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Extending electron paramagnetic resonance to
nanoliter volume protein single crystals using a

self-resonant microhelix

Jason W. Sidabras'*, Jifu Duan?, Martin Winkler?, Thomas Happe?, Rana Hussein?, Athina Zouni?,
Dieter Suter?, Alexander Schnegg', Wolfgang Lubitz', Edward J. Reijerse’*

Electron paramagnetic resonance (EPR) spectroscopy on protein single crystals is the ultimate method for
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determining the electronic structure of paramagnetic intermediates at the active site of an enzyme and relating
the magnetic tensor to a molecular structure. However, crystals of dimensions typical for protein crystallography
(0.05 to 0.3mm) provide insufficient signal intensity. In this work, we present a microwave self-resonant micro-
helix for nanoliter samples that can be implemented in a commercial X-band (9.5 GHz) EPR spectrometer. The
self-resonant microhelix provides a measured signal-to-noise improvement up to a factor of 28 with respect to
commercial EPR resonators. This work opens up the possibility to use advanced EPR techniques for studying
protein single crystals of dimensions typical for x-ray crystallography. The technique is demonstrated by EPR
experiments on single crystal [FeFe]-hydrogenase (Clostridium pasteurianum; Cpl) with dimensions of 0.3 mm
by 0.1 mm by 0.1 mm, yielding a proposed g-tensor orientation of the H, state.

INTRODUCTION

The catalytic cycle of redox enzymes often contains paramagnetic
intermediates, and electron paramagnetic resonance (EPR) spectros-
copy is the method of choice used to study these occurrences. Through
EPR experiments, information on the electronic and geometrical
structure of the active site can be obtained. For typical EPR experiments
on proteins, a frozen solution of 0.1 to 1 mM concentration is prepared
and placed in a microwave cavity. Standard sample volumes at X-band
(nominally 9.5 GHz) are in the 200 pl range. However, frozen solution
EPR experiments only allow the determination of the principal values of
magnetic interactions at an active site and, thus, provide only a limited
view of the electronic structure.

To resolve the full-tensor magnetic interaction parameters, such
as g-, zero-field, hyperfine, and quadrupole tensors, single-crystal EPR
experiments must be performed. In combination with x-ray crystal-
lography, the magnetic interaction tensors obtained with EPR ex-
periments can be directly related to the protein geometry to help
identify and better understand the catalytic mechanism of the enzyme
(1, 2). Despite its usefulness, single-crystal EPR is rarely applied to pro-
tein systems because of challenges in growing crystals of sufficient
quality and volume for these experiments. Many protein crystals used
in x-ray crystallography are of dimensions in the 0.05-0.3 mm range
and, hence, are too small to be studied using commercial EPR instru-
mentation. Crystallization methods, such as macroseeding (3), have
the potential to increase the volume of the crystals, but these techniques
are difficult to implement.

To study magnetic interactions of the paramagnetic center with
the surrounding nuclear spins, pulse and double-resonance EPR
experiments are required. However, these experiments require even
higher sensitivity. Unlike nuclear magnetic resonance (NMR), where
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all nuclei are excited and contribute to the NMR signal, double-
resonance experiments, such as electron spin echo envelope modulation
(ESEEM), hyperfine sublevel correlation (HYSCORE), and electron
nuclear double resonance (ENDOR), probe only the nuclei that are
magnetically coupled to the paramagnetic center. Extending these
experiments to single crystals provides not only the magnitude of
the hyperfine and quadrupole tensors of ligand nuclear spins that inter-
act with the paramagnetic centers but also the associated angles relative
to the active site of an enzyme. These interacting nuclei are either nat-
urally abundant, such as "H and "N, or the catalytic cofactors can be
enriched with nuclei such as °H, °C, "N, and *"Fe, for further analysis of
magnetic interaction tensors with respect to the first ligand sphere. Fur-
thermore, the same interaction tensors can be calculated from the molec-
ular structure using quantum chemical calculations (4). These
experimentally determined spectroscopic parameters can, therefore, be
used to verify the adequacy of the level of theory, which, in turn, gives
confidence to the predicted electronic and geometric structure of the
involved intermediates and transition states in the whole catalytic cycle.
The groundwork for understanding the inner workings of enzymes lies in
collecting as much accurate spectroscopic information as possible, includ-
ing other spectroscopic and structural methods (optical and vibrational
spectroscopy, Mof3bauer, x-ray spectroscopy, and diffraction). Every ex-
periment contributes to the total picture and ultimately leads to a fun-
damental understanding of the catalytic mechanism of these enzymes.

Currently, volume-limited crystals can only be studied using
W-band (94 GHz) (or higher) EPR in a single-mode resonator (5) or,
for continuous-wave experiments, a Fabry-Pérot (6) resonator. These
high-frequency EPR spectrometers are not widely available, and high-
frequency conditions are usually unfavorable for pulse experiments
such as ESEEM or HYSCORE, which provide the best response when
the nuclear Zeeman and hyperfine/quadrupole interactions are of the
same order of magnitude (7). Instead, at higher frequencies, where the
ESEEM effect becomes increasingly difficult to detect, ENDOR- and
ELDOR-detected NMR experiments are performed to obtain hyper-
fine and quadrupole information.

