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Abstract: The study of complex biomolecular assemblies implicated in human health and
disease is increasingly performed under native conditions. Pulse Dipolar Electron
paramagnetic resonance (PDEPR) spectroscopy is a powerful tool that provides highly precise
geometric constraints in frozen solution, however the drive towards in cellulo EPR is limited
by the currently achievable concentration sensitivity in the low uM regime. Achieving PDEPR
at physiologically relevant sub-uM concentrations is currently very challenging. Recently,
relaxation induced dipolar modulation enhancement (RIDME) measurements using a
combination of nitroxide and double-histidine Cu'" based spin labels allowed measuring
500 nM concentration of a model protein. Herein, we demonstrate Cu'-Cu" RIDME and
nitroxide-nitroxide PELDOR measurements down to 500 and 100 nM protein concentration,
respectively. This is possible using commercial instrumentation and spin labels. These results
herald a transition towards routine sub-uM PDEPR measurements at short to intermediate
distances (~1.5-3.5 nm), without the necessity of specialized instrumentation or spin-labelling
protocols, particularly relevant for applications in near physiological conditions.



The study of increasingly complex biomolecular assemblies and their interactions with the
cellular environment has driven interest towards holistic structural characterization under
conditions with high biological validity. Pulse dipolar EPR (PDEPR) is a powerful tool for such
characterization, and complements X-ray crystallography, NMR, Forster resonance energy
transfer (FRET), and cryo-EM data by providing solution-state distance constraints in systems
of virtually unlimited size and complexity.! Due to these characteristics, PDEPR is also an
emerging technique for conformational studies of protein and nucleic acid complexes in
cellulo.> However, physiological concentrations are often in the sub-uM regime. In
combination with low numbers of cells within samples, the challenge is to achieve sufficient
absolute sensitivity. Analyzing a representative sample of 61 recent applications of nitroxide-
nitroxide pulsed electron-electron double resonance (PELDOR)? measurements using the 4-
pulse double electron-electron resonance (DEER)* sequence reveals the use of spin
concentrations between 5 and 400 puM (median 100 uM, mean 116 * 90 uM, see SI)
demonstrating the current state of the art. Recently, Cu'-nitroxide 5-pulse relaxation induced
dipolar modulation enhancement (RIDME)> measurements at 500 nM concentration in a
protein in vitro allowed not only precise distance measurements but also determination of
the binding affinity.® Thereby, demonstrating the high-affinity of genetically encoded double-
histidine motifs to Cu" ions,” and their suitability as labelling sites for low concentration
studies. Herein, we approach practical concentration limits associated with PDEPR
experiments and found Cu"-Cu" RIDME measurements and nitroxide-nitroxide PELDOR
measurements feasible at 500 nM and 100 nM protein concentration, respectively
(corresponding to spin concentration of 1.6 uM and 200 nM, respectively). Importantly, these
measurements were performed in a commercial non-broadband Q-band spectrometer, using
commercial spin labels, methanethiosulfonate (MTSL)® and Cu'-nitrilotriacetic acid (Cu'-
NTA)’® (figure 1). To our knowledge this is the first demonstration of sub-uM Cu"-Cu" and NO-
NO PDEPR measurements in a biological system.

Commercial instruments have been used successfully for PELDOR measurements at low uM
concentration.’ Enhanced concentration sensitivity can be further improved via homebuilt
high-power resonator-free spectrometers!® or by implementation of arbitrary waveform
generators (AWGs) and shaped pulses that yield higher spin inversion efficiencies.!!
Additionally, novel pulse sequences have shown to enhance measurement sensitivity.'? Trityl-
based radicals'® with exquisitely narrow spectral linewidths, have been measured at 180 nM
spin concentration3¢ employing the single-frequency double quantum coherence (DQC)*
experiment. Nevertheless, this concentration regime has not been demonstrated for the most
used DEER experiment on nitroxide labels.
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Figure 1. GB1 constructs, spin label structures and simulated distance distributions. Top: Cartoon representations
of GB1 constructs 16R1/K28R1 (left) and 16H/N8H/K28H/Q32H (right), with spin labels shown in stick
representation. Bottom: Chemical structures of R1 nitroxide and double histidine Cu"-NTA spin labels (left).
Corresponding simulated distance distribution (right) for each construct, shown in black and red, respectively.

