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Semi-rigid Nitroxide Spin Label for Long-Range EPR Distance
Measurements of Lipid Bilayer embedded B-Peptides

Janine Wegner, Gabriele Valora,¢ Karin Halbmair,® Annemarie Kehl,®"! Brigitte Worbs,® Marina

Bennati®®! and UIf Diederichsen*

Abstract: B-Peptides are an interesting new class of transmembrane
model peptides based on their conformationally stable and well-
defined secondary structures. Herein, we present the synthesis of the
paramagnetic B-amino acid B*-hTOPP (4-(3,3,5,5-tetramethyl-2,6-
dioxo-4-oxylpiperazin-1-yl)-D-B3-homophenylglycine) that enables
investigations of B-peptides by EPR spectroscopy. This amino acid
adds to the so far sparse number of B-peptide spin labels. Its
performance was evaluated by investigating the helical turn of a 34-
helical transmembrane model (-peptide. Nanometer distances
between two incorporated B3-hTOPP labels in different environments
were measured using PELDOR/DEER (pulsed electron-electron
double resonance) spectroscopy. Due to the semi-rigid
conformational design, the label delivers reliable distances and sharp
(one-peak) distance distributions even in the lipid bilayer. The results
indicate that the investigated (-peptide folds into a 3.25;4 helix and
maintains this conformation in the lipid bilayer.

The specific biological function of proteins is intrinsically related
to their structure, which in case of integral proteins is strongly
influenced by the lipid environment. To investigate the complex
interactions between integral proteins and their lipid environment,
new classes of transmembrane model peptides are of interest. 3-
Peptides are promising candidates since they fold into various
conformationally stable helical structures resembling those
formed by a-peptides. The 314-helix is the most comprehensively
investigated (3-peptide secondary structure, mainly by X-ray and
NMR spectroscopy.l! Most investigations were performed in
solution. However, these techniques suffer from limitations within
lipid environment fostering the development of complementary
and sensitive analytical methods, such as electron paramagnetic
resonance (EPR) techniques.? In recent years pulsed electron
double resonance (PELDOR, also called DEER) has gained more
significance in studies of transmembrane peptides and proteins
since distances between ~ 2 nm up to 10 nm can be measured.F!
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In combination with site-directed spin labeling (SDSL) important
structural information can be received also about biomolecules
that lack intrinsic paramagnetic centers. In this case, the quality
of the experimental data and reliability of their interpretation
strongly relies on the properties of the chosen paramagnetic label.
The most established class of EPR spin probes are nitroxide
based labels, most notably the frequently used MTSSL.F!
However, MTSSL is highly flexible which leads to low defined
distance distributions especially in a lipid bilayer.! We have
recently reported that distances measured in the lipid bilayer are
affected by interactions of the label within the lipid environment.’]
Therefore, interpretation of observed distances based on the
MTSSL label is often challenging. For a-peptides we introduced
the semi-rigid nitroxide label TOPP (4-(3,3,5,5-tetramethyl-2,6-
dioxo-4-oxylpiperazin-1-yl)-D-phenylglycine) that enables
structural investigation of transmembrane a-peptides in their
natural environment.[” 8 Despite its sterical demand, the label did
not show influence on the respective secondary structure and
delivered sharp distance distributions. However, spin probes for
B-peptides are scarce which aggravates the search for proper
labels to study B-peptide structures.®! B-TOAC was designed as
a spin label with reduced mobility, as required for the investigation
of B-peptide structures in solution.*? Nevertheless, like the a-
TOAC the B-analogue is likely to influence the natural secondary
structure formation.['> Therefore, we report the synthesis of the
conformationally semi-rigid 4-(3,3,5,5-tetramethyl-2,6-dioxo-4-
oxylpiperazin-1-yl)-D-B3-homophenylglycine  (B3-hTOPP) spin
label for B-peptides. In a structural study of doubly-labeled 3i4-
helical transmembrane B-peptides in solution and in lipid bilayers
the B3-hTOPP label provided well defined distances determined
by PELDOR/DEER spectroscopy allowing to conclude on the
conformation of the investigated membrane-incorporated (-
peptide.

