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Structure and Flexibility of Copper-Modified DNA G-
Quadruplexes Investigated by 19F ENDOR Experiments at
34 GHz**
Simon L. Schumann,[a] Simon Kotnig,[a] Yury Kutin,*[a] Maria Drosou,[b] Lukas M. Stratmann,[a]

Yana Streltsova,[a] Alexander Schnegg,[c] Dimitrios A. Pantazis,[b] Guido H. Clever,*[a] and
Müge Kasanmascheff*[a]

DNA G-quadruplexes (GQs) are of great interest due to their
involvement in crucial biological processes such as telomerase
maintenance and gene expression. Furthermore, they are
reported as catalytically active DNAzymes and building blocks
in bio-nanotechnology. GQs exhibit remarkable structural
diversity and conformational heterogeneity, necessitating pre-
cise and reliable tools to unravel their structure-function
relationships. Here, we present insights into the structure and
conformational flexibility of a unimolecular GQ with high spatial

resolution via electron-nuclear double resonance (ENDOR)
experiments combined with Cu(II) and fluorine labeling. These
findings showcase the successful application of the 19F-ENDOR
methodology at 34 GHz, overcoming the limitations posed by
the complexity and scarcity of higher-frequency spectrometers.
Importantly, our approach retains both sensitivity and orienta-
tional resolution. This integrated study not only enhances our
understanding of GQs but also expands the methodological
toolbox for studying other macromolecules.

Introduction

Guanine-rich DNA sequences are able to form helical, four-
stranded structures called G-quadruplexes (GQs), a class of DNA
secondary motifs found in vivo and known to play essential
roles in telomere maintenance, regulation of gene expression,
and other biological processes.[1–5] GQs are further known to
spontaneously form higher-order structures (dimers,[6–9] G-
wires,[10,11] etc.), likely affecting their physiological function.[12–15]

The regulatory function of GQs in various pathological

processes makes them attractive drug targets, in particular in
cancer research.[16–19] Additionally, GQs are explored as a
structural motif in DNA-based catalysis[20–25] and
nanotechnology.[26–28] All these topics and applications benefit
from a precise understanding of the structures of involved GQs.
Methods for DNA structure elucidation, however, are often
complicated by hit-and-miss sample preparation (for single
crystal X-ray diffraction) or tedious data interpretation (for
unambiguous NMR structure elucidation).

Electron-nuclear double resonance (ENDOR) spectroscopy,
combined with 19F labeling, has been used to determine
electron-nuclear distances for atomic-scale structure elucidation
of various biopolymers.[29–32] This technique has been applied to
19F-equipped biological macromolecules ranging from spin-
labeled RNA to radical-containing protein machineries[33–37] in
the last three years. However, all of these recent studies were
carried out at the microwave (mw) frequency of 94 GHz (W-
band) or higher, where the overlap with proton ENDOR
resonances is avoided or minimized.[34,36] This simplifies the 19F
data analysis but limits access to the technique due to the
scarcity and complexity of electron paramagnetic resonance
(EPR) spectrometers operating at such high fields/high frequen-
cies. Here, we overcome this shortcoming by extending 19F
ENDOR to a lower and more accessible mw frequency of
34 GHz (Q-band). Our findings provide insights into the
structure and conformational flexibility of a modified DNA GQ
and expand the toolbox for studying large biomolecules.
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Results and Discussion

Cu(II)/19F labeling and EPR characterization of GQs

Previously, we demonstrated that paramagnetic Cu(II) ions in
square-planar tetrapyridine complexes can be covalently in-
corporated into tetramolecular GQs.[38,39] These complexes were
utilized as highly rigid spin labels to precisely measure intra-
and intermolecular Cu(II)� Cu(II) distances in GQs and higher-
order GQ structures such as dimers and GQ-ligand adducts
using pulsed dipolar EPR spectroscopy.[40,41] We also incorpo-
rated a Cu(pyridine)4 complex into a unimolecular antiparallel
GQ based on the 22-nucleobase human telomeric sequence
(GQ0, Figure 1) by substituting a full guanine tetrad.[42] Several

related modified structures have been reported as Cu(II)-
dependent DNAzymes and aptamers.[23,42]

