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Abstract

Electron paramagnetic resonance (EPR)-based pulsed dipolar spectroscopy measures the dipolar interaction between para-
magnetic centers that are separated by distances in the range of about 1.5-10 nm. Its application to transmembrane (TM)
peptides in combination with modern spin labelling techniques provides a valuable tool to study peptide-to-lipid interactions
at a molecular level, which permits access to key parameters characterizing the structural adaptation of model peptides incor-
porated in natural membranes. In this mini-review, we summarize our approach for distance and orientation measurements
in lipid environment using novel semi-rigid TOPP [4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine]
labels specifically designed for incorporation in TM peptides. TOPP labels can report single peak distance distributions
with sub-angstrom resolution, thus offering new capabilities for a variety of TM peptide investigations, such as monitoring
of various helix conformations or measuring of tilt angles in membranes.
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Introduction

Transmembrane peptides and proteins undertake numerous
biological functions in cells and are essential for molecular
transport, signaling and membrane fusion (Ghirlanda and
Senes 2013; Holt and Killian 2010; Seddon et al. 2004).
Many peptides exhibit antibiotic activity (Brogden 2005;
Mahlapuu et al. 2016). Investigations of TM peptides in bio-
logical membranes require biophysical methods that access
their conformational transitions and dynamics (Sun et al.
2015). Even though X-ray is an excellent tool in obtaining
molecular structures, preparation of biologically relevant
crystals is challenging and the obtained information might
not represent the conformational state of interest. Instead,
protein folding, oligomerization, and peptide penetration
into membranes can be investigated by biophysical methods,
which allow for molecular studies in non-crystallized, glass-
like media, or even at room temperatures, i.e. at conditions
nearly reproducing physiological conditions. For instance,
EPR or NMR magnetic resonance techniques are particularly
suited as they can detect these species in lipid environments
(Bordignon et al. 2019; Ge et al. 1994; Jaipuria et al. 2018;
Loura and Prieto 2011; Mayo et al. 2018; M&bius et al.
2013; Sahu et al. 2014; Sani and Separovic 2015; Taylor
et al. 2017; Wirmer-Bartoschek and Bartoschek 2012).

Pulse dipolar spectroscopy (PDS) encompasses a class of
EPR-based methods, which measures the dipolar interaction
between paramagnetic centers on the nanoscale and permits
studies of biomolecules close to their physiological confor-
mation (Abdullin and Schiemann 2020; Borbat and Freed
2018; Jeschke 2018; Spindler et al. 2018). The technique
is applicable to natural paramagnetic centers or specifically
designed spin labels separated by approximately 1.5-10 nm.
In combination with site-directed spin labeling (SDSL)
(Altenbach et al. 1990; Bordignon 2012), the method can
provide important information about structure and confor-
mational dynamics of diamagnetic proteins lacking natural
paramagnetic centers.

Fig. 1 Illustration of possible scenarios of peptide adaptation within
a membrane (Holt and Killian 2010) which can be studied using
PDS and SDSL. a Tilting of the helix, b bending of the backbone, ¢
stretching of the lipid acyl chains, d peptide aggregation
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The most widespread technique, which was initially pro-
posed by (Milov et al. 1984, 1998), is called DEER (dou-
ble electron—electron resonance) or alternatively PELDOR
(pulse electron—electron double resonance). The implemen-
tation of the dead-time free, four-pulse variant by Spiess
and coworkers (Martin et al. 1998; Pannier et al. 2000), in
combination with suited methods for analysis (Chiang et al.
2005; Jeschke et al. 2002, 2006), made a crucial impact
for a general establishment of PDS in structural biology.
Other EPR techniques for measuring electron—electron
dipolar couplings include the “2 +1” sequence (Astashkin
et al. 1998; Kurshev et al. 1989), double-quantum coher-
ence (DQC) EPR (Borbat and Freed 1999, 2018), single-
frequency technique for refocusing (SIFTER) dipolar cou-
plings (Jeschke et al. 2000a) and relaxation-induced dipolar
modulation enhancement (RIDME) (Kulik et al. 2001;
Milikisyants et al. 2009). For distances shorter than 1.5 nm,
continuous wave (CW)-EPR or electron-nuclear double
resonance (ENDOR) can also be used (Meyer et al. 2020;
Rabenstein and Shin 1995; Sahu et al. 2014; Zanker et al.
2005; Zhang et al. 2009). In addition, orientation-related
structural parameters can be measured by monitoring either
angular dependencies of dipolar spectra or hyperfine cou-
pling (Denysenkov et al. 2006; Dzikovski et al. 2004; Inbaraj
et al. 2007; Newstadt et al. 2009).