To improve the sensitivity for studying single crystals using EPR on
readily available spectrometers, typically at X-band, one must abandon
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the microwave cavity design and move to small-volume resonators
based on lumped circuits in the microwave frequency range. This
allows the reduction of the sample volume by one order of magnitude,
from 200 to 20 pl using a loop-gap resonator (LGR) (8). Further reduc-
tions can be achieved by incorporating materials with a high dielectric
constant in a standard resonator to reduce the active volume down to
1 pl (9). For protein single crystals, one must reduce the volume even
further (less than 0.03 pl), which requires radical new approaches.

Here, we combine the concept of a self-resonant microhelix, shown
in Fig. 1A, with that of a planar microcoupler. The coupling structure
on the printed circuit board is a resonant structure, which drives the
self-resonant microhelix placed in the center of the coupling loop (10),
shown in Fig. 1B. The microhelix geometry offers notable advantages in
that the microwave field homogeneity is strongly improved along with
volume sensitivity for small samples compared to other microresonator
geometries, such as the planar microresonator (PMR) (11-13). The
microwave characteristics of the self-resonant microhelix are opti-
mal for pulse and continuous-wave experiments requiring very little
microwave power, and the microhelix assembly is easily matched and
tuned over a variety of samples and temperatures.

Single-crystal EPR for metalloenzyme research

Nature has evolved enzymes with various metallic cofactors (metal-
loenzymes) to efficiently catalyze a broad variety of chemical reac-
tions (14). These enzymes mostly use first-row transition metals to
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Fig. 1. The self-resonant microhelix. (A) A fabricated five-turn microhelix wrapped
around a 0.4-mm-outer diameter capillary. During fabrication, the microhelix is
tightly wound around a 0.4-mm drill bit and glued inside a Rexolite cylinder. The drill
bit is removed, and the glue is allowed to dry for several days. The microhelix
assembly is placed in (B) a coupling and support assembly, which includes a planar
microcoupler. (C) The planar microcoupler consists of a stripline impedance match to
an inductive coupling loop. SMA, SubMiniature version A. (D) Finite-element
modeling simulations of the microwave magnetic field, normalized to input power,
at 9.5 GHz show an active region of good magnetic field homogeneity over a 0.8-mm
height. The measured microwave magnetic field of 3.2 G/W'"? corresponds to a 20-ns
n/2 pulse at approximately 20 mW. Dimensions of the microhelix, where the self-
resonance is determined by the capacitance formed between each turn and the in-
ductance of the windings, are shown. The frequency can be tuned during fabrication
by the number of turns, the pitch of the turns, or the inner diameter. The microwave
characteristics of the fabricated microhelix can be found in table S1.
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perform their catalytic functions. One of the main challenges is to
fully understand these enzymatic mechanisms and provide a basis
for cheap, robust, and highly active molecular catalysts designed for
practical applications, e.g., in the field of energy conversion and
storage (15). The ultimate goal is to alleviate the requirement of noble
metals, such as platinum, that limit the scalability of current technol-
ogy. This important biophysical and biochemical research seeks
metalloenzyme-based and metalloenzyme-inspired systems as an
interesting route to advance toward the future of clean energy and
efficient energy storage.

For hydrogenases, specifically [NiFe]-hydrogenase, the single-
crystal EPR strategy has been very successful (2). The active site of this
enzyme harbors a [NiFe] binuclear cluster in which the iron carries
two cyanide (CN™) and one carbon monoxide (CO) ligand. The metals
are bridged by two cysteine thiols, and the nickel center is further
coordinated by two cysteine thiolate side groups. The paramagnetic
states all originate from the nickel center, while the iron center re-
mains Fe(II) during the catalytic cycle (16). The open-coordination
site between the two metals can be occupied by an oxygen species
leading to the inactive oxidized states or a hydride, which is the key
intermediate in the catalytic cycle (2). For all these species, the g-tensor
magnitude and orientation were determined and analyzed in terms of
ligand-field theory and verified using quantum chemical calculations,
providing a fundamental insight into the electronic structure and the
dependence on the first ligand sphere (2). The [NiFe]-hydrogenase
crystals in these studies were relatively large (2 mm by 0.5 mm by
0.5 mm), enabling measurements in standard X-band probeheads
with a measuring time of 2 to 3 hours per angle, stepping over 180°.
However, even with the large crystal volume, ESEEM and HYSCORE
experiments on [NiFe]-hydrogenase were only published in frozen so-
lution with volumes of 50 to 200 pl and experimental times upward of
2 hours for each experiment (2).

