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ABSTRACT: Distance distribution information obtained by pulsed dipolar EPR spectroscopy provides an important contribution
to many studies in structural biology. Increasingly, such information is used in integrative structural modeling, where it delivers
unique restraints on the width of conformational ensembles. In order to ensure reliability of the structural models and of biological
conclusions, we herein define quality standards for sample preparation and characterization, for measurements of distributed dipole—
dipole couplings between paramagnetic labels, for conversion of the primary time-domain data into distance distributions, for
interpreting these distributions, and for reporting results. These guidelines are substantiated by a multi-laboratory benchmark study
and by analysis of data sets with known distance distribution ground truth. The study and the guidelines focus on proteins labeled
with nitroxides and on double electron—electron resonance (DEER aka PELDOR) measurements and provide suggestions on how
to proceed analogously in other cases.

B INTRODUCTION requirement for the ability of the EPR community to contribute
to integrative structural biology projects in the future.”® Based
on discussions within the community, driven mainly by Thomas
Prisner, it became clear that this goes hand in hand with a
repository for the raw data and the analyzed data. In turn, such a
data repository requires a white paper, which defines the
community standards for sample preparation and character-
ization, for PDS measurements, for data analysis, and for
archiving data and metadata. In addition, these standards will
help reviewers in assessing manuscripts, which, in a feedback
loop, will help adopting the standards. In order to be able to
define them, a multi-laboratory ring test was performed that
tested the performance of current approaches and revealed some
weaknesses that we then addressed in our guidelines. The
concrete discussions and the writing of the paper were organized
by Olav Schiemann, together with Marina Bennati and Gunnar
Jeschke. The discussions and writing were streamlined by
forming three workgroups: (1) “Instrumentation, sample
preparation and measurements”, (2) “Data analysis”, and (3)
“Data interpretation” headed by Thomas Prisner/Bela Bode,
Gunnar Jeschke, and Hassane Mchaourab/Enrica Bordignon,

The combination of site-directed spin labeling (SDSL) of
proteins”* and nucleic acids® with pulsed dipolar EPR
spectroscopy (PDS)>° has developed into an important tool
in structural biology.”® This methodology is applicable to a
broad range of samples, accesses a distance range typically
between 15 and 80 A that matches the dimension of individual
macromolecules and their complexes, and can provide distance
distributions rather than just mean distances.”'® The latter is
particularly important, since many biomacromolecular systems
are partially disordered.'' The SDSL/PDS approach is an
ensemble measurement technique that provides unique
information on, e.g,, the extent of such disorder, conformational
changes in proteins,'”"” and the time scale of the conforma-
tional change.'* In conjunction with modelin$ of the conforma-
tional distribution of the spin label itself >~"® and integration
with data from other techniques, the SDSL/PDS approach can
be used for generating structural models of biological
entities.'”™*® In that, a number of issues require careful
consideration to ensure reliability of the data and the derived
conclusions. These considerations include potential perturba-
tion of the biomolecular structure by the labels,” studying the
ensemble in a glassy frozen matrix, measurements at the
sensitivity limit of EPR, and computation of the distance
distribution by solving an ill-posed problem. The utility of the
SDSL/PDS approach in integrative ensemble structural biology
will depend on the ability to provide reliable distance
distribution restraints. In fact, setting such standards is a
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Figure 1. Four-pulse PELDOR/DEER experiment. (a) The DEER/PELDOR pulse sequence with rectangular pulses of the same length. (b)
Frequency-domain Q-band (~34 GHz) spectrum of a nitroxide spin label (black) along with the excitation profiles of 16 ns pump and probe pulses (in
red and blue, respectively). The pump pulse is set to the maximum of the nitroxide spectrum and the probe pulse is set in this case 100 MHz lower in
frequency. The excitation bandwidths are calculated for pulse lengths of 16 ns for both pump and probe pulses. (c) Background-corrected Q-band time
trace with the modulation depth A indicated. (d) Schematic representation of two spins (red and blue spheres) connected via a distance vector r. € is

the angle between this distance vector and the applied magnetic field B,.

respectively. The multi-laboratory ring test was designed and
headed by Olav Schiemann, with the samples being prepared by
Caspar Heubach from his lab. All participants were involved in
the discussions and writing down the results of their respective
workgroups. The outputs from the workgroups and the ring test
were compiled by Gunnar Jeschke and Olav Schiemann and
converted into a first draft. The first draft was commented on
and improved to the final paper by all participants.

The small-angle scattering community 7-published first guide-
lines in 2012,*" updated them in 2017,%* and established the
small-angle scattering biological data bank for storing primary
data, models, and metadata.”> The community of integrative
structural biology published a paper on handling and archiving
its data in 2019, and the community of Forster resonance
energy transfer (FRET) defined the limits of precision and
accuracy of single-molecule FRET measurements in a multi-
laboratory ring test in 2018.** Beyond being a requirement for
quality assessment, such guidelines also produce awareness of
best practices. The open-data approach will help to provide
transparency.

Here, we focus on nitroxide spin labels, which are the most
common, well-established and commercially available labels for
introducing electron spins into diamagnetic biomolecules.

17876

Nevertheless, the presented guidelines apply in analogy also to
other types of labels.”> ™ We also focus on the experiment that
is mostly used for PDS, i.e., the four-pulse double electron—
electron resonance experiment (PELDOR or DEER, Figure
1a).**" It consists of a remote-detection echo, produced by one
7/2-pulse and two 7-pulses at the observer frequency @, and a
pump pulse, commonly of flip angle 7, at a second frequency wg
(Figure 1b). The second observer pulse is applied after a delay 7,
with respect to the first pulse. Subsequent free evolution of the
spin system produces a primary Hahn echo (PE) with maximal
intensity at a further delay 7,. The third observer pulse is applied
at a delay 7, from the maximum of this echo. Accordingly, a
refocused echo (RE) appears at a delay 7, after this last observer
pulse. The signal phase is adjusted such that the RE has
maximum positive amplitude. If data is acquired with quadrature
detection, this phase correction can be performed during post-
processing.