In the studies of TM peptides and proteins, PDS has
gained significance (Bordignon et al. 2019; Sahu et al. 2013)
as it can provide a reliable measurement of parameters,
characterizing peptides embedded into a lipid environment.
Indeed, changes of a peptide structure, its folding, bending
and specific tilt in the membrane can be monitored either by
measuring the distance between specifically attached spin
labels or the orientation of the spin—spin dipolar vector with
respect to the magnetic field, as illustrated in Fig. 1. Adapta-
tion, which involves membrane stretching, can be assessed
by comparing the inter-spin distances in solutions with
those in lipids, combined with tilt measurements. Whereas,
agglomeration is commonly revealed by analyzing PDS sig-
nal strengths and spin—spin relaxations at different label con-
centrations and media (solutions vs. lipids) (Jeschke 2018).

The quality of PDS data and the accuracy of their inter-
pretation strongly relies on properties of a chosen paramag-
netic label. The most established class of EPR spin probes
are nitroxide-based labels, most notably the frequently used
MTSSL (Altenbach et al. 1990; Fanucci and Cafiso 2006;
Hubbell and Altenbach 1994). Through S—S bond formation,
the label can be easily attached to cysteines, which either
present as the native amino acids or can be introduced in
proteins by site-directed mutagenesis. It displays high stabil-
ity in absence of reducing agents and, due to a small size,
the native secondary and tertiary structure of the protein is
usually well-retained. However, MTSSL is highly flexible,
which leads to complex distance distributions especially in
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lipid media (Halbmair et al. 2016). Thus, an interpretation of
the observed distances delivered by the label is often compli-
cated. To overcome this issue, we introduced two semi-rigid
nitroxide labels, i.e. 4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxyl-
piperazin-1-yl)-L-phenylglycine and 4-(3,3,5,5-tetramethyl-
2,6-dioxo-4-oxylpiperazin-1-yl)-D-p3-homophenylglycine,
called a-TOPP and B-TOPP, respectively, which enable
structural investigation of a- and pB-transmembrane pep-
tides in their natural environment (Stoller et al. 2011; Weg-
ner et al. 2019). The labels did not show influence on the
peptide secondary structures and reported sharp distance
distributions.

This review is organized as follows: the section Theo-
retical background summarizes the essentials of DEER/
PELDOR spectroscopy. In Investigations of TM peptides
with TOPP labels, the properties of new semi-rigid o- and
B-TOPP labels for distance and orientation measurements
on TM peptides are reviewed. Structural information from
TOPP orientations covers orientation selective experiments
at high magnetic fields and Perspectives: measurements of
tilt angles gives some prospects for PDS on membranes.
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t . time
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Fig.2 a Four-pulse DEER/PELDOR sequence. The pump pulse
is shifted between the 2" and the 3™ detection pulses to induce the
modulation of the refocused electron spin echo if dipolar coupling
exists. The integrated echo signal is recorded as a function of time
t. The modulation frequency encodes the information on distances
between the electron spins. Times t; and T, are delays between the
pulses in the mw detection sequence. T4 is a delay for the pumping
pulse. b A typical normalized DEER/PELDOR trace and its modula-
tion depth A

Theoretical background

The theory of the PELDOR/DEER experimental has been
reviewed in numerous articles. We will summarize here the
main equations defining the important parameters detected
in the experiment according to the recent review by (Jeschke
2018).

The dipole—dipole interaction between magnetic moments
of two electron spins A and B separated by distance r,5 can
be represented by the Hamiltonian:

I:Idd(rAB) = SZ‘-DABSB (1

where S, and S are the spin vector operators for spin A and
B, respectively, and D, is the dipolar interaction tensor.

If the dipolar coupling is small compared to the electron
Zeeman interaction and the g-tensor values characterizing
the Zeeman interaction of each electron are only weakly
anisotropic, the dipolar Hamiltonian can be rewritten in
a simple form linking the dipolar interaction with the
orientation of the interconnecting vector r, towards the
magnetic field:

I:Idd(rAB) =h- a)dd(l - 300529)32,/432,3 2)

with S‘Z’A and SZ,B representing the z-components of spin
vector operators, and w,,; being a dipolar splitting constant
expressed in terms of the effective g-values and inter-spin
distance 7,p:

_ Moy 84(©, D)gs(®, @)
Pad = Lan JE @)
AB

Here, ® and @ are the azimuthal angles defining the orienta-
tion of the g-tensor frame towards the magnetic field B, uy
is the Bohr magneton and 6 is the angle of the interconnect-
ing vector r,p with respect to By,

The DEER/PELDOR sequence used in our studies is
illustrated in Fig. 2a, whereas a typical dipolar time trace
is depicted in Fig. 2b. The sequence requires two micro-
wave frequencies to pump and detect each electron spin
of the target biradical, respectively. It consists of a refo-
cused echo sequence with pulses at fixed positions for the
observer frequency (Vg....) and a single n-pulse at variable
positions for the pumping frequency (v,,,,,) (Pannier et al.
2000).

