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Pulsed electron—electron double resonance (PELDOR) spectroscopy is a powerful tool for measuring
nanometer distances in spin-labeled systems. A common approach is doubly covalent spin-labeling of
a macromolecule and measurement of the inter-spin distance, or to use singly-labeled components of
a system that forms aggregates or oligomers. This situation has been described as a spin-cluster. The
PELDOR signal, however, does not only contain the desired dipolar coupling between the spin-labels of
the molecule or cluster under study. In samples of finite concentration the dipolar coupling between
the spin-labels of the randomly distributed molecules or spin-clusters also contributes significantly. In
homogeneous frozen solutions or lipid vesicle membranes this second contribution can be considered
to be an exponential or stretched exponential decay, respectively. In this study, we show that this
assumption is not valid in detergent micelles. Spin-labeled fatty acids that are randomly partitioned into
different detergent micelles give rise to PELDOR time traces which clearly deviate from stretched expo-
nential decays. The obtained signals can be modeled quantitatively based on the size of the micelles, their
aggregation number, the spin-label concentration and the degree of spin-labeling. As a main conclusion a
PELDOR signal deviating from a stretched exponential decay does not necessarily prove the observation
of specific distance information on the molecule or cluster. These results are important for the interpre-
tation of PELDOR experiments on membrane proteins or lipophilic peptides solubilized in detergent
micelles or small vesicles, which often do not show pronounced dipolar oscillations in their time traces.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Pulse EPR distance measurements have evolved to a standard
tool for generating long-range constraints for structural modeling.
Especially the pulsed electron-electron double resonance (PEL-
DOR) [1,2] method has found widespread application in many
fields [3,4]. One approach is to covalently attach two spin-labels
to a macromolecule and measure the inter-spin distance. Alterna-
tively, singly-labeled components of a system that forms aggre-
gates or oligomers can be employed. This situation has been
referred to as a spin-cluster. The inter-spin distance is calculated
from the dipolar coupling between the spin-labels in such a spin-
cluster, giving access to information on the oligomerization state
and structure of the cluster. The PELDOR signal, however, does
not only contain these desired dipolar couplings. In samples of
finite concentration the dipolar coupling between the randomly
distributed spin-clusters also contributes significantly. All methods
to derive structural information from PELDOR time traces rely on
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the assumption that the inter-cluster background signal can be
separated from the specific intra-cluster interaction under study.
However, an erroneous assumption of the background function
can cause artifacts in the data analysis. In frozen solutions of model
compounds in organic solvents [5-7], soluble proteins [8,9], or
nucleic acids [10,11] the distribution of spin-clusters can be
approximated to be homogeneous in three-dimensional space.
The background signal corresponding to such a distribution is an
exponential decay function [12]. The distribution of spin-clusters
in lipid vesicle membranes can also be assumed to be homoge-
neous. The dimension of this homogeneous distribution varies
from two to three depending on the sample concentration
[13-15]. This corresponds to a stretched exponential decay func-
tion describing the background [16]. In contrast to homogeneous
solutions and lipid vesicles, spin-labels in detergent micelles are
confined to small volumes. This leads to an inhomogeneous distri-
bution of spin-clusters on the length scale accessible by the PEL-
DOR method. Several earlier works have relied on PELDOR to
investigate size restriction effects in microscopic assemblies.
Ruthstein et al. have characterized micelles with respect to micelle
size and aggregation number. The micelles were formed from plu-
ronic block copolymers built from chains of poly(ethylene oxide)
and poly(propylene oxide) [17]. In a second study the formation
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of mesoporous materials from solutions of these micelles was
monitored using PELDOR [18]. Mao et al. investigated the local
structures in organically modified layered silicates and their
composites with polymers. PELDOR on spin-labeled surfactants al-
lowed the extraction of local spin concentrations and the fractal
dimension of the homogeneous spin distribution [19]. The lateral
diffusion of spin-labeled thiols on spherical gold nanoparticles
has been studied by Ionita et al. The spin-spin distance
distribution function was extracted from PELDOR data [20].