The synthetic route to the Fmoc-B3-hTOPP-OH (1) started with
commercially available D-4-hydroxyphenylglycine (2) (Scheme 1).
To avoid side reactions during the homologation of 2 to the BS-
amino acid via the Arndt-Eistert reaction, the amino group was
protected with benzyl chloroformate (Cbz) and the hydroxyl
function with tert-butyldimethylsilyl (TBDMS), respectively. In the
two step Arndt-Eistert homologation the a-amino acid 3 was
converted into the diazo ketone 4 using diazomethane and then
into the benzyl (Bn) protected B3-amino acid 5 via silver(l)-
catalyzed Wolff rearrangement. It is known that phenylglycine
undergoes epimerization during the activation step of the carboxyl
group.*? However, determination of the enantiomeric excess (ee)
demonstrated that B3-amino acid 5 was synthesized in sufficient
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bis(phenylphosphino)ferrocene; Fmoc-OSu = N-(9-fluorenylmethoxycarbonyloxy)succinimide; i-BuOCOCI = iso-butyl chloroformate.

optical purity (= 86%, determined by HPLC on a chiral column,
Figure S1). Subsequently, the hydroxyl group was deprotected
and then functionalized with a triflate (Tf) group. Then, the B*-
amino acid 6 was converted into a boronic ester via a Miyaura
borylation, and the resulting boronic ester 7 was hydrolyzed to the
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corresponding boronic acid 8. The following Chan-Lam coupling
between 8 and 3,3,5,5-tetramethylpiperazine-2,6-dione (9) is one
of the key steps, since in this reaction the core structure 10 of the
label is formed. In order to use the Ilabel in a
fluorenylmethyloxycarbonyl (Fmoc)-based solid-phase peptide
synthesis (SPPS) the Cbz

