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Over the past decades pulsed electron-electron double resonance (PELDOR), often called double electron-
electron resonance (DEER), became one of the major spectroscopic tools for measurements of nanometer-
scale distances and distance distributions in non-crystalline biological and chemical systems. The method
is based on detecting the amplitude of the primary (3-pulse DEER) or refocused (4-pulse DEER) spin echo
for the so-called “observer” spins when the other spins coupled to the former by a dipolar interaction are
flipped by a “pump” pulse at another EPR frequency. While the timing of the pump pulse is varied in
steps, the positions of the observer pulses are typically fixed. For such a detection scheme the total length
of the observer pulse train and the electron spin memory time determine the amplitude of the detected
echo signal. Usually, the distance range considerations in DEER experiments dictate the total length of the
observer pulse train to exceed the phase memory time by a factor of few and this leads to a dramatic loss
of the signal-to-noise ratio (SNR). While the acquisition of the DEER signal seems to be irrational under
such conditions, it is currently the preferred way to conduct DEER because of an effective filtering out of
all other unwanted interactions. Here we propose a novel albeit simple approach to improve DEER sen-
sitivity and decrease data acquisition time by introducing the signal acquisition scheme based on
RELaxation Optimized Acquisition (Length) Distribution (DEER-RELOAD). In DEER-RELOAD the dipolar
phase evolution signal is acquired in multiple segments in which the observer pulses are fixed at the posi-
tions to optimize SNR just for that specific segment. The length of the segment is chosen to maximize the
signal acquisition efficiency according the phase relaxation properties of the spin system. The total DEER
trace is then obtained by “stitching” the multiple segments into a one continuous trace. The utility of the
DEER-RELOAD acquisition scheme has been demonstrated on an example of the standard 4-pulse DEER
sequence applied to two membrane protein complexes labeled with nitroxides. While theoretical gains
from the DEER-RELOAD scheme increase with the number of stitched segments, in practice, even dividing
the acquisition of the DEER trace into two segments may improve SNR by a factor of >3, as it has been
demonstrated for one of these two membrane proteins.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

plexes, and other non-crystalline materials [1-4]. Modern PDS
largely relies on two experimental implementations of the method

Nanometer distance measurements by pulsed EPR are based on
detection of dipole-dipole interactions between unpaired elec-
tronic spins, thus, justifying Pulsed Dipolar Spectroscopy (PDS) as
the general name for this method. During the past two decades
PDS evolved into a versatile and a widely applicable tool for struc-
ture determination of biomacromolecules, macromolecular com-
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that employ pulses at either (i) single or (ii) two different EPR fre-
quencies. The main example of the former is provided by the Dou-
ble Quantum Coherence (DQC) experiment [5-7] while the latter
are usually based on 3- or 4-pulse schemes and are called inter-
changeably Pulsed Electron-Electron Double Resonance (PELDOR)
or Double Electron-Electron Resonance (DEER) [8-10]. While
either of these methods works well for the two paramagnetic cen-
ters with similar spin relaxation properties and relatively narrow
EPR spectra such as nitroxide and trityl radicals, another pulse
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EPR experiment - Relaxation Induced Dipolar Modulations
Enhancement (RIDME) [11-13] - was shown to be particularly use-
ful if one of the paramagnetic centers is fast relaxing [14] and/or
has broad spectral features [15]. Recently, a modification of the
RIDME sequence that includes a second frequency pulse and takes
an advantage of the ultra-wide excitation band achieved with a
long chirp pulse has been also proposed as an alternative to both
DEER/PELDOR and DQC [16]. Other notable PDS methods include
single-frequency techniques for refocusing, such as SIFTER [17]
and “2+1” pulse train [18] as well as more recently introduced
laser-induced magnetic dipolar spectroscopy (LaserIMD) [19].

Among all the PDS methods described up to this date in the lit-
erature, the 4-pulse DEER introduced almost 20 years ago [10]
remains the most widely utilized EPR experiment for structure
determination of biological nano-objects [20]. The popularity of
the 4-pulse DEER is owned by a combination of several features:
(i) the method selectively measures inter-electron distances while
efficiently filtering out (suppressing) all the unwanted interac-
tions; (ii) the experimental signal is free of dead-time artifacts,
thus, allowing for more accurate measurements of distance distri-
butions; (iii) the pulse sequence could be readily implemented
using commercial pulse EPR spectrometers; (iv) experimental
DEER signals are virtually free of the artifacts whereas nearly all
other alternative methods described in the literature require rather
tedious signal post-processing.

Typically, the key factor limiting the DEER sensitivity and/or
distance range is the electronic spin phase memory time, T,,, which
is insufficiently long even at cryogenic temperatures. This problem
is especially severe for spin-labeled integral membrane proteins
because the phase relaxation mechanism is often dominated by
magnetic interactions with protons of the lipid acyl chains as well
as those the methyl groups abundant in proteins and is known to
persist down to very low temperatures [21,22]. For this reason,
even with improved sensitivity of Q-band (35 GHz) pulsed EPR
instrumentation many 4-pulse DEER experiments with membrane
proteins and, particularly, their oligomeric complexes, still require
days of data averaging [23]. Thus, further improving DEER sensitiv-
ity has been one of the outmost goals of the researchers in the field
for many years. These efforts primarily proceeded in three direc-
tions: (i) increasing magnetic field (frequency) of the DEER exper-
iment above X-band, (ii) increasing the excitation bandwidth of the
microwave pulses, and (iii) decreasing the phase memory loss via
dynamic decoupling.

One particularly fruitful avenue for EPR instrumentation devel-
opment was the use of high power microwave amplifiers for gen-
erating pulses above conventional X-band (9 GHz) frequency. Such
a technology dramatically improved both absolute and concentra-
tion sensitivity of pulsed EPR experiments including PDS [24-28].
Recent advances in digital arbitrary waveform generators (AWGs)
made possible to implement shaped and/or chirped broadband
pulses in Fourier transform microwave spectroscopy and pulsed
EPR [29-33]. DEER has strongly benefited from such a develop-
ment because the signal-to-noise ratio (SNR) of the detected dipo-
lar evolution is directly proportional to the fraction of the spins
inverted by the so-called pump pulse(s). For example, the pulse-
shaping technology could provide up to several-fold gain in SNR
in comparison to short approximately rectangular pump pulses
in application to spin labels with broad EPR spectra such as, for
example, Co?* and Gd** [34-37].

Further improvements in DEER signal-to-noise ratio have been
achieved by implementing decoupling schemes. Specifically, Bor-
bat et al. demonstrated that the dead-time-free 4-pulse DEER
sequence can be further optimized by taking into account intrinsic
properties of the electron spin phase memory relaxation albeit
only for the systems with a significant contribution of nuclear spin
diffusion and, unfortunately, at the cost of noticeable experimental

artifacts [38]. This idea of using the Carr-Purcell (CP) nuclear spin
decoupling scheme [39] for dynamical decoupling of electronic
spins [40] provided a further boost for the recent advances in the
PDS spectroscopy [41-45].

