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We present and discuss the performance of 1H electron-nuclear double resonance (ENDOR) at
263 GHz/9.4 T by employing a prototype, commercial quasi optical spectrometer. Basic instrumental fea-
tures of the setup are described alongside a comprehensive characterization of the new ENDOR probe
head design. The performance of three different ENDOR pulse sequences (Davies, Mims and CP-
ENDOR) is evaluated using the 1H BDPA radical. A key feature of 263 GHz spectroscopy – the increase
in orientation selectivity in comparison with 94 GHz experiments – is discussed in detail. For this pur-
pose, the resolution of 1H ENDOR spectra at 263 GHz is verified using a representative protein sample
containing approximately 15 picomoles of a tyrosyl radical. Davies ENDOR spectra recorded at 5 K reveal
previously obscured spectral features, which are interpreted by spectral simulations aided by DFT calcu-
lations. Our analysis shows that seven internal proton couplings are detectable for this specific radical if
sufficient orientation selectivity is achieved. The results prove the fidelity of 263 GHz experiments in
reporting orientation-selected 1H ENDOR spectra and demonstrate that new significant information
can be uncovered in complex molecular systems, owing to the enhanced resolution combined with high
absolute sensitivity and no compromise in acquisition time.

� 2019 Published by Elsevier Inc.
1. Introduction

Electron-nuclear double resonance (ENDOR) defines a group of
EPR-based double frequency methods to detect magnetic nuclei
in the vicinity of paramagnetic centers [1–6]. It enables to detect
hyperfine (hf) interactions in the range from hundreds of MHz
down to tens of kHz [7] that are often not resolved in an inhomo-
geneously broadened EPR line and also not easily accessible by
paramagnetic NMR [8]. ENDOR was initially introduced as a con-
tinuous wave (cw) technique [6,9,10], which was later extended
to several pulse methods. Basic ENDOR pulse sequences, such as
Mims [1] and Davies [2], consist of series of microwaves (mw)
pulses to drive and detect EPR transitions, while a radio frequency
(RF) pulse is applied to excite nuclear transitions. The detected sig-
nal is a change of the EPR line intensity monitored during an RF fre-
quency sweep. In principle, the experiment can be performed at
any magnetic field, however the optimal field range depends on
a paramagnetic system in study.

At high magnetic fields (J3 T), several advantages arise from
ENDOR [11–14]. The detection sensitivity of high-frequency/
high-field EPR spectrometers is largely increased, leading to the
capability of working with small sample volumes (K1 lL) at lM
sample concentrations. This is a crucial advantage for protein or
nucleic acid research, where the available sample amount is usu-
ally limited. Higher magnetic fields also lead to a higher nuclear
Zeeman resolution for low-ɣ nuclei as well as to ‘first order’ type
hyperfine spectra [15–17], which are much easier to simulate
and interpret. The most characteristic feature in high-frequency/
high-field (HF) ENDOR is that a standard rectangular microwave
pulse excites merely a small fraction of the EPR spectrum, thus
covering only a few molecular orientations in a sample randomly
oriented with respect to the external magnetic field. This can be
utilized to perform so-called orientation selection, from which
not only distance information but also hf tensor orientations with
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respect to the molecular axes of the paramagnetic center can be
extracted. For all these reasons, in the last decade HF ENDOR has
been widely applied to elucidate detailed structural arrangements
of ligands surrounding paramagnetic centers [18–26].

However, despite the fact that the first HF ENDOR spectrome-
ters operating at 94 GHz were built more than two decades ago
[27–29] and ENDOR at 275 GHz [13] was introduced more than
a decade ago, ENDOR studies in the frequency range J200 GHz
are scarce. In this paper, we demonstrate some attractive features
of 263 GHz ENDOR, i.e. the increased spectral resolution combined
with the intrinsic absolute sensitivity, which can be particularly
useful to disentangle complex 1H ENDOR spectra contributed by
several nuclei. We employ our quasi-optical EPR/ENDOR spec-
trometer (Bruker BioSpin) operating at 263 GHz (9.4 T) and
describe a new probe head design in context of its ENDOR perfor-
mance using the protonated 1,3-bis(diphenylene)-2-phenyl-allyl
(BDPA) radical as a model system. In a second step, we present a
comparison of 94 and 263 GHz HF ENDOR spectra on a protein
radical, the native tyrosyl radical Y122

� from E. coli ribonucleotide
reductase (RNR). Experiments and analysis consistently show that
new spectral features become visible at 263 GHz, accessing new
information content. The availability of increased spectral resolu-
tion in 263 GHz 1H ENDOR combined with the intrinsically high
absolute sensitivity and no compromise in spectral acquisition
time will potentially expand the application of ENDOR spec-
troscopy to studies of more complex biological systems under real
sample conditions.
2. Methods

Samples: Protonated BDPA (1,3-bis(diphenylene)-2-phenyl-ally
l) radical was dispersed in a protonated polystyrene matrix (0.1%
w/w) and loaded into 0.2-mm-ID (inner diameter) quartz capillar-
ies with a filling volume of about 30�50 nL. Wild-type (wt) RNR-b2
protein subunit was prepared in H2O buffer consisting of 50 mM
HEPES, 15 mM MgSO4 and 1 mM EDTA adjusted to pH = 8.0. The
estimated concentrations of the Y122