Similar experiments were anticipated for [FeFe]-hydrogenase, which
has a much higher activity and exhibits a different catalytic mechanism
compared to [NiFe]-hydrogenase. The [FeFe]-hydrogenase active site
carries a [4Fe-4S] cluster linked via a cysteine ligand connecting a
[2Fe] site. The [2Fe] cluster contains an iron atom proximal (Fe,)
and one distal (Fey) to the [4Fe-4S] cluster. Each iron carries a cyanide
(CN") and one carbon monoxide (CO) ligand, and the two irons share a
bridging carbon monoxide. In addition, the two iron atoms are bridged
by an azapropane-dithiolate ligand (ADT ligand). The molecular struc-
ture of the [FeFe]-hydrogenase active site, known as the H-cluster, can
be found in Fig. 2. The whole active site has a total of six iron atoms at
various redox states in the catalytic cycle (17). Unfortunately, the
crystals obtained from [FeFe]-hydrogenase are much smaller than those
available from [NiFe]-hydrogenase with dimensions less than 0.3 mm.
Frozen solution EPR on [FeFe]-hydrogenase has provided a lot of
information on the binuclear active site, such as the discovery of a
nitrogen in the dithiolate bridge (ADT ligand) (18). However, the full
g-tensor and the hyperfine tensor, including angular information, of
the active site are still elusive. Therefore, there is continuing interest
in developing EPR instrumentation, specifically microresonators, at
9.5 and 35 GHz, X- and Q-band, respectively, optimized for metal-
loenzyme research. Furthermore, other potentially interesting proteins
are rarely studied in single crystals, and doing so would contain a wealth
of information on the electronic structure and enzymatic function (14).

We report here an EPR crystal rotational study of a [FeFe]-
hydrogenase in the active oxidized state (H,yx) from Clostridium
pasteurianum (Cpl) with crystal dimensions of 0.3 mm by 0.1 mm
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[4Fe-4S]

Fig. 2. The molecular structure of the [FeFe]-hydrogenase active site, the
H-cluster. Highlighted are the proximal and distal irons, Fe, and Fey, respectively,
the cyanide ligand (CNy), and the ADT ligand. S, yellow; Fe, orange; N, blue; C, tan;
O, red. Structure is from Protein Data Bank (PDB) ID 4XDC.

by 0.1 mm using the self-resonant microhelix. The excellent signal-
to-noise ratio has also allowed for advanced pulse EPR experiments
to be performed. These data demonstrate the utility of the microhelix
in studying protein single crystals at volumes relevant for x-ray
crystallography.

Theory and design

We focus on the development of resonant structures to increase EPR
absolute spin sensitivity at X-band without the application of com-
mercial bridge modifications, which require technical expertise not
commonly available in EPR laboratories. We start with the well-
established EPR signal analysis by Feher (19), which states that the
continuous-wave EPR signals for a critically coupled resonator on a
reflection bridge is proportional to

S o< ynQP'/? (1)

where y is the magnetic susceptibility, Q is the Q-value of the cavity, Pis
the incident power, and 7 is the filling factor. The Q-value is defined as
the ratio of the stored energy in the resonator to the power loss in the
sample and coupled resonator, whereas the filling factor is defined as the
ratio of the circularly polarized microwave magnetic field stored energy
perpendicular to the static magnetic field that gives rise to EPR transi-
tions and the complete magnetic field stored energy in the geometry

n= w (2)
[By, BjdV

where B, is the microwave magnetic field in all space (V) and B, is one
component of the clockwise (or counterclockwise) rotational
component of the linear B, field perpendicular to the static magnetic
field in the sample volume (V;) (19, 20).

From Eq. 1, we can derive a metric that encompasses the filling
factor n and the Q-value, called the resonator efficiency (8). The res-
onator efficiency (or conversion factor) is defined as

_ |Blr|

A
VP

(mT/W'?) (3)
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where P is the power loss in the system, including sample. However,
A assumes that the microwave magnetic field is uniform and does not
take into account nonuniformity of the field over the sample. Exper-
imentally, the microwave magnetic field is distributed throughout the
sample, and the average of A is measured. We can define the resona-
tor efficiency average as

A _ IBlrst
ave — T /v,
VPV

The resonator efficiency average is proportional to the signal and, for
a fixed sample volume, is proportional to the absolute spin sensitivity.

From Egs. 1 and 4, we can outline the criteria needed to increase
the sensitivity for fixed sample volume EPR experiments. We choose
the target dimensions of 0.3 mm by 0.3 mm by 0.3 mm (27 nl) as a
maximum sample size. These dimensions are a reasonable size for
protein single crystals used in x-ray crystallography diffraction, and
any increase in EPR sensitivity would benefit single crystals of smaller
dimensions. To maximize sensitivity, one must increase the nQ pro-
duct, as shown in Eq. 1. However, there are practical limitations that
must be considered while designing a resonator.

For instance, cavity resonators, such as the Bruker Super High-Q
probehead, are not sufficiently sensitive for extremely small samples
since the very small filling factor n is not compensated by the high
Qo-value, resulting in an overall poor EPR signal (21). Further increase
of the Qqp-value, by superconducting materials, is detrimental for pulse
experiments where the available bandwidth of the resonator is inversely
reduced. The resonator bandwidth filters the excitation pulses as well
as the EPR signal, distorting the spectrum. The trade-off required for
advanced pulse experiments results in the design parameters of a
large filling factor n while keeping the bandwidth around 100 MHz
(Qyp-value of 190 at 9.5 GHz).

