was 4 µs.
The lengths of the pulses were tπ/2, obs, tπ , obs = 15, 30 ns; tπ ,pump = 15 ns. The raw data were analyzed
with DeerAnalysis 2018 [50]. All data were accumulated as transients using SpecMan [54] and later
integrated into Matlab.

Chirp DEER. A Chase Scientific DA12000 Arbitrary Waveform Generator (AWG) card with a
sampling rate of 2 GS/s was used to generate shaped pulses. Its output was fed into one of the two
microwave channels in an incoherent manner. The AWG is controlled by a LabView program and
can be triggered by SpecMan. In the past, in order to obtain 94.9 GHz pulses, a frequency of 400
MHz was generated and then fed into a home-built unit that converted these pulses to 7.3 GHz by
means of multiplication followed by mixing. This signal was then fed into our home-built bridge
and multiplied (×13) to yield the desired frequency. A detailed description of this setup has been
published previously and can be found in Reference [45]. Due to frequency sidebands around 95 GHz
that cannot be filtered, we used a new setup with a modified upconversion scheme where the 7.3 GHz
signal was generated as described above and subsequently mixed with a frequency of 87.6 GHz (see
Figure 6). This system shows improved performance in terms of the observable modulation depth
as well as an increased signal. It enables the use of a measurement mode where the observe pulses
are set to the maximum of the Gd(III) signal, while the pump pulses are placed symmetrically around
it [36], referred to as “observe on maximum” (also refer to Figure 3). In the past, this setup was only
possible with one pump pulse on the low-frequency side due to the aforementioned sidebands. These
limitations, however, are specific to our instrument. While “observe on maximum” with pumping
on one side can also be used with rectangular pulses, it yields a low modulation depth and is thus
susceptible to small artifacts, though the SNR could be higher [30].

All experiments with shaped pulses were performed with the 8-step phase cycling (x)(x)(xP)x.
For the standard chirp DEER experiments, the resonator was tuned to 94.9 GHz and the Gd(III) central
transition was positioned at this frequency. The parameters of the experiment were τ1 = 375 ns,
tπ/2,obs = 15 ns, tπ,obs = 30 ns; tpump = 192 ns, while τ2 was sample-dependent. The following values
were used: for Ubi-DOTA-M-Gd τ2 = 3.5 µs, for Ubi-DO3A-Gd τ2 = 4.25 µs, for Ubi-C2-Gd τ2 = 3.75 µs
and for the long trace shown in Figure S1, a τ2 of 5.5 µs was used. The repetition rate was set to
0.8 ms. Two linear chirp pump pulses [36] were positioned symmetrically about the central transition
with a frequency range of 94.5 GHz–94.8 GHz and 95.0 GHz–95.3 GHz (∆f = 300 MHz) with a pulse
length of 96 ns each and no delay between the two pulses. It is worth noting that this pulse setup
(up/up) differs from the two-pump-pulse scheme introduced by Doll et al. in 2015 (up/down) [36],
but was empirically found to perform better on our hardware. We have excluded the possibility that
the distortion is caused by a different pulse setup by comparing these pulse schemes in Figure S4.

The pump pulse was applied with the maximum available power, which for a rectangular pulse
results in a π pulse of 5–10 ns for Gd(III) at the maximum intensity of the echo-detected EPR spectrum.

rDEER. The resonator was tuned to 94.9 GHz and the field was adjusted such that it matches the
maximum of the central transition. The parameters of the rDEER experiments were chosen to match
the chirp DEER settings (see paragraph above) in terms of the pulse lengths and frequency sweeps.
τ2 was chosen to be long, 2.2 µs, in order to move unwanted echoes out of the detection window.
Surprisingly, this did not lead to a significant reduction in the observed signal. Compensation for the
resonator profile was not used. These pulse parameters have previously been found to be optimal for
our resonator [45].

Validation. Validation was performed using DeerAnalysis 2018’s built-in validation function
using 10 trials of added white noise with an RMS factor of 1.5 and 11 trials of background corrections.
Values for the background correction interval were 600–2000 ns (±300 ns).

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/5/1/20/s1,
Figure S1 (Chirp DEER of Ubi-DOTA-M-Gd), Figure S2 (Rectangular DEER of MdfA-C2-Gd), Figure S3 (Distance
distributions from Figure 4 with their corresponding distance-dependent color coding from DeerAnalysis),
Figure S4 (Raw data of DEER traces on Ubi-DOTA-M-Gd with different pulse directions), Figure S5 (Effect of
phase cycling on the echo) and Figure S6 (Echo decay for a refocused spin echo on MdfA-C2-Gd).
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