� radical in solution were
around 300 mM and 200 mM for measurements at 263 GHz and
94 GHz, respectively. Protein solutions were loaded in capillary
tubes (Vitrocom CV2033S/Q with OD (outer diameter) = 0.33 mm
and ID = 0.2 mm for 263 GHz; and OD = 0.87 mm and ID = 0.70 mm
for 94 GHz), and subsequently quickly frozen in liquid N2. For
263 GHz, sample capillaries were inserted into the precooled res-
onator immersed in a liquid N2 bath. The cold probe head was
Table 1
Hf parameters used in ENDOR spectra simulations for Y122

� andcomparison with DFT pred
from Ref. [44]. Bold values are from Ref. [30], Italic values for 1H-Cb1 are from the EPR
simulation. For the H-Cb1 coupling, the hf-parameters were used only to compute the orie
the 1H-Cb1 is displayed in Fig. S13. The second row of DFT predicted values for C3/C5 indicat
of the DFT prediction and was not found either in this or in any previous data analysis [3
Fig. S16. For both ENDOR and DFT simulations, Euler angles a, ß and c are defined by z, y0 , z
frame. Positive angles are clockwise rotations when viewed along the rotation axis, i.e. foll
the simulated hf values is up to 10% and considers also uncertainty in the magnetic field

Simulated hfcs from ENDOR

Ax (MHz) Ay (MHz) Az (MHz) a b

1H-Cb1 59 55 56 – –
1H-Cb2 8

�2.1
�1
6.2

�1
�1

7 �4

1H-Ca 1.2
–

�1.0
–

�4.1
–

0 20

C3/C5 ring protons �27.2
�26.4

�7.9
�8.1

�19.8
�19.3

25/155 0

C2/C6 ring protons 4.9
4.9

7.7
7.7

1.7
1.9

�25/
�155

0

transferred into the cryostat, precooled to � 100 K. In contrast,
sample capillaries for 94 GHz were inserted into the resonator, pre-
cooled to � 80 K directly inside the cryostat.

94 GHz pulsed EPR/ENDOR: Spectra were recorded on a Bruker
E680 W-band spectrometer equipped with a new 2W microwave
amplifier (Quinstar), leading to typical p pulse lengths of � 20 ns.
Samples for 94 GHz spectroscopy contained typical volumes of
�2 lL. RF pulses were amplified with a 250 W RF-amplifier
(250Α250A, Amplifier Research). Typical 1H RF pulse lengths at this
frequency were 20 ls and 60 ls for ‘‘hard” and ‘‘soft” RF excitation,
respectively.

Simulations of ENDOR Spectra. ENDOR spectra were simulated
using a MATLAB routine developed in house [30], which computes
EPR spectra, orientation selection and ENDOR frequencies based on
a first order Hamiltonian (high field approximation) for the hyper-
fine interactions [16]. For the ENDOR spectra, ENDOR resonances
were convolved with a Lorentzian line shape. Powder averaging
was performed with 0.1� and 0.25� increments in the range of
0� p=2 and 0� p for h and u polar and azimuthal angles, respec-
tively. The ”hole burning”-effect from the inversion pulse in the
Davies sequence is included by multiplying the calculated ENDOR
powder pattern with an envelope function given in the text (Eq.
(2)). The ENDOR simulations were reproduced with the EasySpin
‘‘salt”-routine using approximations of the first order perturbation
theory [31], and a Gaussian linewidth for a single ENDOR transi-
tion, whereas the number of knots was set to 200. To take into
account different notations for tensor transformations, i.e. ‘‘hf-
tensor to molecular frame” as in the home-written algorithm vs.
‘‘molecular frame to hf-tensor” as in EasySpin, the EasySpin spectra
were simulated with the inverted order and the sign of the three
Euler angles (-c, -b, -a instead of a, b, c). In both programs, positive
angles are clockwise rotations when viewed along the rotation
axis, i.e. following the right-hand rule.

Simulations of EPR spectra. Spectral simulations were carried out
using the ‘pepper’ routine in EasySpin. Full matrix diagonalization
and 3� increments in powder average were employed. The isotro-
pic linewidth (‘lw’) for the simulation was chosen to be a Gaussian
with FWHM of 2.5 G. The parameters for g strain were then opti-
mized in order to best reproduce the spectral features. Hyperfine
interactions with all 7 nuclei given in Table 1 were included in
the simulations. The signs and the order of the Euler angles were
inverted as compared to those in Table 1 to match the EasySpin
convention, as explained in the above paragraph.

DFT calculations. All calculations were performed with ORCA
4.0.1.2 [32] employing the B3LYP functional [33–36] in
icted tensor values and Euler angles using the conformation for the radical structure
simulation and consistent with Ref. [65], regular-font values are from the ENDOR
ntation selection and to simulate the EPR spectrum. One representative spectrum for
e a non-equivalent set. However, we note that this non-equivalency is within the error
0,71]. A simulation with the non-equivalent set predicted by the DFT is displayed in
00 – convention and refer to rotations from the hyperfine tensor frame into the g tensor
owing the right-hand rule. Numbering of the atoms is given in Fig. 5A. Uncertainty in
value due to hysteresis. Uncertainty in the DFT calculated values is up to 20%.