In spite of the dramatic improvement in DEER sensitivity
achieved through this remarkable progress in both instrumenta-
tion and/or pulse sequences, measurements of long interspin dis-
tances in membrane proteins continue to be challenging. For the
latter systems the electronic spin phase memory time may be as
short as 0.6 us [38], thus, limiting the length of a reliably measured
DEER trace to just a few microseconds.

We note that nearly all the DEER pulse sequences described in
the literature are based on acquiring the experimental signal at
fixed positions of the observer pulses. For such pulse sequences
the cumulative length of the observer pulse train (i.e., the sum of
intervals between all the observer pulses) must be longer than
the length of the measured DEER trace. Then for the trace signifi-
cantly longer than T, the DEER signal represents measurements
of the amplitude of an extremely damped electron spin echo signal
which has a very poor SNR. While such a selection of a weak echo
signal as the basis for the measurements seems to be irrational at a
first glance, keeping the observer pulse positions fixed allows for
the main advantage of DEER spectroscopy - selective detection of
electron-electron dipolar interactions. Attempts to improve 4-
pulse DEER sensitivity by moving the third observer pulse simulta-
neously with the pump pulse have been made in the early stages of
the PDS development [46]. Although the average SNR has been
clearly improved, the disadvantages caused by stepping the obser-
ver pulse overweighed the benefits of the improved SNR, thus, pre-
venting the wide use of the proposed method. The disadvantages
included the time-dependent noise that was rapidly increasing
towards the tail of the trace and eventually exceeding that of the
standard 4-pulse DEER as well as artifacts caused by incomplete
filtering of the unwanted magnetic interactions.

Here we address the issue of the DEER signal loss due to the
fixed positions of the observer pulses. Specifically, we describe a
simple but efficient strategy of splitting the DEER trace acquisition
into multiple stepwise acquired segments optimally distributed by
their length to minimize SNR losses caused by the phase relax-
ation. Since varying the observer pulse positions has been found
to be overall disadvantageous for DEER, each segment is measured
with the fixed positions of the observer pulses. By using the stan-
dard 4-pulse DEER sequence and two membrane protein com-
plexes as examples, we demonstrate that the proposed DEER
with RELaxation Optimized Acquisition (Length) Distribution
(DEER-RELOAD) improves SNR without introducing any noticeable
artifacts associated with varying the observer pulse positions. We
show that splitting DEER trace acquisition into just 2 separate seg-
ments may improve SNR by factor of >3, while the sensitivity gain
is expected to grow with increasing the number of acquisition
segments.

2. Experimental section
2.1. Materials

All chemicals and solvents were purchased from VWR Interna-
tional (Radnor, PA) or MilliporeSigma (Burlington, MA), unless
otherwise indicated, and used without further purification. Phos-
pholipids were purchased from Avanti Polar Lipids (Alabaster,
AL) as chloroform solutions (>99% pure). (1-Oxyl-2,2,5,5-tetrame
thyl-A3-pyrroline-3-methyl)-methanethiosulfonate (MTSL) was
purchased from Toronto Research Chemicals Inc. (Toronto, ON,
Canada). 1-Oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole-3-c
arboxylic acid (CP) was purchased from Thermo Fisher Scientific
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(Waltham, MA). Gramicidin from Bacillus brevis was purchased
from Fischer Scientific Co. LLC (Pittsburgh, PA), as a mixture of
gramicidin A, B, and C.

2.2. Preparation of gramicidin A sample

A mixture of gramicidin A, B, and C containing ~85% of grami-
cidin A [47] was covalently labeled at the C-terminus with CP spin
label based on a literature protocol [48]. After completing the reac-
tion the mixture was diluted with water, the precipitate formed
was collected on a filter, washed with 5 ml of water, dried on air,
re-dissolved in a mixture CHCl3:CH30H (95:5 v/v), and the crude
product was separated on a preparative SiliaPlate Extra Hard Layer
TLC plate (Silica gel 60 A F254; SiliCycle Inc., Quebec City, Quebec,
Canada) using CHCl3:CH50H (95:5 v/v) mixture as an eluent. The
band corresponding to the spin-labeled gramicidin A (SL-gA) was
verified by mass spectrometry. HRMS (HESI) m/z calcd for
Ci0sH152N21019 [M + Na]+: 2070.14656; found: 2070.14993 [M
+ Na]". Mass spectrometry analysis was carried out by a high reso-
lution Thermo Fisher Scientific Extractive Plus MS (Waltham, MA),
a benchtop full-scan Orbitrap™ mass spectrometer, using Heated
ElectroSpray lonization (HESI) method. The mass spectrometer
was operated in a positive mode.

The peptide was further re-purified on a preparative TLC plate
(Silica gel 60 A F254; Merck KGaA, Darmstadt, Germany) with
CHCl3:CH30H (95:5 v/v) eluent. SL-gA was reconstituted into
multilamellar DMPC (1,2-dimyristoyl-sn-glycero-3-phosphoryl-
choline) lipid bilayers using a literature procedure [48].

2.3. Preparation of Leptosphaeria rhodopsin sample

The expression and purification of Leptosphaeria Rhodopsin (LR)
were performed as reported previously [49-52]. Briefly, S71C-LR
mutant and wild-type LR were expressed in P. pastoris strain
SMD1168H. The site-direct mutagenesis was performed by Gene
Script Ltd. (Piscataway, NJ). The PICZaA vector containing the gene
encoding S71C-LR or wild-type LR (both with 6-His tag at the C-
terminal) was transformed in P. pastoris cells. The cells were ini-
tially scaled up in BMD medium (0.5% glucose, 0.4% NH4Cl, 0.34%
yeast nitrogen base, 0.01% biotin, and 100 mM NaH,PO4, pH 6.0),
at 230 rpm and at 30 °C. The cells were collected when the ODggg
reached 5.0. The collected cells were re-suspended in BMM med-
ium (0.5% methanol, 0.4% NH4CI, 0.34% yeast nitrogen base, 0.01%
biotin, and 100 mM NaH,PO4, pH 6.0) to induce LR expression.
The cells were harvested 48 h after induction with addition of
all-trans retinal to regenerate the expressed opsin.

The harvested cells were digested by lyticase (from Arthrobacter
luteus, MilliporeSigma) and broken by high-pressure homogeniza-
tion. The membrane protein was solubilized in 1% Triton X-100,
followed by purification using the batch protocol in the Qiagen
Ni?*-NTA manual (Qiagen, Mississauga, Ontario, Canada). The final
yield of the wild-type and the S71C-LR was ~7 mg per liter of cell
culture. Protein concentration was determined by measuring the
absorbance of opsin-bound retinal using an extinction coefficient
of 48,000 M~'ecm™".

The purified S71C-LR was dissolved in a pH 7.5 buffer (50 mM
PBS, 100 mM NaCl, 0.05% DDM). The protein was incubated for
1 h at room temperature with a 10-fold molar excess of nitroxide
spin labeling reagent, MTSL. The unreacted MTSL was removed
by buffer exchange.