In the present study, we further modified the parental GQ0
sequence by introducing a single 19F-labeled guanosine residue
(2’-fluoro-2’-deoxyguanosine, FG) at one of the four positions
within the upper G-tetrad, resulting in four GQ species termed
GQ1–GQ4 (shown in Figure 1, see Supporting Information 1.1–
1.6 for details). Additionally, we synthesized species GQ5 by
replacing a thymidine with a 19F-labeled uridine (2’-fluoro-2’-
deoxyuridine, FU) in the loop region close to the Cu(II) binding
site. Prior to EPR measurements, we characterized these
samples via CD and UV-based thermal denaturation experi-
ments. The former demonstrated that GQ1–GQ5 adopted the
same overall structure as the 19F-free species GQ0 (see
Supporting Information 1.5), while the latter revealed signifi-
cantly lower melting temperatures for GQ2 and GQ4 (approx-
imately 20 °C below that of GQ0, see Supporting Informa-
tion 1.4). The destabilizing effect of the 2’-fluorinated residues
on GQs due to electrostatic repulsion between phosphate and
the 2’-fluorine has been previously reported.[43–45] The modifica-
tion of guanosines in the syn-conformation tends to result in a
stronger destabilization than that of the anti-conformers, in line
with the reduction of the melting temperatures for GQ2/GQ4,
but not for GQ1/GQ3 (see Table S1). To minimize unfolding of
the quadruplexes during the sample preparation, GQ2/GQ4
were transferred into EPR tubes at an ambient temperature of
4 °C (see Supporting Information 2.3 and Figure S2).

A comparison of echo-detected Q-band EPR spectra of GQ1-
GQ5 revealed almost identical line shapes, with GQ2 and GQ4
showing marginal distortions. The spectra are dominated by
typical axial g- and copper hyperfine (hf) tensors, consistent
with our previously reported Cu(II)-labeled GQ structures.[38,40,41]

Overall, these findings demonstrate that the effects of 19F-
labeling on the Cu(II) electronic structure are negligible. A
representative spectrum can be found in Figure 2A, and addi-
tional spectra are shown in Figures S1–S2.

19F tag orientations and Cu(II)� 19F ENDOR. As all prepared
19F-labeled GQs exhibited the same structure as GQ0, we built
upon the previously published molecular dynamics (MD)
simulation data of GQ0.[42] We anticipated two distinct Cu(II)� 19F
distances and 19F angular positions with respect to the Cu(II) g-
tensor orientation. For GQ1/GQ3, the F atom was expected to
point towards the Cu(II) label, whereas for GQ2/GQ4, it was
expected to point away from it, referred to as ‘up’ and ‘down’
orientations (see Figure 2B and Supporting Information 1.6).
The Cu(II)� 19F distances upon labeling in all cases were
anticipated on the order of 1 nm (SI3), resulting in 19F ENDOR
splittings of approximately 0.1 MHz (see Equation S4). There-
fore, we employed Mims ENDOR,[46] which is highly sensitive to
such small hf couplings but requires careful optimization of the
mw pulse separation times (see Supporting Information 2.4 for
details).

Spectral analysis at Q-band was complicated by the small
separation between the 19F and 1H Larmor frequencies
(~3 MHz), which resulted in overlapping spectral features.
However, clean 19F Mims ENDOR spectra were obtained by
subtracting the 1H background using the non-labeled sequence

Figure 1. (A) Incorporated modifications from top to bottom: pyridine ligand
(L), 2’-fluoro-2’-deoxyguanosine (FG), and 2’-fluoro-2’-deoxyuridine (FU). (B)
Schematic representation of the folded GQ structure modified with four
pyridine-ligands (GQ0). One 19F-containing FG was incorporated at one of the
highlighted G positions in GQ1-GQ4 (indicated by numbers 1–4). For GQ5,
FU was introduced at position 5. Bound Cu(II) and K(I) cations are
represented as a green and purple sphere, respectively. (C) GQ sequences
used in this work. 19F-modification sites are highlighted in red.
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GQ0, as shown in Figures 3, S5, and S6 (see details of the
background subtraction in Supporting Information 2.5). To
detect the full hf tensor, we recorded several orientation-
selective Mims ENDOR spectra over the entire EPR envelope.
The chosen field positions are marked with a-g in Figure 2A,
and the corresponding excited g-tensor orientations are given
in Figure S7. Note that the ENDOR line shapes of the GQs within
each pair of species (GQ1/GQ3 and GQ2/GQ4) are almost
identical, demonstrating that the spin-labeled GQs form well-
defined and symmetric structures (see Figure S8). In contrast,
the ENDOR patterns of the ‘up’ and ‘down’ orientations are
clearly distinct, as expected. For example, the broadest ENDOR
features of GQ1/GQ3 and GQ2/GQ4 are observed in traces g
and c-d, respectively (Figure 3A vs. 3E).