Therefore, one way to maximize nQ, and consequently A,y is to
reduce the size of the resonant structure relative to the sample volume,
increasing the filling factor while maintaining a homogeneous mag-
netic field profile. The challenge arises because of the potential increase
of the losses in the system can degrade the Qy-value more than the in-
crease in the filling factor. Two common methods to reduce the size of a
resonant geometry are to use either dielectric resonators to reduce the
wavelength and, consequently, the size of the resonator or LGRs to re-
duce the cutoff frequency of a waveguide by introducing protrusions to
create regions of inductive loops and capacitive gaps. Dielectric resona-
tor and LGR geometries with commercially available dimensions are
illustrated in fig. S1, and the microwave characteristics are tabulated in
table S1. However, in order to study sample volumes less than 0.03 pl,
further resonator reduction strategies are needed.

Limitations to minimizing LGR geometries stem from an increase
in ohmic losses due to a reduction in the gap spacing to maintain a
constant resonant frequency as the sample-loop radius is reduced.
In practice, this has put a limit on the A,,. obtainable to less than
1 mT/W"? for X-band. Further EPR signal improvement is possible
using dielectric resonators by increasing the dielectric permittivity,
and dielectric resonators with permittivity up to 80 have been used
for continuous-wave EPR experiments on crystals of porous materials
and polymers (9, 22). However, these resonators exhibit Qo-values
over 2500 that make pulse experiments problematic.

Here, we introduce a new type of resonator based on a self-resonant
microhelix that is particularly useful for protein single-crystal expe-
riments at X-band and can be used as a drop-in replacement on a

(mT/W'/2) (4)
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standard commercial system. The self-resonant microhelix geometry,
illustrated in Fig. 1, solves these challenges by providing good magnetic
field homogeneity, a high efficiency parameter, an optimum Q,-value
for both pulse and continuous-wave EPR experiments, straightforward
impedance matching, and ease of sample placement.

Helical resonators were first introduced to EPR in the early 1960s
as a method to increase the microwave magnetic field at the sample.
Resonant helical geometries were affixed to one end of a shorted
waveguide creating a slow-wave structure (23, 24). Coupling was
achieved by direct connection to a coaxial line with a capacitive matching
network or by microwave incident on the helical structure from a wave-
guide. The sample was placed within the helix and showed reasonable
sensitivity increase and larger microwave magnetic field due to higher
filling factors compared to typical cavities (25). Broadband slow-wave
helical resonators were used for multifrequency experiments, where
a nonresonant structure, having a Q-value close to unity, could be
matched with a slide-screw tuner over an octave bandwidth (26).
However, over time, they were replaced by LGRs, which achieved
higher concentration sensitivity for volume-limited samples.

Recently, microcoils have gained popularity in NMR for nanoliter
samples (27, 28) and for microfluidics (29). However, three character-
istics differentiate our microhelix configuration from those described
in the EPR (23, 24) and NMR literature: (i) The helix is self-resonant,
meaning that the self-inductance of n-turns (L) and self-capacitance
between the loops (Cy,) resonate at a frequency determined by
0°LiotCior = 1, where o is the resonant frequency in radians per second.
Since the geometry is self-resonant, no additional capacitors are
needed. A self-resonant microhelix has lower ohmic loss, which pro-
vides a higher Q-value than is typically feasible with microcoil geo-
metries in NMR, where, with an NMR microcoil, a typical Qy-value is
around 30 (28). With a self-resonant microhelix, the volume-to-surface
ratio is maximized and a Q,-value of 300 is achievable. (ii) Unlike the
slow-wave structures in (23) and (24), the helix length is much smaller
than the wavelength (31.6 mm at 9.5 GHz), which increases the uni-
formity. In addition, the inner diameter is 0.4 mm, which increases
the resonator efficiency. Therefore, the microhelix is not a slow-wave
structure but an inductor at self-resonance. The microwave magnetic
field profile is shown in Fig. 1D. (iii) Last, the helix is coupled to an in-
ductive coupling loop on a printed circuit board by mutual inductance,
which can be designed to minimize noise and further increase the EPR
signal-to-noise ratio (10). Mutual inductance does not require a balun
or additional capacitive matching networks since impedance matching
can be achieved by varying the distance between the microhelix and the
inductive coupling loop, simplifying coupling methods.

RESULTS AND DISCUSSION

Performance compared to commercially available and
state-of-the-art microwave probes

The self-resonant microhelix geometry wound around a 0.4-mm cap-
illary is shown in Fig. 1A. The final number of the microhelix windings
is determined by the pitch of the helix, the quartz capillary sample tube
(0.4 mm outer diameter and 0.3 mm inner diameter), and the
surrounding Rexolite, which all affect the resonance frequency. The
6.5-turn microhelix had a resonant frequency around 9.8 GHz with
sample when coupled to the printed circuit board inductive coupler.
The microhelix assembly is attached to a custom insert that is
compatible with commercial EPR systems. The complete structure
is shown in Fig. 1B with an expanded view of the printed circuit board
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geometry in Fig. 1C. Comparison of the fabricated microhelix geom-
etry with commercial (Bruker MD5W1 and Bruker MS3) and state-of-
the-art microwave probes is provided in Table 1.

As a comparison to the state-of-the-art microwave probes, two
Q-shaped 0.5 mm inner diameter PMRs (based on Rogers RO6010LM
printed circuit board or sapphire substrates) are tested, which were
fabricated by printing the microresonator geometry on a substrate
using photolithographic techniques (11-13). The PMRs are considered
state-of-the-art because of the significant improvement in absolute
spin sensitivity compared to the best commercial probeheads available
(21). However, the self-resonant microhelix introduced in this work
exhibits the highest absolute sensitivity with no modification to the
commercial bridge.