The MTSL modified S71C-LR was mixed with the wild type LR
(in the same buffer condition) in a molar ratio of 1:10. The protein
mixture was reconstituted into liposomes in a protein:lipid ratio of
2.5:1 (w/w). The composition of the liposome was DMPC:DMPA
lipids at a 9:1 ratio (w/w). The detergent was removed by Bio-
beads (SM-II, Bio-Rad Laboratories, Inc., Hercules, CA). Proteolipo-

somes were formed and collected by ultracentrifugation at
400,000g for one hour. The pellets were collected by ultra-
centrifuged at 300,000g.

2.4. 4-pulse DEER and 4-pulse DEER-RELOAD

A Bruker ELEXSYS E580 spectrometer equipped SuperQFTu
bridge, 10 W AmpQ amplifier, and Q-band EN 5107D2 dielectric
resonator (Bruker Biospin, Billerica, MA, USA) has been employed
for all experiments. The aqueous samples were drawn into Suprasil
WG-222 T tubes (o0.d.=1.6 mm, i.d.=1.1 mm; Wilmad LabGlass,
Vineland, NJ, USA), sealed from one end, and then flash-frozen in
liquid nitrogen and rapidly transferred into a pre-cooled Q-band
resonator. All measurements were carried out at 76 K using a Bru-
ker ER 4118CF flow cryostat cooled by liquid nitrogen. No cryopro-
tectant was used for DEER measurements.

For DEER experiments (cf. Fig. 1) the pump frequency was set
60 MHz higher than the observer frequency and magnetic field
was set in order to pump spins at the maximum of the nitroxide
spectrum. For all DEER measurements, length of the observer pulse
was 12 ns and 20 ns for 7t/2- and m-pulses respectively. The length
of the pump m-pulse was 22 ns. All DEER traces were measured
with 7 = 160 ns interval between the first and the second observer
pulses and 60 ns interval between the second observer and the
starting point of the pump pulse. For every scan, each dipolar evo-
lution time point was measured with 200 shots. The shot repetition
time was 1000 and 500 ps for DEER experiments with SL-gA and
Leptosphaeria rhodopsin, respectively. All DEER spectra were
acquired with the standard 8-step phase cycling procedure.

For SL-gA, conventional 4-pulse DEER was measured with 60 ns
separation between the second observer and the starting position
of the pump pulse and 2960 ns separation between the second
and third observer pulses. DEER trace was recorded over the length
of 4 x 700 ns. The DEER signal was an average of 20 scans.

For DEER-RELOAD with 1 stitch (SL-gA) the first section was
measured with 60 ns separation between the second observer
and the starting position of the pump pulse and 2280 ns separation
between the second and the third observer pulses. DEER trace was
recorded over the length of 4 x 535 ns. The signal was an average
of 3 scans. The second (last) section was measured with 2160 ns
separation between the second observer and the starting position
of the pump pulse and 2960 ns separation between the second
and the third observer pulses. DEER trace was recorded over the
length of 4 x 175 ns. The signal was an average of 20 scans.

For DEER-RELOAD with 2 stitches (SL-gA) the first section was
measured with 60 ns separation between the second observer
and the starting position of the pump pulse and 1980 ns separation
between the second and the third observer pulses. DEER trace was
recorded over the length of 4 x 455 ns. Only 1 scan was measured.
The second (middle) section was measured with 2020 ns separa-
tion between the second observer and the starting position of the
pump pulse and 2560 ns separation between the second and the
third observer pulses. DEER trace was recorded over the length of
4 x 155 ns. The signal was an average of 6 scans.

The third and the last section was measured with 2620 ns sep-
aration between the second observer and the starting position of
the pump pulse and 2960 ns separation between the second and
the third observer pulses. DEER trace was recorded over the length
of 4 x 100 ns. The signal was an average of 20 scans.

For spin-labeled Leptosphaeria rhodopsin, 4-pulse DEER was
measured with 60 ns separation between the second observer
and the starting position of the pump pulse and 4320 ns separation
between the second and the third observer pulses. DEER trace was
recorded over the length of 4 x 1050 ns. The signal was an average
of 552 scans.
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Fig. 1. Pulse sequences and data acquisition schemes for (A) 4-pulse DEER [10] and (B) 4-pulse DEER-RELOAD (see text for description). The observer and the pump pulses are

shown as black and grey rectangles, respectively.

For DEER-RELOAD with 1 stitch (Leptosphaeria rhodopsin) the
first section was measured with 60 ns separation between the sec-
ond observer and the starting position of the pump pulse and
3360 ns separation between the second and the third observer
pulses. DEER trace was recorded over the length of 4 x 800 ns.
The signal was an average of 120 scans. The second (last) section
was measured with 3160 ns separation between the second obser-
ver and the starting position of the pump pulse and 4320 ns sepa-
ration between the second and the third observer pulses. DEER
trace was recorded over the length of 4 x 275 ns. The signal was
an average of 1060 scans.

3. Results and discussion
3.1. SNR gain by distributing DEER acquisition

Let us consider how the RELOAD data acquisition scheme
reduces the overall time of the DEER experiment while keeping
the same SNR. We will discuss the benefits on an example of the
most broadly applied 4-pulse DEER sequence [10] while an exten-
sion of this strategy to other pulse sequences is rather
straightforward.

In 4-pulse DEER, the primary electron spin echo (PE) is formed
by the so-called A-spins after the first two m/2-t-7 pulses are
applied at the observer frequency (Fig. 1). The third observer m-
pulse is then applied with the delay, Tg™™, after the primary echo
to generate the secondary refocused echo (RE). Another © pulse
at a different (pump) frequency between the second and the third
observer pulses flips the so-called B-spins coupled to the A-spins
by magnetic dipole-dipole interaction. The position, t?, of this
pump pulse is stepped from slightly before the PE (i.e., in order
to measure the zero time region of the DEER trace) to slightly
before the third observer pulse (i.e., to prevent the pulse overlap

as well to avoid a small “2 +1” artifact sometimes appearing at
the end of a DEER trace). The 4-pulse DEER signal, Vp(T), is
recorded as an intensity of the RE vs. time separation, T, between
the PE and the pump pulse:

Vo(T) = VoVt (27)Vaet (2T0) Visip (T) (1)

where Vj is the intensity of the electron spin echo without account-
ing for the relaxation damping (i.e., an experimental scaling factor
determined by spectrometer configuration, number of spins in the
sample, etc.), Ve (t) is the function of the echo damping due to
the phase memory relaxation, usually approximated as
exp[f(t/Tm)k] [21] with Ty, being the phase memory time and k
being a parameter determined by relaxation mechanism, and
Vip(T) is the dipolar modulation envelope function representing
the normalized DEER signal. For simplicity, let us omit Vpp(T) in
the further analysis by assuming Vpi,(T) = 1.