The DEER/PELDOR signal is recorded in the form of the
refocused-echo intensity evolution V(¥) (see Fig. 2b) depend-
ing on the position ¢ of the pump pulse within the time
interval (7, + 7, — 7,;). The distance information is encoded
in the observed dipolar oscillation and, for nitroxide spin
labels, it can be best determined in experiments at EPR fre-
quencies of 9 GHz/0.34 T or 35 GHz/1.2 T. However, since
both longitudinal (T,) and transverse (T,) spin relaxations

pump
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are critical parameters to observe the echo, the experiment
can only be performed at low temperatures, typically at T
around 30-60 K for nitroxides.

The time evolution of the echo intensity for an ensemble
of isolated and randomly oriented spin pairs AB is given by
(Pannier et al. 2000):

/2
Vina(D = 1 = / MO)[1 = cos(wypt)] sin 0d0 “4)
0

where 6 is the angle between the dipolar vector and the
external magnetic field, A is the modulation depth parameter
as defined by Jeschke (Jeschke 2018). The dipolar frequency
w,, of an isolated spin pair AB is related to their inter-spin
distance r,; by Eq. 3. For nitroxides at low microwave fre-
quencies, due to broad pulse excitation profiles, 4 is usu-
ally independent on the molecular orientation. Thus, V.. (?)
results as a sum of contributions from all possible orienta-
tions. In this case, the dipolar spectra exhibit axial sym-
metry and are represented by so-called Pake patterns (Pake
1948), with singularities corresponding to dipolar frequen-
cies at 0=0° and §=90° (refer to illustration of complete
and incomplete Pake patterns in Fig. 10a, b). The distance
between the two spins can be calculated from the singularity
at #=90° using eqs. 2 and 3 solved for r,.

Beside the intramolecular two-spin interaction within a
single molecule, inter-molecular interactions between distant
electron spins contribute to the signal. Hence, the experi-
mental time trace is expressed as (Jeschke et al. 2000b):

V() = Vinlra(t) : Vinter(t) 5

For that reason, the recorded time trace is processed to elimi-
nate the inter-molecular contribution V,..(?).

Ideally, the two-spin intra-molecular distance should be
extracted by fitting the simulated function V,,,,(¢) in Eq. 4
to the experimental time trace. However, the realistic pres-
ence of distance distributions renders the inverse problem
ill-posed, it means that small statistical variation (noise) of
the signal causes strong variation in the solution. Therefore,
the data are usually analyzed using Tikhonov regularization
(Chiang et al. 2005; Jeschke et al. 2004a), which finds the
optimal trade-off between RMSD of the fit and the smooth-
ness of the distance distribution. This procedure was imple-
mented in DeerAnalysis by Jeschke and coworkers (Jeschke
et al. 2006), the software used for all our low-field studies.
Recently, several methods were reported for treating noisy
experimental dipolar spectra and to quantify uncertainties of
distance measurements (Edwards and Stoll 2016; Fabregas
Ibafiez and Jeschke 2019, 2020; Fabregas Ibafiez et al. 2020;
Srivastava and Freed 2017, 2019; Worswick et al. 2018).
These methods aim at establishing a good practice of sig-
nal post-processing and evaluate the influence of moderate
background-fit errors on accuracy of distance determination.

@ Springer

. ki
(o]
“y i "
a-TOPP B-TOPP

Fig.3 Molecular structures of selected spin labels for protein and
peptide labelling. a-TOPP and B-TOPP represent novel semi-rigid
labels developed for incorporation into TM peptide by the solid phase
peptide synthesis

Investigations of TM peptides with TOPP
labels

TOPP: a novel semi-rigid label for peptide studies

Resolution and sensitivity of EPR-based distance measure-
ments strongly depends on sample preparation conditions
and the capability of a spin label to adapt within a biomol-
ecule, which is mainly defined by its inherent flexibility and
the length of the linker. In recent studies, it has been shown
that distance measurements are largely facilitated in diluted
solutions of biomolecules (Dastvan et al. 2010; Halbmair
et al. 2016; Stoller et al. 2011; Upadhyay et al. 2008; Weg-
ner et al. 2019). In contrast, for biomolecules embedded
in a strongly packed environment, such as peptides or pro-
teins in membranes, inhomogeneous distribution and high
local concentrations of spin labels lead to short transverse
relaxation times (Dastvan et al. 2010; Jeschke et al. 2004b),
which strongly limits the signal-to-noise ratio of dipolar time
traces. In addition, the inherent flexibility of the widespread
MTSSL label, conjugated to cysteines through formation of
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a disulfide bond, leads to complex and broadened distance
distributions. Depending on the specific goal of the study,
a compromise between flexibility and adaptation has to be
found.