The major differences between GQ1/GQ3 and GQ2/GQ4
ENDOR patterns can be rationalized based on the nuclear
position coordinate β with respect to the Cu(II) g-tensor (see
Figure 3B for GQ1/GQ3 and S9 for GQ2/GQ4). This coordinate
affects the angle θ between the static magnetic field (B0) and
the inter-spin vector excited at each observer field (labeled a-g),
which, in turn, determines the frequencies of ENDOR

transitions.[47,48] At the field position a (B0 k gz, or gk), a single
inter-spin vector orientation (θz, Figure 3C) is excited, resulting
in a narrow ENDOR signal. In contrast, at position g, where B0 is
in the g? (gx, gy) plane, a broad range of orientations are excited
for GQ1/GQ3 (from θx to θy, Figure 3D), producing a broad
ENDOR feature with two maxima. With this understanding, all
ENDOR traces were well-reproduced in the spectral simulations
(dashed red traces in Figures 3A and S6, see Table 1 and
Supporting Information 2.8 for details).

Minimization of the root-mean-square deviation (RMSD)
between the simulated and experimental ENDOR traces yielded
precise values for the Cu(II)� 19F inter-spin distance (d) and the
orientation of the inter-spin vector with respect to the gz axis
(β). The isotropic hf term (Aiso) was found to be approximately
zero for all labeling positions. RMSD heatmaps for the ENDOR
simulations of GQ1 are given in Figure 4. Each heatmap was
plotted for a pair of fitting parameters, with the third parameter
set to its optimized value. All optimized parameters are listed in
Table 1, which demonstrates that not only distances but also
relative orientations of 19F with respect to Cu(II) can be
determined precisely (more information on the simulations can
be found in Supporting Information 2.10 and 2.11). The
determined β angles were in agreement with the expected
values for the ‘up’ and ‘down’ conformations (Figure 2B and
Supporting Information 1.6).

Computational investigation

To relate the experimental data to computationally derived
models, we performed MD simulations on GQ1 and GQ3, and
selected structural snapshots that matched the Cu(II)� 19F
distances d and exhibited high symmetry. Using these structural
models, we calculated 19F hf couplings via density functional
theory (DFT). DFT calculations on MD snapshots for GQ1 and
GQ3 (d1=8.359 Å and d2=8.391 Å, respectively) reproduced
the hf coupling tensor determined via 19F ENDOR, confirming
the consistency of the point dipole approximation for this
system (see Table S4). Additionally, the computed g-tensors
agreed with the experimental values, indicating that the spin
density distribution was accurately described by DFT.[49] Further
details on the MD and DFT investigations can be found in the
Supporting Information (SI3–4).

Figure 2. (A) A representative echo-detected EPR spectrum for a sample
carrying the 19F tag at position 3 (GQ3) recorded at 34 GHz (black solid trace)
with the corresponding simulation (pink dashed trace). Simulation parame-
ters: g?=2.061, gk=2.275, Ak=555 MHz (see Supporting Information 2.1-
2.3 for details of the experimental conditions and simulations). Field
positions where ENDOR spectra were measured are marked a to g. (B) The
‘up’ and ‘down’ conformations are shown with blue and gold sticks,
respectively. The protons exchanged for 19F in this study are shown in red.

Table 1. The isotropic hf term (Aiso),
19F angular position (β), and distance

between Cu(II) and 19F (d) obtained from the orientation-selective ENDOR
simulations for the GQ species GQ1–GQ4. The experimental uncertainties
were estimated as ranges where the RMSD reaches 115% of its minimal
value (see S2.11).