In this study, we investigated the effects of these size restriction
on the PELDOR signal especially on micelles formed from
detergents that are frequently used for solubilization of membrane
proteins [21]. Therefore, we explored the characteristics of the
intermolecular dipolar interactions between single spin-labeled
fatty acid molecules statistically partitioned into detergent mi-
celles. We have chosen spin-labeled fatty acids instead of large
macromolecules as test system, because they do not give rise to
large exclusion volumes, the conformational freedom of the spin-
label moiety is less hindered and the structure of the micelle will
be less distorted.

We find that the resulting time traces cannot be described by
stretched exponential decay functions but can be simulated based
on literature values for the detergent micelles dimensions and
aggregation numbers and a statistic distribution of spin-labels
inside the micelles. Since a specific interaction between the spin-
probes is not observed, these statistic aggregates resemble a
background function for detergent micelles. Understanding the
background signal in detergent micelles is of importance for
spin-labeled membrane proteins and peptides solubilized in deter-
gent micelles or small vesicles for PELDOR measurements.

2. Modeling of time traces

Owing to their amphipathic nature, spin-labeled fatty acids are
expected to be confined inside the micelles. To model the observed
PELDOR decays we used two limiting models for the description of
the distribution of spin-labels inside the micelles. In both models
the micelles are assumed to be spherical. In the first model the ni-
troxyl groups of the spin-labels are assumed to be close to the sur-
face of the micelle (surface model). This might be induced by either
steric repulsion inside the micelle or by strong attraction between
the polar nitroxide moiety and the polar detergent head-groups
[22]. The other limiting model assumes a homogeneous distribu-
tion of the nitroxides inside the micelle (bulk model). These simpli-
fied models are chosen because analytical expressions for the
statistical distance distribution functions are easily available for
both models. The probability density distribution for the distance
between two points on the surface of a sphere is [23]:

2r
D?
where r is the distance between the points and D the diameter of
the sphere.

The probability density distribution for the distance between
two points inside a sphere is [24]:

3r2 B 9r3 N 3r°
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The real situation is most probably best reflected by the spin-
labeled fatty acids occupying a sphere shell with a certain width.
In this case, the two models represent two limiting approximations
of the actual distribution which will depend on the specific spin-la-
bel [25]. Both limiting models allow simulating the experimentally
observed non-exponential PELDOR decay curves; therefore the
actual distribution function is dispensable for our analysis.

Pouy (r) = (1)

(2)

Py (1) =

The probability of finding a micelle with k spin-labeled fatty
acid molecules is estimated by the binomial distribution:

Pusa®) = ( )1 =) @)

with n being the number of detergent molecules per micelle
(aggregation number) and p the probability of a detergent being
spin-labeled (labeling degree). The binomial coefficients for the case
n=100 and p = 0.01 are depicted as a histogram in Fig. 1.

The distance dependent dipolar coupling between the
spin-labels is calculated according to Eq. (4).

v(r,x) = dip(r)(1 — 3x%)

. 21 (4)
oo S5

where (1, x) describes the coupling frequency in dependence of the
inverse cube of the spin-spin distance r and the cosine of the dipo-
lar angle 0 (x =cos 0). yo is the vacuum permeability, g4 5 are the
effective values of the g-tensors of the spins, g is the Bohr magne-
ton, and h is the Planck constant divided by 27.

In both models short spin-spin distances are present. This will
give rise to large dipolar couplings, which exceed the excitation
bandwidths of the microwave pulses. A correction for the suppres-
sion of these large spin-spin interactions can be estimated accord-
ing to:

Ar) =70 /: exp (— (V(r’;)t‘”>2> exp <— (V(r’;)tﬂ)z)dx (5)

where the integral describes the dipolar frequency (v)-dependent
suppression of intensities as a function of the lengths of the
pumping and detection pulses, t,; and tp, respectively [26,27].
Jo is the modulation depth parameter which is given by the frac-
tion of the spin-label spectrum excited by the pump pulse. Eq. (5)
is a good approximation to rescale the modulation depth for
strong dipolar couplings, which effectively diminishes contribu-
tions to the PELDOR signal arising from spin pairs with very short
distances.

