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Pulse dipolar EPR spectroscopy (PDS) measurements are an important complementary tool in structural
biology and are increasingly applied to macromolecular assemblies implicated in human health and dis-
ease at physiological concentrations. This requires ever higher sensitivity, and recent advances have dri-
ven PDS measurements into the mid-nanomolar concentration regime, though optimization and
acquisition of such measurements remains experimentally demanding and time expensive. One impor-
tant consideration is that constant-time acquisition represents a hard limit for measurement sensitivity,
depending on the maximummeasured distance. Determining this distance a priori has been facilitated by
machine-learning structure prediction (AlphaFold2 and RoseTTAFold) but is often confounded by non-
representative behaviour in frozen solution that may mandate multiple rounds of optimization and
acquisition. Herein, we endeavour to simultaneously enhance sensitivity and streamline PDS measure-
ment optimization to one-step by benchmarking a variable-time acquisition RIDME experiment applied
to CuII-nitroxide and CuII-CuII model systems. Results demonstrate marked sensitivity improvements of
both 5- and 6-pulse variable-time RIDME of between 2- and 5-fold over the constant-time analogues.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pulse dipolar electron paramagnetic resonance spectroscopy
(PDS) has emerged as a powerful tool for characterisation of com-
plex macromolecular assemblies, complementing atomic resolu-
tion of X-ray crystallography (XRC) [1,2] and cryo-electron
microscopy (cryo-EM) [3,4], with distance constraints in the range
of 1.5–16 nm [5–8]. Furthermore, PDS measurements are often
performed in frozen solution on a molecular ensemble, ameliorat-
ing problems associated with sample crystallisation and immobil-
isation, as well as size limitations, and potential structural
perturbations upon introduction of sterically bulky fluorophores,
associated with XRC, cryo-EM, nuclear magnetic resonance
(NMR) and Förster Resonance Energy Transfer (FRET), respectively.
In this purview, PDS has provided insight into structural models
[4,9–11], conformational [12–19] and binding equilibria [20–27],
multimerization state [28–30], spin-counting [31–33], and kinetic
landscapes [34–36]. For a comprehensive overview of the contribu-
tions of PDS to structural biology, the reader is directed to several
excellent reviews [37–39]. Additionally, PDS is performed with
continuously improving sensitivity, facilitating measurements
down to concentrations of hundreds [40,41] and even tens of nM
[23,42,43]. The motivation for enhanced measurement sensitivity
is multi-faceted, but importantly allows for the study of protein
and nucleic acid systems under near physiological concentrations
and in cellulo [7,44–50].

Commercial instruments have been used successfully for pulse
electron–electron double resonance (PELDOR) [51,52] (also known
as double electron–electron resonance or DEER [53]) measure-
ments at low lM concentration [54]. Concentration sensitivity
can be further improved via homebuilt high-power resonator-free
spectrometers [55,56], or by implementation of arbitrary wave-
form generators (AWGs) and shaped pulses that yield higher spin
inversion efficiencies [57–62]. Furthermore, spin labels with exqui-
sitely narrow spectral linewidths such as trityl radicals [43,63,64],
have exceptional sensitivity when coupled with the single-
frequency double quantum coherence (DQC) filtered [65] experi-
ment. Yet another strategy for enhanced sensitivity involves the
use of novel pulse sequences, either to prolong the transverse
coherence of electron spins by reducing the influence of nuclear
spin diffusion [66,67], improve the inversion efficiency of the
microwave pulses and associated modulation depths [68,69], or
through development and implementation of custom detection
schemes [70,71].