The DEER signal V(¢) is recorded as the integral of the RE as a
function of the variable delay ¢ between the PE and the pump
pulse. The maximal observable evolution time t,,,, is limited by
the potential overlap of the pump pulse with length ¢, and the
last observer pulse with length ¢, and is thus given by t,,,, < 7, —

https://doi.org/10.1021/jacs.1c07371
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t toq: . N .
?‘“ -7 Since electron spin transverse magnetization relaxes with

phase memory time T}, during the whole sequence length, t,._. is
limited to a small multiple of T,,. The time period ¢ is sampled
with the increment At. The pulse lengths determine the shortest
accessible distance, since all observer pulses as well as the pump
pulse must have a sufficient bandwidth to excite the dipolar
doublet.””

In a two-spin system A-B, the inversion of the B spin by the
pump pulse leads to a change in the local magnetic field at the A
spin by the dipolar coupling @, between the two spins. Thus, a
phase change w,pt of the RE ensues, which is observed as a
dipolar modulation (Figure 1c). Therein, @,g is given by

2
(0, 1) = —M%@ cos* 0 — 1)

4nh  ryp (1)
where y, is the magnetic constant, g, and g are the g values of
the two spins, yy is the Bohr magneton, 7 is the reduced Planck
constant, r,g is the spin—spin distance, and 6 is the angle
between the inter-spin vector and the magnetic field (Figure
1d). In the glassy frozen solution typically used for biosystems,
all molecular orientations are equally probable, leading to a
uniform distribution of cos(6). The inverse cube dependence of
Wpp ON tap requires long t... for measuring long distances.
However, the choice of t,,, requires a compromise, since a
longer t,,,, leads to a lower signal-to-noise ratio (SNR).

In order to obtain the probability distribution P(r) of
distances r,p in a doubly spin-labeled molecule, one aims at
measuring isolated spin pairs. In practice, even at the lowest
accessible concentrations, dipolar coupling to spins in other
molecules is not negligible. As a result, the overall dipolar signal
factorizes into the intramolecular contribution V,,,(t) of the A-
B spin-pair and the intermolecular contribution V;,,(t) from B
spins in other molecules,

V(t) = ‘/intra(t)‘finter(t) (2)

For molecules homogeneously distributed in three dimensions,
Vinter(t) is determined by the overall spin concentration ¢ and the
fraction of spins inverted by the pump pulse 4,

cth
1.0027 mmol L' ps (3)

Vinter(t) = Vt=0 exp| —

where the numerical constant is 1.0027 mmol L' us =

27gngiEHoNA/ (9\/3_h ), with N, being the Avogadro constant.
For homogeneous distributions with lower dimension d, the
intermolecular contribution is a stretched exponential function
exp[—(kt)**] with fractal dimension d, e.g., d ~ 2 for systems
embedded in lipid bilayers and d = 3 for the homogeneous three-
dimensional distribution typically encountered for soluble
proteins.”>~* If possible, the signal is recorded such that the
dipolar modulation is completely damped at time 2t,./3,
allowing robust separation of the intermolecular contribu-
tions.*®

The intramolecular contribution can be generalized to a
system where 7 spins B are coupled to the same observer spin A,

V. wa(t) = V;=0< H {1 =41 - cos(a)ABt)]}>
i=1 (4)

For an isolated spin pair (1 = 1) that is randomly oriented with
respect to the magnetic field, the modulation depth A is equal to

the inversion efficiency A if orientation selection is weak or the
correlations of the two spin labels’ orientations can be neglected,
as is typically the case for nitroxide labels at surface sites at
measurement frequencies up to Q-band (~34 GHz)."’

The primary signal V(t) is a vector of voltage amplitudes V
given at discrete times #, = k At, where k is an integer. In order to
obtain the distance distribution P(r) as a vector P at discrete
distances, the equation

V = KP ()

needs to be solved for P, where K is the kernel matrix computed
by integrating eq 4 over a uniform distribution of cos(#). This
inverse problem is ill-posed, meaning that small variations in V,
due to noise or systematic deviations of the signal from eqs 2—4,
translate into large errors in P.? Therefore, the solution needs to
be stabilized. This is achieved by fitting a parametrized model,**
which reduces the number of free parameters, by regulariza-
tion,"” by neural network processing,*® or by truncated singular
value decomposition (SVD).** Until recently, the standard
method for solving this problem has followed a two-step
approach, where Vis first separated into Vi, and Vi, by fitting
amodel of V. to the final section of V. In a second step eq S is
solved with a kernel corresponding to Vi, only.”’ Recent
software packages either fit a parametrized model including
Viner - Or use nested subspace optimization to analyze the data
in a single step’® or analyze background and distance
distribution by a single neural network.” Because of the nature
of these signal processing techniques, noise in V does not linearly
transform into noise in P. Therefore, uncertainty estimates must
be obtained by numerical analysis.”*~>*

B BENCHMARK SAMPLES

Building on the spin—labeling approach for native cysteines
introduced by Berliner et al,>> Hubbell’s group was the first to
introduce SDSL, in which nitroxide spin labels were attached to
thiol groups of genetically engineered cysteines at selected
positions within a protein.56’57 Here, the Yersinia outer protein
O from Yersinia enterocolitica without its membrane anchor
(YopOgy_ry9) Was chosen as the model system for the present
ring test (Figure 2) because it is soluble, stable, can be expressed
and purified according to established protocols, and contains
only one wild-type (wt) cysteine which can be mutated to
alanine (C219A) without loss of function.”” In the following,
YopOgg_7,9 containing mutation C219A is named YopO. Two
crystal structures are available for wt YopO, one with actin
bound (PDB-ID: 4ci6; Figure 2a,b)*® and one for its isolated
guanine-nucleotide dissociation inhibitor (GDI) domain with-
out actin (PDB-ID: 2h70; Figure 2¢,d).”

