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ARTICLE INFO ABSTRACT

Keywords: A versatile strategy for synthesizing tailored peptide based biradicals is presented. By labeling the protected
Biradicals amino acid hydroxyproline with PROXYL via the OH functionality and using this building block in solid phase
Peptides

peptide synthesis (SPPS), the obtained peptides become polarization agents for DNP enhanced solid-state NMR in
biotolerant media. To analyze the effect of the radical position on the enhancement factor, three different bir-
adicals are synthesized. The PROXYL spin-label is inserted in a collagen inspired artificial peptide sequence by
binding through the OH group of the hydroxyproline moieties at specific position in the chain. This labeling
strategy is universally applicable for any hydroxyproline position in a peptide sequence since solid-phase peptide
synthesis is used to insert the building block. High performance liquid chromatography (HPLC) and mass
spectrometry (MS) analyses show the successful introduction of the spin label in the peptide chain and electron
paramagnetic resonance (EPR) spectroscopy confirms its activity. Dynamic nuclear polarization (DNP) enhanced
solid-state nuclear magnetic resonance (NMR) experiments performed on frozen aqueous glycerol-dg solutions
containing these peptide radicals show significantly higher enhancement factors of up to 45 in 'H—!3C cross
polarization magic angle spinning (CP MAS) experiments compared to an analogous mono-radical peptide
including this building block (¢ ~ 14). Compared to commercial biradicals such as AMUPol for which
enhancement factors > 100 have been obtained in the past and which have been optimized in their structure, the
obtained enhancement up to 45 for our biradicals presents a significant progress in radical design.

Spin labeling
Solid-state nmr
Dynamic nuclear polarization

Introduction transfers it into nuclear spin polarization by appropriate mechanisms

[15,16]. In the most common type of experiment, the sample for analysis

Nuclear magnetic resonance (NMR) is a versatile spectroscopic
technique that enables the structural characterization of biomolecules at
an atomic level. It provides information on the constitution and as-
sembly of these molecules, and sheds light on local environments even in
complex solid or soft matter materials. However, this technique suffers
from its low intrinsic sensitivity. To overcome this issue, solid-state
dynamic nuclear polarization (DNP) enhanced NMR at high magnetic
field has become popular in the last years [1-14]. This technique uses the
three order of magnitude higher polarization of electron spins -and
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is dissolved in an aqueous or an organic solvent together with an elec-
tron spin source such as a biradical. The experiment is then performed
either on the frozen sample, typically at about 110 K (solid-state DNP) or
after rapid thawing of the sample (dissolution DNP).

Conventional biradicals, optimized for very high DNP enhancement
factors, are often expensive and large efforts have been made in the past
to synthesize and systematically characterize them [17-23]. Only few of
them are soluble in aqueous media [24-31] and thus many of them
require solubility mediators [20,32,33]. Efficient biradicals for DNP

E-mail addresses: gerd.buntkowsky@chemie.tu-darmstadt.de (G. Buntkowsky), gutmann@chemie.tu-darmstadt.de (T. Gutmann).

https://doi.org/10.1016/j.jmro.2024.100152

Available online 31 May 2024

2666-4410/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:gerd.buntkowsky@chemie.tu-darmstadt.de
mailto:gutmann@chemie.tu-darmstadt.de
www.sciencedirect.com/science/journal/26664410
https://www.sciencedirect.com/journal/journal-of-magnetic-resonance-open
https://doi.org/10.1016/j.jmro.2024.100152
https://doi.org/10.1016/j.jmro.2024.100152
https://doi.org/10.1016/j.jmro.2024.100152
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Herr et al.

a)
0
HZN\/\/\l)L OH
N
Os_NH H/\(f)l/
g

2.Position for Label—0, " o]
OWN"CLN
N
o
0
N

o]
N—Label
1.Position for Label~g™
¢)
o

N
oo
H

5

H '©0-3.Position for Label

Journal of Magnetic Resonance Open 20 (2024) 100152

b)
(o]
HZN\/\/\)LN/\H’OH
Position 3 o _NH H o
oY
&« S
o] OH
% Posmon4
N
P05|t|on2 5'«
Position 1
d)

Fig. 1. Upper panel: a) Illustration of the model peptide sequence NH—Hyp-Pro-Hyp-Ser-Hyp-Lys-Gly-OH. The possible label positions (the three positions of the
hydroxyprolines 2-4 and the N-terminus 1) are marked in red. b) Illustration of the peptide sequence Acetyl-Pro-Pro-Pro-Ser-Pro-Lys-Gly-OH used for the molecular
dynamic simulations. Red atoms represent the four possible functionalization positions. Lower panel: Structures of ¢) 3-Carboxy-PROXYL 5 and d) Fmoc-NH—Hyp

(OOC-PROXYL)-O'Bu 6.

applications need to be synthesized in challenging multiple step syn-
theses as rigid systems with a certain geometry and distance between the
radical centers [20,34-37]. To provide novel biradicals with a mini-
mized cost and synthetic effort, peptides may be utilized that include
radical containing building blocks. Specifically designed spin-labeled
peptides are suitable for in-cell or lipid membrane studies as shown by
Sani and co-workers employing single and double TOAC labeling [38,
39]. In their studies, they achieved 13¢ signal enhancements of up to 13
and 25 for peptide mono-radicals and biradicals, respectively, at 9.4 T
and nominally 110 K. In parallel, some of the authors have introduced a
PROXYL containing building block to an artificial peptide. For this
peptide mono-radical, they obtained an enhancement of 14 in 3C MAS
DNP experiments under similar conditions (9.4 T and nominally 110 K)
[401.