While novel pulse sequences have achieved broad success at
improving measurement sensitivity, constant-time acquisition

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2023.107460&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jmr.2023.107460
http://creativecommons.org/licenses/by/4.0/
mailto:beb2@st-andrews.ac.uk
https://doi.org/10.1016/j.jmr.2023.107460
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


J.L. Wort, K. Ackermann, A. Giannoulis et al. Journal of Magnetic Resonance 352 (2023) 107460
schemes are non-ideal from a sensitivity perspective. Briefly,
constant-time acquisition has a total period of dipolar evolution
(tmax) which is identical (i.e., constant) for all time-points through-
out the measurement. This limits the achievable sensitivity in
dependence of the tmax, and simultaneously mandates selection
of tmax a priori, optimized for a particular inter-spin distance. His-
torically, this would require medium- to high-resolution structural
data, but the advent of machine learning structural prediction tools
(e.g., AlphaFold2 [72,73] and RoseTTAFold [74]) shows promise to
overcome this bottle-neck. Importantly, constant-time acquisition
normalizes the transverse dephasing experienced by the spin-
labelled molecular ensemble, and therefore the relaxational contri-
bution (including instantaneous diffusion under detection pulses)
to the detected echo is fixed (i.e., sub-ensembles, regardless of dif-
ferential transverse relaxation behaviour, will have identical con-
tributions to the detected echo at each time-point throughout
the measurement).

An alternative, so called ‘variable-time acquisition’, has a
dynamic tmax which is incremented with each time-point through-
out the measurement. This manifests as a sensitivity enhancement
at short dipolar evolution times (i.e., at earlier time-points), which
diminishes as the dipolar evolution time increases (i.e., at later
time-points). This effectively decouples achievable sensitivity from
tmax, which can be selected arbitrarily, and truncated in post-
processing, facilitating one-step measurement optimization of sys-
tems with multimodal distance distributions (i.e., in cases where
determination of an optimum tmax is problematic). Indeed, the
variable-time 4-pulse DEER pulse sequence [75] demonstrated sig-
nificant sensitivity enhancement compared to the constant-time
analogue in rod-shaped persistent biradicals and in a transmem-
brane protein. However, sensitivity to sub-ensembles poses the
problem of differential transverse dephasing [76,77] (e.g., via
instantaneous diffusion) leading to different contributions arising
at different tmax values. Subsequently, this cannot be processed
with the standard Kernel assuming all time-points encode the
same distance (and frequency) distribution, which has hindered
widespread adoption and application. Despite this, attempts to
hybridize the improved sensitivity of variable-time acquisition
with the fixed relaxational contributions of constant-time acquisi-
tion format, have found some success [78,79].

Herein, we revisit variable-time acquisition in the context of the
relaxation induced dipolar modulation enhancement (RIDME) [80–
82] pulse sequence (shown for the 5- and 6-pulse experiments in
Fig. 1a), and in light of several advances with respect to electron-
nuclear modulation suppression [83] and nanomolar concentration
sensitivity [20,23,40]. Interestingly, the original 3-pulse RIDME
experiment benchmarked by Kulik et al. [81] used variable-time
acquisition but was not dead-time free. In the variable-time
dead-time free RIDME sequences used in this work, the position
of the mixing block and the final refocusing pulse are all incre-
mented at the same time (Fig. 1b). Relaxational contributions to
the detected echo, and electron spin echo envelope modulation
(ESEEM) are suppressed by deconvolution using a reference trace
(i.e., where only the position of the final refocusing pulse is incre-
mented in time, Fig. 1c, analogously to variable-time dead-time
free DEER) yielding a trace containing only electron-nuclear mod-
ulations, (i.e., free of oscillations arising from dipolar coupling), and
a stretched-exponential background decay, as an approximation of
the product of an exponential and Gaussian decay term [84]. This is
in contrast to the constant-time experiment wherein the position
of the final refocusing pulse is decremented relative to the mixing
block as the latter is incremented in time.