DFT predicted hfcs

c Ax (MHz) Ay (MHz) Az (MHz) a b c

– 52.5 47.4 46.0 46 59 63
�70 5.2 �0.6 �0.1 7 �4 �70

�60 1.3 �2.1 �2.9 0 19 �58

0 �28
�25

�6
�6

�20
�18

25
�30

0
0

0
0

0 6 10 3 �44
44

0
0

0
0
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combination with the def2-TZVPP basis sets [37] for all atoms and
the RIJCOSX approximation [38,39]. The geometry of the model
system was optimized employing dispersion correction (d3bj)
[40,41] and the conductor-like polarizable continuum model
(cpcm, e = 4) [42], as suggested to account for the hydrophobic pro-
tein environment [43]. Optimizations were followed by calculation
of the g tensors and hf coupling values. A frequency calculation was
carried out to ensure that the computed geometry constitutes an
energetic minimum. The dipeptide Ac-Tyr-NHMe was chosen as a
model system in order to avoid possible truncation effects and to
allow enforcement of the sidechain orientation encountered in
the protein solid-state structure. For this purpose, the dihedral
angles defining the backbone orientation were constrained during
geometry optimization to the values from pdb 1mxr (C-NTyr-Ca,Tyr-
CTyr: �66.3�, NTyr-Ca,Tyr-CTyr-N: �36.1�) [44], while the dihedrals
describing the side chain orientation were adjusted to the values
derived in a single-crystal ENDOR study (CTyr-Ca,Tyr-Cb,Tyr-Cc,Tyr:
169.4�, Ca,Tyr-Cb,Tyr-Cc,Tyr-CRing: 126.2�) [44]. No constraints were
employed on any bond lengths or angles.
2.1. 263 GHz/9.4 T ENDOR spectrometer

All 263 GHz measurements were performed on a prototype
ELEXSYS E780 spectrometer (Bruker BioSpin). The performance of
the commercial EPR spectrometer in recording pulse EPR/PEL-
DOR/RIDME/EDMR spectra has been reported in previous publica-
tions [45–50]. For ENDOR, the spectrometer is equipped with a
cylindrical EPR/ENDOR resonator (E9501510/Bruker BioSpin) and
an RF generating pulse unit. The spectrometer layout is illustrated
in Fig. 1A. The bridge consists of two parts, (1) the intermediate-
frequency (IF) pulse forming bridge, which operates at X-band fre-
quencies (9.65 ± 0.4 GHz), and (2) the quasi-optical front-end con-
verting the IF first to Ka-band (32.9 ± 0.25 GHz) and then via
multiplication up to 263.3 ± 2 GHz. Our instrument is equipped
with a recently installed 100 mW Amplifier-Multiplier-Chain
(AMC, Virginia Diodes Inc.), which is coupled to the resonator via
a corrugated waveguide. The power incident to the resonator
was measured with a power meter (Virginia Diodes Inc./Erickson
PM4) to be around 50 mW.

The ENDOR resonator is designed to operate in a TE012 cylindri-
cal microwave mode (Fig. 1B). The frequency tuning is provided by
a quartz rod (0.4/0.55 mm ID/OD) being inserted into the resonator
with a fine tuning mechanism and sliding axially over the sample
tube (0.2/0.33 mm ID/OD). The microwave mode is shortened by
two silver plungers fixed axially in a metallic (3 mm OD/1.2 mm
ID) cylinder. In addition, a fine mechanism is implemented to allow
coupling adjustment during the measurements. With the available
mw power and under optimal coupling, the ENDOR probe head
provides mw p/2 pulses as short as 30–34 ns depending on sample
and temperature (Fig. S1). The EPR pulse sensitivity was experi-
mentally determined by measuring a single-shot echo signal from
50 mM and 10 mM 14N-TEMPO in H2O:glycerol mixture (0.8:0.2) at
10 K. It was in the range of 3 � 109 spins/G, as reported in SI1 and
Fig. S9. The estimated sensitivity is in reasonable agreement with
previously reported data for HF spectrometers [30,51–53], how-
ever does not scale with mw frequency as expected (x7/2) if com-
paring with the 94 GHz setup, which shows nearly the same
absolute sensitivity (2 � 109 spins/G, SI1 and Fig. S9) but with
higher mw power provided by a 2 W amplifier. The bandwidth of
the loaded resonator was determined by measuring Rabi nutations
of the protonated BDPA sample at RT and 10 K. It was around
1.50 GHz and 1.35 GHz, which translates into the Q-values of 180
and 200 at RT and 10 K, respectively. Thus, the conversion factor
c of the resonator (defined here as c ¼ B1=P

1=2) was estimated to
be in the range of 12.3–12.7 G=

ffiffiffiffiffiffi
W

p
depending on temperature,
which is in accordance with the reported tabulated values for sev-
eral HF resonators [54].

The ENDOR coil is designed as a saddle coil [13,29,30,53,55] in a
close to Helmholtz configuration. Each coil side has 3 turns of
2.5 mm diameter closely placed to the metallic cylinder of the
microwave resonator. To allow for RF penetration [13], 3 slots
(60 mm wide and 200 mm spaced) are cut into the resonator wall.
The coil and resonator configuration were simulated with CST Stu-
dio Suite (Computer Simulation Technology) at a radio frequency
of 400 MHz. The simulation considers the coil, the resonator wall,
the resonator slots and the material. For the simulation one side
of the coil was connected to an RF source, the other end of the coil
was terminated by a 50 Ohm load. The simulation of B2 along the
sample axis shows a maximum B2 of 0.175 G=

ffiffiffiffiffiffi
W

p
corresponding

to a p-pulse of �60 ms with the RF Amplifier used in this study
(for B2 profile see Fig. S3).

