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come this problem.

In electron paramagnetic resonance (EPR) distance distributions between site-directedly attached spin
labels in soft matter are obtained by measuring their dipole-dipole interaction. The analysis of these dis-
tance distributions can be misleading particularly for broad distributions, because the most probable dis-
tance deviates from the distance between the most probable label positions. The current manuscript
studies this effect using numerically generated spin label positions, molecular dynamics simulations,
and experimental data of a model system. An approach involving Rice distributions is proposed to over-

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

EPR spectroscopy has become a powerful tool for distance mea-
surements in disordered systems, giving access to distance distri-
butions in the range between 0.5 nm and 8 nm, especially due to
the Double Electron Electron Resonance (DEER or PELDOR) tech-
nique [1]. The application to biological systems, e.g. membrane
proteins, is of particular interest because structure and function
in these systems are intimately linked. Many biomacromolecules
do not contain native paramagnetic centers but spin labels can
be attached site-directedly.

Inter- and intramolecular distances between two spin labels can
be determined by measuring their dipole-dipole interaction either
by deconvolution of cw-measurements [2] or by pulsed methods
[3].

Depending on the flexibility of the investigated system, but of-
ten in particular depending on the length and flexibility of the spin
label linker, broad distance distributions can be obtained using
either model-based data analysis [4,5] or model-free methods,
e.g. Tikhonov regularization [6,7]. These broad distributions do
by no means reflect the accuracy of the method which can be esti-
mated to 0.05 nm or better [6].

Recent works deal with the analysis of distance distributions,
taking rotamer libraries into account, if a structural model, e.g.
crystal structure is available [8] but usually the maximum in the
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distance distribution or - leading to similar results - the center
of a fitted Gaussian is attributed to the distance constraint.

In the current work we demonstrate that the latter procedures
are problematic and result in errors in the case of broad distance
distributions, e.g. if the center of the experimental distance distri-
bution is of the same order of magnitude as its standard deviation.

To overcome this problem we propose an analysis based on the
Rice distribution, either describing the model-free derived distance
distribution or as a model for deriving the distance distribution.
The Rice distribution is widely used in other disciplines, such as
crystallography [9,10], single-molecule fluorescence measure-
ments [11,12], and magnetic resonance imaging (MRI) [13,14].

The Rice distribution is based on the assumption of normally
distributed spin label positions. While this is a crude approxima-
tion, because the distribution of label positions is dictated by con-
formation energetics the current manuscript proves the
applicability of the Rice distribution in EPR distance measurement
by three approaches: (I) numerically simulated spin label positions
(normal distributions), (II) molecular dynamics simulations (spin
labeled double-stranded DNA), and (IIl) experimental data (DEER
measurement on a polyproline II (PPII) helical peptide).

2. Results

In order to illustrate the difficulties in analyzing broad distance
distributions one can initially assume a set of two spin labels (point
dipole approximation), each positioned normally distributed in
space (x, y, and z) with a standard deviation ¢ around two centers
with the defined distance u (see Fig. 1).



168 Communication /Journal of Magnetic Resonance 208 (2011) 167-170

.

Fig. 1. Schematic illustration of two three-dimensional Gaussian random variables. The centers of the distributions are separated by the distance y, both distributions have

the same standard deviation ¢ in x, y and z direction.

The resulting distribution between both labels p(r) with
r=(Ax?>+ Ay? + Az*)'? does not correspond to a Gauss but to a
Rice distribution [15]. Moreover, the distance distribution exhibits
a maximum which is the most probable found distance but devi-
ates from u to larger values. In analogy, fitting this distance distri-
bution by a Gauss distribution the center of the Gaussian is in
general larger than g, too.