Let us reasonably assume that the overall acquisition time of
the DEER experiment, th“, is approximately given by a product of
the shot repetition time (ts.), number of shots per one point (h),
number of points in the DEER trace (N ) and the number Ny of
the averaged scans because a single DEER trace is recorded by step-
ping the inter-pulse delay T with the identical number of the rep-
etitions being recorded for the every data point, i.e.:

£6°9 = tchNiNo 2)
This equation can be rewritten in an equivalent form:

tSl‘th
d

£hed o 22 d, N No 3)
where d; is the time increment of the acquired DEER trace.

Let us denote as Ay an average noise level of a single DEER scan,
A: = tych/d; - single scan acquisition time per unit length of the
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DEER trace, and Tg** = d;Ny; - full length of the DEER trace. Then
the signal-to-noise ratio, SNR, obtained after accumulating Ng
scans is:

_ VoVRel (2T) Vel (2T3wx) VvNo
= A

 VoVrai(27) Vel (2T0) £/ T ™ A @
o i

Since usually the inter-pulse delay T can be chosen such that
27T < Tn, then the term Vg (27) ~ 1 can be omitted from the anal-
ysis and:

VoV (2T /¢hcd jpmax o
SNRzORel(O) 0 /To"A (5)

An

SNR

Alternatively, the acquisition time t’(}“q required for obtaining a
certain SNR is given by:

SNR - Ay

tAcq ~ Tmax A AT
0 0 T VoVra (2T5™)

(6)

As already discussed in the introduction, in many practical cases
experimental DEER signal is measured as amplitude of an extremely
damped RE signal, i.e., under conditions when Vg (2T5") < 1. Ata
first glance, fixing the position of the third observer pulse for the
entire duration of the DEER experiment seems to be irrational, since
this pulse is only required to be positioned after the moving pump
pulse. Thus, in principle, a fraction of the DEER trace could be
acquired using a shorter Ty**, i.e. when the RE intensity is less sup-
pressed. The attractive idea to vary position of the third observer
pulse simultaneously with the pump pulse while keeping the mini-
mal separation between them has been tested at the early stages of
the DEER method development by Jeschke and coworkers [46]. In
their implementation of variable-time DEER all the unwanted signal
contributions were suppressed via division by a reference trace,
which was measured in the same way but with the pump pulse fixed
right at the position of the RE [46]. In spite of yielding an improved
SNR on average, this variable-time pulse scheme for DEER did not
find a broad use up to this date mainly because of a decreased SNR
at the end of the trace and, even more importantly, possible artifacts
induced by anincomplete suppression of the unwanted interactions.
Thus, keeping the timing of the observer pulses fixed seems to be
mandatory in DEER experiments.

We note, however, that fixing the observer pulse positions dur-
ing the DEER acquisition does not necessary require the entire
DEER to be measured with the same positions of the observer
pulses. For example, acquiring DEER by using multiple inter-
pulse delays T has been demonstrated to suppress possible elec-
tron spin echo envelop modulation (ESEEM) artifacts [46]. More
recently, Rein et al. [53] proposed to measure higher and lower fre-
quencies (corresponding to shorter and longer distances, respec-
tively) of the dipolar spectrum separately by multiple (at least
two) DEER traces each measured with Tg®, time step d; and num-
ber of scans Ny optimal for each of the dipolar frequency ranges
yielding an overall significantly improved sensitivity in a DEER
experiment. Here we propose to acquire the DEER trace stepwise;
i.e. the initial trace section V(T) of a length T"** is measured with
a short delay T by accumulating N; scans. The next section V5 (T)
of a length T3** is measured with a longer delay equal to
T + T3* by accumulating N, scans (and so on until the last sec-
tion V,(T) of length T, is measured by accumulating N, scans
with the longest delay T7* + T3 +...Ty™ = Tg**. Then all the
acquired sections (Vq, Vs, ... V,) are “stitched together” yielding
a continuous trace Vpx of the length Tg™™*. The total number of sec-

tions, n, the length of each individual section, T{"**, and number of
accumulated scans for each of the sections, N;, (i=1, 2, ... n) could
be optimized to minimize the DEER acquisition time for yielding
the same SNR. In other words, the acquisition of the entire DEER
trace length is distributed in a relaxation-optimized way over the
multiple stepwise acquired sections. The scheme of such a DEER
experiment with RELaxation Optimized Acquisition Distribution
(DEER-RELOAD) is shown in Fig. 1B. For more accurate “stitching”,
a small overlap 6T between each pair of the neighboring sections
might be useful. For latter implementation of DEER-RELOAD, a
slightly longer trace T{" + 8T has to be acquired starting from
the second section, (i.e.,i=2, 3...n) in order to provide for a partial
overlap. However, as it is shown below such an overlap is not gen-
erally required and in the following we will neglect 8T, i.e. consider
only non-overlapping segments.

It should be noted here that the idea of stitching different DEER
trace segments has been earlier proposed in the DEER-Stitch
method developed by Lovett et al. [54]. The authors suggested
improving the overall SNR in a DEER experiment by stitching
together a short section of the trace around zero time point
acquired using the dead-time-free 4-pulse sequence while the rest
of the trace is measured using the 3-pulse sequence. Thus, the dead
time distortions are eliminated, while the overall sensitivity is
gained from using the shorter 3-pulse train for the rest of the DEER
trace [54]. While this DEER-Stich method capitalizes on a greater
intensity of the primary echo (PE) of the 3-pulse DEER sequence
over the RE employed in the 4-pulse DEER, it requires stitching
DEER traces obtained by two different pulse sequences. As was
noted by Lovett et al. the 2-pulse echo and 3-pulse refocused echo
sequences do not necessarily have exactly the same excitation pro-
files, therefore, resulting in different modulation depth and orien-
tation selection [54]. Further, the 3-pulse DEER suffers from a
dynamic phase shift which must be corrected before digital stitch-
ing with the 4-pulse segment [54]. Even more importantly, the
timing of the PE is still fixed and is suboptimal in the same way
as for 4-pulse DEER experiment discussed above. In other words,
the DEER-Stich is essentially a fixed-timing 3-pulse DEER experi-
ment with the initial section corrected by stitching on a dead-
time-free 4-pulse DEER segment. The DEER-RELOAD scheme
described here could also be applied to 3-pulse DEER and then
combined with the initial dead-time-free segment measured with
4-pulse sequence, thus, providing a further sensitivity increase for
the DEER-Stitch. This would be one of many possible implementa-
tions of DEER-RELOAD.