To restrict label flexibility, nitroxide labels with cross-
linked side chain such as the doubly linked RX, the amino
acid 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-car-
boxyl (TOAC) or 2,2,5,5-tetramethylpyrrolidine-N-oxyl-
3-amino-4-carboxylic acid (POAC) have been proposed by
(Fleissner et al. 2011), (Marchetto et al. 1993) and (Tomi-
naga et al. 2001), respectively (Fig. 3). RX delivers well-
defined distance distributions and is distinctive particu-
larly in context of orientation studies (Norman et al. 2015),
but it requires two cysteine residues in close proximity
to each other, which limits the range of its applications.
In TOAC, the nitroxide group is incorporated in a six-
membered ring attached to the backbone a-carbon, which
also allows for distance measurements with higher accu-
racy (Karim et al. 2004). However, TOAC is an achiral
amino acid with a tetra-substituted a-carbon affecting the
peptide secondary structure (McNulty et al. 2002). Thus,
its use remains restricted to cases, in which the amino acid
does not perturb the secondary structure of peptides (Gulla
et al. 2009; Karim et al. 2004). Similar shortcomings are
also valid for the five-membered ring POAC. Furthermore,
despite the higher coupling yields compared to TOAC,
for POAC the stereoisomers need to be separated before
peptide synthesis (Tominaga et al. 2001). Promising is the
application of trityl-based spin labels, which allows for
distance measurements with a single-frequency dipolar
spectroscopy (DQC or SIFTER) at room temperature and
in highly reducing cell environment (Fleck et al. 2020; Jas-
soy et al. 2019; Shevelev et al. 2014). It was also reported
that increased sensitivity towards long distances, com-
bined with high stability in cells, can be achieved using
Gd**-based labels, particularly if used in measurements
at high EPR frequencies (> 90 GHz) (Cohen et al. 2016;
Kaminker et al. 2012, 2013; Yagi et al. 2011). However,
both trityl-based labels and Gd** tags are rather large as
compared to nitroxides, and therefore, better suited for
protein surfaces.

For distance measurements and investigations of peptide
secondary structures, including relative orientation of pep-
tide domains, a rigid spin label that can be incorporated
into peptides as regular chiral amino acid is desirable. We
have introduced the label 4-(3,3,5,5-tetra-methyl-2,6-di-oxo-
4-oxylpiperazin-1-yl)-D-phenylglycine (TOPP) (Stoller et al.
2011) as an unnatural amino acid bearing the NO-group with
defined orientation in space. The label was synthesized as o-
and B-amino acid for the incorporation in a- and p-TM pep-
tides, respectively (Fig. 3). The first comparative analysis of
TOPP versus MTSSL using D,L-alternating peptides, indi-
cated a considerable improvement of distance distributions

NH,-KWWL-X-LALALALALALALA-X-AWWANH,

o

OjO 0:4 018 1:2 OjO 014 0;8 1j2
t [us] t [ps]

Fig.4 Top: WALP24 peptide sequence. Labelling positions (X) are
marked in red. Center: TOPP (left) and MTSSL (right) spin labels
and their rotamer distributions as modelled in Ref. (Halbmair et al.
2016). Bottom: Q-band DEER/PELDOR time traces (dots) recorded
on TOPP-WALP24 (left) and MTSSL-WALP24 (right) in MeOH and
their fits (lines). Experimental and modeled distance distributions are
shown in insets (filled grey lines and red areas, respectively). Figure
adapted from Ref. (Halbmair et al. 2016)

in TFE/EtOH/MeOH (40:40:20) liquid solutions (Stol-
ler et al. 2011). However, it was not successful to insert a
TOPP labelled D,L-peptide into a lipid bilayer. Therefore,
representative a-WALP (de Planque et al. 1998, 1999) and
B-peptides were selected and synthesized to evaluate the
capability of a- and f-TOPP to report distances in various
lipid environments.

TOPP vs. MTSSL on WALP24 in solution

An initial comparative study of a-TOPP versus MTSSL was
performed using WALP24 as a model peptide (Halbmair
et al. 2016), which is known to show high structural stability
in lipid bilayers (Lueders et al. 2013; Matalon et al. 2013b).
Spin-labeled peptides were synthesized by solid-phase syn-
thesis as described in (Halbmair et al. 2016). Figure 4 illus-
trates typical pulsed dipolar traces at Q-band (34 GHz/1.2 T)
from both labeled peptides. Dipolar oscillations are well
resolved in both cases. Analysis using Tikhonov regulariza-
tion (DeerAnalysis) produced a nearly single-peak distance
distribution for TOPP in contrast to a broadened distribution,
consisting of three well-resolved peak distances, measured
with MTSSL.