The GDI domain contains an a-helix (helix 14) that is 43
amino acids long, providing the scaffold for spanning the typical
PELDOR/DEER distance range from 1S to 60 A. Into this a-
helix, three pairs of cysteines were introduced, ie., S585C/
Q603C, V599C/N624C, and YS88C/N624C, for which the
number of intervening amino acids is 18, 25, and 36,
respectively. A fourth pair, $353C/Q635C, has one cysteine in
a-helix 14 and the second in a loop of the kinase domain. The
three cysteine pairs within the a-helix were expected to yield
rather narrow distance distributions with increasing mean
distance, whereas the fourth pair with one cysteine in a flexible
loop would yield a broad distance distribution.

All four YopO mutants were expressed, purified, and labeled
with (2,2,5,5-tetramethylpyrroline-1-oxyl-3-methyl)-
methanethiosulfonate (MTSL or MTSSL, Figure 2e),”?

https://doi.org/10.1021/jacs.1c07371
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a

N624R1

Methanesulfinic acid

Cysteine MTSL R1

Figure 2. Structure of YopO and the spin labeling positions. (a—d) The
rotamer clouds (mtssIWizard)'® of the R1 pairs are depicted in the same
color code for the constructs: S353R1/Q635R1, cyan; VS99R1/
N624R1, orange; SS85R1/Q603R1, green; and YS88R1/N624R1,
pink. The distance within the pairs is indicated with a black dashed
arrow. (a) Crystal structure of YopOge_7ye shown without the bound
actin (PDB-ID: 4ci6). The kinase domain is shown in gray and the GDI
domain in blue. (b) The same structure as in (a) but rotated by 120°.
(c) Crystal structure of the isolated GDI domain (PDB-ID: 2h70).
Note, the GDI domain does not include position $353. (d) The same
structure as in (c) but rotated by 120°. (e) Labeling reaction of MTSL
with a cysteine giving the spin-labeled residue R1. The leaving group
methanesulfinic acid reacts further with oxygen to methanesulfonic
acid. The rotatable bonds of R1 are indicated by curly arrows.

providing the four constructs SS85R1/Q603R1, VS99R1/
N624R1, YS88R1/N624R1, and S353R1/Q635R1, where R1
stands for the spin-labeled cysteine side chain (Supporting
Information (SI), section S1.1). All laboratories A to G were
blind as to the sample identity and were asked to run four-pulse
DEER/PELDOR experiments with rectangular pulses at Q-
band frequencies and to analyze data in terms of distance
distributions using Tikhonov regularization as implemented in
DeerAnalysis. While each lab was provided with aliquots from
the same batch for each sample, the spectrometer setups varied
across the laboratories (SI, sections S1.1 and S1.2).

B PELDOR/DEER MEASUREMENTS AND DISTANCE
DISTRIBUTIONS
The original time traces from each laboratory A—G are shown in
Figure 3 (SI, section 1.2).
All time traces were recorded with an SNR larger than 30 with
respect to the modulated part and, in most cases, well above 100

(SI, section S1.2.1). Tests on simulated data with known
ground-truth distance distributions show that this SNR is
sufficient for reliable analysis (S, section $1.2.2). The dipolar
evolution time windows are in each case longer than the resolved
dipolar modulation or, in the case of S353R1/Q635R1, where
no distinct oscillations could be observed, the time window
length is of the order of 5 us or longer. Intentionally, ring test
instructions did not specify required trace length. Thus,
individual laboratories made different decisions regarding this
parameter. This point will be addressed below by formulating a
guideline. The background decays of the time traces are nearly
parallel to each other as expected for samples from the same
batch for very similar experimental settings. Slight differences
can arise from variations in the excitation bandwidth of the
pump pulse (SI, section 1.2.3).”

To extract the modulation depths and distance distributions,
all laboratories relied on two-step analysis with the commonly
used program DeerAnalysis (SI, section S1.3).>" Division of the
raw time traces by the fitted background decay (all laboratories
used a homogeneous 3D background) yielded time traces (so-
called form factors) with an average modulation depth A of 35%
+ 8% (SI, Figure S8 and Table S12). The variation in A is partly
due to the different background fits, as also reflected by the
different shapes of the Fourier transforms of the form factors (SI,
Figure S9), and also owing to different experimental settings,
e.g., pump pulse length and resonator type. This highlights that
counting of spins within a molecule via A requires careful
calibration of the spectrometer, resonator, and pulse parameters
with standard samples.*

The laboratories provided L-curves'® that differ considerably
because of different SNR and trace length. In each case, a
regularization value & close to the intersection of both legs was
chosen (L-curve corner criterion) (SI, Figure S10 and Table
S14). The resulting distance distributions are shown for each
sample as overlays in Figure 4. They include uncertainty
estimates from the validation tool in DeerAnalysis (transparent
areas). As can be inferred from Figure 4, the distance
distributions belonging to the same sample agree quite well
with each other, except for features near the upper limit of the
distance range that arise from uncertainty in background
separation. This uncertainty is the larger the shorter the trace
is. Except for S353R1/Q635R1, validation recognizes that these
features are insignificant. For the very broad distribution of
S353R1/Q635R1, both the edge of the distribution toward long
distances (65—75 A) and the presence or absence of very long
distances (>80 A) differ between laboratories. This problem
again arises from uncertain background separation, combined
with different trace lengths. Note also that uncertainty estimates
do not always overlap at shorter distances, especially for
YS88R1/N624R1, but to a lesser extent also for VS99R1/
N624R1.

In order to obtain further insight, all data sets were
additionally analyzed by neural network analysis with DEERNet
2.0,°" by multi-Gauss fitting with DD, by one-step Tikhonov
regularization with automatic selection of the regularization
parameter by the Akaike information criterion (AIC) with
DeerLab and by a comparative analysis that compares neural
network analysis and regularization (SI, section S2; Figures
S11-S14). In general, all approaches yield similar distance
distributions, but differ considerably in their uncertainty
estimates, which do not cover the full variation between
laboratories in the case of DEERNet and exceed this variation
substantially in the cases of multi-Gauss fitting. The one-step
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Figure 3. Q-band PELDOR/DEER time traces. Time traces for (a) SS85R1/Q603R1, (b) VS99R1/N624R1, (c) YS88R1/N624R1, and (d) S353R1/
Q635R1. The time traces are color-coded according to the laboratories A—G. The time traces are shifted relative to each other for better visibility. The
background fits done in DeerAnalysis (Versions 2015—2019) are overlaid as gray dotted lines.