RF is generated by a two-channel RF pulse forming unit (Bruker
DICE-II) and amplified by a 125W RF amplifier (Amplifier
Research, model 125W1000) for excitation at frequencies close to
400 MHz (1H Larmor frequency at 9.4 T). A 50-Ohm semi-rigid
coaxial cable (type RG 214U) leads the amplified RF to the ENDOR
coil (see Fig. 1). After the coil, the cable is terminated by a 50 Ohm
load to match the amplifier output and the RF transmission line. No
matching circuit is used in this arrangement. The achieved cou-
pling for the RF power (defined as S11-parameter, i.e. reflection)
is close to �3 dBc within the range of � 40 MHz centered at
400 MHz (Fig. S4). The efficiency of the coil and the transmission
line allows reaching typical RF p-pulse lengths of 60–70 ms practi-
cally independent of the measurement temperature (Fig. S2), as
determined from Rabi-nutations in resonance with the small hf
couplings of 1H BDPA. These numbers are considerably different
from the ones reported by Blok et al. with a similar setup [13],
however we note that these authors did not report Rabi oscillations
for 1H. The availability of a broadband RF circuit is indispensable to
perform pulse ENDOR experiments with stochastic RF acquisition.
This acquisition mode is mandatory not only to attenuate baseline
distortions due to heating effects of the RF pulses [56], but also to
overcome the nuclear relaxation issues related to averaging of
multiple shots at the same ENDOR frequency, as we pointed out
in a previous paper [57].

To acquire orientation-selected ENDOR spectra, the magnet
specifications and settings are important. The persistent magnetic
field around 9.4 T is provided by a cryogen-free superconducting
magnet (0–12 T), equipped with an additional coil to sweep the
field in the � 0.3 T range. To compensate the non-linear behavior
of the magnetic field during a sweep, we utilize the field-
linearization routine implemented in the Bruker software, by
which the magnetic field settings are corrected during the field
sweep using a calibration table for a field hysteresis. This proce-
dure is also important to set the different field values during
orientation-selected ENDOR experiments. The resolution of the
field control with the sweep coil is around 0.4 mT (4 mG). Field
homogeneity at the resonator position is �10 ppm over 10 mm
along the B0 axis, which translates into �100 mG at a sample
length of �1 mm.
3. Results and discussion

3.1. 1H-ENDOR on protonated BDPA

To probe the 1H ENDOR performance of our spectrometer, we
initially recorded ENDOR spectra of the standard BDPA radical in
polystyrene (Fig. 2A, top) with three pulse sequences, i.e. Mims-
[1], Davies- [2] and cross-polarization (CP) edited ENDOR [58]. At
263 GHz, g anisotropy is weakly observable and the EPR line has



Fig. 1. (A) Block-scheme of the 263 GHz EPR/ENDOR spectrometer. Polarization of the incident and reflected beams is plotted in colors. After sample excitation, two detection
modes are feasible: reflection and induction. With a cylindrical EPR/ENDOR resonator only the reflection mode is applicable. In the latter, the reflected signal (co-polarized to
the excitation wave) is down-converted to X-band frequencies by double-mixing it with the internal reference arm (126.8 ± 0.8 GHz) for a quadrature detection. (B) 263 GHz
EPR/ENDOR resonator and the arrangement of main working units in it. Left (upper): A saddle ENDOR coil mounted around the resonator and producing the RF B2-field
pointing as indicated. Left (below): Cavity construction and simulated B1-field profile of the operating cylindrical TE012 mw mode. The figure shows the loaded resonator
mode pattern. The numbered units are: 1 and 10 – silver plungers, 2 – waveguide (0.8 mmwide), 3 – coupling iris (0.4 mmwide), 4 – slots (RF, modulation and UV access), 5 –
quartz sample tube, 50 – quartz tuning tube. For optimum pulse-EPR sensitivity, the sample extends through the entire resonator length. For pulse-ENDOR the optimum
sample placement is the right half of the resonator. Three slots in a cylindrical compartment render the resonator transparent for RF and field modulation for CW EPR.
Positioning of the plungers is fixed. Frequency tuning is performed with a quartz tube (50) sliding within the resonator. Mechanical pre-alignment with the microwave mode,
as displayed in the figure, is done during cavity assembly. The usual alignment checks are the Q-factor, the coupling strength and the nominal p/2 values for microwave (B1)
and RF (B2) fields. Right: general arrangement of the plungers shown in combination with a frequency tuning mechanism.
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Fig. 2. (A) Schematic structure of the BDPA radical and 263 GHz ESE spectrum of the radical in polystyrene matrix (0.1%) at room temperature. Exp. parameters for ESE: tp/2,
mw = 32 ns, SRT = 15 ms, 5 scans with 25 shots/point. (B) Mims-, Davies- and CP-ENDOR of protonated BDPA measured at 10 K. The expected positions of blind spots in the
Mims spectrum are marked by arrows. CP-ENDOR spectrum is a sum of 26 slices, each measured varying the RF offsets DxCP