- and Bn group were cleaved
through hydrogenation using
- . the Pearlman’s catalyst and
: X ; the primary amine was re-
protected with Fmoc using
Fmoc-OSu. B3-Amino acids
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Figure 1. Peptide sequences and results of CD and PELDOR spectroscopy. A: Positions of B3-hTOPP label (R) within the
respective peptide sequence. B: Top: Measurements in MeOH. Left: CD spectra (c = 10 ym at 10 °C). Right: PELDOR results:
Background corrected time traces (black lines), DEER analysis fit (coloured lines) and resulting distance distributions
(c =50 um at 50 K, experimental modulation depths A were 15-20% (see Figure S7)). Bottom: Measurements in lipid bilayer.
Left: CD spectra (SUVs of POPC, P/L = 1/20, ¢ = 20 um, phosphate buffer (50 mm,
Background corrected time traces (black line), DEER analysis fit (coloured line) and resulting distance distributions (MLVs of
d31-POPC, P/L = 1/3000, ¢ = 20 um, Tris-HCI buffer (20 mm, pH 7.4) at 50 K, experimental modulation depths A were 15-
20% (see Figure S7)). For detailed analysis of PELDOR raw data see Supplementary Information and Figs. S7a & S7b.
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as membrane anchor and orientates proteins in the lipid bilayer.[*4!
Recently, it was demonstrated that this peptide motif is
incorporated into a lipid bilayer preserving a well-defined and
conformationally stable 3;4-helical structure.!>8! As indicated by
FRET experiments, this type of peptide has a low tendency to
aggregate.l*! In order to investigate the more detailed structure of
the 3y4-helix in solution and in a lipid bilayer, the B3-hTOPP labels
were incorporated at various inter-residual separation resulting in
four B3-hTOPP double-labeled B3-peptides P2—P5. The peptide
sequences and labeling positions within the transmembrane
domain are illustrated in Figure 1 A. The B%-amino acids hVval,
hTrp and hLys were synthesized via the Arndt-Eistert
homologation. The labeled peptides P2—-P5 and the reference
peptide H-hLys,-hTrpy-hValie-hTrp,-hLys,-NH, (P1) lacking RS-
hTOPP labels were synthesized using microwave-assisted Fmoc
SPPS. All amino acids including the B3-hTOPP were coupled
using HATU/HOAt as coupling reagent and a mixture of 2,6-
lutidine/DIEA as base dissolved in a mixture of
LICI/NMP/DMF/DMSO. After acidic cleavage (TFA/H,O/TIS) from
the resin, the B3-hTOPP containing peptides were obtained as the
reduced hydroxyl species. The peptides were oxidized using
Cu(OAc), dissolved in MeCN/MeOH, purified by HPLC and
characterized by high-resolution ESI, CD and EPR spectroscopy.
CD experiments were performed in MeOH and TFE and small
unilamellar vesicles (SUVs) composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) or 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). According to the basic structural
parameter of an ideal 314-helix, which is three amino acids per
turn with a pitch of 0.5 nm,[”l the hydrophobic stretch of the
peptides matches the hydrophobic thickness of POPC
(2D¢ = 2.71 nm) and DOPC (2Dc¢ = 2.68 nm).I*8l The CD spectra
recorded in solution and lipid bilayer show the typical pattern of a
right-handed 314-helix (Figure 1 B, left and Figures S3—4) with a
minimum at 195 nm, a zero-crossing at 202 nm and a maximum
at 210 nm.[915161 A small shoulder around 225 nm results from
absorption of the four hTrp.?% Intensity differences in the spectra
recorded with the B3-hTOPP labeled peptides and the reference
peptide can be explained by the different extinction coefficients of
the peptides. Also, it is assumed that the small variations of the
CD intensity and bands in the lipid bilayer occur due to
concentration differences and the inhomogeneous lipid
environment (cf. CD experiments in DOPC, Figure S4). The
results indicate that the B-TOPP label does not disturb the B-
peptide secondary structure in solution and within the lipid bilayer.

EPR experiments were performed with peptides P2—P5 in
multilamellar vesicles (MLVs) composed of POPC and deuterated
POPC (D31-POPC) as well as in MeOH for comparison. To
minimize intermolecular spin-spin interactions low peptide/lipid
(P/L) ratios around 1/3000 were employed. The peptide
incorporation into the lipid bilayer was verified first by continuous
wave (CW)-EPR experiments in solution and in the lipid bilayer
(Figure S5). Compared to the measurements in MeOH, the CW
EPR signals of the nitroxide within the lipid bilayer are consistently
broadened, indicating a decrease of mobility of both labels within
a peptide due to the lipid environment. Furthermore, electron spin-
echo envelope modulation (ESEEM) experiments showed a
strong dipolar interaction between the nitroxide radical and the
nearby 2H from D31-POPC in H,O (Figure S6). Instead, a strongly
reduced ?H-ESEEM signal was observed when the interaction of
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Figure 2. A: Simplified models of the labeled B3-peptides created according to
backbone angles of set 3.25:14. B: PELDOR peak distances in MeOH (black)
and POPC (red) in comparison with inter-spin distances extracted from 3-
peptide models. B3-peptide models are generated from two different torsions
angle sets named 3.2514 (turquoise) and 3.014 (green). The curves illustrate the
inter-spin distances dependence on the number of amino acids separating the
two spin labels (Aaa).

the peptide in fully protonated POPC in D,O was probed. This
indicated that both spin labels were incorporated in the bilayer.?4
Thus, CW-EPR and ESEEM experiments are both consistent with
the B3-peptides located in the lipid environment.