Tikhonov analysis by DeerLab underestimates the optimal
regularization parameter for data of laboratories E and F for
S353R1/Q635R1, leading to an overestimate of uncertainty in
these cases. Comparative analysis appears to provide the most
realistic uncertainty estimate, except perhaps for Y588R1/
N624R1 where most of the data from the different laboratories
agree better than indicated. Variation in the distance
distributions between laboratories stems mostly from un-
certainty of background separation due to different trace
lengths. In addition, overlap of excitation bands of observer
and pump pulses leads to an end-of-trace artifact in time domain
that is not accounted for in the standard kernel and can thus
distort the distance distribution.”

Quantification of distance distributions in terms of only their
mean distance and width is of general interest, too, because some
modeling approaches require restraints in this form.”> We have
performed such analysis on the primary data provided by
laboratories A-G by simultaneously fitting a Gaussian distribu-
tion and three-dimensional homogeneous background in
DeerAnalysis (Table 1). We found that inference of the mean
and standard deviation of the distribution from such a fit is
numerically more stable than inference from results of
regularization or neural network analysis. For samples
SS85R1/Q603R1, V599R1/N624R1, and Y588R1/N624R1,
this analysis proved to be very stable with 95% confidence
intervals of the mean distance smaller than 1 A and confidence
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intervals of the standard deviation of the Gaussian smaller than 2
A. These values compare favorably to the uncertainty of about 3
A in rotamer modeling of the spin label.'"® The width of the
distance distributions for constructs S585R1/Q603R1,
V599R1/N624R1, and Y588R1/N624R1 is, with 4.3, 4.5, and
4.9 A, respectively, fairly narrow and fits to the a-helix being
rather rigid. In contrast, for construct S353R1/Q635R1
uncertainties of the mean distance and standard deviation are
as large as 5.1 and 7.8 A, respectively. Without additional
restraints and ensemble modeling, the only conclusion that
should be drawn is that the distribution is broad, indicating a
high degree of flexibility, with a mean distance between 40 and
S0 A

Beyond the mean distance and the distribution width, one
may aim at analyzing the different peaks in the distance
distributions (Figure 4). However, the intensity distribution of
these peaks and the number of peaks resolved varies across the
different laboratories. Importantly, already the uncertainty
bands of individual laboratories indicate that these are not
stable features (Figure 4). This highlights that such an analysis
requires a very good SNR, several resolved modulation periods,
reduction or fitting of the end-of-trace artifact, and checks for
reproducibility. In any case, only features exceeding the
uncertainty bands should be interpreted and even such an
analysis would need to be corroborated by additional data, e.g,,
from other spin labels or further biophysical methods.
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Figure 4. Overlays of the normalized distance distributions as obtained by Tikhonov regularization with DeerAnalysis. The distance distributions are
color-coded according to laboratories A-G that processed them and uncertainty bands from DeerAnalysis validation are indicated as transparent areas:
(a) S585R1/Q603R1, (b) VS99R1/N624R1, (c) YS88R1/N624R1, and (d) S353R1/Q635R1.

Table 1. Statistics of the Distance Distributions

S585R1/Q603R1 VS599R1/N624R1 YS88R1/N624R1 S353R1/Q635R1

lab (r)* o(r)” (r)* o(r)” () o(r)” () o(r)”
A 23.5 3.8 36.2 43 50.5 4.7 39.5 26.9
B 23.8 4.1 36.7 4.2 50.2 S.5 44.8 24.2
C 23.1 4.7 35.9 4.7 50.4 4.8 47.3 24.4
D 23.6 4.1 36.0 4.6 51.0 4.3 40.9 29.3
E 23.8 4.7 35.9 4.3 50.8 4.5 41.9 25.7
F 23.7 5.2 36.0 4.7 S1.2 4.3 42.6 17.6
G 23.5 3.7 35.9 4.5 50.6 6.0 42.8 20.8
average:” 23.6 4.3 36.1 4.5 50.7 4.9 42.8 24.1
CI (95%):% 0.5 1.0 0.6 0.4 0.7 13 5.1 7.8

“Mean distance (A). Standard deviation of the mean distance (A). “Average of the parameter in the respective column (A). “Twice the standard

deviation of the average value in this column (A).

B COMPARISON WITH CRYSTAL STRUCTURES

PELDOR/DEER measures the distance between the spin
centers, i.e., the N—O groups. Hence, comparison with a crystal
structure or structural model has to take into account the length
and conformational flexibility of the R1 side chain (Figure 2e).
Usually, this is done by means of in silico labeling programs, such
as mtsslWizard,"®* MMM,®* or ALLNOX.*® Using the two
crystal structures of YopO as input, the distance distributions in
Figure S15 were calculated (SI, section S3). The mean distance
increases from S585R1/Q603R1 via V599R1/N624R1 to
Y588R1/N624R1 and, together with the width of the
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distributions, matches the experimental data well (Table 2).
The average deviation between the experimental and in silico
mean distances lies between 3.6 and 7.5 A. The distance
differences between the in silico distributions using the two
different crystal structures, arise from the a-helix 14 being
extended and straight in PDB-ID 2h70, but slightly bent at
amino acid 606 in PDB-ID 4ci6 (Figure S16). As the differences
between experiment and simulation exceed the combined
uncertainties, at least for S585R1/Q603R1, the solution
structure may slightly deviate from the crystal structures.”> For
construct S353R1/Q635R1, there is no agreement between the
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Table 2. Comparison of Experimental and In Silico-Derived Mean Distances and Distribution Widths

S585R1/Q603R1 VS99R1/N624R1 YS588R1/N624R1 S353R1/Q63SR1

(n* o(r)" () a(r)” () o(r)” (n* a(r)”

PELDOR/DEER 23.6 43 362 45 50.5 47 42.8 24.1
mtssIWizard 4ci6 30.0 48 411 4.5 58.0 45 24 s
2h70 29.7 48 392 4.7 544 49 - -
MMM 4ci6 29.5 49 40.9 43 56.8 47 23 4
2h70 35.0 4.1 37.8 46 54.8 48 - -

difference ypin siico” 7.5 04 3.6 0.0 5.5 0.0 19.3 19.6

“Mean distance (A). bStandard deviation of the mean distance (A). “Averaged difference between the in silico and experimental mean distances and

distribution widths, both in (A).

experimental distribution and the in silico prediction, strongly
suggesting that the loop and/or the GDI and kinase domain are
trapped in one conformation in the crystal, whereas the structure
of YopO in solution is much more flexible in this region. Such
differences between crystal and solution structures have been
observed in many cases."> This is a demonstration of PDS in
frozen solution better capturing conformational flexibility than

observed in crystallography.