As described in Table 1, if the EPR signal cannot be saturated
(Unsat.), a factor of approximately 28 can be achieved compared to
commercially available probeheads. EPR signals that cannot be
saturated are proportional to the square root of the incident microwave
power; therefore, the EPR signal intensity is only limited by the amount
of power available. However, most protein samples saturate readily;
hence, the maximum signal that can be obtained is determined by
the microwave magnetic field at the sample. When the sample is satu-
rable (Sat.), a factor of 5.7 can be achieved. Further experimental details
are provided in the Supplementary Materials and fig. S3. The procedure
to calculate the relative EPR signal intensities can be found in (20). Also
found in Table 1 is an effective filling factor (Eff. n) calculated by using
the ratio of a “point” sample (1 nl reference volume) with the effective
active volume of the resonator. The effective height of the PMR is as-
sumed to be 1.1 mm, taken from the on-axis profile in fig. S2C. The nQ,
product can be related to the unsaturable signal as per Eq. 1. In a pulse
experiment, the signal enhancement will be proportional to the satura-
ble signal, in this case, approximately a factor of 6.

Frozen solution EPR of photosystem Il tyrosine D radical (Y;)
Water oxidation in photosystem II takes place at the tetranuclear
manganese cluster, with a redox-active tyrosine radical (Y}) as an
interface to the light-induced electron transfer process (30). Symmet-
rically to Y, a long-lived tyrosine radical (Y},) exists in the second
branch of the photosystem II that contains no manganese cluster. In
this work, the Y}, radical is used as a standard probe because it is stable
for a number of hours under ambient conditions (31) and has been

Table 1. Resonator EPR signal characteristics calculated and
measured using a power saturation measurement of a lithium
phthalocyanine point sample. Dimensions of the resonators and further
experimental details are provided in the Supplementary Materials.

Unsat. Sat.
Geometry signal signal E:‘f' Q;\,,}::I:e nQo
Calc. Meas. Calc. Meas.
Bruker MD5W1 1.0 1.0 10 10 612x10° 6650 1.0
BrukerM531512 AAAAAA 10 AAAAAAA 10 AAAAA 796x10_6 AAAAAAA 600”7
pMRRo60'|0|_M ..... 4412 ...... 09 ....... 12 ..... 4 63)(1073 ......... 61 ........ 694
pMRsapph,re ....... 1 86133 ...... 39 ....... 3 8 ..... 4 63><-|0—3-|8-|2059
Mlcmhe“X357282 ...... 61 ....... 5 7 ..... 663><1073 ....... 2203584
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well characterized using a variety of EPR techniques (5, 30). The hy-
perfine interactions from several protons, both on the phenyl ring
and distal CH, carbon, lead to the distinct splittings of the radical
(S=1/2). To generate the tyrosine radical (Y},) EPR signal, the photo-
system II core complex samples are illuminated in ambient light and
rapidly frozen.

The tyrosine D radical (Y3,) of photosystem II is measured in two
forms: (i) a frozen solution of photosystem II prepared by the method of
Berthold, Babcock, and Yocum (BBY particles) (32) placed in a 0.3 mm
inner diameter capillary and (ii) a 0.3 mm by 0.18 mm by 0.18 mm
single crystal of photosystem II core complexes (33). In both photo-
system II samples, the Y}, and first ligand sphere are known to be
identical. These samples provide a benchmark for future work.

Shown in Fig. 3 is the Y}, radical EPR signal in an 85 nl frozen so-
lution of photosystem II BBY particles at a temperature of 80 K using
the self-resonant microhelix. A continuous-wave EPR experiment,
shown in Fig. 3A, was performed using an Elexsys E580 X-band bridge
by sweeping 10 mT in 1 min (4096 points) with a modulation rate of
100 kHz and an amplitude of 0.5 mT. The data were averaged 49 times
for a total of 49 min at an incident power of 0.2 uW. To further im-
prove the signal-to-noise ratio of the continuous-wave experiment, we
performed a field-swept nonadiabatic rapid scan (NARS) experiment
(data shown in Fig. 3B). The field-swept NARS experiment was per-
formed on the same commercial hardware using the rapid-scan
method of Moser et al. (34) and processed with the method described
by Hyde et al. (35). Here, the scan rate was a sinusoidal 100 kHz field
sweep at 1 mT amplitude and a field-step size of 0.05 mT. The collected
real and imaginary, pure-absorption and pure-dispersion, spectra
were pseudo-modulated with a 0.5 mT moving difference (MDIFF)
(35) to compare to the field-modulated continuous-wave experiment.
A factor of 2 in signal-to-noise improvement is obtained for the same
signal acquisition time.

A field-swept two-pulse electron spin-echo (ESE) EPR experiment
was performed on the same commercial hardware over an 8 mT
sweep, shown in Fig. 3C. The field-swept ESE data were pseudo-
modulated with a 0.5 mT MDIFF to compare the experiment with
the field-modulated continuous-wave experiment in Fig. 3A. Only
9 mW of incident power was needed to obtain a sufficient echo using a
40 ns /2 pulse. The signal-to-noise ratio for all three experiments was
calculated and tabulated in Table 2.