The DEER-RELOAD scheme offers a flexibility of each individual
section being acquired with different increments (i.e., non-uniform
sampling between different stitches) and also SNR. SNR-weighting
could be potentially advantageous for the DEER traces with the
characteristic features not uniformly distributed over the length.
Nevertheless, in all the further discussions we will consider only
the case of uniform noise level as the positions of the characteristic
features may not be known a priori. Then it can be shown that the
total acquisition time of such a DEER-RELOAD trace with uniform
noise level and stitched from n segments is given by:

Acq SNR - Ay]? T T
t = A V max\ 12 max max\ 12
0 Vet RTT™)]" [Vier (2T7™ + 215
Tmax
+"2} (7)
[Vka (2T5™)]

Obviously, if Vge(t) is @ monotonous decaying function, then
¢ < 8 and DEER-RELOAD pulse scheme would require a
shorter acquisition time as compared to the standard DEER for
the same SNR. Let us now introduce the acquisition time efficiency
of the DEER-RELOAD, ¢&pi(n), defined as:
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¢pr(n) = Lgcq = Thax{ Tmax Vi (2T ) (2To™)
CD- tﬁcq 0 1 Ve (ZTTaX)
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Vet (2T5)

2
Tmax 4 Tmax 8
+ 2 <VRel (ZTrlnax n 2T5nax)> + + n ( )

Assuming Vg (t) as a stretched exponential
VRl (t) = exp [f(t/Tm)k}, we obtain:

function

5D-R(n) _ Tgiax{TlinaxeXp [2k+1 [(T;nax/Tm)k . (Tgmx/Tm)kH
+Tr2naxexp [2k+1 [((T;nax + TrznAX)/Tm)k _ (Tgmx/Tm)kH
L 9)

For n — +oo the sum in Eq. (9) can be approximated by a
definite integral yielding:

Tg®exp 24 [(T5™/Tm)']

éD—R(_‘—OO) = ‘max (10)
B exp 25 (t/Tw)] | dt
Then for the most common case of k = 1:
4Tmax
Epr(+o0) = =2 (11)
T

From Eq. (11) one could easily see that the savings in the data
acquisition time from employing the DEER-RELOAD scheme vs.
conventional 4-pulse DEER are significant for typical experimental
conditions. For example, if one sets Tg'* = 3Ty, corresponding to a
factor of ~400 suppression of the RE amplitude, the maximal pos-
sible acquisition efficiency of the DEER-RELOAD, ¢pg(+o00)=12
(for k =1).

In practice, however, one has always to choose a realistically
small number n of the segments acquired. Nevertheless, even for
n=2 or 3 a significant time saving is still achieved. This is illus-
trated by Fig. 2A which shows the calculated acquisition time effi-
ciency ¢pr(n = 2) of DEER-RELOAD acquired as two sections vs. the
standard 4-pulse DEER for k =1, Tg™ =3Tn and k=1, Tg™ =Ty,
as a function of the relative position of the stitch. In these particu-
lar examples, an approximately fourfold the gain in the acquisition
time efficiency (or 2-fold gain in SNR) may be obtained if the DEER
acquisition is divided into just two sections with the first one hav-
ing the length of ~0.8 -Tg** and the second ~0.2 -Ty**. Fig. 2B
shows how the acquisition efficiency in the same example grows
if the number of the segments increases: ¢p g grows rapidly for a
small number of segments and then exhibits a clear saturation
behavior reaching épg ~ 11 — 13 at n — +oo.

Egs. (10) and (11) provide for a comparison of the acquisition
efficiencies of DEER-RELOAD vs. variable-time DEER [46] assuming
that the latter signal could be acquired in a manner to yield a uni-
form noise distribution. Since in the variable-time DEER an addi-
tional reference trace has to be measured as a part of the same
experiment, the efficiency ¢pr(+oo) in Egs. (10) and (11) has to
be divided by a factor of 2. Additionally, squared noise levels are
added upon the division procedure resulting in an additional factor
of 2 loss in the efficiency. Thus, for the particular case of
Tg™ =3Tm and k =1, the acquisition efficiency of the variable-
time DEER is equal to 3. This is still measurably lower than the effi-
ciencies of 3.7 and 5.6 predicted for DEER-RELAOD even with just
one and two stitches, respectively.

The maximal savings in data acquisition time offered by DEER-
RELOAD depend on the RE relaxation damping factor Vg (2Tg*):
the stronger the damping, the higher the acquisition efficiency of
DEER-RELOAD is. Fig. 2C illustrates the dependence of the maximal
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Fig. 2. (A) Calculated DEER-RELOAD acquisition efficiency &pr(n = 2) as a function
of the relative position of the stitch for k=1, Tg™ = 3T, (black line) and
k=2, Tg™ =Ty (red line). (B) Dependence of the calculated DEER-RELOAD
acquisition efficiency ¢pr(n) on the number of the segments n for
k=1, Tg™ = 3Ty, (filled circles) and k = 2, Tg"™ = Ty, (open circles). (C) Calculated
dependence of the maximal DEER-RELOAD acquisition efficiency &p(n) on the
stretched exponential parameter (2T§’“/Tm)k forn=2, k=1 (black line); n=2,k=2
(red line); n=3, k=1 (blue line); and n = 3, k = 2 (green line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

acquisition efficiency of the DEER-RELOAD with one and two
stitches on the stretch exponential parameter (T‘;“‘“‘/Tm)" for
k =1, 2. The efficiency grows nearly linear reaching ~18 for two
stitches, k=2, and somewhat unrealistically long DEER trace
defined by (2T /T,,)" = 12.

As another example, Fig. 3 shows how &y is distributed over
the possible relative positions of the stitches for n=3 segments
and k=1, Tg™ =3T, and k=2, Tg™ =Ty, (Fig. 3A and B,
respectively). In both cases, a rather sharp efficiency peak is
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Fig. 3. Contour plots of the calculated DEER-RELOAD acquisition efficiency, ¢pr(3), for n = 3 segments as the function of relative position of the stitches for k = 1, Tg"™* = 3T,
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located around the optimal positions of two stitches. Thus, opti-
mally distributing DEER trace acquisition over the fixed number
of segments is crucial for achieving the maximal benefits of
DEER-RELAOD. Notably, in these particular examples the maxi-
mum efficiency is achieved when both stitches are positioned in
the tail of the DEER trace which is usually dominated by back-
ground signal slowly decaying via intermolecular dipolar interac-
tions and, therefore, lacks well-defined oscillatory features. The
latter practical consideration simplifies the choice of the stitching
procedure described below.

3.2. Stitching the individual DEER-RELOAD segments

The only obvious drawback of the DEER-RELOAD detection
scheme is the necessity for additional post-processing of the exper-
imental signal in order to stitch multiple individually acquired seg-
ments, Vi, V,, ... V,, into a single continuous trace Vpy with
minimal distortions. Indeed, different positions of the RE for the
individual DEER-RELOAD segments result in their different ampli-
tude scaling factors which have be corrected during the post-
processing step. Such a correction can be easily carried out by using
the conditions of the DEER trace continuity at least up to the first
derivative and considering that experimental data contain some
noise. Then the stitching of two segments V; and V. could be accu-
rately completed, for example, by following the steps below:

(1) A stitching range is chosen. The range is defined by two
dipolar evolution time points T; and T;,; in the vicinity of
the stitching position T3, so that: T; < T} < Ti;.