n in a 2D experiment. Exp. conditions for ENDOR:
T = 10 K, random RF acquisition, the total number of scans is 520; Mims: tp/2,mw = 32 ns, s = 200 ns, tp,RF = 60 ms, SRT = 75 ms, 1 shot/point; Davies: tp,mw (inversion) = 200 ns
and 400 ns; tp/2,mw (detection) = 100 ns and 200 ns, s = 400 ns, tp,RF = 60 ms, SRT = 75 ms, 1 shot/point; CP-ENDOR: 0.48 MHz RF offset step, each slice was averaged with 20
scans and 1 shot/point, tp/2,mw = 200 ns, x1e=2p= 1.25 MHz, tCP = 200 ms, SRT = 75 ms.
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a spectral width of 13 G (FWHM) due to unresolved hf splittings
(Fig. 2A, bottom), offering large sensitivity for the EPR detected sig-
nal. A comparison of Davies-, Mims- and CP-ENDOR spectra is
interesting, as the latter sequence is much more demanding in
terms of signal stability and a successful CP-ENDOR implementa-
tion was not obvious, due to the extremely small dimensions of
the resonator and the mechanical/thermal stress at helium tem-
perature and concomitant RF irradiation. Indeed, CP-ENDOR spec-
tra require long mw and RF irradiation (on the order of 100–
200 ls) and must be acquired in a pseudo 2D fashion [59] as a
function of both the applied RF frequency (xRF) and the RF offset
(DxCP

n ), (Fig. S11, SI). As CP-ENDOR spectra of individual slides
are strongly asymmetric, to reconstruct a full ENDOR spectrum
with true intensities, both mw and RF field strengths in the
263 GHz resonator, as well as the detected ESE signal, must be
stable during the whole 2D acquisition.

For a comparison of the three experiments, spectra were
recorded at 10 K with an identical total number of scans
(Fig. 2B). The CP-ENDOR line shape recovered after summation
of all 26 slices (Fig. S11) results symmetrically around the Larmor
frequency and consistent with the line shape of the Davies
ENDOR spectrum recorded with a very selective (400 ns) inver-
sion p pulse (Fig. 2B). This observation indicates that the ENDOR
double resonance structure at 263 GHz and 400 MHz maintains a
stable performance over the acquisition time of this experiment,
which was about 3 h at low temperature. The largest S/N was
observed with the Davies sequence (400 ns preparation/inversion
pulse) and was a factor of 2–3 larger than in CP- and Mims
ENDOR. The result is different from our report at W-band [57],
where CP-ENDOR performed favorably as compared to Davies in
this temperature range. However, the effect might be rationalized
by considering that the RF field strength x1n generated in the
263 GHz ENDOR resonator, which drives CP transitions, is about
a factor of 3–4 lower than in our W-band resonator and that
the T1e is much shorter at 263 GHz than at 94 GHz (see § 3.2), dis-
favoring the CP experiment. The CP- and Mims ENDOR spectra
show comparable S/N ratios, however the line shape in Mims
ENDOR contains ‘‘blind spot” distortions not visible in CP-
ENDOR. Therefore, CP-ENDOR at this frequency might be an alter-
native to Mims for resolving small hf couplings, however this
comparison should be addressed in more details in a separate
paper. A slight asymmetry between the two lines belonging to
the same hf coupling is observed in all spectra but it does not cor-
relate with a relaxation effect due to thermal polarization [60,61].
This was verified by performing Davies ENDOR experiments with
increasing delay after the RF pulse [60] (Fig. S10), starting for the
value employed in these sequences, i.e. about 1 ls. We observed
that generation of asymmetry requires much longer relaxation
delays. Therefore, we assign the asymmetries to a hardware
effect, likely a non-linearity of the RF transmission line over the
broad frequency range.

3.2. 1H-ENDOR spectroscopy on a protein tyrosyl radical

3.2.1. Comparison of orientation selection at 263 GHz versus 94 GHz
When observing ENDOR spectra of organic radicals in frozen

solution, such as protein radicals, the intrinsic orientation selection
achieved at this high field and frequency is expected to lead to a
narrowing of the ENDOR powder pattern, which corresponds to
an increase in spectral resolution. However, this is the case as long
as g strain does not dominate the inhomogeneous EPR line width.
To examine the interplay between these two factors, we first com-
puted the effect of orientation selection by comparing
263 GHz/9.4 T with 94 GHz/3.4 T 1H ENDOR, which is the most
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widespread frequency in high-field ENDOR experiments. We use
the representative example of a tyrosyl radical (Y�), the most com-
mon amino acid radical encountered in biology [62]. At high fields
(J3 T), g anisotropy (gxyz � 2.006–2.009, 2.005, 2.002) becomes
dominant in EPR for tyrosyl radicals, leading to a total spectral
width of about 30–35 mT at 9.4 T, while all hf couplings are K
2 mT. We first display calculated magnetization profiles Mz Dxð Þ
after rectangular p pulses of either 200 or 32 ns duration (Fig. 3).
For this computation, we considered Mz Dxð Þ / hSzi and the
expression for hSzi under the effect of a microwave pulse of ampli-
tude x1that fulfils the condition x1tp ¼ p [15,63]:

hSzi ¼ 1
x2

eff

ðDxÞ2 þx2
1cosðxeff tpÞ

h i
ð1Þ
Fig. 3. (A, B) Right: ESE spectra of Y122
� at 263 GHz (A) vs. 94 GHz (B), showing the calcu

resonance at B0 k gy and a p pulse of 32 ns (magenta) and 200 ns (red), respectively. Left (A
sphere. (C) 263GHz echo-detected EPR spectrum (black) of Y122

� with simulation (red). Ex
from unequal g strain. Experimental conditions: c = 300 lM, in H2O, T = 5 K, mMW = 263.0
time, 36 scans. The derivative was built after employing a Savitzky-Golay filter (4th or
linewidth (FWHM) = 2.5 G, gx,y,z strain = 0.00019, 0.00011, 0.00011. All hyperfine intera
figure legend, the reader is referred to the web version of this article.)
where xeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dxð Þ2 þx2