Last, a comparison of Y}, radical EPR signal between the MD5W1
dielectric resonator and the self-resonant microhelix was performed at
a temperature of 80 K. A 636 nl volume sample was placed in the
MD5W!1 resonator and a signal-to-noise ratio of approximately 300
was measured (data shown in fig. S5). This represents a volume-
normalized absolute spin sensitivity improvement of approximately 5
at similar microwave magnetic field and EPR experimental parameters.
These experiments serve to show the versatility of the microhelix to
perform EPR experiments on limited sample volumes (less than
85 nl) at X-band.

Single-crystal continuous-wave EPR of the tyrosine D radical
(Yp) in the photosystem Il core complex

Shown in Fig. 4 are continuous-wave EPR data collected at two
separate angles of the photosystem II Y}, radical in a single crystal
at a temperature of 80 K as a sensitivity test for the 0.4-mm-inner
diameter self-resonant microhelix. The photosystem II core complex
crystal had dimensions of 0.3 mm by 0.18 mm by 0.18 mm. The spectra
were collected by sweeping 15 mT in 1 min (4096 points) with a mod-
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Fig. 3. Frozen solution EPR on an 85-nl-volume sample at X-band. Three EPR
experiments performed with a 0.4 mm inner diameter self-resonant microhelix.
Shown are the (A) continuous-wave (CW), (B) real (Re.) and imaginary (Im.) non-
adiabatic rapid scan (NARS), and (C) field-swept two-pulse ESE EPR experiments of
the tyrosine D radical (Yp) in photosystem Il with 85 nl of frozen solution sample at
a temperature of 80 K. Calculated MDIFF pseudo-modulation of 0.5 mT is shown
for the NARS and field-swept ESE experiments to directly compare to the continuous-
wave EPR experiment. The total time for the experiments was 49, 55, and 45 min,
respectively. The signal-to-noise ratio is calculated and tabulated in Table 2.

ulation rate of 100 kHz and an amplitude of 0.3 mT. The data are aver-
aged 49 times for a total time of 49 min at an incident power of 0.2 uW.
Simulations using the known g-tensor and hyperfine tensors (5) were
performed with an EasySpin (http://easyspin.org; 36) global fit routine
to find the crystal orientation and plotted in red in Fig. 4. At X-band,
the g-anisotropy of the Yj, radical is very small and is not resolved.
Instead, the orientation dependence is primarily determined by the
hyperfine interaction pattern of the coupled proton nuclei (5). Using
only two angles, a unique fit cannot be found, but a demonstration of
the Y}, features is shown. A nonspecifically bound Mn** signal is also
present in the crystal, yielding the signals indicated by an asterisk (¥).

The use of photosystem II crystals as a benchmark provides a
challenging system to measure. The photosystem II core complex
has a molecular mass of approximately 350 kDa as a monomer, and
each complex contains only one Y}, radical. With a crystal size of
0.3 mm by 0.18 mm by 0.18 mm, the size of the unit cell, and the
fact that there are eight photosystem II complexes per unit cell, one
can calculate approximately 8.9 x 10'* Y;, radicals to be present in
the sample. This demonstrates the versatility of the microhelix to study
large complexes in small crystal dimensions. A photosystem II core
complex crystal can be routinely grown to dimensions of 0.3 mm but
requires significant effort to increase in size. Last, the Y}, radical is
easily saturable with large microwave magnetic fields, which limits
the available microwave power and maximum EPR signal at a given
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Table 2. Signal-to-noise calculations for the three experiments per-
formed on the photosystem Il Y;, radical in frozen solution at a
temperature of 80 K. Approximately 1.6 x 10'2 spins were calculated to
be in the 85 nl that fill the microhelix. SNR, signal-to-noise ratio.

Experiment SNR Re. SNR Im. Time
Continuous wave 197 131 49 min
NARS ...................................... 4400 ...................... 23 00 .................... 5 5 . mm
NARS(MD|FF) ........................... 410 ....................... 423 ......................... _ .....
ESE248 ......................... _45mm
ESE(MD|F|:) ............................... ; 06 ......................... _ ........................... _ .....

temperature. Despite these challenges, a signal-to-noise ratio of ap-
proximately 35 could be obtained for the Y;, radical.

Pulse EPR on the H-cluster in single crystals of
[FeFe]-hydrogenase

Using the photosystem II Y}, radical, we have established that the
self-resonant microhelix is suitable for single-crystal protein samples.
However, we now want to demonstrate that (i) a full angular g-tensor
determination can be performed and that (ii) advanced pulse EPR
experiments, like ESEEM and HYSCORE, are also possible in this
setup. The self-resonant microhelix is optimal for these experiments
because of the relatively large bandwidth (90 MHz critically coupled);
an efficiency of 3.2 mT/W'%, which corresponds to a 1/2 pulse of as
short as 20 ns with an incident power of only 20 mW; and the rela-
tively homogeneous microwave magnetic field incident on the sample.