Sample Aiso; sim/kHz βsim/deg dsim/Å

GQ1 � 1�6 98�5 8.2�0.1

GQ3 � 1�6 100�4 8.3�0.1

GQ2 0�8 131�7 10.7�0.4

GQ4 2�10 131�10 10.5�0.5
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19F labeling of the loop region

In this study, we not only investigated the rigid G-tetrad region
of GQs using GQ1-GQ4, but we also tested the feasibility of
using our Q-band 19F ENDOR approach to explore the dynamic
regions of GQs. We did this by studying species GQ5, with the
19F tag incorporated in the loop region, which is expected to
have some flexibility due to the absence of hydrogen bonding
networks. As predicted, the conformational heterogeneity of
GQ5 resulted in broad and poorly resolved 19F ENDOR spectra
(Figure 5). We note that we also observed broad 19F spectral
features with partially unfolded GQ2/GQ4 samples (Figure S11).
However, unlike these samples, 19F labeling in GQ5 did not

cause a destabilization of the GQ structure (see Supporting
Information 1.4 and Figure S2). Therefore, the broad ENDOR
features observed for GQ5 demonstrate the flexibility of the
loop region. These findings show the capability of 19F ENDOR at
Q-band to identify dynamic regions within folded DNA
structures.

Comparison of Q- and W-band ENDOR

Finally, we analyzed the advantages and disadvantages of our
approach for the investigated systems by comparing the 19F
ENDOR results at Q- and W-band. For a direct comparison, we

Figure 3. (A,E) Normalized orientation-selective 19F Mims ENDOR spectra of GQ1 and GQ2 in deuterated buffer recorded at 15 K at several field positions
marked in Figure 2A (black traces), overlaid with spectral simulations (red dashed traces). Each spectrum was normalized to its maximum intensity; optimized
τ values for each field position are given in Table S2. Asterisks mark broad spectral features originating from the denatured GQ fraction. (B) Inter-spin vector d
and angular position β for the 19F tag in GQ1 with respect to the Cu(II) g-tensor (d1 and β1 refer to the parameters observed in GQ1). (C,D) Angle θ between d
and B0 for the three orientations of the magnetic field along the canonical directions of the Cu(II) g-tensor. See Supporting Information 2.8 for GQ2,
characterized by a larger angle β2 >β1.

Figure 4. RMSD heatmap plots for the 19F angular position (β), inter-spin Cu(II)� 19F distance (d), and the isotropic hf term (Aiso), used to fit the orientation-
selective ENDOR data of GQ1 (Figure 3A and S6). Each heatmap is plotted for a pair of fitting parameters, with the third parameter set to its optimized value
(Table 1).
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collected W-band ENDOR data for GQ3 at the field positions
corresponding to approximately the same effective g-values as
at Q-band (positions b-g, see Figures 6, S15, and Supporting
Information 2.12). Overlaying 19F ENDOR spectra at both
frequencies revealed almost identical line shapes (Figure S15),
which could be attributed to the significant g-anisotropy that is
already well-resolved at Q-band. The W-band spectra did not
provide additional structural information and could be simu-
lated using the 19F hf tensor determined at Q-band (Figure 6).

Notably, the ENDOR line width, which sets the upper limit
of the accessible distance range, remained almost unchanged
between Q- and W-bands in our study (FWHM�36 kHz for GQ3
at g j j). Furthermore, we assessed the influence of background

subtraction on the data quality and found that the 19F ENDOR
data at both frequencies showed similar signal-to-noise ratios
normalized to the acquisition time (see Supporting Informa-
tion 2.13 and Table S3).

Conclusions

Our study demonstrates that the precise determination of key
structural features of DNA GQs at atomic-scale resolution in
frozen aqueous solutions can be achieved through ENDOR
spectroscopy at Q-band combined with Cu(II) and 19F labeling.
Our four-point-fixed, rigid Cu(II) spin label was designed for
DNA GQs and allowed distance measurements in the approx-
imate range of 8–11 Å with a high accuracy of up to 0.1 Å,
depending on the distance and labeling site. This approach also
distinguished a flexible structural moiety within the folded DNA
GQ motif from a rigid one, which is crucial for understanding
the structure of novel GQs.

Our future plans include applying the methodology to
characterize the substrate docking to the Cu(II) catalytic site of
GQ-based metalloDNAzymes, shown to catalyze the Michael
addition reaction with excellent yields and enantioselectivity.[23]

In such a system, the GQ is modified with copper, while the 19F
tag is incorporated into the substrate. Conversely, binding
modes of GQs with Cu(II)-containing ligands such as
porphyrins[50] can be studied with the GQ carrying only the
minimal 19F modification. Additionally, our method can help
identify the sites and modes of GQ-protein interactions[51] via
changes in the loop flexibility upon protein binding. Thus, our
findings expand the toolbox of structure elucidation methods
for macromolecules, providing new opportunities for broader
applications of ENDOR-based distance measurements.