In the current study, Streptococcus sp. Group G protein G, B1 domain (GB1) constructs
(I6R1/K28R1 and I6H/N8H/K28H/Q32H) were used as biological model systems (figure 1). GB1
has been used extensively in previous EPR methodology studies.®’'> We have shown
previously that nitroxide-detected Cu'-nitroxide and Cu"-Cu' RIDME are similar in sensitivity
and roughly two orders of magnitude more sensitive than Cu'-Cu" PELDOR when limited to
rectangular pulses.® Here, we endeavored to test the sensitivity of the most widespread
pulse dipolar EPR methodology, nitroxide-nitroxide PELDOR. Therefore Cu"-Cu'" RIDME and
nitroxide-nitroxide PELDOR were measured at 500 nM concentration, for a direct
comparison of experiment sensitivity (figure 2). The optimum temperatures with respect
to sensitivity were found to be 30 K and 50 K, respectively (see SI). As RIDME is a single
frequency technique, it can be performed with all pulses coinciding with the resonance
frequency of the resonator and thus benefits in sensitivity compared to double frequency
techniques, such as the 4-pulse DEER sequence where detection is generally performed
off resonance. This sensitivity gain in dependence of the cavity quality factor being
adjusted to meet the required bandwidth could be quantified as approximately a factor 2
(see Sl). Furthermore, the influence of instantaneous diffusion (that occurs when
dephasing is induced by dipolarly coupled spins being inverted by detection pulses
reducing the detected echo) was shown to be negligible in the I6R1/K28R1 construct at
both 500 nM and 25 uM concentrations (see Sl).
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Figure 2. 500 nM GB1 Cu"-Cu" RIDME and NO-NO PELDOR Q-band data at 30 and 50K, respectively. Top: RIDME
data for 500 nM GB1 tetra-histidine with 1.6 uM Cu'-NTA added. Bottom: PELDOR data for 500 nM GB1
I6R1/K28R1. Left: Background-corrected data (black) and fit (grey). Right: Corresponding distance distributions
given as 95% confidence intervals (+ 20) with 50% noise added for error estimation during statistical analysis;
simulated distance distributions are shown in red. Color bars represent reliability ranges (green: shape reliable;
yellow: mean and width reliable; orange: mean reliable; red: no quantification possible).

For the Cu"-Cu'" RIDME data shown in figure 2, only the distance peak at ~2.5 nm was shown
to be stable upon data validation. Additional measurements at 500 UM protein concentration
suggested the distribution peaks > 2.5 nm were artefacts, insignificant in the 95% confidence
interval (see Sl). This indicated that measurements at 500 nM tetra-histidine protein
concentration likely approached the lower concentration limit for Cu'-Cu" RIDME in our
hands. It should be noted that the poor modulation depth (5.5%) is a result of the limiting
affinity of Cu"-NTA for the B-sheet double histidine motif.® Pulse dipolar EPR methods allow
precise determination of binding affinities from PELDOR® and RIDME!’ data. The observed
modulation depth is consistent with predictions using binding affinities previously derived
from Cu'-nitroxide RIDME pseudo-titration® and extrapolated ITC data (see Sl). Conversely,
for the nitroxide-nitroxide PELDOR data the bimodal distribution shown in figure 2 was
recapitulated in additional measurements at 25 uM I6R1/K28R1 protein concentration (see
SI). This suggested that measurements at 500 nM protein concentration were not yet testing
the lower concentration limit for nitroxide-nitroxide PELDOR. To test this hypothesis,
nitroxide-nitroxide PELDOR was also measured at 100 nM protein concentration (figure 3).
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Figure 3. 100 nM GB1 Q-band PELDOR data at 50K. Left: Background-corrected PELDOR data (black) and fit (grey)
for 100 nM 16R1/K28R1 GB1. Right: Corresponding distance distribution given as 95% confidence intervals (x 20)
with 50% noise added for error estimation during statistical analysis; simulated distance distributions are shown
in red. Color bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange:
mean reliable; red: no quantification possible).