Assuming the orientations of the two spin-labels to be uncorre-
lated, the PELDOR time trace for a doubly-labeled micelle can be
calculated according to [16,28]:

0.4

0.3

Binomial Coefficient
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Number of Labels in Micelle

Fig. 1. Binomial coefficients for statistic labeling. The data displayed corresponds to
the case of n=100 and p = 0.01.
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where t is the time delay of the second frequency pulse with respect
to the primary Hahn-echo created by the first frequency pulses. It is
obvious from Eq. (6) that both the distance distribution function
P(r) and micelle radius r directly influence the PELDOR signal. The
overall signal of the statistically labeled micelle is the weighted
sum of the 1-fold to n-fold labeled micelle [2,29,30]:
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The normalization is necessary since there is a possibility of
zero labels in a micelle (k= 0), which does not contribute to the
PELDOR signal.

Until here, we have considered only the dipolar interactions be-
tween spin-labels in one micelle, however; also interactions be-
tween spin-labels in different micelles might contribute to the
PELDOR signal. This additional contribution is assumed to be
caused by a homogeneous distribution of micelles in three dimen-
sions. For dilute two- to fourfold labeled model compounds an
exponential background function has shown excellent agreement
with the experimental data [29]:

Vtotal(tv Da ;“vav n, C) = V(t7D~ )v()?pw n) exp(*bC/lot)
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where b is a constant for the intermolecular PELDOR background in
three-dimensional homogeneous distributions [16] and c is the
spin-label concentration in m~3, Under constant experimental con-
ditions, /o can be assumed constant and measured using a standard
biradical [29,31].

The PELDOR time traces in micelles can be simulated according
to Eq. (8). Vice versa the micelle parameters can be verified by a fit
of D, p, n, and c to the experimental time traces.

3. Materials and methods
3.1. Materials

n-Dodecyl B-D-maltoside (DDM;>99.0%), and sodium phos-
phate (20 mM solution; pH 7.0) were obtained from Fluka. 5-
and 16-doxyl-stearic acid (5- and 16-SASL) spin-labels, octaethyl-
ene glycol monododecyl ether (Cq3Eg; >98%), and sodium dodecyl
sulfate (SDS;>99.0%) were purchased from Sigma—Aldrich (Ger-
many). Polyethyleneglycol-mono-[p-(1,1,3,3-tetra methylbutyl)-
phenyl]-ether (Triton" X-100) was obtained from AppliChem
GmbH, Germany.

3.2. Sample preparation

20 mM solutions of the detergents (above their critical micelle
concentration (CMC) at 25 °C) were prepared in phosphate buffer,
except for the SDS sample which was prepared in double-distilled
water. Stock solutions of 5- and 16-SASL (2 and 27 mM, respec-

tively) were prepared in chloroform and the concentrations have
been calibrated against TEMPO by use of an Elexsys E500 9 GHz
EPR spectrometer (Bruker). In order to prepare the samples of
the spin-labeled stearic acids in different micelles with the desired
spin-label to detergent molar ratio, the required amounts of the
spin-labels in chloroform were transferred to test tubes, the sol-
vent was evaporated with an argon gas stream, and residual traces
were removed by drying under vacuum for at least 4 h before the
vacuum was released by nitrogen. The prepared micelle solutions
were added to the preformed films of the spin-labels. The samples
were shaken by vortex mixing at room temperature and kept over-
night in a 4 °C fridge to equilibrate them. All the samples were
mixed with 20% (v/v) ethylene glycol and transferred to standard
4 mm diameter quartz EPR tubes (Wilmad). The samples were
shock-frozen in a mixture of methylcyclohexane/isopentane (1:4)
that was immersed in liquid nitrogen.

3.3. EPR experiments

Pulsed EPR data were measured on an Elexsys E580 EPR spec-
trometer (Bruker) equipped with a Bruker PELDOR unit (E580-
400U), a continuous-flow helium cryostat (CF935) and tempera-
ture control system (ITC 502), both from Oxford Instruments, at
frequencies of ~9.6 GHz (X-band) using a standard flex line probe
head housing a dielectric ring resonator (MD5 W1, Bruker). Micro-
wave pulses were amplified by a 1 kW TWT amplifier (ASE 117x).
Temperature was kept at 50 K. The shot repetition time was
2-3 ms.