The distance distribution p(r) can be described analytically by
the Rice distribution in n-dimensions which is defined by

por\? (r +42) ri
p) =4 (1) exp (-t e () 1)
with the modified Bessel function I. For three dimensions this re-
sults in

2 r
Paolr) =\ 75 X

with Orice = \/m [7]

The effect of varying the widths of the distributions is depicted
in Fig. 2, showing data points from numerically simulated dis-
tances between normally distributed labels and fits (solid lines)
according to equation psp(r). For large u/o values, e.g. u/o =10
(Fig. 2a), the distribution is approximately Gaussian-shaped and
the maximum corresponds well to p. As u/o decreases (Fig. 2b-
d), i.e. the distribution becomes wider, the curve becomes skewed,
broadened, and the position of the maximum differs significantly
from p.

This means that for experimentally obtained narrow distance
distributions, the maximum of the distribution or the center of a
fitted Gaussian curve is in sufficient agreement with the distance
between the most probable spin label positions, but deviations oc-
cur for broader distributions. This is summarized in Fig. 3, showing
the results of fitting either a Gauss or a Rice distribution to numer-
ically simulated (o = 0.5) spin label distances in three dimensions.
For small /o values, the biggest discrepancy between Gauss anal-
ysis and the distance obtained from the identity function (a
straight line through the origin) is obtained. Hence for those values
the use of a Gaussian is not justified and results in an error whereas

2412\ r
p <— ‘u20'2 ) sinh <O.T'u> (2)

rice rice

p(r)

Fig. 2. Numerical simulation of the distance distribution p(r) between two
Gaussian distributed positions in three dimensions (see Fig. 1). The distance
between the centers of the two Gauss distributions is u = 1.0, standard deviations are
varied: (a) 6=0.1, (b) 6=0.3, (c) =04, (d) 6 =0.5.

the Rice analysis is in quantitative agreement with the identity
function.

In order to study this effect in a more realistic scenario com-
pared to normally distributed spin label positions molecular
dynamics (MD) simulations were performed. A double-stranded
DNA, doubly labeled with the phosphorothiolate-substituted nitr-
oxide spin label R5 (Fig. 4, see also supporting material) serves as
a model system.

For the analysis of the MD data, snapshots were taken every
2 ps and the distance between the oxygen atoms of the spin labels
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Fig. 3. Comparison of different fit models. For each fixed distance u between the
centers of the Gaussian random variables with a fixed standard deviation ¢ = 0.5, a
histogram of the distances between both three-dimensional Gauss distributions
was simulated (like in Fig. 2). A Rice distribution and a Gauss distribution were
fitted to these histograms. The corresponding fit results u; are plotted (triangles:
Gauss, circles: Rice). The identity function (black line) has been added to the figure
for easy comparison of the fit results with the simulation parameter pu.

Fig. 4. Visualization of the double-stranded DNA dodecamer: Two spin labels
(shown as CPK model) are attached to nucleotides four of the first and second
strand. The distance is calculated between the oxygen atoms of the two nitroxids
(marked by a black arrow).

was measured. Computed distances from 0.5 nm up to almost
3 nm demonstrate the high flexibility of the spin labels. The dis-
tances of 25 simulations of 5 ns each were binned into 0.01 nm
intervals to derive the distance distribution p(r) shown in Fig. 5.
Additionally, the averaged positions of the oxygen atoms were
determined and used to calculate the standard deviations ¢; and
the distance u between the most probable spin label positions.
We find ¢ = 0.27 nm and 0.26 nm for the oxygen atoms of the first
and second spin label, respectively, and p =1.24 nm.

The distance distribution in Fig. 5 was analyzed using a Gauss-
ian (uc=1.33nm, 05=0.38nm) and a Ricean (ug=1.20 nm,
or=0.40 nm) fit, respectively, the latter in excellent agreement
with the distance between the most probable label positions.

The comparison between the analysis based on the Gauss or
Rice distribution, respectively, was also applied to experimental
data of an EPR distance measurement (see supporting material).
The model system used here consists of a peptide in a polyproline
I helix conformation [16,17], which was doubly labeled by site-
directed spin labeling using MTSL. While the qualities of both fit
curves are indistinguishable on a relevant scale, the derived u
values differ significantly (yc=4.20nm and pg=4.04 nm, with
0c=0.80 nm and oy = 0.82 nm).
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Fig. 5. Distribution of the oxygen-oxygen distance of the spin labels taken from MD
simulations (red line), including Rice (green line) and Gaussian (blue line) fit curves.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

3. Discussion

One of the unique features of distance measurements by spin
label EPR is the ability to monitor even broad distance
distributions.