A series of 5- and 6-pulse variable-time dead-time free RIDME
CuII-CuII and CuII-nitroxide measurements are benchmarked on a
pair of Streptococcus sp. group G protein G, B1 domain (GB1) con-
structs, [20,85] and a nitroxide-labelled terpyridine ruler com-
2

plexed with CuII [86] (Fig. 2) respectively. The performance of
variable-time RIDME with respect to sensitivity and distance dis-
tribution reliability compared to the constant-time analogue is
assessed. Additionally, the influence of deconvolution on sensitiv-
ity and distance distribution fidelity, as well as application of an
extended phase-cycle [87] to suppress artefacts at short mixing
times, particularly in the CuII-nitroxide 5-pulse variable-time
RIDME measurements, are discussed and evaluated.
2. Experimental procedures

All protein expression, purification, labelling, and sample prepa-
ration (unless otherwise stated) were performed as previously
described [20,88,89]. All data analysis was performed in DeerAnal-
ysis2018, [90] raw data was fitted with a stretched exponential
background function with dimension 3–6 (unless otherwise sta-
ted) and validations were performed as previously described
[20,91]. Briefly, a 6-dimensional stretched exponential background
function is assumed, and an initial validation (56 trials) is per-
formed, consisting of 8 iterations of background start position (be-
tween 5 and 30% of the total RIDME trace length), and 7 iterations
of background dimension (between 3 and 6 in increments of 0.5).
Once the optimal background start position and background
dimension are determined, the data are reloaded, processed using
these values and a second validation (896 trials) is performed, con-
sisting of the previous validation step and an additional 16 itera-
tions of white noise (noise level 1.5).

Variable-time RIDME traces were deconvoluted (unless other-
wise stated) by division with the experimental reference trace
(see SI section 1.4 for details). Sensitivity per echo was calculated
as previously described [92]. For further details on sample prepara-
tion, measurement parameters, and data analysis see SI sections
1.1, 1.3, and 1.4, respectively. The Bruker PulseSPEL programs cor-
responding to the variable-time 5- and 6-pulse RIDME experi-
ments used in this work are given in the underpinning data [93].
The influence of the deconvolution procedure upon raw variable-
time RIDME data is shown overleaf (Fig. 3). While we abstain from
deconvoluting raw data with analytical stretched exponential
functions fitted to the reference trace, it should be recognised that
division in this way can mitigate noise explosion arising from divi-
sion at long dipolar evolution times, (i.e., where signal intensity
approaches 0) [94]. For the corresponding stretched exponential
fits of all variable-time RIDME reference traces and residuals, see
SI section 2.7.
3. Results and discussion

Firstly, 5- and 6-pulse constant- and variable-time CuII-CuII

RIDME was applied to 100 lM I6H/N8H/K28H/Q32H GB1 in pres-
ence of 170 lM CuII-nitrilotriacetic acid (NTA) (Fig. 4); this protein
to CuII ratio was previously shown to yield labelling corresponding
to the sensitivity optimum [89] with a mixing time corresponding
to 0.7 � T1. The results demonstrate that the variable-time
measurements (blue and cyan traces, respectively) recapitulate
the expected distance distributions, with a unimodal peak at
� 2.5 nm, consistent with both the 5- and 6-pulse constant-time
RIDME measurements (red and green traces, respectively). We also
calculated the root mean square deviation (RMSD) of the corre-
sponding distance distribution error estimates and found all values
to be comparable: the 5- and 6-pulse constant-time RIDME mea-
surements had RMSD values of 5.40 � 10-2 and 6.28 � 10-2, respec-
tively. The 5- and 6-pulse variable-time RIDME measurements had
RMSD values of 6.93 � 10-2 and 5.96 � 10-2, respectively. It is
observed that prior to deconvolution the variable-time RIDME
measurements consistently have a steeper background decay com-