To prepare biradical-peptides with PROXYL containing building
blocks, a rigid peptide sequence derived from collagen can be used,
which is an important component of structure proteins present in teeth,
bones and tissues. It consists of several hydroxyproline moieties. The
cyclic structure of the amino acid hydroxyproline leads to a reduced
number of degrees of freedom, while the reactive OH group of the hy-
droxyproline allows its modification with a radical spin label such as
PROXYL.

In this work, we employ the collagen-based peptide NH—Hyp-Pro-
Hyp-Ser-Hyp-Lys-Gly-OH (Fig. 1), as model compound to demonstrate
the site-directed DNP spin-labeling of polypeptides. There are four
possible spin-labeling positions in the peptide (Fig. 1a), namely the three
hydroxyprolines (2-4) and the N-terminus (1). By combining different
positions, it is possible to achieve biradicals with various electron-
electron distances.

Three different biradical-peptides (Fig. 1) are synthesized, purified
by high performance liquid chromatography (HPLC) and characterized
by mass spectroscopy. The radical activity of the spin labels is tested by
electron paramagnetic resonance (EPR) spectroscopy. As a highlight the
novel radical spin labels are applied in solid-state DNP NMR experi-
ments in frozen aqueous solution to demonstrate their efficiency to boost
sensitivity.

Experimental section
Synthetic protocols

Detailed synthetic protocols and sample characterizations are given
in the appendix.

Electron paramagnetic resonance (EPR)

The EPR spectra for all samples were measured on an X-band EPR
Miniscope MS-400 (Magnettech, Germany) equipped with an A TC HO3
temperature controller and a rectangular TE102 resonator operating at
9.43 GHz. All EPR spectra were recorded with a modulation amplitude
of 0.1 mT and a modulation frequency of 100 kHz. Spectra were taken
under 24 dB of microwave attenuation with a mantissa gain of 1 and an
exponential gain of 1. Measurements were performed at 298 K and at
100 K. A magnetic field range of 14 mT was swept with a center B field
of 337 mT with a sweeping time of 60 s to acquire 2048 points.

Spectral simulations were performed using the software package
EasySpin [41], implemented in Matlab®. Room temperature spectra
were simulated according to two models: (Model 1) single radicals
experiencing isotropic Brownian motion in the fast regime, modeled by
the solutions of the Stochastic Liouville equation, as implemented in the
function chili of EasySpin [41]; (Model 2) a biradical experiencing
chemical exchange between two configurations with a variable ex-
change rate. The first chemical configuration is represented by a
two-electron system with electron-electron spin exchange interaction
parameter (J) with much larger magnitude than the isotropic hyperfine
interaction parameter (Ajs), |J| >> |Aiso|, while the second configura-
tion is represented by a system with two non-interacting electrons,
[J] << |Aiso|]- Model 2 simulations were performed using the EasySpin
add on function exchange [41,42]. Frozen solution spectra were simu-
lated using the function pepper, implemented in EasySpin [41].

DNP enhanced solid-state NMR experiments

All spectra were measured at a Bruker Avance III 400 DNP spec-
trometer with an operating field of 9.4 T which corresponds to a
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Scheme 1. Synthesis strategy for labeling Fmoc-hydroxyproline with the radical and implementing it into a SPPS protocol. The obtained collagen inspired sequence
NH—Hyp-Pro-Hyp-Ser-Hyp-Lys-Gly-OH delivers three possible positions for the labeled amino acid and one more for the label itself at the N-terminus. Note: The
synthesis of the radical labeled building block is adapted from ref. [40] where its basic DNP activity has been tested in a peptide mono-radical.
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Scheme 2. Synthesis of the radical labeled Fmoc-hydroxyproline 1. a) Diisopropylcarbodiimide, copper(I)-chloride, tert-butanol, RT, 14 h; b) THF, 0 °C, 18 h; c) 3-
Carboxy-PROXYL 5, EDCeHCl, DMAP, RT, 12 h; d) TFA, RT, 1,5 h. The presented reaction scheme to prepare 1 is adapted from ref [40]. where the synthesis of this
building block has been described and its basic DNP activity tested in a peptide mono-radical. The yields are given for each single synthesis step in percent. Taking

these values an overall yield of the building block 1 of 17 % is obtained.

frequency of 401.63 MHz for 'H and 100.99 MHz for 3C. The spec-
trometer was equipped with a 3.2 mm low temperature H/X/Y triple
resonance probe operating in 'H/'3C/'°N mode. Microwaves with a
frequency of 263 GHz were generated by a 9.7 T Bruker gyrotron system.
All spectra were recorded with a spinning rate of 8 kHz.