PELDOR/DEER distance measurements performed at Q-band
frequencies (34 GHz/1.2 T) allow for a more detailed discussion
about the B3-peptide structure in solution and in the lipid bilayer.
To elongate spin relaxation times all PELDOR/DEER experiments
presented here were performed in deuterated lipids (d31-POPC).
Background corrected time traces and resulting distance
distributions are illustrated in Figure 1 B (for detailed analysis see
Figure S7). In frozen MeOH solution, time traces of all peptides
show visible oscillations arising from one predominant distance,
as displayed by the well-defined single-peak distance
distributions. Peak distances and half widths of the distributions
are listened in Table S2. The dipolar modulation of the time traces
recorded in lipid environment is visible but slightly dampened as
compared to solution. Analysis of each trace results in a
broadened but, apart from P2, still single-peak distance
distribution (Table S3). The peptides’ structure is known to be
very stable in the lipid environment.[® However, Interactions with
the lipid bilayer can increase the label’s conformational space
resulting in broadening of the resulting distance distributions.
According to our results, this effect is more pronounced in P4 and
P5 where labelling positions are closer to the lipid head group tail
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interface when compared to P2 and P3. The origins of an
additional distance in P2, confirmed by a validation analysis (Fig.
S7b), is still unclear but do not interfere with the overall
interpretation of the results.

The determined peak distances enabled to examine the helical
structure of the investigated peptide in more details. Simplified
models of four doubly-labeled peptides based on 34-helices were
constructed and corresponding inter-spin distances extracted
(Table S5-8). Coordinates of the backbone atoms were
generated from torsional angles known in literature (Table
S4).2223] Since data for torsional angles of 314-helices differ in
literature, idealized model peptides were generated according to
two backbone angle sets named as 3.2514 and 3.014 (models are
illustrated in Figure 2 A and Figure S8-9). For the individual
peptides, the inter-spin distances gained from the models were
compared with the experimental ones by plotting the distances
against the number of amino acids sequentially separating the two
labels (Aaa) (Figure 2 B). The obtained curves indicate a better
agreement of the experimental data with the structure created
from the angle set 3.2514 rather than 3.014. In addition, the peak
distances extracted from model 3.2514 and the ones measured
with the PELDOR experiment are in close agreement, in solution
as well as in the lipid environment. Small deviations between
predicted and experimental data most likely result from the
structural simplification and the disregard of peptide-environment
interactions in the model. This implies that a helical turn of the B3-
peptides is defined by approximately 3.25 amino acid residues, !
which is supported by a NMR study of a B3-eicosapeptide
consisting of homologated proteinogenic amino acids in MeOH by
Seebach and co-workers.?4 According to the results from
PELDOR experiments in MLVs, the B-peptide helix conformation
is preserved in the lipid environment. From the PELDOR
experiments it can be concluded that the labeled B3-peptides P2—
P5, and thus the reference peptide P1, fold into a 3.25;4-helix that
is conformationally stable in solution and in the lipid bilayer.

In conclusion, we have demonstrated that the combination of a
new sophisticated spin label, such as the novel semi-rigid BS-
hTOPP label, with EPR and PELDOR spectroscopy provides a
powerful and straightforward tool for the structural investigation of
transmembrane B-peptides. Due to the semi-rigid design of the
B3-hTOPP label, site-specific distance measurements allowed for
investigation of the peptide’'s backbone conformation with
resolution at the molecular length scale even in a lipid
environment. Comparison of the experimentally determined peak
distances with structural models of -peptides revealed that the
oligomers fold into a 3.25:4-helix rather than an idealized 3.014-
helical conformation. Since this method was also shown to be
transferable to hydrophobic transmembrane conditions, it serves
as a promising tool for the structural analysis of transmembrane
B-peptides and membrane protein domains in case they are
modified with B-peptide secondary structure mimics.

Experimental Section

All synthesis steps, optical purity experiments, sample preparation as well
as all CD and EPR experiments are given in details in the Supporting
Information.

10.1002/chem.201805880

WILEY-VCH

Acknowledgements

We thank B. Angerstein for help with preparation of lipid samples.
We acknowledge financial support from the Deutsche
Forschungsgemeinschaft (DFG) collaborative research program
SFB 803 (project A02), from the Georg-August University of
Gottingen and the Max Planck Society.