The observed distance distributions could be explained
by simple molecular modelling. For the MTSSL contain-
ing peptide, an energy minimization of the peptide structure

@ Springer
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Fig.5 Top: Schematic representation of D31-POPC and D54-DMPC
as compared to the length of WALP24. Bottom: Q-band DEER/PEL-
DOR traces of TOPP (left) and MTSSL (right) labelled WALP24 in
different environments. Distance distributions obtained using DeerA-
nalysis are shown in insets. Figure adapted from Ref. (Halbmair et al.
2016)

was performed using PEP-FOLD (Shen et al. 2014) with
a cysteine mutation at the label position. Subsequently,
possible rotamers of MTSSL, calculated using the MMM
software (Polyhach et al. 2011) and taking into account
the experimental temperature (50 K), were attached to the
optimized backbone. For TOPP-WALP24, an optimized
WALP24 peptide structure was computed by inserting a
tyrosine at the label position to account for possible aro-
matic -interaction. In the geometry optimized structure, the
tyrosine was subsequently replaced by TOPP, with the TOPP
structure minimized using ab initio and DFT calculations.
The predicted peak distance for the TOPP-labeled peptide
(average between the O—O, N-O and N-N distances) was
found in close agreement with the experiment. In contrast,
modeling with MTSSL indicated that rotational flexibility of
the single bonds is responsible for the multiple-peak distance
distribution (Fig. 4).

Considering that TOPP is a semi-rigid label, attention
must be paid as to whether the observed pulse dipolar traces
are affected by orientation selection (refer to Structural
information from TOPP orientations), which can distort
the analysis. The measurements in Fig. 4 were performed
on a high-power (170 W) microwave setup with short mw
pulses (n < 10-12 ns). Experiments with pump and detec-
tion at different resonance positions over the EPR spectrum
indicated that there was no dipolar frequency dependence
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on the detection position, meaning that the conditions for
orientation selection could be successfully suppressed.

TOPP vs. MTSSL on WALP24 in lipids

In the same study, TOPP- and MTSSL-labeled WALP24
peptides were investigated in two different representative
lipids, DMPC and POPC (Halbmair et al. 2016). The sam-
ples were prepared at specific conditions to form multilamel-
lar lipid vesicles and then rapidly frozen in liquid nitrogen
to record DEER (see SI of Halbmair et al. 2016). Rapid
freezing was employed to preserve the initial membrane
phase and conformational states of peptides. The hydro-
phobic length of WALP24 does not match the hydropho-
bic thickness of DMPC (r = 2.3 nm, L -phase), however
it matches well the hydrophobic thickness of POPC (r =
2.7 nm, L -phase) as sketched in Fig. 5, meaning that these
two types of lipids are attractive model systems to compare
the peptide adaptation under different hydrophobic match-
ing conditions.

To eliminate possible aggregation effects, an optimal pep-
tide/lipid ratio had to be determined. Therefore, a system-
atic study on WALP24-MTSSL in DMPC was performed
with different peptide/lipid ratios ranging from 1:250 up to
1:3000. It was found, that at high and even middle-range
peptide/lipid ratios (1:250; 1:1500), T, was considerably
shortened and the modulation depth was increased com-
paring to the solution state studies, thus suggesting peptide
aggregation. To avoid this, all distance measurements were
performed at ratios close to 1:3000. Further sample opti-
mization was achieved using deuterated lipids (D31-POPC,
D54-DMPC) permitting to prolong 7, relaxation.

Figure 5 depicts a comparison of the time traces for
TOPP- and MTSSL-WALP24 in DMPC and POPC. The
two spin labels account for traces characterized by different
distance distributions. Moreover, in lipids, the peak distance
between the TOPP labels is nearly the same as in MeOH,
i.e. it is not strongly affected by the lipid environment within
the experimental error, indicating that the peptide maintains
its structure in two different lipids and that the TOPP label
equitably reports on the intrinsic peptide conformation. In
contrast, utilization of more flexible MTSSL results in broad
distance distributions, with mean distances coinciding with
the hydrophobic thickness of the lipid bilayer (Fig. 5). It
is known that, due to high hydrophobicity, the nitroxide
spin labels have a tendency to interact with the interface
region between the lipid tails and headgroups (Dzikovski
et al. 2012; Matalon et al. 2013a). Thus, the high flexibility
of MTSSL allows for adapting to the membrane thickness
resulting in loss of information on the internal peptide struc-
ture. This observation illustrates that the semi-rigid TOPP-
label is better suited for high-resolution distance measure-
ments in lipid environments.
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Fig.6 Sequence of the investigated f-peptides and results of CD and
DEER spectroscopy. a Positions of f-TOPP labels (R) within the pep-
tide sequence for different peptides (P2-P5). b Upper row: Measure-
ments in MeOH. Left: CD spectra; Center: Q-band DEER/PELDOR
traces (black lines); Right: distance distributions derived with DeerA-