Firstly, the 'H build-up times Tg of the samples were measured. For
this, a saturation recovery pulse sequence was used with a saturation
pulse train of twenty 1/2 pulses with a pulse length of 2.3 s for 'H and a
pulse spacing of 200 ps. The analysis of the build-up time was performed
with the Bruker topspin software applying an exponential fit function
(ESI Figures S21-S23). The resulting build-up times were 2.9 s, 1.8 s and
4.2 s for the peptides 7, 8 and 9, respectively.

'H MAS spectra were recorded with a modified background sup-
pression pulse sequence derived from the Bruker zgbs sequence [43]. For
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excitation, a n/2 pulse with a length of 2.3 ps was used. Each spectrum
was measured with 16 scans and a recycle delay of 1.3*Tp.

'H—13C CP MAS spectra were recorded with a contact time of 2 ms
with a linear 100-50 ramp on 'H and a recycle delay of 1.3*Tg. An
acquisition time of 30 ms was employed and heteronuclear spinal 64
[44] decoupling applied during data acquisition. Each spectrum was
recorded with 128 scans and referenced to the signal of the silicon plug
(-Si-CH3, 0 ppm).

Results and discussion
Synthesis of the spin labeled Fmoc amino acid

There are two general synthesis strategies, which can be used to label
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Fig. 2. Synthesized peptide based biradicals 7-9 with different distances between the radical centers. All structures are based on the NH—Hyp-Pro-Hyp-Ser-Hyp-Lys-

Gly-OH sequence.
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the NH—Hyp-Pro-Hyp-Ser-Hyp-Lys-Gly-OH peptide sequence, the top-
down and the bottom-up principle. Post synthetic approaches per top-
down principle such as click-chemistry with azide-alkyne or mal-
eimide coupling are well known but have the downside of requiring
special functional precursors [45-53]. These precursors are often
expensive or commercially not available.

For this reason, we explore in this work the bottom-up principle to
create novel peptide based biradicals by insertion of the radical during
solid phase synthesis. This approach is illustrated in Scheme 1.

Here, a pre-synthesized radical labeled Fmoc-hydroxyproline is used
in the solid phase peptide synthesis (SPPS) [54,55] protocol.

Scheme 2 shows the general synthesis strategy for the radical labeled
Fmoc-hydroxyproline 1 as used also in our previous work [40]. It follows
a SteGLIcH esterification reaction [56] after protecting selectively the free
carboxyl group of the C-terminus of the Fmoc-hydroxyproline 2. The
necessary protection agent O-tert-butyl-N,N’-diisopropylisourea 3 has
been synthesized similar to Huerrta et al. [57] by using a copper(l)
catalyst, activating tert-butanol with diisopropylcarbodiimide. This
agent is used for the selective protection of the C-terminus of
Fmoc-hydroxyproline yielding 4. After purification by column chroma-
tography, it is feasible to couple the radical 3-carboxy-PROXYL 5 to the
amino acid building block by using the reactive hydroxyl group of its
side chains for an esterification reaction. The resulting radical com-
pound 6 is obtained with 98 % yield. After the deprotection of the
carboxyl group is performed by acidolysis and the final purification by
column chromatography, the radical labeled Fmoc-hydroxyproline 1 is
obtained with 68 % yield.

Having successfully isolated the target compound 1 and validated it
by HPLC, MS and EPR (see ESI and experimental section), it is intro-
duced into the SPPS to receive an artificial peptide sequence with rigid
structure containing radical labels at specific positions.

In addition, the N-terminus of the peptide is labeled with the radical
3-carboxy-PROXYL 5. In this way, the three biradicals 7, 8 and 9 shown
in Fig. 2 containing different geometries and distances of the radical
centers have been synthesized via SPPS. The as-obtained sequences have
been validated by HPLC and MS (see ESI and experimental section).