The nitroxide-nitroxide PELDOR data shown in figure 3 indicate that at 100 nM the retrieved
experimental distribution is no longer bimodal, however the mean distance is still retrieved
as the only significant peak following data validation. Nevertheless, the relatively poor signal-
to-noise ratio mandates a regularization parameter that does not allow resolving both
distance populations (Sl). This suggests that 100 nM approaches the minimum concentration
achievable for reliable distance distributions from nitroxide-nitroxide PELDOR under our
conditions. Sensitivity analysis suggests that measurement of I6R1/K28R1 at 100 nM is a
factor ~15 worse than measurement at 500 nM, rather than just a factor 5 as would be
expected from the concentration difference alone. The additional factor 3 may be considered
as a penalty for imperfect measurement optimization at very low concentrations (see Sl).
Further comparison of relative sensitivities for nitroxide-nitroxide PELDOR against Cu'"-Cu"
RIDME revealed approximately a factor 10 difference (see Sl).

This gain in sensitivity for nitroxide-nitroxide PELDOR compared to Cu"-Cu' RIDME can be
summarized by considering 3 contributing factors: i) gain of a factor 5 in the modulation depth
(29% vs 5.5%, respectively), ii) further gain of a factor ~7 in increased signal (i.e., echo
amplitude), and iii) loss of a factor ~3.5 by a twelvefold slower averaging rate. This analysis
clearly indicates that modulation depth is a limiting factor for Cu"-Cu'" RIDME sensitivity. This
is to be expected for a non-covalent spin-labelling strategy with dissociation constants in the
high nM, and low uM regime. It should be noted that a tetra-histidine construct containing a
pair of a-helical double histidine motifs may be expected to achieve modulation depths > 12%
for Cu"-Cu' RIDME under similar labelling conditions (see Sl). Possible strategies to further
improve modulation depths include insertion of an artificial amino-acid bearing a covalent
Cu"" centre to overcome the limiting equilibrium constants,'® or measuring nitroxide detected
Cu'"-nitroxide RIDME in excess of Cu'" chelate spin label, to shift the binding equilibrium far to
the right and achieve modulation depths approaching 50%, regardless of protein
concentration.

Taken together, results from this and our previous study® suggest that Cu'-nitroxide RIDME
may be an additional factor ~1.5 more sensitive than nitroxide-nitroxide PELDOR, and thus
could allow measurements even below 100 nM protein concentration benchmarked herein
(see Sl).

In conclusion, these findings showcase that in favorable circumstances superb
concentration sensitivities are achievable using commercial instrumentation and spin labels.
In the case of the widely applied nitroxide-nitroxide 4-pulse PELDOR experiment,
concentration sensitivities orders of magnitude greater than routine (210 uM) are possible
using rectangular pulses at Q-band frequencies. Nevertheless, long distances will be a
challenge at these low concentrations. Additionally, Cu"-Cu'" RIDME measurements showcase
that systems unamenable to conventional thiol-based covalent spin labelling are also
accessible in the sub-uM concentration regime, when used in conjunction with double-
histidine motifs. Indeed, benchmarking this new sensitivity threshold is truly promising as a
pathway to novel science, and may facilitate study of systems previously thought to be
beyond the scope of pulse EPR spectroscopy. Perhaps most importantly, our results
emphasize that commercial instrumentation possesses sufficient concentration sensitivity to
facilitate a transition towards routine measurements in the sub-uM concentration regime.
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