The technique shows promise for the diverse group of
copper-containing proteins, for example, particulate methane
monooxygenase,[52] as well as Cu(II)-based spin labels such as
Cu(II)� DPA[53,54] and Cu(II)-binding dHis motif[55–57] utilized for
pulsed dipolar EPR studies of nucleic acids and proteins,
respectively. Additionally, the method is not limited to Cu(II)-
based spin probes. Other paramagnetic centers with a signifi-
cant g-anisotropy, such as FeS clusters and heme centers, are
expected to be resolved at Q-band without the loss of orienta-
tional information.

Finally, the latest developments in Q-band EPR instrumenta-
tion concerning the cryogenic signal preamplification[58] reduc-
ing the acquisition time by a factor of ~40 in certain cases,
further boost the relevance and future potential of the Q-band
19F ENDOR implementation over W-band. We anticipate this
method to be widely utilized in DNA research to investigate the
structural diversity and flexibility of GQs, further oligonucleotide
motifs, DNA-protein complexes, and metalloDNAzymes.

Experimental Section
Synthesis and Purification: The synthesis of the pyridine building
block L was carried out as described in the literature.[42] Only the

Figure 5. Normalized orientation-selective 19F Mims ENDOR spectra of GQ5
in deuterated buffer recorded at 15 K at several field positions marked in
Figure 2A (black traces), overlaid with spectral simulations (red dashed
traces) for d=7.8 Å, β=65°. The flexibility of the loop region leads to
multiple 19F tag conformations with a significant and anisotropic ENDOR line
broadening, producing uncertainty in the simulations (see Supporting
Information 2.11 and Figures S13–S14).

Figure 6. Normalized orientation-selective 19F Mims ENDOR spectra of GQ3
in deuterated buffer recorded at 94 GHz (black traces), overlaid with spectral
simulations (red dashed traces). Simulations employed the 19F hf tensor
obtained from the 34 GHz dataset without additional optimization.
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(S)-enantiomer was used in this study. All oligonucleotides were
synthesized on a K&A Laborgeraete GbR H-8 synthesizer on a 1 μmol
scale using the standard phosphoramidite methods on CPG and
following previously published procedures for synthesis.[39,42]

Standard phosphoramidites (DMT-dT-CEP, DMT-dA(bz)-CEP and
DMT-dG(iBu)-CEP) as well as modified phosphoramidites (DMT-2’-
fluoro-dU-CEP and DMT-2’-fluoro-dG(ib)-CEP) were used. Purifica-
tion of the oligonucleotides was performed as described in
literature,[41] with reversed-phase HPLC on an Agilent Technologies
1260 Infinity II HPLC system equipped with an autosampler, column
oven, DAD detector and a Macherey-Nagel VP 250/10 NUCLEODUR
100-5C18ec column (oven temperature: 60 °C, flow rate: 2.5 mL/min,
solvent A: 50 mM TEAA pH 7, solvent B: 70 :30 MeCN/50 mM TEAA
pH 7, gradient: from 100% solvent A to 20% solvent A and 80%
solvent B in 30 min). Collected product fractions were lyophilized
overnight using a Christ Alpha 2–4 LSCBasic lyophilisation device
and then dissolved in 1–2 mL of 100 mM TEAA buffer pH=7.0.
Subsequently, the cleavage of the 5’-OH DMT protecting groups
(with 2% TFA) and desalting were accomplished using Waters Sep-
Pak C18 cartridges.

Analytics of Oligonucleotides: To check the oligonucleotide purity,
samples (10 μL) with DNA concentrations of around 500 μM in
20 mM TEAA pH 7 were prepared, and analytical RP-HPLC was
performed on an Agilent Technologies 1260 Infinity II system
equipped with an autosampler, column oven, DAD detector and a
Macherey-Nagel EC 250/4.6 NUCLEODUR 100–5 C18ec column (oven
temperature: 60 °C, flow rate: 0.75 mL/min, solvent A: 50 mM TEAA
pH 7, solvent B: 70 :30 MeCN/50 mM TEAA pH 7).