Estimation of rigidity by molecular dynamic simulations

As shown in previous studies the achievable signal amplification of
biradicals in DNP experiments strongly depends on the geometry and
distance between the radical centers as well as on the rigidity of their
structure [58]. To estimate the rigidity of the backbone scaffold of our
novel peptide biradicals, molecular dynamics (MD) and replica ex-
change molecular dynamics (REMD) simulations of the simplified hep-
tapeptide model sequence NH-Pro-Pro-Pro-Ser-Pro-Lys-Gly-OH were
performed. In this sequence the original hydroxyproline residues are
replaced by proline. This simplification does not significantly influence
the structure and stiffness of the overall molecule as it has been shown in
previous studies [59,60], and enables us to employ the predefined
CHARMMZ27-force-field implemented in the GROMACS 2019 v2 soft-
ware [61]. The simulations reveal a high stiffness, visible by the small
distance errors, of the backbone scaffold shown in Fig. 1b with a N—N
distance from proline-1 to proline-4 of 1.14 + 0.11 nm (MD) and 1.13 +
0.11 nm (REMD), respectively. Details on distance distributions calcu-
lated for the model peptide are given in the ESI Figure S24 and Table S2.
Finally, from the root mean squared deviation (RMSD) with respect to
the initial peptide configuration as a function of time for all peptide
atoms and the Cyatoms (ESI Table S3) it is clearly visible that the atoms
move no further than 0.20 (+0.08) nm away from their initial position
during the MD simulations. This underlines the high rigidity of the
peptide structure, which is further emphasized by the very small stan-
dard deviations. The overall dimensions of the oligopeptide are also very
rigid as shown by the small fluctuations in Rg and Repq in ESI Table S3.
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Fig. 3. EPR spectra of ca. 15 mM of 7, 8, 9 and amino-TEMPO as reference in a
glycerol-dg/D>0/H>0 (60/30/10) at 298 K. Simulated spectra are also shown
for two different models. Model 1 considers an isolated nitroxide radical in
solution experiencing isotropic Brownian motion with correlation times of 0.1
and 0.2 ns for amino-TEMPO and 9 respectively. Model 2 assumes a biradical
system with two '*N nuclei in solution experiencing chemical exchange be-
tween two configurations with different exchange rate constants (see main text)
[42]. The model assumes the presence of solely two conformations: one char-
acterized by |J| significantly greater than |A|, and another with |J| significantly
smaller than |A|. In the former scenario, a coupled spin-1 system interacts with
two N nuclei, while in the latter, two distinct spin-1/2 systems each interact
with a single **N nucleus. The high-field line intensities are not well reproduced
by Model 2 because stochastic motion in the liquid is not taken in account by
the simulation method.

Proof of spin label activity

The chemical integrity of the radical centers in the synthesized
peptide based biradicals 7, 8 and 9 has to be validated by qualitative
EPR to guarantee the feasibility to use them in DNP experiments. Fig. 3
shows the EPR spectra for biradicals 7, 8 and 9, and for the amino-
TEMPO mono-radical as a reference. The samples are dissolved in a
glycerol-dg/D20/H20 (60/30/10) biotolerant matrix and measured at
298 K at a concentration of 15 mM. All three biradical peptides show
EPR-activity which confirms that significant amounts of the nitroxyl
spin labels are still active after all reaction steps of the SPPS. The EPR
lineshapes are dominated by the hyperfine coupling interaction with
14N, giving the well documented triplet in liquid state [62]. The spec-
trum of the amino-TEMPO mono-radical can be simulated (Model 1 in
Fig. 3) assuming a single nitroxide radical experiencing isotropic
Brownian motion, modeled by the solutions of the Stochastic Liouville
equation. Simulation parameters are: axial hyperfine coupling with N
with principal values A| = 108.6 MHz and A; = 15.9 MHz (Ajs,= 46.8
MHz), g-tensor principal values gy = 2.0069, g,y = 2.0051, g;; = 2.0009
(giso= 2.0043) and a correlation time for the isotropic motion of 0.1 ns.

For samples 7-9 single electron simulations do not reproduce well
the observed lineshapes. As an example, the spectrum of 9 was simulated
using the same model applied for amine-TEMPO (Model 1). The simu-
lation reproduces well the peak intensities with correlation times for
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Fig. 4. DNP enhanced 1H MAS (a,c,e) and 'H—'3C CP MAS NMR (b,d,f) spectra of 15 mM peptide based biradical (a,b) 7, (c,d) 8 and (e,f) 9 in glycerol-dg/D>0/H>0
(60/30/10). Note: Spectra were measured at 9.4 T at a spinning rate of 8 kHz. Signals marked with asterisks are spinning sidebands.

isotropic motion of 0.2 ns. However, the overall agreement is not as
good as for amine-TEMPO. For samples 8 and 7 the lineshape is clearly
distinct from the expected for mono-radicals, with additional features at
around 335.5 and 337.3 mT. These features are characteristic of
biradicals with the spin-exchange Hamiltonian been modulated by
conformational transitions, with fast correlation times compared to the
EPR time scale [63-71]. The spectra of samples 7, 8 and 9 can
be simulated with good agreement by assuming a simplified model,
which considers solely two structural conformations: one characterized
by |J| >> |A|, and another with |J| << |A|, where J is the
electron-electron spin exchange constant and A is the electron-1*N
hyperfine coupling parameter. In the first scenario, a coupled spin-1
system interacts with two 14N nuclei, while in the latter, two distinct
spin-1/2 systems each interact with a single *N nucleus. Lineshape
variations as a function of the conformational exchange rate k are
presented in ESI Figure S25. For samples 7, 8 and 9 the best-fits yields
k values of 200, 130 and 20 MHz, respectively. The larger value of k for
sample 7 is an indication of the higher probability of coupling between
the electron spin pairs, in agreement with the closer proximity between
radical species, validating the proposed structure (see Fig. 2). Such
correlation between the exchange rate k and inter-radical distances has
been documented by Komaguchi et al. [63] for biradicals of two
TEMPOs bridged with —(SiMe3),— (n = 1 — 4). By changing the length of
the (SiMey),, chains they found that shorter lengths correlate with higher

exchange rates.