(2) A stitching function f(T,C;,C,...C;)) having [ adjustable
parameters is chosen. The simplest stitching function is the
first order polynomial (i.e., f = C; + C,T) with the stitching
range being sufficiently small to approximate the stitched
region as linear. However, since the stitches are most likely
to be located in the tail of the DEER trace where its shape is
close to an exponential decay, it might be superior to use an
exponential decay function, f = Ciexp(—C,T), and wider
stitching ranges.

(3) Conventional least squares criterion, Ds, defined as:
Ds = If(T,C1,Cy...C) = Vi(T)P?
Vi

+ 3 I(T,C1.Con . C) = Cra Vi ()] (12)

Vi

is then used together with one of the standard minimization
procedures to yield the best fit parameters Cy,C; . ..C, for the
stitching function f as well as an additional stitching param-
eter C;,1. Here the sums are taken over the points of the two
stitched segments within the stitching range.

(4) Ones the stitching parameter, C,., is determined from the
fitting, the joint V;;,1 segment is constructed as:

Vi(T) for T<T; and segments do not overlap
Viig1(6) = 2(Vi(T) + CraViua (T)) for T where segments overlap
Ci1Vi (T) for T>T; and segments do not overlap
(13)

An extension of this procedure to more than two segments is
straightforward.

Let us now estimate the error introduced by the segment stitch-
ing procedure. Assuming a random Gaussian noise characterized
by an amplitude Ay, total number of data points K; of the two seg-
ments contributing to the chi square parameter Ds (Eq. (12)), and
also the ideal choice for the fitting function, the error in the stitch-

ing parameter Cj,q, will be ~ Ay/4/K;, which is a small fraction of

the average noise level in the DEER trace. In practice, however, the
error is expected to be somewhat bigger mainly due to non-
ideality of the stitching function but the latter could be partially
compensated by a proper choice of the stitching range. Ideally,
the stitching range should be short enough to be well approxi-
mated by an operator-chosen stitching function (e.g., straight line,
exponential, higher order polynomial, etc.) but also be sufficiently
long to provide for a statistically significant number of data points
to mitigate effects of the experimental noise during the least-
squares fitting (Eq. (12)). Finally, we note that a reasonably
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accurate stitching could be even carried out by manually tuning
the scaling parameter C;,; to achieve the best visual continuity of
the trace. While we strongly recommend using an automated algo-
rithm for the stitching in order to avoid potential subjectivity in
the analysis, visual inspection might still be very useful to check
for a possible software malfunction.

In contrast to DEER-Stitch experiment [54] in which two trace
segments are acquired with two differently designed pulse
sequences (which may even have different time scales and
require accurate re-phasing of the 3-pulse segment), all the seg-
ments of the DEER-RELOAD represent different sections of virtu-
ally the same continuous DEER trace. Thus, DEER-RELOAD
segments are not required to overlap in any significant way to
be accurately stitched together. Unless the total number of seg-
ments is large, even small gaps between the segments could be
tolerable if the stitches are located at the end of trace where
DEER signal undergoes little changes and is well approximated
by a low order polynomial or an exponential function. This is in
a contrast to the data post-processing of 4- and 3-pulse traces
in the DEER-Stitch experiment that requires strongly overlapping
segments partially because the stitch position typically falls at the
beginning of the trace [54] where the DEER signal undergoes
rather rapid changes.

While from a theoretical perspective the sensitivity of DEER-
RELOAD should only improve with increasing the number of
acquired segments, the practicality of the setting up such a DEER
experiment dictates the number of the segments to be reasonably
small. Obviously, at some point the distortions introduced by
multi-stitching may overweigh the advantages gained by the more
efficient data acquisition in terms of SNR. As it has been illustrated
above for Tg®™ = 3Ty, the data acquisition efficiency of DEER-
RELOAD quickly saturates after ca. 4 stitches. Thus, we speculate
that distributing the 4-pulse DEER acquisition into 3-5 segments
could probably be the best choice, although defining the mathe-
matically rigorous criteria for the optimal number of segments
remains an open question.

It is important to note here that the DEER-RELOAD approach is
strictly valid only under an assumption of the dipolar modulation
envelope function (Vp;, in Eq. (1)) being independent of Ty, i.e.
the shape of a conventional DEER trace should not change with
the position of the last observer pulse. This, however, might be
not true if there is phase relaxation dispersion among the obser-
ver spins. One example would be provided by a sample with two
types of spin pairs each having T}n;éTf,,. For such systems the dis-
tance distribution measured by the conventional DEER might
depend on Tg™ with distances corresponding to the faster relax-
ing observer spins being suppressed if Ty is sufficiently long.
The distance distribution measured by DEER-RELOAD in this case
might also be distorted, however, in a more complex way than in
the case of the conventional DEER and depending on the number
and location of the stitches. In the example shown below, a small
phase relaxation dispersion of the observer spins results in a sig-
nificant reduction of the modulation depth observed by conven-
tional 4-pulse DEER, while it could at least partially be
recovered by the DEER-RELOAD scheme. In general, if the two
spins in a pair have very distinct EPR spectra, Vp;, could vary with
Tg™ without changing the shape of the form-factor but only
change the modulation depth. For such a system conventional
4-pulse DEER approach would still be strictly applicable while
DEER-RELOAD could potentially produce some unwanted arti-
facts. Overall, both conventional 4-pulse DEER and DEER-
RELOAD approaches have to be applied with an extra care if
any substantial dispersion of the phase memory time takes place
among the observer spins.

3.3. Comparison of 4-pulse DEER and DEER-RELOAD in application to
membrane protein complexes

Two membrane protein complexes have been chosen for testing
(i) theoretically predicted sensitivity gain of DEER-RELOAD as com-
pared to the standard 4-pulse DEER and (ii) whether any artifacts
are generated by the stitching of the individual segments.

3.3.1. “Easy case”: gramidicin A in multilamellar DMPC liposomes

Pentadecapeptide gramicidin A from bacterium Bacillus brevis is
known to form membrane-spanning dimeric ion channels in the
bilayers composed of the lipids to provide the proper hydrophobic
match [47]. For such a peptide dimer nitroxide spin labels attached
to each of the C-terminal ethanolamine groups would form a spin
pair with the interspin distance of 3.09 + 0.05 nm when inserted
into DMPC bilayers [48]. This moderately short distance should
yield a dipolar modulation with <1 ps period in the DEER trace
which can be acquired with a moderate loss of the echo signal
due to relaxation damping, Vg.. Experimentally measured Vg (t)
was found to be nearly monoexponential (k = 1) with the phase
memory time of Tp, = 1.4us (not shown). For the DEER trace of
Tg™ =2.7us in length the damping factor of the RE due to the
phase relaxation is Vge ~ 50, thus, representing a rather “easy”
case for a DEER experiment.