1

q
and Dx ¼ x0 �xmw is the EPR reso-

nance offset, respectively.
To take into account the role of spectral diffusion, a hole func-

tion f Dxð Þ has been proposed, which basically describes the envel-
ope of Eq. (1) [3]:

f Dxð Þ ¼ 1
x2

eff

ðDxÞ2 �x2
1

h i
ð2Þ

Eq. (2) is implemented in our MATLAB routine to calculate ori-
entation selection at high fields, as we reported in the past [30,64].
For a microwave carrier frequency xmw in resonance at B0 || gy, the
molecular orientations selected according to Eq. (2), and character-
ized by a pair of angles h and u (polar and azimuthal) between the
lated excitation profiles (Eq. (2)) in the EPR line for a microwave frequency xMW in
and B): Molecular orientations selected by these two pulse profiles are plotted on a
pansions of the gx and gz regions demonstrate the difference in resolution resulting
78 GHz, p/2 = 100 ns, s = 200 ns, 1024 points, 100 shots/point, 14 ms shot repetition
der, 9 points). Simulation parameters: gx,y,z = 2.00915, 2.00460, 2.00225, Gaussian
ctions (see Table 1) included. (For interpretation of the references to colour in this
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B0 and the g tensor frame, are displayed in Fig. 3. As expected from
the increased g anisotropy in the EPR spectra (about a factor of 3
from 94 to 263 GHz) the selectivity of the pulses is visibly
increased at 263 GHz as compared to 94 GHz. However, the selec-
tivity also strongly depends on the employed pulse lengths, for
instance a p pulse of 200 ns at 94 GHz appears more selective than
a 32 ns p pulse at 263 GHz. Therefore, optimal selectivity must be
carefully evaluated for each specific experiment, for instance when
comparing a Mims experiment with hard pulses vs. a Davies exper-
iment with selective pulses.

In a second step, we evaluated the effect of g strain by simulat-
ing the 263 GHz EPR spectrum. For this, we built the first derivative
of the echo-detected EPR spectrum of E. coli RNR Y122

�, as shown in
Fig. 3C. As expected, the line shape is dominated by g anisotropy
Fig. 4. (A) 1H Davies ENDOR spectra of Y122
� from E.coli RNR dissolved in H2O at 263 (blac

mw = 200 ns, T � 5–10 K, 1 shot/point, stochastic RF acquisition, 100 kHz RF resolution
is � 10 ms at 263 GHz vs � 100 ms at 94 GHz (Table S1). Number of scans at 263 GHz w
position. Due to the different repetition times at 94 vs. 263 GHz, the total measurement ti
position. Orientations B0 || gx, B0 || gxy, B0 || gy, B0 || gyz, B0 || gz correspond to magnetic field
33537 G, 33555 G at frequencies 262.230 GHz and 94.045 GHz, respectively. (B) Spectra re
comparison. Here, the 263 GHz spectra were recorded with 19 h and 7 h acquisition time
and 42 h (B0 || gy) with ‘‘hard” and ‘‘soft” RT excitation at 94 GHz, respectively. Indicated
the references to colour in this figure legend, the reader is referred to the web version o
with additional hyperfine structure. Notably, at B0 || gz a doublet
of 1:2:1 triplets is resolved arising from one large coupling to the
Hb1 nucleus as well as to the 3,5-ring protons (see Fig. 5A for 1H
numbering). In contrast to previous reports at 140 GHz [65], the
same feature is not resolved at B0 || gx, directly indicating a differ-
ent inhomogeneous broadening mechanism within the EPR line.
The simulation of the spectrum was consistent with a Gaussian
line width (FWHM) of 2.5 G plus additional g strain of gx,y,z
strain = 0.00019, 0.00011, 0.00011. We note that an inhomoge-
neous line width of � 2.5 G is consistent with the hyperfine broad-
ening provided by the other, non-resolved 1H couplings (see
Table 1). Therefore, at B0 || gz the line width is smaller than that
previously reported at 140 GHz [65] (� 8 G, see SI2 and Fig. S18).
Instead, the opposite trend is observed at B0 || gx, where at
k) and 94 GHz (orange) recorded under comparable experimental conditions, i.e. tp,
. Recycle delay was optimized according to the measured T1e of the sample, that
as 7000–30000, number of scans at 94 GHz was 700–1500 depending on spectral
me was comparable at both frequencies, from 6 up to 28 h depending of the spectral
s of 93246 G, 93346 G, 93458 G, 93515 G, 93565 G and 33436 G, 33471 G, 33510 G,
corded with a higher RF resolution of 10 kHz and a ‘‘soft” RF excitation at 94 GHz for
(for B0 || gz and B0 || gy, respectively) as compared to 17 h and 19 h (B0 || gz); and 21 h
assignments of the peaks are based on the previous work [30]. (For interpretation of
f this article.)
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263 GHz the line width appears dominated by g-strain (Fig. 3C, in
red). A high-field 285 GHz EPR spectrum of Y122

� in E. coli RNR was
reported also in Ref. [66]. After visual inspection, it appears to us
that the same trend in line broadening is observed there as in
our data. Best agreement of the simulation was achieved with gxyz
values of 2.00915, 2.00460 and 2.00225, with differences to the
previous report [65] compatible with the error of 0.00003. Overall,
the analysis of the orientation selection combined with the analy-
sis of the EPR linewidth parameter strongly suggests that higher
resolution in the orientation selected ENDOR spectra should be
attainable particularly in the regions of B0 || gz,y, where the g strain
does not dominate the line width.
3.2.2. Comparison of spectral resolution at 263 GHz with 94 GHz
To compare resolution in 1H ENDOR spectra at 263 and 94 GHz,

we recorded Davies ENDOR on the same frozen protein sample
from E.coli RNR (subunit b2) containing the stable radical Y122