The EPR spectra measured at 100 K for samples 7 — 9 (ESI Figure S26)
are consistent with the rigidity of these radicals at low temperatures, as
suggested by MD simulations. The spectrum obtained for sample 7 is
representative for a nitroxide biradical with non-negligible magnetic
electron-electron spin interactions, in agreement with the discussion
above. The spectral lineshape for this sample is characteristic for a bir-
adical with electron-electron dipole and exchange coupling interactions.

Proof of spin label applicability for DNP enhanced solid-state NMR

'H MAS and 'H—'3C CP MAS spectra for the peptide based biradicals
7, 8 and 9 have been recorded to inspect the efficiency of the synthesized
building-blocks for DNP applications. Each peptide radical is dissolved
in a glycerol-dg/D,O/H20 (60/30/10), the typical glass forming bio-
tolerant matrix for DNP experiments of biosolids, with a concentration
of 15 mM. DNP experiments of the frozen solution have been performed
for all three peptide radicals (for details see experimental section).
Enhancement factors are obtained by comparison of the spectra
measured with and without microwave irradiation employing the same
acquisition parameters. Fig. 4 compares the DNP enhanced and, as
reference, the thermally polarized 'H MAS NMR and the 'H—'%C CP
MAS spectra obtained with the radicals 7, 8 and 9. The 'H MAS spectra
are dominated by the signal of frozen water. In the 'H—3C CP MAS
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spectra the signal of the peptide is quenched due to the small distance of
the nuclei to the radical. The peaks at 60 ppm and 70 ppm are assigned
to the carbons in glycerol present in the matrix. The enhancements
obtained for glycerol in 'H MAS NMR and 'H—'3C CP MAS of each
individual biradical are similar (see ESI Table S1), which indicates a
homogeneous distribution of the radicals in frozen solution. For radical
7 (Fig. 4a,b) the largest enhancement of e=45+3 is obtained, which is
significantly higher compared to the enhancement for the mono-radical
labeled peptides for which only a value of 14 was reached and exceeds
even the enhancement of the building block with é=25 reported previ-
ously [40]. For radicals 8 (Fig. 4c,d) and 9 (Fig. 4e,f) enhancement
factors of e=29+2 and e=35+2, respectively, are observed. The slightly
higher enhancement for radical 7 compared to the other ones most
probably refers to the stronger magnetic spin-spin interactions between
the electron spins of this peptide radical compared to 8 and 9. This
conclusion is concise with the EPR result discussed above, where
stronger electron spin-spin interactions were verified for 7.

It has to be mentioned that for all investigated peptide radicals the 'H
build-up times (see ESI Figures S21-S23) are between 2.5 and 4.5 s,
which covers the value for the 'H build-up time (~3.5 s) for the standard
DNP juice (10 mM AMUPol in glycerol-dg/D20/H20 (60/30/10)) [21].
Further improvement of obtained enhancements, which is beyond the
scope of this work, is feasible by replacement of the methyl groups in the
PROXYL moiety by other substituents as it has been demonstrated for a
number of nitroxyl containing radicals in the past [19,20,22].

Conclusion

A versatile strategy for synthesizing tailored peptide based biradicals
for DNP NMR applications has been presented. The radical labeled
Fmoc-hydroxyproline has been synthesized and inserted at three
different positions of a collagen inspired artificial peptide sequence via
SPPS to obtain three biradical peptides with different geometry and
distances between the radical centers. HPLC and MS analysis have
shown the successful introduction of the spin label and EPR spectros-
copy has confirmed their chemical integrity after synthesis. DNP
enhanced solid-state NMR experiments have shown signal enhancement
factors of up to 45 in 1H-13C cP MAS experiments which correspond to
time saving factors of > 2000. This value is a significant improvement
compared to an enhancement of 14 reached for a peptide including the
mono-radical labeled hydroxyproline building block, and demonstrates
significant progress in radical design that aims to produce signal en-
hancements comparable to optimized commercial radicals such as
AMUPol (¢>100). This clearly shows the high potential of our peptide
based biradicals for application in DNP enhanced solid-state NMR as
well as dissolution DNP. As for example, these peptides may be

Supplementary materials
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introduced into proteins or inhibitor molecules as low invasive spin-
labels where they can act as specific probes to analyze local in-
teractions and structures.
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Appendix

Synthetic protocols and sample characterization

General

All materials were purchased from commercial suppliers (Fisher Scientific, Acros Organics, Merck, ABCR, Alfa Aesar) and used without further
purification unless otherwise described. Solvents were purchased in HPLC grade.

Thin Layer Chromatography

Thin layer chromatography was performed using silica gel (SilG/UV 252, plate thickness: 0.25 mm) by Macherey-Nagel GmbH & Co. KG. Visu-
alization was achieved by UV fluorescence and quenching or oxidizing with KMnO4
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Synthesis of radical labeled Fmoc-NH—Hyp-OH

Synthesis of O-tert-butyl N,N’-diisopropylcarbamimidate (3)

Structure of O-tert-butyl N,N’-diisopropylcarbamimidate 3.