Fig. 1. a) 5-pulse constant-time ridme pulse sequence, with detection pulses indicated in red, and mixing block interval (Tmix) pulses indicated in green. The position of the
mixing block is incremented in time by t, indicated by the black arrows. The interval between detection pulses in the Hahn echo subsequence (s1) and the total dipolar
evolution time (s2) are indicated by the double-headed red arrows. The position of the final p-pulse is constant, separated by s2 � t from the mixing block. b) 5-pulse variable-
time RIDME pulse sequence, with detection pulses indicated in blue, and mixing block interval pulses in green. The intervals s1 and s2 are indicated by the double-headed
blue arrows. Here, the position of the mixing block and the final p-pulse are incremented together in time by t (i.e., the position of the final p-pulse is dynamic, separated by
an arbitrarily short time interval (s0) from the mixing block. c) 5-pulse variable-time RIDME reference pulse sequence, with detection pulses indicated in blue, and mixing
block interval pulses in green. The intervals s1 and s2 are indicated as in b). Here, only the position of final p-pulse is incremented in time by t, to isolate relaxational
contributions to the detected echo without dipolar contributions arising from incrementing the mixing block. PE and RVE refer to primary echo and refocussed virtual echo,
respectively. d) 6-pulse constant-time RIDME pulse sequence with colour scheme and labelling as in a). e) 6-pulse variable-time RIDME experimental pulse sequence with
colour scheme and labelling as in b). f) 6-pulse variable-time RIDME reference pulse sequence with colour scheme and labelling as in c). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. a) Terpyridine-based synthetic model system containing nitroxide moieties
and complexed by CuII. b) and c) I6R1/K28H/Q32H and I6H/N8H/K28H/Q32H GB1
constructs, respectively, shown in cartoon representation. The R1 sidechain,
double-histidine motifs, and NTA ligands are shown in stick representation. The
CuII spin centres are shown as brown spheres.
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pared to the constant-time RIDME measurements, with the divi-
sion leading to a decrease in the steepness of the background decay
(see SI section 2.3 for discussion). The observation of a slower
background decay for variable-time RIDME after deconvolution is
rationalized by the removal of electron-nuclear (ESEEM) modula-
tions and dipolar modulations that already manifested at short
mixing times, which in the non-deconvoluted trace represent addi-
tional pathways for dephasing accelerating background decay. Fur-
3

thermore, this increased steepness was borne-out by simulation of
background decay shape assuming a dynamic tmax parameter, (i.e.,
the unmodulated component of the detected echo is not a constant
attenuating factor), and product of stretched exponentials (see SI
section 2.1 for discussion).

While the distance distributions were highly robust and consis-
tent regardless of the RIDME pulse sequence used, it should be
noted that for distance distributions that are broad, or contain long
distances such that dipolar oscillations are not well pronounced,
then imperfections in the deconvolution may affect the deter-
mined distance distribution. Additionally, we compared their rela-
tive sensitivities, to determine potential gains via the variable-time
acquisition scheme. The 5- and 6-pulse constant-time RIDME mea-
surements had sensitivities per echo of 8.43 � 10-1 and 4.85 � 10-1,
respectively. This is consistent with a recent systematic compar-
ison that observed reduced sensitivity in 6-pulse RIDME [95], due
to imperfect refocussing by the additional p-pulse in the Carr-
Purcell subsequence. Significantly, the 5- and 6-pulse variable-
time RIDME measurements had sensitivities per echo of 1.47 and
1.27, representing modest improvements in sensitivity over the
constant-time analogous measurements by factors > 1.7 and
> 2.5, respectively. Interestingly, the sensitivities per echo do not
directly reflect a lower RMSD in the distance distribution error
bounds. We propose this arises because the ground truth error
bounds for the distance distributions are not available and so are
only approximated by the Tikhonov validations. An increased dis-
tance distribution RMSD may additionally manifest from uncer-
tainties in variable-time RIDME deconvolution and background
removal.

Furthermore, omission of the deconvolution step of variable-
time RIDME traces in pre-processing, nominally used to suppress
ESEEM and relaxational contributions to the modulated signal,
yielded a further sensitivity enhancement (see SI section 2.3 for