First, a field-swept two-pulse ESE EPR experiment has been per-
formed every 5° on a protein single crystal of the [FeFe]-hydrogenase
of C. pasteurianum (Cpl) in the oxidized H,, state (16). Under a mi-
croscope in an anaerobic chamber, the protein crystal is drawn by cap-
illary action into a 0.3 mm inner diameter capillary with mother liquor
and cryoprotectant, centered in the microhelix, and flash-frozen. The
microhelix assembly is affixed to a Bruker Flexline-compatible sup-
port assembly, placed in a precooled cryostat, and attached to the EPR
bridge. The whole assembly is then rotated in 5° steps over 180° in one
plane within the magnet (shown in Fig. 5). A very good signal-to-noise
ratio of approximately 290 is calculated for a collection time of 8 min
for each spectrum at a temperature of 15 K. The [FeFe]-hydrogenase of
C. pasteurianum (CplI) has a molecular mass of 67 kDa. The unit cell has
P12, 1 symmetry with two molecules in the asymmetric unit [Protein
Data Bank (PDB) ID: 4XDC], resulting in four distinct signals in the EPR
spectrum. The single crystal had dimensions of approximately 0.3 mm
by 0.1 mm by 0.1 mm and, on the basis of the unit cell dimensions,
approximately 17 x 10'? enzymes within the crystal are calculated, each
containing one active site (H-cluster, shown in Fig. 2). Each enzyme
in the unit cell provides one of the four observed signals corresponding
to 4.25 x 10'2 spins per peak.

From these spectra, the data can be fitted to simulations that re-
late the different frames of reference to each other, as defined in the
EasySpin simulation package (further details in the Supplementary
Materials). The [FeFe]-hydrogenase H-cluster is shown in Fig. 5A
with the chosen molecular frame (details in the Supplementary
Materials), and a schematic that relates the molecular frame to the lab-
oratory system frame is shown in Fig. 5B. Here, the laboratory system
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Fig. 4. Single-crystal continuous-wave EPR of Y, in the photosystem Il core
complex. Continuous-wave EPR collected with the 0.4 mm inner diameter self-
resonant microhelix at two angles of the photosystem Il Y, radical from a single
crystal at a temperature of 80 K. The crystal dimensions were 0.3 mm by 0.18 mm by
0.18 mm. Shown in red is a fitted simulation with similar features. A nonspecifically
bound Mn?* signal is also present in the mother liquor of the crystal, indicated by
an asterisk (). Each spectrum was collected in 49 min with a signal-to-noise ratio of
approximately 35.

frame is defined and the static magnetic field (By) is oriented along the
L, axis, while in this work, the microwave magnetic field (B,) is along
the L axis. The crystal frame with respect to the laboratory frame is
unknown and depends on how the crystal lies within the capillary. The
molecular frames of each of the four molecules in the unit cell are rel-
ated to each other by the known crystal symmetry. The two molecules
in the asymmetric unit are labeled Molecular-Frame A; and Molecular-
Frame By (Site I). The three axes for the molecular frames (A; and By)
were chosen on the basis of the x-ray crystal structure as (i) the axis
from the distal iron (Fey) to the proximal iron (Fe,); (ii) the normal of
a plane calculated from the proximal iron, distal iron, and the nitrogen
of the ADT ligand (Fe,,-Fe4-N;); and (iii) the cross product of (i) into
(ii). The crystal symmetry-related molecules, Molecular-Frame Ay
and Molecular-Frame By from Site II, are generated by the screw axis
along the b axis of the unit cell. The g-tensor frame, which gives rise to
the EPR signal, is also unknown and is defined as a rotation with re-
spect to the molecular frame. (Rotational matrices for the relationship
of these frames can be found in table S2.) The proposed g-tensor frame
was solved using the principal g-values obtained from the frozen
solution EPR experiment in (16) (g-values: [1.999, 2.039, 2.097]
corresponding to the x, y, and z axes, respectively), and the resonance
roadmap is overlaid on the field-swept two-pulse ESE EPR experiment
shown in Fig. 5D. Since four molecules with different (known) orienta-
tions are present in the P12;1 unit cell symmetry, it can be anticipated
that a rotational study in one plane might be sufficient to fully define the
g-tensor axis with the molecular frame.

The preliminary proposed g-tensor orientation is plotted as a
stereo view in Fig. 5E. The g-tensor (g,, red; g,, green; and g, blue)
is drawn with an origin at the distal iron (Fe4) since density functional
theory calculations consistently identify Feyq to contain most of the
spin density in the H,, state (37). In this work, we find that the g-tensor
principal axis does not coincide with the molecular frame, as defined by
the two iron atoms and the ADT-amine nitrogen, as suggested by
Adamska-Venkatesh et al. (38). Rather, the g-tensor orientation seems
to be symmetric with respect to the plane defined by the two ADT
sulfurs, the distal iron atom, and the distal CN™ and CO ligand. The
orientation of the largest g-component (g,) dissects the plane between
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Fig. 5. Pulse EPR on a single crystal of the H-cluster in [FeFe]-hydrogenase. (A) The molecular structure of the [FeFe]-hydrogenase active site, the H-cluster, from
PDB ID 4XDC is shown with the molecular frame located with the distal iron (Fey) as the origin. The molecular frame rotational coordinates can be found in table S2. S, yellow;
Fe, orange; N, blue; C, tan; O, red. (B) The P12;1 symmetry schematic relating the molecular frame (x, y, 2) to the crystal frame (g, b, ¢) and, last, to the laboratory system frame
(Lq, Ly, L3) is shown. The two molecular frames from the asymmetric unit are present in Site | and can be translated to Site Il by crystal symmetry operations. (C) The static
magnetic field (By) is positioned along the L, axis, while the microwave magnetic field (B;) can be either along the L, axis or along the L axis. A rotation of 180° is
feasible around the L; axis, but only a partial rotation around the L, axis is feasible because of the B, rotating with the crystal resulting in B; to become parallel to By. A

third partial rotation is feasible if the sample is rotated by 90° around the L, axis.