According to the literature [57], 10.07 mL of N,N’-diisopropylcarbodiimide (65 mmol, 1.0 eq.) and 6.71 mL of tert-butanol (71.5 mmol, 1.1 eq.)
were stirred at room temperature under argon atmosphere and finally mixed with 0.065 g Cupper(I)-chloride (0,65 mmol, 0,01 eq). The reaction
mixture was stirred overnight at room temperature under argon atmosphere. The progress of the reaction was monitored by thin layer chromatog-
raphy and also by the change of the color of the mixture from yellow to black. Subsequently, 41.5 mL of DCM (650 mmol, 10 eq.) was added, and the
solution was stirred for additional 10 min. 'H and '3C liquid NMR spectra were recorded for reaction control. After completion of the reaction, the
protection reaction of the C-terminus of Fmoc-Hydroxyproline 2 with the protection agent 3 was carried out immediately.

H NMR (300 MHz, CDCls, 301.2 K): 5 (ppm) = 3.64 (sept., 6-H6), 3.13 (2-H, 1H, bscis, bStrans), 1.46 (s, 9-H3), 1.07,(bs, 6-H1) 1.04 (bs, 6-H6); 13C
NMR (75 MHz, CDCl3, 301.2 K): § (ppm) = 149.5 (5-C), 78.1 (4-C), 46.1 (2-C), 43.4 (7-C), 28.4 (3-C3), 24.3 (1-C), 23.8 (6-C).

Synthesis of Fmoc-NH—Hyp(OH)-O'Bu (4)

Structure of Fmoc—NH—Hyp(OH)—OtBu 4.

According to literature [40,72,73] the reaction solution of the first step containing 3 is cooled down to —5 °C. 5.401 g of Fmoc-hydroxyproline 2
(15 mmol, 1 eq.) were dissolved in 75 mL THF and dropwise added to this reaction solution. The mixture turned lime-green. After completion the
cooling of the reaction was stopped. The mixture was stirred over night at room temperature and the reaction control was realized by thin layer
chromatography. The mixture was filtrated over Celite 545 and solvents removed under reduced pressure. The product was purified by column
chromatography (dry load, hexane/ethyl acetate = 1: 2) and solvents removed via rotation evaporator. The product 4 was received as white crystalline
solid.

Yield: 1.87 g (26 %); HPLCa54nm: tg = 5.33 min; 'H NMR (300 MHz, CDCls, 301.2 K): & (ppm) = 7.77-7.60 (9-H, 4H, m), 7.41 (8-H, 2H, ddd, J =
6.9 Hz), 7.30 (10-H, 2H, ddd, J = 8.6 Hz), 4.53-4.09 (1-H, 3-H, 6-H, 5H, m), 3.76-3.50 (4-H, 7-H, 2H, m), 2.42-2.11 (2-H, 2H, m), 1.45 (5-H,9H, d, J =
10.6 Hz)

Synthesis of Fmoc-NH—Hyp( 0OOC-PROXYL)-O'Bu (6)

According to literature, 71.87 g of Fmoc-NH—Hyp(OH)-OtBu 6 (4.56 mmol, 1.0 eq.) were dissolved in 40 mL of DCM. Afterwards 0.963 g 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) (5.02 mmol, 1.1 eq.), 0.0614 g 4-dimethylaminopyridine (DMAP) (0.502 mmol,
0.11 eq.) and 0.945 g 3-Carboxy-PROXYL 5 (5.02 mmol, 1.1 eq.) were added. The solution turned yellow and was stirred overnight at room tem-
perature. The progress of the reaction was monitored by thin layer chromatography. After completion of the reaction, the reaction mixture was washed
with 0.5 M HCI, saturated NaHCOs solution and brine. The reaction solution was then dried with magnesium sulfate and filtered. The solvent of the
filtrate solution was removed using a rotary evaporator. The product 6 was obtained as a yellow crystalline solid.

Yield: 2.6 g (98 %), HPLCa54nm: tr = 7.22 min, ESI-MS: [M + H]™ = 577.3 m/z (calc. 577.3 m/z)

Synthesis of Fmoc-NH—Hyp(OOC-PROXYL)-OH (1)

o~ o Q;
HO ) N\g,o Q
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Structure of Fmoc-NH—Hyp(OOC-PROXYL)-OH 1

According to the literature,” 2.59 g of Fmoc-NH—Hyp(OOC-PROXYL)-OtBu 6 (4.48 mmol, 1.0 eq.) was dissolved in 30 mL of DCM. The solution
was cooled to —5 °C and 33 mL of trifluoroacetic acid (TFA) (402.48 mmol, 89 eq.) were added dropwise. The solution turns black and was stirred at
room temperature for 90 min. The solvent was removed under reduced pressure and the remaining black oil was taken up in approximately 50 mL of
DCM and washed 3 times each with demineralized water and brine. The organic phase was dried with magnesium sulfate, filtered, and then the solvent
removed under reduced pressure. The resulting yellow crude was purified per column chromatography (hexane: ethyl acetate: acetic acid 47.5:47.5:5)
yielding 1 as a yellow crystalline solid.