B-TOPP for structural characterization of B-peptides

B-Peptides belong to another class of model TM peptides
attracting considerable attention for studies of interactions
with membranes. They are composed of B-amino acids and
differ from regular a-peptides by an additional backbone
carbon center for each amino acid. The interesting aspect is
that, despite the additional CH,- group, B-peptides display
well-defined secondary structures and rigidity of the helices
(Appella et al. 1996; Arvidsson et al. 2001; Brenner and
Seebach 2001; Daniels et al. 2007; Seebach et al. 1996);

nalysis. Lower row: Measurements in SUVs of POPC. Left: CD spec-
tra; Center: Q-band DEER/PELDOR traces (black lines) and their
DeerAnalysis fits (colored lines); Right: distance distributions derived
with DeerAnalysis (colored lines). Colors correspond to peptide color
coding in (a). Figure adapted from Ref. (Wegner et al. 2019)

moreover, as side chain substitution can occur either at C, or
Cﬁ, or both, a variety of secondary structures can be created.

Nonetheless, available spin probes for B-peptides, particu-
larly those that can be used for studies in lipid environments,
are scarce. f-TOAC was reported as a B spin label with
reduced mobility (Schreier et al. 2012; Wright et al. 2005,
2006). Nevertheless, similar to the a-TOAC, the B-analogue
is likely to influence the secondary structure (Schreier et al.
2012; Wright et al. 2007). Instead, the p-TOPP amino acid
4-(3,3,5,5-tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-D-
p3-homophenylglycine (Fig. 3) is suitable for labelling also
B-peptides, as was illustrated in Ref. (Wegner et al. 2019).
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Fig.7 a Models of the labelled p*-peptides produced according to
3.25,, torsion angle set. b Inter-spin distances derived with 3.25,,
(turquoise) and 3.0,, (green) backbone angle sets, and experimental
peak distances in MeOH (black) and POPC (red) for comparison. The
inter-spin distances are plotted against the number of amino acids
separating the two spin labels in P2-P5. Figure adapted from Ref.
(Wegner et al. 2019)

B-TOPP has the advantage that it can be obtained with a high
enantiomeric excess and, in contrast to a-TOPP, its incor-
poration into an oligomer can be achieved without a risk of
epimerization.

EPR experiments were performed to characterize a series
of model B-peptides expected to form a 3,-helix (i.e. a
helix with 3 amino acids forming a turn and 14 atoms in the
H-bonded ring of the helix) containing two B-TOPP labels
separated by a different number of amino acids (see Fig. 6a).
Results were compared in MeOH as well as in multilamel-
lar vesicles (MLVs, POPC and D31-POPC). CW-EPR and
electron spin-echo envelope modulation (ESEEM) (Rowan
et al. 1965; Van Doorslaer 2018) were used to verify the pep-
tides’ incorporation into the lipid bilayer. Room-temperature
CW-EPR spectra in lipids exhibited typical broadening of
the nitroxide lines, consistent with an almost uniaxial mobil-
ity of the label. For all peptides measured in frozen solu-
tions, time traces showed visible oscillations arising from
one predominant distance and well-defined single-peak
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Fig.8 Schematic structure (PyMol, DeLano Scientific LLC) of the
a-helical peptide containing o-TOPP-labels (positions Y) employed
for orientation studies, adapted from (Tkach et al. 2013). Magnetic
g-tensors for nitroxides and the tensor transformations defining the
mutual label orientation are illustrated. D) and D, represent the par-
allel and perpendicular principal axis values of the dipolar tensor.
R(y/l) and R(u/z) describe label librations also considered in the sim-
ulations. Inter-spin distance of 2.8 0.2 was determined at 9 GHz

distance distributions. In the lipid environment, the dipolar
oscillations were clearly pronounced as well, though slightly
dampened comparing to the solution data.