Keywords: B-Peptides * EPR spectroscopy « membrane
proteins ¢ nitroxide radicals « PELDOR - spin labels

[1] &) D. S. Daniels, E. J. Petersson, J. X. Qiu, A. Schepartz, J. Am. Chem.
Soc. 2007, 129, 1532; b) P. I. Arvidsson, M. Rueping, D. Seebach,
Chem. Commun. 2001, 649; c) M. Brenner, D. Seebach, Helv. Chim.
Acta 2001, 84, 2155; d) D. H. Appella, L. A. Christianson, I. L. Karle, D.
R. Powell, S. H. Gellman, J. Am. Chem. Soc. 1996, 118, 13071; e) D.
Seebach, M. Overhand, F. N. M. Kiihnle, B. Martinoni, L. Oberer, U.
Hommel, H. Widmer, Helv. Chim. Acta 1996, 79, 913.

[2] D. Goldfarb, S. Stoll (Eds.) EMagRes Bks, John Wiley & Sons
Incorporated, Newark, 2018, and all articles herein.

[8] a)G. Jeschke, Annual Review of Physical Chemistry 2012, 63, 419; b)
A. D. Milov, A. G. Maryasov, Y. D. Tsvetkov, Appl. Magn. Reson. 1998,
15, 107; c) O. Schiemann, T. F. Prisner, Q. Rev. Biophys. 2007, 40, 1;
d) G. W. Reginsson, O. Schiemann, Biochem. J. 2011, 434, 353; e) M.
Pannier, S. Veit, A. Godt, G. Jeschke, H. W. Spiess, J. Magn. Reson.
2000, 142, 331; f) K. Halbmair, J. Seikowski, I. Tkach, C. Hoébartner, D.
Sezer, M. Bennati, Chem. Sci. 2016, 7, 3172; g) A. Bowman, C. M.
Hammond, A. Stirling, R. Ward, W. Shang, H. EI-Mkami, D. A.
Robinson, D. I. Svergun, D. G. Norman, T. Owen-Hughes, Nucleic
Acids Res. 2014, 42, 6038.

[4] a)D. P. Claxton, K. Kazmier, S. Mishra, H. S. Mchaourab in Methods in
Enzymology : Electron Paramagnetic Resonance Investigations of
Biological Systems by Using Spin Labels, Spin Probes, and Intrinsic
Metal lons, Part B (Eds.: P. Z. Qin, K. Warncke), Academic Press, 2015,
pp. 349-387; b) J. Glaenzer, M. F. Peter, G. Hagelueken, Methods
2018.

[5] @) H.-J. Steinhoff, Biol. Chem. 2004, 385, 913; b) A. P. Todd, J. Cong,
F. Levinthal, C. Levinthal, W. L. Hubbell, Proteins 1989, 6, 294.

[6] &) Y. Polyhach, E. Bordignon, G. Jeschke, Phys. Chem. Chem. Phys.
2011, 13, 2356; b) P. Lueders, H. Jager, M. A. Hemminga, G. Jeschke,
M. Yulikov, The Journal of Physical Chemistry B 2013, 117, 2061; c) E.
Matalon, T. Huber, G. Hagelueken, B. Graham, V. Frydman, A.
Feintuch, G. Otting, D. Goldfarb, Angew. Chem. Int. Ed. 2013, 52,
11831.

[7] K. Halbmair, J. Wegner, U. Diederichsen, M. Bennati, Biophys. J. 2016,
111, 2345.

[8] a)S. Stoller, G. Sicoli, T. Y. Baranova, M. Bennati, U. Diederichsen,
Angew. Chem. Int. Ed. 2011, 50, 9743. b) I. Tkach, S. Pornsuwan, C.
Hébartner, F. Wachowius, S. Th. Sigurdson, T. Baranova, U.
Diederichsen, G. Sicoli, M. Bennati, Phys. Chem. Chem. Phys. 2013,
15, 3433.