B GUIDELINES

Based on the benchmark test and discussions evolving around it,
the following guidelines for sample preparation, PELDOR/
DEER measurements, data analysis, and data interpretation have
been agreed on by all authors as representatives of the wider
community. Extended guidelines are provided in the SI, section
S4.

Spin Labeling. To ensure high quality of the data, complete
removal of free label should be achieved. Even though residual
unbound label only contributes to the background, this can
easily dominate the signal, especially if a protein-bound label has
a shorter phase memory time (T,,). Less than 10% free label is
usually acceptable. Quality control and assessment of modu-
lation depth require that protein concentration and labeling
efficiency are known. Ambient-temperature cw X-band EPR
spectra measured in the liquid state can reveal whether all spin
label is bound. It is good practice to test by such spectra for
unspecific labeling of the wildtype protein or of the cys-less
construct used.

Check for Integrity of Protein Structure and Function.
Integrity of secondary and tertiary structure and/or protein
function needs to be checked with respect to the wildtype. If the
structure and/or function of the protein is compromised, other
labeling sites, and other strategies for spin-labeling can be tested,
e.g., insertion of unnatural amino acids.*’ In some cases, native
paramagnetic centers can be exploited.”*

Cryoprotection. To minimize structural changes and
aggregation upon sample freezing,* either a cryoprotectant
should be added, or rapid freeze quench techniques may be
applied.”>*° Adding 10—50% v/v glycerol or ethylene glycol
suffices for water-soluble proteins,”® although lower concen-
trations can also be used, especially for membrane proteins. The
cryoprotectant may compete with weak protein—protein
interactions, so that cryoprotection needs to be optimized if
such interactions are under study.’” In most cases, the frozen
ensembles resemble the conformations sampled by biomole-
cules in solution very well.%® If the system is partially or fully
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disordered or the detailed distribution shape is of concern,
different freezing methods should be tested and compared.

Prolonging Phase Memory Time and Diamagnetic
Dilution. The phase memory time T, limits f,,, and thus the
largest accessible distances and the distance resolution. At given
tmaw the SNR scales with exp(—T,¢), where & typically ranges
between 1 and 2. At too high local concentration, instantaneous
diffusion mechanisms govern T,.””~"" Long phase memory
times are achieved by diluting samples to the limit where nuclear
spin diftusion governs T,,. Deuteration of the solvent, including
the cryoprotectant’>~’> and, if possible, of the biomolecule can
increase T, significantly.”®”” For aggregates and fibrils,”® as well
as membrane proteins in membrane or membrane-mimetic
environments’”’” (except nanodiscs), the local concentration
can still be higher than the 20—50 M bulk concentrations that
are usually required for obtaining high-quality data. In such
cases, diamagnetic dilution is required, which can also
counteract adverse effects on the time traces from aggregation,80
reduce multi-spin effects for oligomeric 8proteins, or
disentangle intra- and intermolecular distances.”

Intermolecular Background. If the assumption of a
homogeneous three-dimensional distribution of the doubly
labeled molecules is not safe, it should be checked whether singly
labeled samples exhibit the expected mono-exponential decay of
their PELDOR/DEER si%nal. This may be required for
membrane proteins, fibrils,”® and for in-cell samples, if excluded
volume effects are significant,”> or if protein aggregation is
suspected.”

Data Reproducibility. Each study should establish by
repeats, usually in the form of triplicates, that the applied
methodology leads to reproducible distance distributions. In
biological repeats, the labeled biomolecule is freshly prepared
and labeled. In cases where a large series of double mutants is
part of the study, it is unrealistic to have biological repeats for
each member of the series. When the conclusions are derived
from the whole series, such repeats are not necessary for all
samples, as bad samples can be identified by other means.
However, when conclusions are based on the behavior of one or
two samples, they are essential. Technical repeats are required to
substantiate conclusions when samples of the same protein
batch are prepared under different conditions, such as pH,
buffer, interaction with effector or ligand, concentration,
environment (in buffer, cell extract, cells, membrane type),
and if conclusions are derived from the effect of these
parameters. If data quality is borderline, repeats of the
PELDOR/DEER measurement of the same sample can help
to detect sources of uncertainty stemming from the setup of the
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experiment. If possible, such technical repeats should involve
thawing and refreezing the sample or freezing a second sample
prepared from the same solution.

Assessing Local Spin Concentration, Multi-spin
Effects, and Orientation selection. While sample character-
ization as described above can provide an estimate of the bulk
spin concentration, the intermolecular PELDOR/DEER back-
ground is sensitive to the local concentration near the observer
spins.” The local spin concentration is related to the fraction of
spins A inverted by the pump pulse by eq 3. Typical values of 4
for 100% labeling efficiency at both sites are 0.3—0.6 at X-band
and 0.3—0.5 at Q-band with a 150 W amplifier when pumping at
the maximum of the nitroxide spectrum. The value can be
calibrated for a given spectrometer, resonator, and given pulse
sequence parameters.”” This then allows to determine whether
bulk and local spin concentration are the same, provided that the
fraction of cryoprotectant is the same during calibration and
actual measurement.