�

[67]. We note that the 263 GHz sample capillary contains about
40 times less sample volume (�50 nL) than at 94 GHz (�2 lL),
with the sample at 263 GHz being only slightly more concentrated
(300 lM vs. 200 lM at 94 GHz). Experiments at the two frequen-
cies were conducted under corresponding optimal conditions at
low temperatures. At 94 GHz, RF pulse lengths were a factor of 3
shorter and about 10 times fewer scans were required than at
263 GHz due to the larger ENDOR S/N. However, the electron spin
T1e relaxation at around 5–10 K was found to be much shorter at
263 GHz (Table S1), permitting a faster repetition time of the
ENDOR sequence, and leading to overall similar acquisition times
at both frequencies. The observation of a much shorter T1e at
263 GHz is significant for EPR spectroscopy at this field, as it was
found also for BDPA as well as for 14N-TEMPO radical dissolved
in water (Table S1) and is consistent with the trend observed in
a previous report on organic radicals [68]. Although a more sys-
tematic study has to be performed, the effect is in agreement with
the expectation from the so-called direct process [69].

Prior to a detailed analysis, we first note some general differ-
ences in the appearance of the ENDOR spectra. While most ENDOR
lines become sharper at 263 GHz, the effect is particularly visible at
Fig. 5. (A) DFT optimized molecular structure of the Y122
� in agreement with Ref. [44] show

263 GHz (C) experimental (black) and simulated (red) Davies 1H ENDOR spectra for B0 |
different colors on the experimental spectra indicate the nuclei (color coding as in (A)) vi
in this figure legend, the reader is referred to the web version of this article.)
B0 || gzy, which is consistent with the expectations from the analy-
sis in §3.2.1. Moreover, the enhanced resolution at B0 || gz reveals
four doublets, which are not distinguishable at 94 GHz (Figs. 4 &
5). Also in a previous report at 140 GHz [30] only a total of three
1H couplings were assigned at B0 || gz. This excitation position
has particular significance in studies of aromatic radicals [70], as
here the Az hf tensor direction of aromatic ring protons is usually
parallel to the gz direction, leading to ‘single-crystal-like’ line
shapes of these protons. Fig. 4B illustrates 263 GHz ENDOR spectra
in the region B0 || gz,y recorded with RF steps of 10 kHz and show-
ing peaks as sharp as � 350 kHz (at B0 || gz). We note that the
length of the RF pulse (60 ls) corresponds to a spectral resolution
of about 16 kHz. For a better comparison, we recorded the 94 GHz
spectrum also with a longer ("soft") RF pulse and 10 kHz RF steps
(Fig. 4B). The spectral resolution was slightly increased but not suf-
ficiently to resolve the doublet at � ± 2 MHz at B0 || gz (Fig. 4B,
marked blue). Therefore, we assign this doublet to a new 1H cou-
pling, not assigned before. The validity of the observation of the
new hf coupling in the spectrum at B0 || gz will be examined in
the following based on the available knowledge on the hf couplings
of this particular tyrosyl radical.
3.2.3. Line shape analysis of the 263 GHz/9.4 T spectra
The DFT derived structure of the radical based on the X-ray pro-

tein structure from Ref. [44], is displayed in Fig. 5A. Previous 1H
ENDOR studies conducted from 9 up to 140 GHz consistently
reported only six internal 1H hf couplings [30,71], i.e. two sets of
ring protons (2,6 and 3,5) in agreement with the numbering in
Fig. 5) and two 1H-Cb called Hb1 and Hb2. We note that the ring
protons might or might not be magnetically equivalent, depending
on the dihedral angle (C2-C1-Cb-Ca) between the plane of the ring
(containing the C2-C1 and Cb atoms) and the amino acid side chain
orientation (defined by the plane Cb-Ca), as pointed out previously
[43,72]. For Y122

�, the hf couplings from the 2,6 and 3,5 ring protons
were established in previous ENDOR studies and found to be pair-
wise magnetically equivalent [30,71]. The small Hb2 coupling has
also been assigned, however, the 1H-Ca coupling has never been
identified. Weak couplings (K1 MHz) to protein residues at
ing the numbering of the protons, which are detectable with ENDOR. 94 GHz (B) vs.
| gz and the corresponding ESE spectra with the indicated excitation positions. The
sible in the reported frequency range. (For interpretation of the references to colour
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distances longer than typical H-bond lengths (J2 Å) might con-
tribute to the 1H ENDOR matrix region. To rationalize the four cou-
plings observed in the 263 GHz spectrum at B0 || gz (Fig. 5C), we
first repeated 263 GHz ENDOR experiments in D2O exchanged buf-
fer (Fig. S12) and found that the four doublets at B0 || gz are repro-
ducible, indicating that they must arise from internal Y� protons.
Since the large Hb1 coupling (with Ax,y,z � 55–59 MHz, Table 1)
does not contribute to the observed ENDOR spectral region and
the 2,6 as well as 3,5 protons are magnetically equivalent, respec-
tively, the remaining couplings must originate from Hb2 and H-Ca.