Fig. 4A shows an experimental trace measured at Q-band using
the standard 4-pulse DEER by averaging over 6 h 30 min (black
line). For a comparison 4-pulse DEER-RELOAD trace obtained using
a single stitch at ~2 ps and averaged over 2 h 20 min (red line) is
superimposed on the top of the conventional 4-pulse trace. The
traces are virtually identical with the largest deviation at
T ~ 300 ns most probably due to a random noise not associated
with the DEER-RELOAD acquisition scheme. The stitching proce-
dure was performed as described above using an exponential
decay stitching function, C,exp[—C,T]. The stitching region
together with the best fit is shown as an inset (Fig. 4A).

Fig. 4B demonstrates that one could shorten the data acquisi-
tion time even further to only 1 h 30 min by employing DEER-
RELOAD with two relaxation-optimized stitches and still achieve
virtually the same SNR. This represents a factor of 4.3 saving in
the data acquisition time. Alternatively, one would expect at least
2-fold increase in SNR for the same total data acquisition time
when using DEER-RELOAD with 2 stitches vs. conventional 4-
pulse DEER for this membrane protein system. These results pro-
vide a clear demonstration of the efficiency of the DEER-RELOAD
signal acquisition scheme in terms of SNR for the same duration
of the DEER experiment (cf. Eq. (8)).

Additional insight on possible artifacts induced by stitching
experimental traces in the 4-pulse DEER-RELOAD experiment
was obtained by reconstructing the distance distributions for all
three experimental DEER traces shown in Fig. 4A and B using
DeerAanalysis2015 software [55]. For SL-gA dimer reconstituted
in DMPC multilamellar bilayers a uniform two-dimensional distri-
bution was assumed for the background signal and the optimal
regularization parameter was set to A=100. The distribution
obtained from conventional 4-pulse DEER without any stitches
(Fig. 4C, black solid line) revealed no long distance artifacts and a
single slightly asymmetric peak at 2.91+0.10 nm which is in
agreement with the average distance of 3.09 £ 0.05 nm reported
by Dzikovski et al. [48]. The distributions obtained from 4-pulse
DEER-RELOAD traces having 1 and 2 stitches (Fig. 4C, red solid
and blue dashed lines, respectively) were nearly identical to that
of conventional 4-pulse DEER. Only two small deviations were
noticeable. Firstly, the main distance distribution peak at
291+0.10nm was subtly distorted by a small broadening.
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Fig. 4. 4-pulse DEER trace from SL-gA dimer reconstituted in DMPC multilamellar
bilayers and averaged over 6 h 30 min (black line in both A and B) is compared with
4-pulse DEER-RELOAD signal (red line) measured as (A) two segments with the
total data acquisition time of 2 h 20 min and (B) three segments measured over 1 h
30 min. The inset in (A) shows the results of the least square fitting of the two
segments shown as a red and a blue line, respectively, to an exponential stitching
function (black line) within the chosen stitching region. (C) Corresponding distance
distributions obtained with DeerAanalysis2015 software [55] using optimal regu-
larization parameter =100 and assuming two-dimensional homogeneous back-
ground signal. An asterisk denotes a long distance artifact appearing in 4-pulse
DEER-RELOAD that is absent in the conventional 4-pulse DEER. See text for further
details. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Secondly, a small long distance artifact appeared at ca. 6 nm (indi-
cated by an asterisk in Fig. 4C). While the small distortion of the
main 2.91 £ 0.10 nm peak is likely due to a random noise artifact
at ~0.3 ps of the conventional 4-pulse DEER and is not related to
stitching, the artifact at ca. 6 nm could arise from unwanted “2

+1” contribution enhanced in the DEER-RELOAD as compared to
the conventional DEER. The main reason for the “2 + 1" contribu-
tion to become non-negligible is an insufficient 60 MHz separation
between the observer and the pump frequencies in both DEER
experiments. Thus, in general, the DEER-RELOAD trace has to be
acquired with a special care if a partial overlap in the excitation
profiles of observer and pump pulses results in characteristic “2
+1” distortions. While for the conventional 4-pulse DEER it is often
sufficient simply to discard the tail of the experimental trace, each
of the 4-pulse DEER-RELOAD segments has to be acquired under
conditions of a sufficient separation between the pump and the last
observer pulses.

3.3.2. “Challenging case”: Oligomeric Leptosphaeria rhodopsin in
multilamellar DMPC:DMPA liposomes

The second test sample for the efficiency of the DEER-REALOD
vs. the standard DEER acquisition scheme was provided by Lep-
tosphaeria rhodopsin (LR) reconstituted into multilamellar DMPC:
DMPA liposomes. LR is a ca. 30 kDa eukaryotic rhodopsin from Lep-
tosphaeria maculans that in lipid bilayer membranes adapts typical
for rhodopsins heptahelical topology. LR is a light-driven proton
pump representing a high-performance and extremely versatile
class of ‘optogenetic’ voltage and ion modulators [56]. For DEER
experiments, S71C mutant of LR (S71C-LR) was labeled with MTSL.
Currently, the structure of LR oligomers is not known but initial
chemical cross-linking and light scattering experiments for LR sol-
ubilized in a detergent are indicative of a trimer formation [57].

Similar to the methods described by Milikisiyants et al. [23]
local concentration of spin-labeled LR oligomers that are expected
to form in lipid bilayer membranes was reduced by a diamagnetic
dilution with a wild-type LR in 1:10 ratio. Fig. 5A shows the exper-
imental dependence of the refocused echo (RE) intensity for spin-
labeled S71C mutant of LR reconstituted in multilamellar DMPC:
DMPA liposomes on the delay between the second and third obser-
ver pulses (black line) and the best fit to a monoexponential func-
tion (dashed red line). Similar to SL-gA dimer, the decay of RE
intensity for LR is nearly monoexponential albeit with a signifi-
cantly shorter T, ~ 1.0 pus. At the very tail of the RE decay
(Fig. 5A) the fit yields a longer T, thus, indicating some phase
memory time anisotropy. Given such a short phase memory time
and an expected interspin distance >5 nm, this particular mem-
brane protein sample is particularly challenging to study by DEER
spectroscopy. For Tg®* = 4.2 pus the experimentally measured RE
damping factor was ~2000, thus, requiring very long DEER acqui-
sition time in order to achieve an acceptable SNR. Fig. 5B shows
the form factor of the DEER trace acquired using the standard 4-
pulse sequence (black line) after 5 days of averaging with the inset
showing the uncorrected DEER signal (also black line). The trace
has still a rather poor SNR and the observed shape corresponds
to a broadly distributed distance around ~5.5 nm (reconstructed
distance distribution is not shown). For a comparison, the 4-
pulse DEER-RELOAD trace measured with one stitch at ~3 ps and
acquired over slightly less than 4 days (red lines in Fig. 5B and
insert) has SNR exceeding that of the original trace by a factor of
~2.9. This gain in SNR exceeds the factor of 2 predicted by Eq.
(8). Although not completely clear, we speculate that this addi-
tional SNR gain for the DEER-RELOAD trace is at least partially
attributed to re-tuning the EPR spectrometer when acquiring
shorter individual segments whereas the conventional 4-pulse
DEER trace was averaged continuously over a 5-day period and
could suffer from phase instability and associated noise. Indeed,
a comparison of the signals normalized per one scan of the stan-
dard 4-pulse DEER and the second segment of the DEER-RELOAD
(not shown) allowed us to estimate the losses due to an increased
phase instability as ~1.23. The authors do not know whether the
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Fig. 5. (A) Experimental dependence of the refocused echo (RE) intensity for spin-labeled S71C mutant of LR reconstituted in multilamellar DMPC:DMPA liposomes on the
delay between the second and third observer pulses (black line) and the best fit to a monoexponential function (dashed red line). No DEER pump pulse was applied. Position
of the RE for the conventional 4-pulse DEER experiment is indicated by an arrow. (B) Comparison of the form factors extracted from the DEER traces acquired using
conventional 4-pulse sequence (black line) by averaging over 5 days and the DEER-RELOAD trace with 1 stitch (red line) acquired over 4 days. The inset shows the DEER and
DEER-RELOAD traces before background correction with the stitch position indicated by an arrow. See text for details. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