Furthermore, A is related to the modulation depth A. For well-
isolated and doubly labeled molecules, A is the product of A and
the labeling efficiency f*° if orientation selection is weak or the
correlation of the two spin labels’ orientations can be
neglected.*® A modulation depth lower than expected usually
implies f < 1. Vice versa, a modulation depth higher than
expected indicates that more than one B spin contributes to
modulation of the signal acquired on the A spin. Processing data
from multi-spin systems with a two-spin kernel gives rise to
ghost peaks”’ and diminished contributions from longer
distances.”® To counteract this effect, the inversion efficiency
4, the labeling efficiency f or both simultaneously can be
reduced.*’

Correlated spin label orientations combined with orientation
selection by the microwave pulses invalidate integration over a
uniform distribution of cos(6) for obtaining the kernel K in eq
5.59%% Such orientation selection can be suppressed by averaging
traces acquired at different fields By.”' ~*

Measurement Parameters. In Table 3, typical exper-
imental parameters are collected for PELDOR/DEER experi-
ments using nitroxide spin labels, deuterated solvents, and a 3
mm Q-band dielectric resonator in combination with a 150 W
traveling wave tube (TWT) amplifier. In cases where a
multimodal or very broad distribution of the phase memory
time is expected to originate from a broad conformer ensemble,
several values of 7, should be tested.”*”*

General Guidelines on Data Analysis. The mathemati-
cally ill-posed nature of the PELDOR/DEER data processing
problem creates much scope for sample-specific parameter
variation and subjective decision making. This should be
avoided; we therefore recommend using automated data
analysis workflows that leave no room for bias from subjective
decisions. If the software running the workflow offers options to
the user, the choices must be reported and the reasoning behind
them explained. To ensure reproducibility, the software should
be freely accessible (ideally, open-source and under version
control).

The popular two-step approach to PELDOR/DEER data
processing (background fitting and elimination followed by
distance distribution extraction) still used in the ring test is
discouraged for future work because the separation between the
background and the form factor can be subjective and single-step
methods have now become available. Accordingly, we
recommend using such single-step methods as illustrated on
the ring test data in the SI that simultaneously account for both

Table 3. Typical Parameters for PELDOR/DEER
Measurements on Nitroxides with High-Power Q-Band
Spectrometers

temp, T [K] 50°

tops (7/2) [ns] 12—-16

typs () [ns] 12-32

toump () [ns] 12—-16

Av [MHz] 80—100

At [ns] 8-20

7, [ns] 200—400 (first observable maximum of the

refocused echo decay)

7, [us] few s, limited by T, minimal SNR, and
maximal £,
sequence repetition time ~S (>80% of echo recovery)
SRT) [ms]

toare [15] as long as the longest pulse length
SNR (w.r.t. modulation >20°

depth)
phase cycle 2-step (or 8-step for coherent MW sources)
ESEEM modulation 8 steps of 16 ns

average

total acquisition time f,., 1-72
“Measurement at 80 K is feasible, but entails a substantial reduction
of the available ¢,,,,. bIf an SNR of 20 cannot be achieved at the
required trace length, data with an SNR down to 10 can still provide

useful restraints.

the distance distribution and the background. This is the norm
for neural networks*® and fully parametric models** and possible
for regularization methods with a nested optimization
approach.*

Pre-processing of PELDOR/DEER Data. It is preferable to
detect primary data in quadrature, because correcting the phase
of the averaged signal during data processing is more accurate
than (only) phasing the echo during the experiment setup. After
phase correction, the deviation of the imaginary part from zero is
expected to be white noise; systematic deviations indicate
experimental problems that compromise data quality.

The time shift t, between the first point of the primary data
and the zero time of dipolar evolution cannot be exactly
predicted from pulse timings. It should be either determined by
measurements on high-quality standard samples or directly from
the data, which requires pulse timings that ensure £, > 100 ns.

Conversion of Time-Domain Data to Distance Dis-
tributions. It must be checked that data conforms to the
standard kernel, which assumes dilute A-B spin pairs, the
absence of orientation selection or correlation, the absence of
exchange coupling,%’97 and at most weak overlap of observer
and pump excitation bands. If some of these assumptions break
down and a non-standard kernel is used, this kernel has to be
specified.

For the time increment At of PELDOR/DEER data, we
recommend a value of 8 or 12 ns in order to avoid aliasing of
large dipolar frequencies stemming from short distances.
Analysis of individual features in distance distributions requires
that at least the widths of all features can be quantified, which
requires that f_, exceeds two periods of the slowest dipolar
oscillation. With eq 1 and 8 = 90° corresponding to the
singularities of the Pake pattern, this puts an upper limit r,;,, =
303/t /#s A to such interpretation. For a mean distance to be
quantifiable, at least one period of its dipolar frequency must be

recorded. An extended discussion is provided in section $4.1 of
the SI.
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Figure S. Schematic representation of the most common determinants of the width of the MTSL-derived distance distributions in PELDOR/DEER.
(a) The five potentially rotatable bonds enable distinct rotamers to be populated at a specific site, based on the steric hindrance imposed by
neighboring side chains and backbone atoms. Three rotamers are shown with arrows highlighting the rotatable bonds in one of them. (b) Small
translational or rotational motion of the backbone to which the rotamers are attached can also induce broadening or appearance of shoulders in the
distance distribution toward another spin-labeled site. (c) The protein adopts two distinct conformations (for example with and without a ligand
bound) which can be monitored by PELDOR/DEER. Equilibria between two conformations can also be identified by the appearance of two peaks in
the distance distribution. (d) If MTSL is attached to intrinsically disordered proteins or to a dynamic region of a protein, a broad distribution of
distances is expected in frozen state. Such disorder is correlated with the large-amplitude motions of the backbone to which MTSL is attached.

51 . 49
or SVD truncation levels

Regularization parameters10
should be determined by a criterion that has no element of user
discretion®” and reported. In general, all details necessary for
reproducing data analysis must be provided. This includes any
prior information measured or estimated independently, which
is used to constrain the distance distribution, such as spin
concentration, modulation depth range, or minimum and
maximum distance.

Specifying Data Quality and Uncertainty. Preferably, the
noise level should be estimated by acquiring several PELDOR/
DEER traces and computing the standard deviation. This is most
easily done by storing scans separately. Alternatively, noise can
be estimated from the deviation of a good fit to the time-domain

. 7,98
data mentioned above.”””’