Fig. 3. a) 5-pulse variable-time RIDME reference trace (pulse sequence shown in Fig. 1 c) (black trace) fitted with a stretched exponential function (blue trace) with the 95%
confidence bounds indicated by the shaded regions (barely visible), and raw variable-time RIDME data prior to deconvolution (pulse sequence shown in Fig. 1 b) (red trace).
Inset: A plot of residuals of the fitted stretched exponential function to the variable-time RIDME reference trace, green trace. b) 5-pulse variable-time RIDME data
deconvoluted with i) the analytical stretched exponential function (cyan trace), and ii) the experimental reference trace (magenta trace, shifted by �0.2 vertically). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. 5- (red) and 6- (green) pulse constant-time, and 5- (blue) and 6- (cyan) pulse deconvoluted CuII-CuII variable-time RIDME measurements of 100 lM I6H/N8H/K28H/
Q32H GB1 in presence of 170 lM CuII-NTA. a) primary data with black traces corresponding to the fitted stretched exponential background functions, b) dipolar evolution
functions with black traces corresponding to the Tikhonov fits from DeerAnalysis and c) corresponding validated distance distributions. In c) the 95% confidence estimates
(� 2 r) are shown as shaded regions and the colour bar indicates reliability ranges (green: shape reliable; yellow: mean and width reliable; amber: mean reliable; red: no
quantification possible). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J.L. Wort, K. Ackermann, A. Giannoulis et al. Journal of Magnetic Resonance 352 (2023) 107460
discussion). Surprisingly, the distance distributions reconciled
nicely with constant-time RIDME data, even when variable-time
RIDME data was not deconvoluted. Here, 5- and 6-pulse variable-
time RIDME measurements had sensitivities per echo of 2.66,
and 2.37, representing improved sensitivity over constant-time
measurements by factors > 3.0 and > 4.8, respectively. However,
ignoring the relaxational contributions to the detected echo is
likely only feasible when considering short distances, and where
differential relaxation behaviour of sub-ensembles is negligible,
both yet to be evaluated experimentally.

Next, 5- and 6-pulse constant- and variable-time CuII-nitroxide
RIDME was applied to 100 lM nitroxide-labelled terpyridine
ligand in presence of 50 lM CuII (Fig. 5). All measurements recapit-
ulate the expected distance distribution, with comparable RMSD,
the 5- and 6-pulse variable-time RIDME measurements had RMSD
values of 2.92 � 10-1 and 1.10 � 10-1, respectively. The 5-pulse
constant-time RIDME measurement had RMSD value of 1.98 �
10-1, however it should be noted that the 6-pulse constant-time
RIDME measurement is background corrected with a fourth-
order polynomial (i.e., the distance distribution does not contain
error bounds). This empirical background correction has been used
4

for 6-pulse RIDME previously [82] and using a stretched exponen-
tial background function resulted in a dimension of < 3. Addition-
ally, it was observed that CuII-nitroxide 5-pulse variable-time
RIDME reference measurements did not contain the low-
frequency artefact, meaning that deconvolution led to amplifica-
tion of the artefact in experimental traces (see SI section 2.2 for
discussion). Furthermore, recording 5-pulse variable-time RIDME
measurements with a short mixing time (Tref ) introduced addi-
tional artefacts (i.e., potentially from crossing of echoes with
coherence order –0 during the mixing block). Therefore, an
extended 32-step phase-cycle [87] was applied (see SI section 2.2
for discussion) and sufficiently suppressed artefacts to allow
deconvolution by measurements with a short mixing time (akin
to previous 5-pulse constant-time RIDME measurements
[21,22,24]). The mismatch between the simulation and experiment
in the first minimum of the time domain data is attributed to
effects arising from the rigidity of the model system paired with
orientation selection in the RIDME experiment [96].

The 5- and 6-pulse constant-time RIDME measurements had
sensitivities per echo of 1.11 � 101 and 1.15, respectively. Impor-
tantly, such large sensitivity difference (approximately an order