increased phase instability is associated with a longer trace/time
acquisition of the standard DEER (both in length and in time) or
it is a pure coincidence. However, we note that any long DEER
experiments has increased chances of signal distortions due unpre-
dicted factors related to instrumentation that may also include
temperature instabilities, ice buildup in the cryostat due to a slow
vacuum leak among many others.

Another clearly noticeable difference between the traces
obtained for LR using the standard 4-pulse DEER and 4-pulse
DEER-RELOAD sequences is the nearly 1.4-fold larger modulation
depth (41% vs. 58%) of the singly stitched trace. The modulation
depth obtained with DEER-RELOAD (58%) was about double of that
obtained SL-gA dimer (30%) and its value is in line with the forma-
tion of LR trimers assuming a nearly complete LR labelling effi-
ciency. However, the observed modulation depth in the standard
DEER trace is somewhat between the values expected for a dimer
(too high) and a trimer (too low). Smaller modulation depth of
the standard DEER indicates a loss of structural information that
could be at least partially recovered with DEER-RELOAD. The stan-
dard DEER trace also appears to be too noisy for an accurate com-
parison of the modulation depths. One plausible explanation of a
lower modulation depth in the standard DEER trace is related to
the phase memory time anisotropy mentioned above. Indeed, a
fraction of the observer A-spins may have no partnering B-spins
in the trimer and, thus, relax slower. The relaxation damping factor
for these A-spins is smaller than that of those A-spins in the com-
pletely labelled trimers. Since the standard DEER is measured with
longer observer inter-pulse delay than the first segment of the
DEER-RELOAD trace, the relative contribution of the fully labelled
fraction drops further for the standard DEER vs. DEER-RELOAD.
The magnitude of the drop depends on both the labelling efficiency
and a difference in the relaxation rates of the two fractions. Indeed,
a 1.4-fold drop over the last ~1 pis of the Tg'™* = 4.2 s trace seems
reasonable if the partially labeled fraction is small and the differ-
ence in the relaxation rates is significant. We note, that similar
effects have been recently reported by Baber et al. [58] who
observed significant distortions of a DEER trace if Tg™* is suffi-

ciently long to suppress the RE signal from the faster relaxing frac-
tions of A-spins.

We note that if a standard 4-pulse DEER trace is distorted by
phase relaxation anisotropy, then in DEER-RELAOD experiment
the mostly distorted last segment V,(T) is stitched with a less dis-
torted V, 1(T) segment and then with even lesser distorted
Vo 2(T) and so on. We speculate that such a signal stitching
should lead to at least a partial recovery of the structural infor-
mation lost in the standard DEER experiment, although the stitch-
ing of the segments from slightly differently shaped traces might,
in principle, cause some undesired artifacts. In the particular
example of S71C-LR shown in Fig. 5, the stitching takes place in
the tail region of the trace where the intra-molecular dipolar
modulations are nearly completely vanished through dipolar
dephasing caused by a relatively broad distance distribution.
The shape of the tail of the DEER trace is dominated by
intermolecular decay which is similar for all the fractions of the
A-spins (assuming the same local spin concentration). Thus, the
stitching should not cause any significant distortions of the
DEER-RELOAD trace while still providing for a higher modulation
depth. Unfortunately, any detailed and/or accurate comparisons
of the shapes of the standard DEER and DEER-RELOAD traces
for this spin-labeled LR sample are impossible because of a poor
SNR of the standard DEER trace.

Fig. 5B overlays form factors extracted from the experimental
conventional 4-pulse DEER and DEER-RELOAD traces (Fig. 5B
insert) using DeerAnalysis2015 software package (see also Ref.
[55]). The SNR gain for background-corrected data increased to
~4 because of the enhanced modulation depth. If we discount for
a lower detection phase instability discussed above, applying the
DEER-RELAOD acquisition scheme for this particular spin-labeled
membrane protein resulted in SNR enhancement by factor >3 even
though the total acquisition time was actually somewhat shorter
as compared to the standard DEER. This is significant because
achieving the same SNR with conventional 4-pulse DEER data
acquisition scheme using the same instrument would require sig-
nal averaging for >45 days (!).
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4. Conclusions

Significant improvement of sensitivity of DEER spectroscopy
has been demonstrated by applying the novel RELaxation Opti-
mized Acquisition Distribution (DEER-RELOAD) acquisition
scheme to two different spin-labeled membrane protein com-
plexes: an ion channel forming gramicidin A reconstituted into
DMPC liposomes and Leptosphaeria Rhodopsin in DMPC:DMPA
liposomes. The principal advantage of the DEER-RELOAD scheme
in terms of the signal-to-noise ratio arises from acquiring a series
of the individual segments, which lengths are optimized according
the phase memory relaxation profile of the observed A-spins. The
segments are stitched together to yield the final continuous trace
that is further processed and analyzed in a standard fashion. No
artifacts above the average noise level associated with the new
acquisition scheme have been observed experimentally. While
for spin-labeled gramicidin A, the SNR gains were close to those
predicted theoretically, an additional factor of ~1.4 in SNR was
obtained for Leptosphaeria Rhodopsin due to an unexpected
increase of the intra-molecular dipolar modulation depth.
Enhanced sensitivity of DEER-RELOAD makes it a useful addition
to the available methods to measure nm-scale distances in disor-
dered samples and membrane proteins and membrane protein
complexes in particular, where the losses in the refocused echo
amplitude caused by exceptionally short electron spin phase relax-
ation are often imposing the critical limitations on the applicability
of DEER spectroscopy.

The user-friendly Matlab-based software package StitchFit
developed for automated stitching of multiple DEER-RELOD seg-
ments into one continuous DEER trace is available for free down-
load using the following link: https://smirnovgroup.wordpress.
ncsu.edu/downloads/.
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