If phase drifts and phase noise are
negligible, the noise level can be estimated from the root-mean-
square amplitude of the imaginary part after phase correction.
Uncertainties in the distance distributions and the model
parameters should be specified in the form of 95% confidence
intervals, using any of the techniques described for regulariza-

52,53 . .50
truncated singular value decomposition,

tion approaches,
neural networks™® or fitting of parametrized models.”* Note that
the confidence intervals do not necessarily include model bias.
Therefore, comparison between results of two or more

approaches is commendable.

B REPORTING CHECKLIST
The following should be reported in publications:

Data confirming the identity, purity, labeling efficiency,
and structural/functional integrity of crucial and selected
mutants

Sample conditions: concentration, tube size, sample
volume, amount and type of cryoprotectant, freezing
procedure, deuteration

Whether diamagnetic dilution was used along with the
way the mixture has been prepared

Spectrometer and resonator

Measurement temperature

Pulse lengths of pump and probe pulses

Positions of pump and probe pulses with respect to the
EPR spectra

Frequency offsets of pump and probe pulses with regard
to resonator frequency v,

Parameters describing the shape of the pulses (if they are
not rectangular)

The delays used (7; and 7,), shot repetition time, the time
increment At in the primary data, accumulation time,
total number of averages (i.e., echoes per point)
Nuclear modulation averaging procedure, if any
Procedure for reducing orientation selection, if any
Measures to reduce multi-spin effects, if any
Modulation depth

Signal-to-noise ratio with respect to modulation
depth””®

Time offset ¢, of the zero time of dipolar evolution in the
primary data

Equation for a custom kernel, if applicable
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Figure 6. Classification of distance distributions encountered with MTSL-labeled proteins described in detail in the text. The main characteristics are
related to the full width at half-maximum (FWHM) of the distance peaks, and by the presence of distance peaks separated by Ar. The most important
aspects to be considered in interpretation are briefly summarized below each distance distribution.

o Information on global fitting of several data sets, if
applicable

e Software used for distance distribution analysis, including
version number

e Regularization parameter and criterion for its selection, if
regularization was used

e Truncation level and criterion for its selection for
singular-value decomposition methods

e Prior information used to constrain the distance
distribution

Bl DATA DEPOSITION CHECKLIST

Data should be deposited in an openly accessible public
repository and include the following:

e Primary data as measured, preferably with quadrature
detection

e Distance distribution, including upper and lower limit of
the 95% confidence interval

e Fit of the primary data, if one-step analysis (preferred)
was used

e Background-corrected data Vi, and their fit, if two-step
analysis was used

o Log file of the data analysis software, if any; otherwise, a
list of the settings of the software or processing script
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If data is not deposited, it should be archived locally and
provided upon reasonable request. In addition, all these data
should be documented in main text or supplementary figures.

B DERIVING AND INTERPRETING RESTRAINTS FROM
DISTANCE DISTRIBUTIONS

Here, we focus on the interpretation of distance information
derived from MTSL-labeled proteins. We assume that the
distance distribution has been reliably extracted from the
PELDOR/DEER trace as described above.

Determinants of the Distance Distributions: Spin-
Label Rotamers versus Protein Dynamics. DEER/
PELDOR measures the distribution of pairwise N—O to N—O
distances of the two dipolar-coupled spin labels in solid state.
Hence, the distribution width reflects the frozen disorder of the
spin label rotamers. In the case of MTSL, the N—O group
bearing five-membered ring is attached to the Ca atom via five
potentially rotatable bonds (giving the R1 side chain)'®"*'%
and the distribution of label rotamers contributes appreciably to
the distance distribution (Figure Sa). Steric hindrance by the
internal structure of R1 and its interactions with the backbone
and neighboring side chains can induce different anisotropic
distributions of the rotamers at each site.'”'7'°* In addition,
restricted backbone dynamics and the protein’s conformational
heterogeneity can broaden the distance distribution and/or
result in distinct distance components (Figure Sb—d).
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Deconvolution of these contributions, i.e., label rotamers and
protein conformers, is a critical step for structurally and
mechanistically relevant interpretation of PELDOR/DEER
data. Distance distributions can be simulated using one of the
many rotamer libraries available (see section below) in
conjunction with known crystal, NMR or cryo-EM structures
or with properly constructed models. Comparison between
predicted and experimental distributions can serve to test the
models and, e.g,, can inform on the local dynamics in response to
changes in biochemical conditions, e.g., binding of ligands.

Examples of Distance Distributions and Their Inter-
pretation. Figure 6 showcases five examples of distance
distributions that, separately or in combination, represent the
majority of experimentally encountered distributions. Cases I, I
and V are unimodal distributions that differ by the full-width at
half-maximum (FWHM). At one extreme, the narrow case I is
rather favorable for detection of small-amplitude conformational
changes. It arises from labels attached to rigid backbones and
rigidly held in a defined orientation by tight molecular
interactions. Due to the limitations of the available rotamer
library approaches (see below), the agreement of case I with
predictions may be unsatisfactory. Consequently, it may be
difficult to interpret, e.g., ligand-induced changes in the mean
distance in terms of a protein’s backbone motion. In fact, slight
changes in the micro-environment can induce large shifts in the
mean distance by rotamer redistribution. Changes in the
solution-state cw EPR line shape or in water accessibility upon
ligand binding can reveal such redistribution.'®® Furthermore,
such a narrow distribution may induce orientation correlation.
Hence, it is advisable that the data is collected at multiple
magnetic fields or resonance offsets.” ~”

At the opposite extreme, case V is one of the most difficult to
interpret. The distribution is broad with a FWHM larger than 20
A, indicating protein or protein complex disorder. Conclusions
about residual structure in such cases require additional
experiments and biochemical validation or modeling based on
a large set of restraints. A critical control is to exclude protein
precipitation and aggregation by size exclusion chromatography,
dynamic light scattering or DEER/PELDOR on singly labeled
samples. Assuming that the labeled mutant is functional and
aggregation-free, broad distributions reflect intrinsic disorder.
Quantitative interpretation of these distributions requires
modeling'®® which may be aided by molecular dynamics
simulations.'”” Comparative analysis under different conditions
however may yield qualitative insight. A broad distance
distribution is a common feature of intrinsically disordered
proteins (IDPs) (Figure 6, case V) ' and is expected also when
the two labels are attached to structured domains, which are
linked via a disordered region.sl In some cases, altering the
linker or adding side groups on the nitroxide-containing ring can
help disentangling intrinsic flexibility of the label from protein
backbone dynamics. Interpretation of the mean distance is
difficult; however, useful distance restraints can be retrieved, e.g.,
“20—60 A” or “>30 A” or pairs of mean distance and standard
deviation. Among the constructs in the ring test, S353R1/
Q635R1 corresponds to case V.