Fig. 5. 5- (red) and 6- (green) pulse constant-time, and 5- (blue) and 6- (cyan) pulse deconvoluted CuII-nitroxide variable-time RIDME measurements of 100 lM nitroxide-
labelled terpyridine ligand in presence of 50 lM CuII. Note that the 5-pulse constant-time RIDME data is deconvoluted, while the analogous 6-pulse RIDME data is not.
Additionally, 6-pulse constant-time RIDME is background corrected assuming a fourth-order polynomial. a)-c) as in Fig. 4. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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of magnitude) is likely to be non-representative and arises from i)
overfitting of the low-frequency artefact in the 5-pulse constant-
time RIDME which inflates the estimated modulation depth
(i.e., the amplitude between the signal intensity at time zero and
the time when the signal is entirely damped in the limit of negligi-
ble intermolecular decay), and ii) RMSD determined from the
imaginary component of the RIDME trace being dominated by
dipolar oscillations rather than thermal noise. Comparatively, the
5- and 6-pulse variable-time RIDME measurements had sensitivi-
ties per echo of 1.19 � 101 and 4.16, respectively, representing only
marginal sensitivity improvement for the 5-pulse RIDME experi-
ment, and a factor > 3.6 for the 6-pulse RIDME experiment.

However, in cases with high signal-to-noise ratio (SNR), quan-
tification of RMSD, and subsequently sensitivity becomes less
Fig. 6. Top) 5-pulse constant-time (red), variable-time deconvoluted (blue), and variab
N8H/K28H/Q32H GB1 in presence of 10 lM CuII-NTA. Bottom) 5-pulse constant- and var
presence of 2.7 lM CuII-NTA, with the same colour scheme as above. a)-c) and d)-f) as in F
referred to the web version of this article.)

5

robust (vide supra point ii). Interestingly, CuII-nitroxide 5- and
6-pulse RIDME measurements performed at X-band frequency
(analogous to data shown in Fig. 4) demonstrated a sensitivity
enhancement for variable-time acquisition of � 2.0, compared to
constant-time acquisition (see SI section 2.4 for details). Therefore,
to investigate more robustly the sensitivity advantage of 5-pulse
variable-time over constant-time RIDME, low concentration
CuII-CuII (5 lM I6H/N8H/K28H/Q32H GB1 in presence of 10 lM
CuII-NTA) and CuII-nitroxide (0.5 lM I6R1/K28H/Q32H GB1 in
presence of 2.7 lM CuII-NTA) RIDME samples were prepared and
measured (Fig. 6). At these limiting concentrations, sensitivity
enhancements afforded by variable-time acquisition should
become more apparent and easier to quantify, as estimation of
RMSD from the imaginary component is more reliable.
le-time non-deconvoluted (magenta) CuII-CuII RIDME measurements of 5 lM I6H/
iable-time CuII-nitroxide RIDME measurements of 0.5 lM I6R1/K28H/Q32H GB1 in
ig. 3. (For interpretation of the references to colour in this figure legend, the reader is
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Constant-time RIDME traces are non-deconvoluted (red traces) and
variable-time RIDME traces are either deconvoluted with a refer-
ence trace (blue traces) or non-deconvoluted (magenta traces).

The CuII-CuII constant-time, deconvoluted variable-time and
non-deconvoluted variable-time RIDME measurements had sensi-
tivities per echo of 5.44 � 10-2, 9.90 � 10-2, and 1.00 � 10-1, respec-
tively. This represents a sensitivity enhancement by a factor > 1.8
for non-deconvoluted variable-time RIDME with respect to
constant-time RIDME, highly consistent with the factor > 1.7
observed for the initial 5-pulse variable-time CuII-CuII RIDME mea-
surements (Fig. 4). Concomitantly, the CuII-nitroxide constant-
time, deconvoluted variable-time and non-deconvoluted variable-
time RIDME measurements had sensitivities per echo of 3.52 �
10-1, 5.29 � 10-1, and 7.37 � 10-1, respectively. This represents a
sensitivity enhancement by a factor � 2.1 for non-deconvoluted
variable-time RIDME with respect to the constant-time analogue,
which is markedly higher than the enhancement observed in the
nitroxide-labelled terpyridine variable-time RIDME measurements
(Fig. 5).