UV-Vis and CD characterization of G-Quadruplexes: All measured
samples contained 4 μM DNA, 4 μM CuSO4, 100 mM KCl, and
10 mM lithium cacodylate buffer pH 7.2. For all experiments,
samples were prepared with ultrapure water (type I, 18.2 MΩcm),
obtained with a VWR Puranity TU 3 UV device. Samples were heated
at 85 °C for 10 min, slowly cooled to 4 °C with a cooling rate of
0.5 °C/min, and then left at this temperature for several hours
(typically overnight).

The Jasco V-650 UV-Visible Spectrophotometer equipped with a PAC-
743 6-cell thermostat for temperature control was used to measure
the melting curves and TDS spectra. Quartz glass cuvettes (Hellma
Analytics114-QS, 1 cm path length) were used for the measure-
ments. For the melting curves, absorbance at the wavelength of
295 nm was plotted, with the signal at 350 nm used for background
correction. The data points were recorded from 0 °C to 85 °C, with
the temperature increasing by 0.5 °C/min. The melting temperature
was determined by finding the inflection point of the melting
curve. For the thermal difference spectra (TDS), a UV-Vis spectrum
was recorded between 220 and 350 nm at 0 °C (folded condition)
and 85 °C (unfolded condition). The absorbance values at 350 nm
were used for background correction. Subsequently, the measured
data of the folded GQs were subtracted from the measured data of
the unfolded GQs.

CD spectra were measured on an Applied Photophysics Chirascan
qCD spectropolarimeter (350–220 nm, 0.5 s time-per-point, step size
1 nm, bandwidth 0.5 nm, 3 repeats) at 4–7 °C. The temperature was
controlled using a Quantum Northwest temperature control
attached to a sample probe. All spectra were averaged, back-
ground-corrected (cuvette, buffer, and electrolyte), smoothed
(Savitzky-Golay, window size 5), and zeroed to the signal at 350 nm.

EPR/ENDOR Spectroscopy: All starting sample solutions contained
2 mM DNA, 2 mM CuSO4, and 50 mM potassium phosphate buffer
pH 7, and were prepared with ultrapure water (type I, 18.2 MΩcm).
The water was then removed by lyophilization, and the solid was
then dissolved in D2O. For GQ folding, the solution was heated at

85 °C for 10 min, slowly cooled to 4 °C with a cooling rate of 0.5 °C/
min, and then left at this temperature for several hours (typically
overnight). After completion of the GQ folding, the DNA solution
was placed on ice and mixed 1 :1 (v/v) with glycerol-d8, which had
also been stored on ice. Sample solutions (GQ0–GQ5) containing
the final DNA concentration of 1 mM (~20 μL) were transferred into
1.6 OD ilmasil® PN quartz tubes, flash-frozen in liquid nitrogen, and
stored at approximately � 196 °C.

34 GHz (Q-band) EPR and ENDOR measurements were carried out
at 15 K using a Bruker Elexsys E580 spectrometer equipped with a
150 W TWT amplifier (Applied System Engineering, 187Ka), com-
mercial Bruker EN 5107D2 ENDOR resonator, Oxford Instruments
CF935 continuous-flow helium cryostat and Oxford Instruments
MercuryiTC temperature controller. ENDOR experiments were
performed using an AR 600 W radiofrequency (RF) amplifier (AR
600 A225 A) with the standard Mims ENDOR sequence[46] with a
45 μs RF pulse. The inter-pulse delay t was optimized for each
measurement, as described in the Supporting Information. 1H
Davies ENDOR spectra were collected using the same equipment,
following the standard Davies[59] sequence with a 17 μs RF pulse
and a 200 ns inversion pulse. 94 GHz (W-band) EPR and ENDOR
measurements were carried out at approximately 4.4 K (except for
the ENDOR trace g in Figure 6 and the trace in Figure S17, which
were collected at 15 K) using a Bruker Elexsys E680 spectrometer
equipped with a 2 W mw amplifier (Quinstar, model QPP-
94013338MPI), commercial Bruker EN 680-1021H ENDOR resonator
and a closed-cycle 6 T Cryogenic J4233 split-pair superconducting
magnet with an integrated 2–300 K cryostat. Mims ENDOR experi-
ments were carried out using a 100 W RF amplifier (Mini-Circuits
ZHL-100 W-GAN+). EPR and ENDOR simulations were performed
using the EasySpin package (versions 6.0.0-dev.36-51).[60]

For details, see the corresponding Materials and Methods sections
in the Supporting Information.

Supporting Information

The authors have cited additional references within the
Supporting Information.[61–94]
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