The well-defined, single-peak distance distributions
enabled examination of the helical turn. For that, simpli-
fied models of the four doubly-labelled peptides were cre-
ated and corresponding inter-spin distances were derived
(Wegner et al. 2019). Consequently, the inter-spin dis-
tances extracted from the models were plotted against the
number of amino acids sequentially separating the two
labels and compared with those from the experiments
(Fig. 7b). The obtained curves indicated a closer agree-
ment of the experimental data with the helix structure
specified as 3.25,, rather than 3.0,,, meaning that the
helical turn of the p3-peptides consists of approximately
3.25 amino acid residues. The study demonstrated that
the P2—P5 peptides fold into a 3.25,,-helix which is con-
formationally stable in both the MeOH solution and the
lipid bilayer.
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Fig.9 94 GHz DEER/PELDOR of an Ala-rich o-TOPP labelled
peptide at fixed a and variable b frequency separation. a Left: sche-
matic tuning picture of a commercial, single mode resonator used for
94 GHz experiments at fixed frequency separation (Av=56 MHz)
and selected pump and detection position in the EPR line. Center/
Right: FT-dipolar spectra (Pake patterns) and time traces obtained

Structural information from TOPP
orientations

Determination of molecular orientations from spin labels
can provide valuable structural information. For instance,
the mutual orientation of two spatially rigid or semi-rigid
labels can report on orientations of protein or nucleic acid
domains, as it was demonstrated in a variety of previous
studies (Denysenkov et al. 2008, 2006; Endeward et al.
2009; Marko et al. 2010). This approach can in principle
be also employed to report on conformational changes of
TM peptides after adaptation in lipids. The investigations
require spin labels with well-defined conformations, in
which the internal g- or hyperfine tensors provide a fixed
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Moty J7

9y

Oy ) 9Ix
0 04 08 1.2
time (us)

Bl

z-detection V
-356 MHz

-240 MHz

gy-detection
-217 MHz

Ot resmpsniieere - 1 84 MHZ

i 266 MHZ

S 184 MHz
x-detection

W'g"*w*w 363MHz

136MHz

80 MHz
SN 60 MHZ

0 04 08 1.2
time (us)

i

with detection across the EPR line. b Left: Variable frequency
approach with a dual-mode resonator, pump and detection positions
are indicated on the EPR spectrum. Center/Right: FT-dipolar spectra
and time traces obtained for variable frequency separations and indi-
cated detection positions. Adapted from Tkach et al. (2013)

reference frame within the biomolecule, which can be
related unambiguously to the observed dipolar frequen-
cies. While the nitroxide hyperfine tensor has been utilized
for orientation measurements at low magnetic fields (Abé
et al. 2012; Margraf et al. 2007) and is not field-dependent,
the g-tensor can be increasingly resolved by raising the
polarizing magnetic field and corresponding EPR reso-
nance frequency (Denysenkov et al. 2006).

The capability of determining label orientations with
TOPP was examined using an Ala-rich a-peptide (Fig. 8)
as reported by (Tkach et al. 2013). As an important pre-
requisite, quantum chemical calculations predicted that the
energy barrier for the internal rotation of a-TOPP around
the C—N bond (about 33 kcal/mol) would infer a preferred
internal conformation of the label, with the two rings
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oriented perpendicular to each other. Therefore, all three
g-tensor principal axes (Fig. 8) were expected to be ori-
ented in space allowing just for a slight distribution only of
the g, and g, axes. The procedure of an orientation meas-
urement consisted in recording dipolar time traces as a
function of the microwave excitation or detection resonant
positions within the inhomogeneously broadened EPR line
(Fig. 9). At 94 GHz/3.4 T, selective mw pulses burn holes
in the broad EPR line and excite brunches of molecules
according to their effective g-values, related to a particular
orientation with respect to the magnetic field, B,

Since the 94 GHz EPR resonances of nitroxides are
spread over hundreds of MHz (about 500 MHz at 94 GHz),
the feasibility of the double resonance DEER/PELDOR
experiment required first the development of a high-fre-
quency microwave resonator that can enhance two micro-
wave frequencies with separation covering the width of the
EPR spectrum. For this reason, a novel dual-mode reso-
nator (Tkach and Bennati 2013; Tkach et al. 2011) was
designed and implemented, which supported two cylindri-
cal modes and enabled to tune their frequency separation
over a broad frequency range, well beyond the nitroxide
spectral width. This feature could be utilized later on also
for orthogonal nitroxide/Gd>*distance measurements
(Kaminker et al. 2013) as well as for distance measure-
ments with Gd>*/Gd>* spin tags (Cohen et al. 2016).

Figure 9 illustrates typical dipolar traces recorded either
with a constant pump-detect frequency separation (Av=>56)
MHz and changing the detection field position, or by vary-
ing both Av and the detection field position across the EPR
spectrum, which is only possible with the dual-mode resona-
tor (Tkach et al. 2011). Selective pulses, resonant at differ-
ent positions of the EPR line, excite molecular orientations
according to their g-values. This selection leads to observa-
tion of incomplete powder patterns (Fig. 9, center), from
which the mutual orientation of the labels can be recon-
structed. As a result, for the fixed frequency separation only
one main dipolar frequency component, i.e. corresponding
to dipolar vector orientations 8 =90° in Eq. 2, was observed
(marked as D, in Fig. 9a). In contrast, by using the vari-
able Av, time traces with dipolar frequency components at
6=0° could be detected as well (D) in Fig. 9b). The latter
frequency provides the strongest restraints to compute the
label orientations.