Once again, the distance distributions are highly consistent
between constant- and variable-time RIDME measurements inde-
pendent of whether deconvolution with a reference trace during
pre-processing is performed. Here, the RMSD values for the dis-
tance distribution error bounds for the CuII-nitroxide measure-
ments were 3.32 � 10-1, 3.06 � 10-1, and 2.80 � 10-1 for
constant-time, variable-time, and variable-time deconvoluted,
respectively. Correspondingly, for the CuII-CuII measurements
RMSD values were 3.19 � 10-2, 4.33 � 10-2, and 4.51 � 10-2, for
constant-time, variable-time, and variable-time deconvoluted,
respectively.

However, the results also indicate there is clearly a trade-off
between the background decay steepness and sensitivity
enhancement (i.e., omission of the deconvolution step increases
sensitivity nominally by a factor of 2 (the product of a factor
ffiffiffi

2
p

in acquisition time, and a factor
ffiffiffi

2
p

owing to the deconvolu-
tion itself) but leads to considerably steeper background decay,
especially in the CuII-CuII case). Since the RIDME background
decay is primarily dominated by electron-nuclear spectral diffu-
sion during the mixing block interval, measuring at higher tem-
peratures (i.e., with faster longitudinal relaxation behaviour and
subsequently shorter mixing times) can ameliorate prohibitive
background decays. Indeed, a systematic sensitivity analysis of
CuII-CuII variable-time RIDME measurements performed at
different temperatures and mixing times indicated a global
optimum at 40 K and a mixing time equivalent to the longitudi-
nal relaxation time constant, T1 of 15 ls (see SI section 2.6 for
discussion).
4. Conclusions

In summary, we have established a variable-time acquisition
scheme of the 5- and 6-pulse RIDME experiments, benchmarked
on CuII-CuII and CuII-nitroxide systems. Taken together, results
demonstrate that variable-time acquisition affords approximately
a factor 2 sensitivity enhancement compared to the constant-
time analogue, even at sub-lM concentrations. Significantly, this
marks a factor 4 reduction in the acquisition time, where the
limit is approximately � 60 h with existing hardware in our hands
(i.e., phase drifts become significant at this time scale) [23,40].
Combination of variable-time RIDME measurements with trityl
radicals as the detected spin, use of cryogenically cooled
pre-amplifiers [97], and non-uniform sampling [98], may offer
further sensitivity enhancements even down to single digit nM
concentrations, extending the scope of PDS distance measure-
ments towards systems predisposed to precipitate above a limiting
6

concentration threshold, or where material is otherwise limited
(i.e., poor purification yield, or lack of available heterologous
expression [99]).

Perhaps more importantly, results also indicate that in certain
cases (i.e., conditional on the caveat of short distances where dif-
ferences in relaxation behaviour between sub-ensembles is
assumed to be negligible) variable-time RIDME deconvolution is
sometimes unnecessary to accurately recapitulate distance distri-
butions when compared with the constant-time RIDME experi-
ment. While this is likely to be strongly system-dependent, it
suggests that variable-time RIDME is especially well-suited to
measure short inter-spin distances (1.5–3.0 nm) with improved
sensitivity. Improved SNR at the early time-points (i.e., before the
dipolar oscillation is damped) may also make variable-time RIDME
valuable for measurement of mid- (3.5–6.0 nm) and long-range
distances (�6.0 nm), even in cases where the background decay
is prohibitively steep and reduces the achievable tmax.

The measured distances in this work are short (�2.5 nm), and
therefore one open question is how robustly variable-time RIDME
provides reliable distance distributions when applied to systems
containing longer or broader distances. Interestingly, the sensitiv-
ity enhancement afforded by variable-time compared to constant-
time RIDME may facilitate measurement at higher temperatures
(optimally in a range where Tm is largely constant) where back-
ground decay is shallower and subsequently extends the achiev-
able tmax above the noise floor. Furthermore, it should be
cautioned that for longer distances (i.e., where the dipolar
oscillation period is comparable to or exceeds the Tm) variable-
time RIDME traces may have lower SNR due to a steeper decay
and owing to the deconvolution causing a noise explosion at the
end of the trace.