Yield: 1.6 g (68 %); HPLC254nm: tr = 4.82 min; ESI-MS: [M + H]T = 521.2 m/z (calc. 521.2 m/z).

General Procedure of Peptide Synthesis

The syntheses of the peptides were performed according to Amblard et al. [55]

Solvent designations: Both DMF I and DMF II designations refer to the same solvent - dimethylformamide - in different vessels and are used for the
washing steps in the synthesis. Here, DMF II is used for the washing steps of coupling. while DMF I is used for Fmoc deprotections. This can reduce
contamination with piperidine for DMF II to minimize the risk of negatively affecting the coupling steps.

Resin preactivation of the chlorotrityl resin is implemented in a 10 mL synthesis syringe with a frit bottom. First, the resin is swollen in DMF II for
60 min and then the resin is preactivated with a diisopropylethylamine (DIPEA)/dimethylformamide solution at a ratio of 1 mL/7 mL per gram of resin
for 60 min.

Coupling is performed in duplicate and in double excess in each case to achieve maximum high loading. Each Fmoc amino acid is dissolved in 12
mL of DMF II per gram of Fmoc amino acid. To the activated resin, the first Fmoc amino acid is coupled with DIPEA (2.0 eq. based on 1.0 eq. amino
acid). Starting with the second coupling, 1-[bis(Dimethylamin)methylen]—1H-1,2,3-triazol[4,5-b]pyridinium-3-oxid-hexafluorophosphat (HATU)
(0.985 eq. based on 1.0 eq. amino acid) is also added. After the reaction solution is drawn onto the syringe containing the resin, the reaction solution is
shaken for 30 min. The solution is then removed, and the resin washed four times with DMF II for 1 min each. This coupling is repeated again with the
same batch. The resin is then washed 4 times with DMF II for 1 min each. At the end of each coupling, the Fmoc protecting group of the coupled amino
acid is cleaved off.

The Fmoc cleavage is used to remove the N-terminal protecting group, adding 20 V % piperidine in dimethyl formamide solution to the resin first
for 5 min and then for 15 min. This is followed by washing three times with DMF I and then three times with DMF II for 1 min each. After this step, the
next coupling can be performed.

3-carboxy-PROXYL 5 (with DIPEA and HATU) is used as the last coupling. Finally, the resin is washed 6 times with dichloromethane and dried
overnight under high vacuum.

Cleavage of the peptide from the resin: 1 mL of cleavage solution (90/5/2.5/2.5 = 95 % trifluoroacetic acid/water/anisole/triisopropylsilane v/v/
v/v) is used per 100 mg of resin and the reaction solution is shaken for 3 h. The peptide was precipitated in cold tert-butyl methyl ether, incubated at
—20 °C for 30 min, and then washed one time with cold tert-butyl methyl ether and one time with cold dieethyl ether.

The peptides were purified by preparative separations using HPLC analyses. Subsequently, the solvent was removed by lyophilization.

Synthesis of Peptide based Bi-Radicals

Synthesis of PROXYL-Hyp(PROXYL)-Pro-Hyp-Ser-Hyp-Lys-Gly (7)

The synthesis was carried out according to the general procedure of peptide synthesis, and the weights of the individual couplings can be taken
from Table 1. Amino acids were coupled to 0.102 g chlorotrityl resin (1.46 mmol/g, 1 eq.) in the order indicated.

37 mg of the crude product 7 was isolated and subsequently purified by preparative HPLC analysis. Here, the separation method had a flow rate of
9 mL/min and a gradient of 0 % to 50 % eluent A in 60 min.

3 mg of the peptide 7 was isolated as a white solid with a purity of > 99 %.

Yield: 1.5 mg (16 %); HPLC: tg = 10.70 min; EI-MS: [M]75"= 1075.5 m/z (simulated 1075.5 m/z).

Table 1
List of the weights of the individual agents for the synthesis of 7.

Coupling Step Amino Acid Equivalents mMol Weights [g]
1 Fmoc-Gly-OH 2 0.298 0.089

2 Fmoc-Lys(Boc)-OH 2 0.298 0.14

3 Fmoc-NH-1-Hyp(tBu)-OH 2 0.298 0.122

4 Fmoc-NH-1-Ser(tBu)-OH 2 0.298 0.114

5 Fmoc-NH-1-Hyp(PROXYL)-OH (1) 2 0.298 0.155

6 Fmoc-Pro-OHeH,0 2 0.298 0.106

7 Fmoc-NH-1-Hyp-OH 2 0.298 0.122

8 3-Carboxy-PROXYL (5) 2 0.298 0.056

Synthesis of PROXYL-Hyp-Pro-Hyp(PROXYL)-Ser-Hyp-Lys-Gly (8)

The synthesis was carried out according to the general procedure of peptide synthesis, and the weights of the individual couplings can be taken
from Table 2. Amino acids were coupled to 0.102 g chlorotrityl resin (1.46 mmol/g, 1 eq.) in the order indicated.