The mutual orientation of the label was extracted
by fitting the ensemble of time traces with a set of
five Euler angles describing two consecutive rotations
R(ay,B1,71) - R(ay, p, ), defining the orientation of the labels
towards the main axis of the dipolar tensor (see Fig. 8). A
possible distribution of label orientations along the NO axis
was considered allowing for small librations with angles ¥,
and ¥, (Fig. 8). Examination of residuals around the opti-
mal parameter values indicated that the experimental data
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Fig. 10 a, b Examples of randomly and partially oriented peptide
samples in membranes and expected complete and incomplete Pake
patterns for both arrangements. The incomplete Pake patterns in B
are representing the arrangements with the interconnecting vectors r
parallel and perpendicular to the magnetic field B, (upper and lower
patterns, respectively). ¢ Experimental setup to measure peptide tilt
angles in aligned lipids using PDS in combination with SDSL con-
sisting of an aligned membrane on a plate, inserted into an EPR tube.
A goniometer can be employed to systematically vary the angle «,
from which the dipolar response is detected (Dzikovski et al. 2011)

recorded with the variable Av pose higher constraints for the
solutions, which were well-defined within 10°-15° errors
in Euler angles. As a drawback, it was found that a total
of 16 symmetry-related combinations of the Euler angles
delivered identical fit results, a consequence of the inherent
symmetry of the spin Hamiltonian. However, most solutions
could be discarded because they were not compatible with
the expected molecular structure and only two possible label
structures were left for the peptide under study (Tkach et al.
2013).
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Perspectives: measurements of tilt angles

Peptide adaptation within a lipid bilayer results from hydro-
phobic mismatch (HMM) when the peptide hydrophobic
length does not match the bilayer hydrophobic thickness
(Holt and Killian 2010; Killian 1998). One possible adapta-
tion mechanism is the tilt of the peptide within the mem-
brane at a specific angle (see Fig. 1a) (Killian 1998). This
angle can be in principle obtained from measurements of
dipolar couplings, if the membrane is oriented in the mag-
netic field, as demonstrated by Freed and coworkers in Dzik-
ovski et al. (2004) and Freed et al. (2010). The situation is
schematically illustrated in Fig. 10b, c. The precondition for
this experiment is the rigidity of the label along the NO axis,
for which the orientation of the dipolar vector remains fixed
in space. Accordingly, measurements of dipolar frequencies
provide the arrangements of the spin—spin vector towards the
magnetic field B, and consequently towards the membrane
specifically aligned in this field. Labeling positions can be
selected such that the dipolar vector is parallel to the pep-
tide axis. The tilt angle can be extracted from simulations
of the observed dipolar frequencies as a function of a, the
angle between the membrane normal and the direction of the
external magnetic field (Fig. 10c). The TOPP label appears
very suited for this kind of experiments and work in this
direction is in progress to examine its feasibility.

The attractive feature is that these measurements do not
require specialized high-frequency EPR instrumentation,
however, they rely on a suited sample preparation, i.e. the
incorporation of spin-labeled TM peptides in homogenously
aligned membranes. Several reports in the past have utilized
aligned lipid bilayers combined with ESR and NMR meth-
ods and delivered important structural information on differ-
ent peptides/protein families (Dzikovski et al. 2004, 2011;
Inbaraj et al. 2007; Newstadt et al. 2009; Park et al. 2010;
Park and Opella 2005). Dzikovski et al. reported studies
in various lipid environments on channel and non-channel
forms of gramicidin A (GA). Particularly, using the chan-
nel form of GA, it was possible to demonstrate how pulse
dipolar ESR can be applied to determine the orientation of
the membrane-traversing molecule relative to the membrane
normal. This information was crucial to study subtle effects
of the lipid environment on the gramicidin channel forma-
tion (Dzikovski et al. 2004, 2011). Newstadt et al. used CW
EPR to determine tilt angles of TOAC-labelled a-helical
M236 domain of the nicotinic acetylcholine receptor (AChR)
in aligned membrane media (Newstadt et al. 2009). As
another type of aligned lipid media mimicking biological
membranes, oriented bicells can also be used for orienta-
tion selective measurements (McCaffrey et al. 2015; Sanders
and Prosser 1998). All these studies indicate that protocols
for preparation of aligned membranes are available. Such

protocols in combination with the introduction of semi-rigid
spin labels in TM peptides or proteins as well as the develop-
ment of increasingly sophisticated pulse EPR methods will
provide a versitile playground for future investigations of
this important class of biomolecules.
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