The data presented here illustrate that there is a difference be-
tween the most probable spin label distance, and the distance be-
tween the most probable spin label positions, which is significant
at least for broad distance distributions, e.g. it/o < 4 (see Fig. 3).

This becomes immediately obvious in the following gedanken-
experiment: reduce the distance u between the two clouds of
Gaussian distributed spin label positions (with ¢ > 0) in Fig. 1 to
= 0. Taking all possible label positions into account, one obtains
the distance distribution containing distances equal to or larger
than zero. Also the most probable distance is larger than zero
and therefore larger than g, too.

The spin label MTSL is widely used in protein studies because it
can be covalently linked to any cysteine residue via a sulfur-sulfur-
bridge. The linker length for this spin label is approximately
0.5 nm. Using this value, the width of the distance distribution
caused by the linker flexibility only, can be estimated to be 1 nm.
This has also been found in experimentally obtained distance dis-
tributions when the MTSL-labels are not significantly sterically
hindered. In this case, distance distributions between MTSL labels
below 3 nm result in /o < 3. No matter whether model-based or
model-free analysis, e.g. Tikhonov regularization was used, the
most probable distance differs from the distance between the most
probable spin label positions in this case. Hence, when qualitative
analysis using rotamer libraries is impossible, the maximum in the
distance distribution p(r) can be seriously misleading.

This is shown using three different approaches:

(I) Using numerically generated spin label positions obeying
normal distributions the resulting distance distribution can
be given analytically by the Rice distribution. Fig. 2 clearly
shows the drastic deviations of those distance distributions
p(r) from a Gaussian-like behavior and the shift of the max-
imum of p(r) to values higher than p.

(II) To deal with more realistic spin label positions MD simula-
tions with long simulation times were performed. Again,
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even if the spin label positions do not obey normal distribu-
tions, the Rice distribution delivers a result which is in good
agreement with the distance between the most probable
spin label positions. The distance derived by fitting a Gauss-
ian deviates by more than 7%.

(IIl) Considering experimental data we presented the analysis of
a DEER measurement on a doubly-MTSL-labeled model pep-
tide in a PPII helix conformation by Tikhonov regularization.
Even when the p/o -ratio is approximately 4.9, the deviation
between ¢ as derived by fitting a Gaussian and py derived
by using the Rice distribution is still significant (0.2 nm).

4. Conclusions

Distance measurements using EPR combined with a spin label
approach are a powerful tool to determine long range distance con-
straints when studying the structure of soft matter. Site-directed
spin labeling using nitroxides covalently bound via a linker is com-
monly applied. The analysis of experimentally obtained distances
is not limited by the intrinsic accuracy of the method [1] but rather
by the undetermined label positions due to the label linker flexibil-
ity. Possible solutions to this problem are rotamer libraries or
molecular dynamics simulation, though these are not applicable
in many cases.

Often the most probable distance between the spin label posi-
tions is used as distance constraint.

The conclusion of this work is that by taking the maximum of
the distance distribution, one commits a systematic error, espe-
cially for small u/o values.

Therefore an alternative analysis method is proposed here. The
Rice distribution describes the distance distribution resulting from
two three-dimensional Gaussian distributed spin positions and is
applicable to experimentally obtained distance distributions. It al-
lows the determination of the distance between the most probable
spin label positions, which is of particular importance in analyzing
three-spin correlations [18] in double electron-electron resonance,
where the deviation between the most probable distance and the
distance between the most probable spin label positions can intro-
duce internal inconsistency.

The Rice distribution as a model-based analysis method for dis-
tance measurements in EPR will be implemented in future versions
of DEERAnalysis [19].
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