43 mg of crude product 8 could be isolated and subsequently purified by preparative HPLC analysis. Here, the separation method had a flow rate of
9 mL/min and a gradient of 0 % to 50 % eluent A in 60 min.

The peptide 8 obtained could be isolated at 8 mg as a white solid with a purity of > 99 %.

HPLC: tg = 20.4 min; ESI-MS: [M + H]" = 1063.6 m/z (simulated 1063.6 m/z); [M + 2H]%*" = 532.8 m/z (simulated 532.8 m/2); [M + 4H13t =
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355.9 m/z (simulated 355.9 m/z)

Table 2
List of weights of the individual coupling agents for the synthesis of 8.

Coupling step Amino Acid Equivalents mMol Weights [g]
1 Fmoc-Gly-OH 2 0.298 0.089

2 Fmoc-Lys(Boc)-OH 2 0.298 0.14

3 Fmoc-NH-1-Hyp(tBu)-OH 2 0.298 0.122

4 Fmoc-NH-r-Ser(tBu)-OH 2 0.298 0.114

5 Fmoc-NH-L-Hyp(PROXYL)-OH (1) 2 0.298 0.155

6 Fmoc-Pro-OHeH,0 2 0.298 0.106

7 Fmoc-NH-L-Hyp-OH 2 0.298 0.122

8 3-Carboxy-PROXYL (5) 2 0.298 0.056

Synthesis of PROXYL-Hyp-Pro-Hyp-Ser-Hyp(PROXYL)-Lys-Gly (9)

The synthesis was carried out according to the general procedure of peptide synthesis, and the weights of the individual couplings can be taken
from Table 3. Amino acids were coupled to 0.102 g chlorotrityl resin (1.46 mmol/g, 1 eq.) in the order indicated.

28 mg of the crude product 9 was isolated and subsequently purified by preparative HPLC analysis. Here, the separation method had a flow rate of
9 mL/min and a gradient of 0 % to 50 % eluent A in 60 min.

7 mg of the peptide 9 was isolated as a white solid with a purity of > 99 %.

HPLC: tg = 20.10 min; ESI-MS: [M + H]* = 1063.6 m/z (calculated 1063.6 m/z); [M + 2H]*" = 532.8 m/z (calculated 532.8 m/z); [M + 4H]%* =
355.9 m/z (calculated 355.9 m/2)

Table 3
List of weights of the individual coupling agents for the synthesis of 9.

Coupling step Amino Acid Equivalent mMol Weights [g]
1 Fmoc-Gly-OH 2 0.298 0.089

2 Fmoc-Lys(Boc)-OH 2 0.298 0.14

3 Fmoc-NH-1-Hyp(PROXYL)-OH 1 2 0.298 0.155

4 Fmoc-NH-r-Ser(tBu)-OH 2 0.298 0.114

5 Fmoc-NH-1-Hyp(tBu)-OH 2 0.298 0.122

6 Fmoc-Pro-OHeH,0 2 0.298 0.106

7 Fmoc-NH-L-Hyp-OH 2 0.298 0.122

8 3-Carboxy-PROXYL 5 2 0.298 0.056

Characterization

Liquid NMR

NMR measurements have been conducted using a Bruker 300 MHz Avance III NMR spectrometer or a Bruker 300 MHz Avance II NMR spectrometer
(*H-NMR 300.16 MHz, '3C NMR 125.78 MHz) at the service department of the TU Darmstadt. The chemical shifts are given in ppm. As internal
standard the chemical shift of the solvent peak was used.

Reverse phase high-performance liquid chromatography (RP-HPLC)

Reverse phase high-performance liquid chromatography (RP-HPLC) for analytical purposes was conducted using a Waters HPLC setup consisting of
a Waters Alliance €2695 equipped with a Waters 2998 PDA detector. The detection wavelength was chosen depending on the analyte between 214,
254, 280 and 301 nm. The eluent system for the HPLC system comprised eluent A (0.1 % aq. TFA) and eluent B (99.9 % acetonitrile containing 0.1 %
TFA). Unless otherwise specified analytical HPLC runs were conducted at a flow rate of 2 ml/min with an eluent gradient from 20 % to 80 % of eluent B
in eluent A over 10 min. For building-block analysis a RP 18 HP column from CS Chromatographie (3 pm, 120 A) was used. For peptide analysis a
Nucleosil 100-5C18 column from Macerey-Nagel (5 pm, 100 A) was used. Preparative purification of the peptides was performed on a Knauer
Multokrom RP18 column 20 x 250 mm (5 pm, 100 A) employing a flow rate of 9 mL/min and an acetonitril gradient from 0 % to 50 % without TFA in
water over the course of 60 min.

Electrospray mass spectrometry (ESI-MS)
Electron spray ionization (ESI) mass spectra were recorded with a Bruker Esquire-LC mass spectrometer at the service department of the TU
Darmstadt.
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