Case II is the conceptually simplest one with a unimodal
distribution of about 10 A width. It is encountered when both R1
side chains sample many rotamers. Here, predicted rotamer
distributions enable the deconvolution of spin label from
backbone conformer distribution. The well-defined mean
distance can be used directly in modeling. Starting from such
a distribution, it is straightforward to read off the amplitude of

distance changes induced in response to different biochemical
conditions. Among the constructs in the ring test, SS85R1/
Q603R1 corresponds to case IL

Case III corresponds to multi-modal distributions, illustrated
here by two distinct and large-amplitude peaks. Typically, the
peaks are relatively narrow and their mean distances differ by
more than 10 A. Such well-separated peaks are unlikely to arise
from rotamer sub-ensembles. Thus, case III is explained by
multiple conformations of the protein’s backbone or of domain
arrangement. Often, addition of ligands or other changes in
conditions can alter the equilibrium between the conformers
and can thus identify their contributions to the distribu-
tion.>*72'% In that case, multi-Gaussian global fitting of the set
of PELDOR/DEER time traces can be used to determine the
free energy difference of the equilibrium.””*® As for case II, the
rotamer library approach can be used if a model or structure
exists. Similarly, these peaks, once their origin has been
established, can be used as constraints in modeling.21

Case IV corresponds to a main peak with a shoulder which has
been proven to be reliable by uncertainty analysis. Like case III,
case IV may originate from protein equilibria, but now with
overlapping distance distributions of label conformers. This can
be tested by altering biochemical conditions and observing the
shift in the distance distribution. The caveat is that shoulders can
also arise from anisotropy of the spin label rotamers at one or
both sites.'”> Hence, in order to confirm the relevance of
shoulders in terms of backbone conformation, other closely
related spin label pairs should be investigated or the persistence
of such shoulders should be verified with spin labels linked to the
backbone by different tethers, especially those with rigid
attachment."'” Biological and technical repeats are advisable
and other biophysical or structural information should be used
to confirm the existence of a second backbone conformation.
Among the constructs in the ring test, VS99R1/N624R1
corresponds to case IV. Construct Y588R1/N624R1 is complex,
being borderline between cases II and IV with a minor peak at 40
A (borderline to case III) appearing in data from several
laboratories with various data analysis approaches. Further
experiments would be required in this case to assign the
contributions.

Simulation of Distance Distributions. Distance distribu-
tions can be used to test hypotheses on structure, if these
hypotheses can be formulated in terms of a three-dimensional
model. To that end, the distance distributions expected for this
model are computed by rotamer library approaches, such as
MMM, %> mtsslWizard,'® or ALLNOX,* or by MD methods
such as the molecular dynamics dummy spin-label method
MDDS'"" or the CREST/MD'” approach. Tests with MMM
and mtssIWizard show that agreement of mean distances
between experiment and model in the 2—4 A (root-mean-square
deviation) range can be expected if the model fits.'® Larger
deviations for several distance distributions indicate local
flexibility at the sites of attachment of the label or, for instance,
a solution structure that differs from the crystal structure. In case
of such deviations, molecular dynamics computations can be
useful to better estimate the uncertainty of the rotamer library
predictions for the case at hand.'”"'>'"?

Structure Modeling. Detailed guidance on modeling is
beyond the scope of this paper. In general, modeling can be
based on direct fitting of primary data,"” fitting of full distance
distributions,”> or parametrization of the distributions.”>"'*"">
Typical applications are rigid-body protein docking,"” modeling
of transitions between conformations,''® or ab initio coarse-
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grained modeling of structures.”’™>* For transitions between

conformations, the quality of the starting structural model needs
to be carefully evaluated by an independent set of DEER
distance restraints. The mean and the most probable distance
are likely very similar in case II (Figure 6) but can differ if
shoulders or multiple peaks are present in the distance
distributions (cases III and IV) or if a broad distribution is
asymmetric (case V). Depending on the task at hand, it is
important to use not only mean distances, but also the widths of
the distributions.”” It is important that enough restraints are
used in the model calculation, and it can be useful to
overdetermine the problem so that restraints can be left out in
turn to add certainty to the final solution.'”'*”""” Integrative
modeling that includes constraints from other biophysical
methods is required in many cases.”’ >

B CONCLUSION

The combination of site-directed spin labeling with distance
distribution measurements by pulsed dipolar EPR spectroscopy,
in particular with PELDOR/DEER, has become a valuable
component in integrative structural biology. To fully exploit the
potential of this approach, good practice in sample preparation,
measurements, data analysis, and estimation of structural
restraints and their uncertainty is required. Our benchmark
test demonstrates that measurements and data analysis are
robust and well reproducible across measurement conditions
used in different laboratories but, at the same time, illustrates the
limitations in interpreting distance distributions at the current
stage. The results, together with discussions among all authors,
allow us to propose guidelines on sample preparation,
PELDOR/DEER measurements, data analysis, reporting, and
data deposition or archiving. Furthermore, we provide some
guidance on the interpretation of the different categories of
distance distributions and on the use of tools to create coarse-
grained models of proteins in different conformational states.
We hope that our results and guidelines will foster the use of site-
directed spin labeling EPR and PELDOR/DEER in the wider
structural biology community.
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