Spectral simulations were applied to examine the fidelity of the
263 GHz experiments in reporting hf tensor line shapes. For this
goal, we recorded 263 GHz ENDOR spectra at five different excita-
tion positions within the EPR line, as displayed in Figs. 5 & 6. For
the simulations, we first adopted the literature values (Table 1,
bold & italic entries) of six internal protons (four ring and two
Hb protons) and readjusted couplings within < 10% in order to bet-
ter reproduce peaks and edges in the spectra. While the line shapes
of the 3,5 1Hs are best simulated with two equivalent hf couplings
(refer to Fig. S16 for simulations with inequivalent couplings), the
literature values completely fail to reproduce the large peaks at
�2 MHz for B0 || gz, which are resolved here for the first time. Thus,
lack of resolution at lower EPR/ENDOR frequencies has led to some
Fig. 6. Orientation selective Davies 1H ENDOR for the RNR b2 protein sample in H2O
buffer. Spectra simulations (red) are overlaid for comparison and were performed
for a set of seven coupled protons (see the structure in Fig. 5A) with five
inequivalent hyperfine couplings (Table 1). ENDOR exp. conditions: T = 5 K,
mmw = 262.2 GHz, tp,mw (inversion) = 200 ns, tp/2,mw (detection) = 100 ns, tp,RF = 60 -
ms, SRT = 9 ms, 1 shot/point in stochastic acquisition, acq. time is between 6 and
28 h/spectrum, depending on the selected orientation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
ambiguity in the previous assignments [30]. To gain more insight
into the possible tensor form of the small 1H couplings, we carried
out a DFT calculation of the radical. We used a fixed conformation
with a dihedral (C2-C1-Cb-Hb2) of 126� extracted from a single
crystal EPR study [44], which was not available at the time of the
140 GHz analysis and was found consistent with high-field PELDOR
data in frozen solution [64]. The conformation used for the DFT cal-
culation is represented in Fig. 5A. We note that a more rigorous
geometry optimization would require inclusion of the protein
environment, which poses a great challenge due to the vicinity of
a Fe2 cluster. While this is in progress, it goes beyond the scope
of the present study. Nevertheless, we employed the DFT calcula-
tion to predict the general shape and orientation of the hf tensors,
particularly for the Hb2 and H-Ca, as reported in Table 1. Because
of the observed line intensities, we exclude the possibility of the
new doublet arising from the 2,6 nuclei. Instead, the DFT predicts
that the H-Ca couplings should be observable with the strongest
component at B0 || gz, while the largest component of the Hb2 ten-
sor should lie in the x,y plane, consistent with the Hb2 bond being
almost in plane with the aromatic ring [30,71]. We conclude that
the new doublet at �2 MHz observed at B0 || gz likely arises from
H-Ca. We utilize this hypothesis to simulate the spectrum in
Fig. 5C, which shows the consistency of this assignment with the
94 GHz experimental and simulated spectra in Fig. 5B. We assume
that both Hb2 and H-Ca tensors are characterized by one dominant
component along the direction of the dipolar vector and that – for
simplicity – the two other tensor components are small (K 1 MHz)
and not distinguishable. With the Euler angles taken from the DFT
calculation (Table 1), the resulting simulations for all 5 orientations
are superimposed to the experimental spectra in Fig. 6 and well
reproduce the subtle experimental features of the 263 GHz spectra,
except small details at K1 MHz. The simulations were double-
checked using the EasySpin software (Fig. S14), which led to nearly
identical results. The simulation parameters are also consistent
with the 94 GHz ENDOR spectra recorded at different field posi-
tions (Fig. S15).

Ultimately, precise determination of all tensor components for
Hb2 and H-Ca will require an investigation with 2H2-labelled
Y122

� combined with 263 GHz ENDOR. The feasibility to assign
Hb2 and H-Ca couplings in Y� studies at 263 GHz should deliver
new structural information on Y� orientations with respect to their
peptide backbone as well as provide the capability to separate
internal 1H couplings from external ones. We also note that the
simulation does not catch broad spectral features in the range
between �3 and �7.5 MHz (marked with stars in Fig. 6), observed
also in D2O buffer as well as at 94 GHz. Nevertheless, at the lower
frequency (i.e. 94 GHz) these features appeared less prominent
because of the broader powder pattern. These features cannot be
simulated even assuming a much broader hole-function, which
could be due to strong spectral diffusion. Our current hypothesis
is that they arise from a lower populated radical conformation,
with slightly different Hb2 couplings. Verification of this hypothe-
sis will require further studies with 2H4-labelled Y�.
4. Conclusions

In conclusion, we have demonstrated that 263 GHz 1H ENDOR
can be routinely performed at low temperatures, and that long
(8–12 h) signal averaging is feasible owing to the stability of a
new instrumental setup. It is possible to record high-quality 1H
ENDOR spectra of frozen protein samples containing organic radi-
cals at concentrations on the order of hundreds of lM in sample
volumes as small as 50 nL. High-resolution ENDOR spectra of a
tyrosyl radical permitted us to disentangle a new internal coupling
of this important amino acid-based species. Spectral simulations,
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supported by DFT calculations based on the radical structure in its
active state, could reproduce all significant spectral features of the
263 GHz spectra, thus demonstrating the fidelity of the experimen-
tal setup in reporting orientation selected hyperfine tensor line
shapes. High resolution combined with intrinsic high absolute sen-
sitivity at 263 GHz will permit to expand the application of ENDOR
spectroscopy to studies of more complex systems at molecular
level.
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