For PELDOR experiments the dead-time free four-pulse se-
quence was used [6,32]. The m/2-pulse was phase-cycled (+/—) to
eliminate receiver offsets [26]. Typical pulse lengths were 32 ns
(7/2 and 7t) for the probe pulses and 14 ns (7) for the pump pulse.
The delay between the first and second probe pulses was varied
between 136 and 192 ns in 8 ns steps to reduce the contributions
from proton hyperfine modulations [33]. The pulse separation be-
tween the second and third probe pulses was between 2 and 3 ps,
depending on the transversal relaxation time (T,,) of the samples.
The frequency of the pump pulse was set to center of the over-cou-
pled resonator (Q ~ 50) and the magnetic field was adjusted, such
that the excitation coincides with the central peak of the nitroxide
powder spectrum to obtain maximum pumping efficiency. The
probe frequency was chosen 70 MHz higher.

3.4. Data processing

To obtain distance distributions, the PELDOR data were pro-
cessed using the DeerAnalysis2008 software package [26]. The
PELDOR time traces were corrected for background decay using a
homogeneous three-dimensional spin distribution. Tikhonov regu-
larizations have been performed with a regularization parameter
(o) of 1000.

To obtain the micelle parameters the root mean square devia-
tion between experimental data and calculated Vi, (Eq. (8)) has
been minimized for both models individually using the Matlab®
function fminsearch. D, p, n and ¢ have been optimized simulta-
neously. The integrations in Eq. (6) have been performed numeri-
cally in steps of 0.01 nm and 10~ respectively. Distributions of
micelle sizes and aggregation numbers have not been considered.
Multiple labeled micelles (k) with a statistical weight smaller than
10~* have been neglected. To explore the effects of the strong
interdependence of p and n, which both mainly scale the modula-
tion depth, a second optimization has been performed. Here, p has
been set to the nominal labeling degree while D, n and c being
simultaneously optimized.
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4. Results and discussion

The experimental PELDOR time traces for two different spin-
labeled fatty acids (5-SASL and 16-SASL) incorporated into several
micelles (DDM, SDS, C;,Eg and Triton X-100) are shown in Fig. 2.
All of them exhibit a fast initial decay and a slow decay component
which persist for the length of the observation window. None of
the traces can be fitted by a stretched exponential decay function.
To remove the homogeneous inter-micellar background the time
traces have been divided by an exponential decay function fitting
the slow component. The modulation depth for most of the sam-
ples are rather similar (27-32%); only the sample of 3 mole% 16-
SASL in DDM shows a somewhat larger value of 38%. For 16-SASL
the mean distances, obtained from the time traces by Tikhonov
regularization are all between 2 and 2.5 nm (Fig. 3). Given the
broad distance distribution width (o¢(r) ~0.6-1.3 nm) they are
rather similar. In the case of 5-SASL in DDM the mean distance is
significantly shifted to almost 3 nm.

These distinct distances are not caused by specific interactions
between the spin-labeled fatty acids but reflect the distance
restrictions imposed by the finite micelle dimensions. It is
important to note that we cannot rule out the presence of specific
interactions between spin-labels. However, utilizing the same
spin-labels in phospholipid vesicle membranes homogeneous dis-
tributions have been observed. Thus, there is no indication of spe-
cific interactions [15]. Furthermore, if the spin-labels form specific

1.0

structures with short spin-spin distances, their dipolar coupling
will be too large to be excited by the microwave pulses. Thus, we
can neglect their contribution to the PELDOR signal in good
approximation. Simulations based on the surface and bulk distribu-
tion model together with their deviation from the experimental
PELDOR time traces are shown in Fig. 2. The parameters (n, D, ¢
and p) of both models, surface and bulk, have been optimized by
minimizing the root mean square deviation between the experi-
mental data and the simulation based on Eq. (8). Both models show
a very good agreement with the experimental PELDOR time traces.
The surface model exhibits a slightly larger divergence. This model
predicts a large contribution from spin pairs at the maximum dis-
tance (Fig. 3c) leading to a shallow but distinct dipolar modulation
in the simulations. This oscillation is not visible in the experimen-
tal data; however, already a moderate distribution in micelle diam-
eters will easily diminish this oscillation. The optimal fitting
parameters for n, D, c and p are summarized in Table 1. The initial
fast decay of the time traces can be attributed to the dipolar inter-
action of spin-labels within one micelle, whereas the slower decay
results from the dipolar interactions between spin-labels in differ-
ent micelles. The different influence of the parameters n, D, c and p
on the PELDOR time traces is noteworthy. The micelle diameter D
mostly influences the fast initial decay of the PELDOR time traces,
whereas the spin-label concentration ¢ determines the slope of the
slowly decaying part. In contrast, both n and p contribute mainly to
the modulation depth and have only minor effects on the fast
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Fig. 3. Distance distributions. (A and B) Obtained distance distributions from
Tikhonov regularization for different detergent micelles; (C) Distance probability
densities for the two different distribution models in micelles.