Finally, it is hoped that variable-time RIDME opens avenues
toward more efficient measurement optimisation, being robust to
deviations between in silico and solution-state structures, that
would otherwise mandate repetition of measurements with differ-
ent dipolar evolution times before the optimum tmax is found. In
fact, because a variable-time RIDME trace is essentially composed
of several constant-time RIDME traces with different tmax values,
incremental truncation and global fitting [100] may improve accu-
racy and robustness of distance distribution determination. Fur-
thermore, with the recent drive towards streamlining of PDS
workflows (i.e., automation of data analysis [101–103], parameter
and measurement optimisation [104], and structural interpreta-
tion of PDS distance constraints [105]), shifting to variable-time
acquisition offers to simplify experimental set-up and ameliorate
issues associated with subjective data truncation during post-
processing.

The research data supporting this publication can be accessed at
https://doi.org/10.17630/db46fa7d-13c5-49ef-aa07-847ab67c7bca
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[97] M. Šimėnas, J. O’Sullivan, C.W. Zollitsch, O. Kennedy, M. Seif-Eddine, I. Ritsch,
M. Hülsmann, M. Qi, A. Godt, M.M. Roessler, G. Jeschke, J.J.L. Morton, J. Magn.
Reson. 322 (2021).

[98] A.G. Matveeva, V.N. Syryamina, V.M. Nekrasov, M.K. Bowman, Phys. Chem.
Chem. Phys. 23 (2021) 10335–10346.

[99] K. Ackermann, S. Khazaipoul, J.L. Wort, A.I.S. Sobczak, A.J. Stewart, B.E. Bode, J.
Am. Chem. Soc. 145 (2023) 8064–8072.

[100] S. Brandon, A.H. Beth, E.J. Hustedt, J. Magn. Reson. 218 (2012) 93–104.
[101] S.G. Worswick, J.A. Spencer, G. Jeschke, I. Kuprov, Sci. Adv. 4 (2018) eaat5218.
[102] J. Keeley, T. Choudhury, L. Galazzo, E. Bordignon, A. Feintuch, D. Goldfarb, H.

Russell, M.J. Taylor, J.E. Lovett, A. Eggeling, L. Fábregas Ibáñez, K. Keller, M.
Yulikov, G. Jeschke, I. Kuprov, J. Magn. Reson. 338 (2022).

[103] L. Fábregas Ibáñez, G. Jeschke, S. Stoll, Magn. Reson. 1 (2020) 209–224.
[104] J.-B. Verstraete, J.R.J. Yong, D.L. Goodwin, W.K. Myers, M. Foroozandeh, Chem.

Commun. 58 (2022) 10715–10718.
[105] G. Jeschke, Protein Sci. 27 (2018) 76–85.

http://refhub.elsevier.com/S1090-7807(23)00095-2/h0330
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0335
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0335
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0340
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0340
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0345
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0345
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0350
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0355
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0355
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0360
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0365
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0365
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0365
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0365
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0370
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0375
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0375
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0380
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0385
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0385
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0390
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0390
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0395
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0400
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0400
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0405
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0405
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0410
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0410
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0415
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0415
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0420
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0420
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0425
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0425
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0430
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0430
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0430
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0435
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0435
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0440
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0440
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0445
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0445
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0450
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0450
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0455
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0460
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0460
https://doi.org/10.17630/db46fa7d-13c5-49ef-aa07-847ab67c7bca
https://doi.org/10.17630/db46fa7d-13c5-49ef-aa07-847ab67c7bca
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0470
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0470
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0475
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0475
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0480
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0480
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0485
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0485
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0485
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0490
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0490
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0495
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0495
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0500
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0505
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0510
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0510
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0510
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0515
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0520
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0520
http://refhub.elsevier.com/S1090-7807(23)00095-2/h0525

	Enhanced sensitivity for pulse dipolar EPR spectroscopy using variable-time RIDME
	1 Introduction
	2 Experimental procedures
	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