[9] a) I. D. Sahu, G. A. Lorigan, BioMed research international 2018, 2018;
b) M. M. Haugland, E. A. Anderson, J. E. Lovett in A specialist
periodical report (Eds.: V. Chechik, D. Murphy, E. A. Anderson), Royal
Society of Chemistry, Cambridge, 2017, pp. 1-34; ¢) A. J. Fielding, M.
G. Concilio, G. Heaven, M. A. Hollas, Molecules 2014, 19, 16998.

[10] S. Schreier, J. C. Bozelli, N. Marin, R. F. F. Vieira, C. R. Nakaie,
Biophys. Rev. 2012, 4, 45.

[11] K. Wright, M. Sarciaux, A. de Castries, M. Wakselman, J.-P.
Mazaleyrat, A. Toffoletti, C. Corvaja, M. Crisma, C. Peggion, F.
Formaggio et al., Eur. J. Org. Chem. 2007, 2007, 3133.

[12] J. Podlech, D. Seebach, Liebigs Ann. 1995, 1995, 1217.

[13] P.I. Arvidsson, J. Frackenpohl, D. Seebach, Helv. Chim. Acta 2003, 86,
1522.

[14] a)W. C. Wimley, S. H. White, Biochemistry 2002, 32, 6307; b) M. R. R.
de Planque, B. B. Bonev, J. A. A. Demmers, D. V. Greathouse, R. E.
Koeppe, F. Separovic, A. Watts, J. A. Killian, Biochemistry 2003, 42,
5341.

[15] U. Rost, C. Steinem, U. Diederichsen, Chem. Sci. 2016, 7, 5900.

[16] U. Rost, Y. Xu, T. Salditt, U. Diederichsen, ChemPhysChem 2016, 17,

2525.

[17] D. Seebach, A. K. Beck, D. J. Bierbaum, Chem. Biodivers. 2004, 1,
1111,

[18] N. Kucerka, S. Tristram-Nagle, J. F. Nagle, J. Membr. Biol. 2005, 208,
193.

[19] D. Seebach, J. V. Schreiber, S. Abele, X. Daura, W. F. van Gunsteren,
Helv. Chim. Acta 2000, 83, 34.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

[20]

[21]

[22]

(23]
[24]

a) R. W. Woody, Biopolymers 1978, 17, 1451; b) A. Chakrabartty, T.
Kortemme, S. Padmanabhan, R. L. Baldwin, Biochemistry 2002, 32,
5560; c) H. E. Auer, J. Am. Chem. Soc. 1973, 95, 3003.

a) D. A. Erilov, R. Bartucci, R. Guzzi, A. A. Shubin, A. G. Maryasov, D.
Marsh, S. A. Dzuba, L. Sportelli, J. Phys. Chem. B 2005, 109, 12003; b)
D. Marsh, Eur. Biophys. J. 2002, 31, 559.

S. J. Shandler, M. V. Shapovalov, R. L. Dunbrack, W. F. DeGrado, J.
Am. Chem. Soc. 2010, 132, 7312.

K. A. Bode, J. Applequist, Macromolecules 1997, 30, 2144.

D. Seebach, R. I. Mathad, T. Kimmerlin, Y. R. Mahajan, P.
Bindschadler, M. Rueping, B. Jaun, C. Hilty, T. Etezady-Esfarjani, Helv.
Chim. Acta 2005, 88, 1969.

This article is protected by copyright. All rights reserved.

10.1002/chem.201805880

WILEY-VCH



Chemistry - A European Journal

Entry for the Table of Contents

COMMUNICATION

The novel semi-rigid spin label p3-
hTOPP has allowed for the
investigation of a B-peptide structure
by EPR spectroscopy. Well-defined
inter-spin distances between two p3-
hTOPP labels in a model B-peptide
have been measured in lipid bilayers
using PELDOR spectroscopy. The
labelling strategy has permitted to
determine the peptide helical structure
with resolution at molecular length
scale.
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