initial decay of the PELDOR time traces. In principle, p governs the
amount of multi-spin effects [30] and, thus, also contributes to the
dipolar evolution caused by spin-labels within one micelle. In cases
of broad distance distributions and moderate labeling degrees
these effects are usually not resolved experimentally [29]. As a
consequence, these two parameters are strongly interdependent.
To separate them, we also fitted all time traces by fixing p to the
nominal labeling degree. For 16-SASL, simulations with both mod-
els reproduce the literature values for D nicely [21,34]. It is impor-
tant to note that micelle diameters are usually derived from the
radius of gyration including a solvent shell. However, in the pres-
ent study the nitroxide moiety is expected to be located between
the micelle’s hydrophobic core and the polar-apolar interface, well
inside of this solvent shell. 5-SASL results in larger micelle diame-
ters. This might be caused by a distortion of the micelle by the
labeling close to the head-group. Otherwise, it might indicate that
neither model fully reflects the real distribution in the micelle. The
polar head-group of the fatty acid is assumed to be restricted to the
polar-apolar interface close to the micelle surface. In this case, the
nitroxide moiety of 5-SASL can occupy a spherical shell with a big-
ger mean radius as compared to 16-SASL. A shorter linker between

head-group and nitroxide moiety restricts the nitroxide to the
periphery of the micelle. Thus, in the approximation that the vari-
ations of radii of this spherical shell arise from the length of this
linker, the variation of radii will be much smaller for 5-SASL as it
is much more closely linked to the head-group.

Considerably more uncertainties are related to the obtained fit
values for n and p as long as none of them can be independently
determined to high precision. Already a small amount of free
spin-label in the solution would effect p [25]. Furthermore, the lit-
erature values for n show a significant spread. Therefore the values
of these parameters extracted from both models should be taken
only as rough estimates. Nevertheless, the analysis based on both
of our models yields micelle properties which are in reasonable
agreement with values obtained by luminescence quenching
[35], sedimentation techniques [21], small angle X-ray scattering
[34] and positron lifetime spectroscopy [36].

Our results clearly show, that in micellar systems PELDOR time
traces with a distinct initial decay are not a decisive indication of a
specific aggregate but a result of the finite size of the micelle. In ex-
treme cases, even the observation of a dipolar modulation, as pres-
ent in the simulations using the surface model, might be caused by
size restriction effects rather than specific interactions [37]. This
might be important for the study of homo-oligomeric systems,
such as lipophilic peptides or membrane proteins in detergent mi-
celles, were such PELDOR signals could be easily misinterpreted to
represent structural information on the macromolecular complex
itself. As we have shown here, a signal deviating from a stretched
exponential alone does not allow discriminating between specific
and unspecific clustering. The assumption, that the observed dipo-
lar interaction represents a specific interaction and not statistical
segregation into the micelles will have to be confirmed by further
evidence. Wherever possible a system in which the desired specific
interaction has been switched off by design (the ‘singly-labeled’
reference) should be measured. Through this control the unspecific
PELDOR background function could be identified. The observation
of significant differences between the sample and its control will
allow relevant structural conclusions. In general, it seems unlikely
to solve the problem of the background theoretically without uti-
lizing a ‘singly-labeled’ reference sample. Obviously, the solution
to this problem is not trivial. In principle, the singly-labeled refer-
ence can be obtained by cross-linking the oligomer under study
and expressing it as a single polypeptide chain that only contains
a single cysteine residue. This sample could act as singly-labeled
reference. However, such a construct might not always be feasible.
On the other hand, lowering the local concentration of spin-labeled
molecules by decreasing their overall concentration can be used to
test if size restriction effects blur the analysis of specific interac-
tions by PELDOR. If the oligomer under study exhibits strong bind-
ing and the monomers do not exchange, the multiply-labeled
oligomer could be diluted with unlabeled oligomer to achieve a
similar effect.

5. Conclusion

We have investigated statistically partitioned spin-labeled mol-
ecules into detergent micelles. The resulting PELDOR time-domain
signals cannot be described with a stretched exponential decay
function, as would be expected in homogeneous solutions or in li-
pid vesicle membranes, but could be quantitatively modeled based
on the size of the micelles, their aggregation number, spin-label
concentration and the spin-labeling degree. The labeling degree p
and aggregation number n showed a strong interdependence, thus,
they could not be determined independently to high precision. On
the other hand, the local concentration ¢ and micelle diameter D
could be determined rather accurately from the PELDOR data. A
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Table 1
Relevant micelle and sample parameters.

Sample  Triton X-100 1%  SDS 1% 16- C12E8 1% 16-  DDM 1% 5-SASL DDM 3% 16-SASL DDM 1% 16-SASL
16-SASL SASL SASL
n 75% 140%, 96- 62° 892, 98%, 120 1107, 126 111-140%, 78-149°,  110% 1267, 111-140% 78-149°, 1107, 126%, 111-140%, 78-149°,
165? 140¢, 135-145° 140¢, 135-145¢ 140¢, 135-145¢
D [nm] 6.84% 7.50° 3.38-3.79,3.1 6.44°% 8.04%, 3.1 5.98% 6.24% 2.82-5.8¢, 3.1 (core)® 5.98% 6.24% 2.82-5.8°, 3.1 5.98% 6.24% 2.82-5.8¢, 3.1
(core)? (core)? (core)? (core)?
Courface 3165, 316" 430¢, 4307 252¢, 255° 436¢, 435" 167¢, 208" 229¢, 228°
[uM]
Nsurf 110¢, 139" 1216, 144" 143¢, 170" 217¢,272F 244°, 677 116¢, 136'
Paup 1.27%2, 1%° 1.19%¢, 1% 1.19%¢, 1%° 1.26%°, 1%" 0.79%¢, 3%F 1.17%¢, 1%
Dgus 3.20¢, 3.23F 2.91¢, 2.91f 3.26¢, 3.26 4.29°%, 430 3.44°,2.91° 3.56°, 3.57°
[nm]
Chulk 310°, 309" 423¢, 423f 244°, 243f 416¢, 4177 159¢, 158" 221¢,221F
[uM]
Npuic 110¢, 142° 123¢, 145° 1326, 172f 161¢, 273" 48¢, 65 143¢, 138f
Pouik 1.29%°, 1% 1.18%°, 1% 1.30%°, 1%" 1.70%°, 1%" 4.07%°, 3% 0.96%°, 1%"
Diuik 4.19¢, 4.18° 3.88¢, 3.89f 4.28¢, 427" 5.75¢, 5.75 4.50°, 4.50f 4.63¢, 4.63"
[nm]
¢ From [21].
> From [35].
¢ From [34].
4 From [36].

e

Diameter D, labeling probability p, aggregation number n and concentration ¢ have been optimized simultaneously.

f D, n and c have been optimized simultaneously, p has been set to the nominal labeling degree.

clear distinction between situations where the spin-labels are dis-
tributed homogeneously within the micelle or within a narrow
spherical shell at the polar-apolar interface is not possible, as can
be seen from our simulations with both models. Both models give
satisfactory agreement with the experimental data, with slightly
different best fit values for the micelle diameter D. In conclusion,
we show very clear evidence that a PELDOR time-domain signal
in detergent micelles differing form a stretched exponential is
not sufficient to prove a specific interaction. This might obscure
structural investigations on incorporated macromolecules or com-
plexes. In such systems further evidence will have to be presented
to ensure that the measured distance distribution is not related to
such micellar size effects.
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