(D) Pulse EPR experiments collected with the 0.4 mm inner diameter self-resonant

microhelix with a [FeFe]-hydrogenase single crystal of C. pasteurianum (Cpl) in the H,, state showing collected data in one plane for a full rotation of 180° in 5° steps at a
temperature of 15 K. The crystal dimensions were approximately 0.3 mm by 0.1 mm by 0.1 mm, and each spectrum was collected in 8 min with a signal-to-noise ratio of
approximately 290. (E) A stereo view of the analyzed g-tensor (g,, red; g,, green; and g, blue) is mapped on the crystal structure (PDB ID: 4XDC). For a three-dimensional
(3D) view of the proposed g-tensor, see https://act-epr.org/FeFeHydrogenase.html.

the distal CN™ and CO ligands, while the g, and g, components tend to
be roughly symmetric with respect to the plane spanned by the two iron
atoms and the ADT-amine nitrogen. See fig. S6 for a direct comparison.
A rotation of the molecular frame by (-142.0, -84.1, 137.6) usinga ZYZ
convention Euler angle produces the proposed g-frame. Rotational
matrices relating the g-tensor to the molecular frame within the PDB
ID 4XDC crystal structure can be found in table S2.

In the study by Adamska-Venkatesh et al. (38), the orientation of
the Fey-CN axis was established with respect to the g-frame using the
axial components of the '>CN hyperfine and C'*N quadrupole inter-
action, as determined by orientation-selective '*C ENDOR and "N
HYSCORE experiments in frozen solution. The calculated direction
cosines of the Fe4-CN orientation within the g-frame seem to be con-
sistent with g-frame being coincident with the molecular frame. It turns
out, however, that the direction cosines of the Fe4-CN axis with respect
to the actual g-frame (not coinciding with the molecular frame), as
determined in our current single-crystal study, are still similar to those
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found in the study of Adamska-Venkatesh ef al. and only deviate by
about 10° (see fig. S6). The information obtained from the frozen solu-
tion orientation-selective ESEEM and ENDOR experiments was under-
determined and did not allow accurate assignment of the full magnetic
interaction tensors. Accurate analysis and refinement is only possible
with the collection of hyperfine and quadrupole data originating from
single-crystal EPR and relating the whole dataset to quantum chemical
calculations.

Advanced pulse EPR on the H-cluster in single crystals

of [FeFel-hydrogenase

To illustrate the availability of more advanced experiments for single-
crystal studies, a HYSCORE experiment for the 150° field-swept ESE
EPR dataset was performed on each of the peaks and is plotted in
Fig. 6. Each HYSCORE spectrum was collected over approximately
1 hour, using a standard four-pulse HYSCORE pulse sequence (7).
To obtain information on the hyperfine and quadrupole tensors,
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HYSCORE or ESEEM data must be collected on at least one peak and
followed through a 180° rotation to obtain the axial relationship of the
hyperfine interactions. Multiple peaks can be used to overdetermine
the system.

In a HYSCORE experiment, the two-dimensional (2D) density
representation shows correlations between the nuclear-spin transi-
tions (my) in both projections of the electron spin. Both the "*N nucleus
(I=1) from a distal cyanide ligand (CNy) and the secondary-amine
group in the ADT ligand can potentially contribute to the HYSCORE
spectrum generating three transitions per ligand for each electron-spin
transition (m,) manifold for a maximum of 12 modulation frequencies.
According to an earlier study on H,, in frozen solution, the features of
the distal cyanide ligand spread out up to 6 MHz, while the transitions
of the ADT-amine nitrogen are found between 2 and 4 MHz (38).

In the single-crystal 2D spectrum, shown in Fig. 6, six main tran-
sitions can be identified, which are assigned to the '*N of the distal
CN ligand. The modulation frequencies can be grouped into two sets
(0.5,3.7,and 4.2 MHz) and (1.5, 3.5, and 5.0 MHz), each originating
from a different m; manifold. The correlation features between these
transitions are indicated by the white, red, and green circles and are in
agreement with frozen-solution HYSCORE performed in (38). How-
ever, the current work only seeks to highlight the feasibility of these
advanced EPR experiments. Future ESEEM/HYSCORE experiments
will address the '*N couplings of the CN™ and ADT ligand in greater
detail. Possibly, this will involve selective '°N labeling as has been dem-
onstrated before (38, 39). From these experiments, extracting the magni-
tude and orientation of the hyperfine and nitrogen quadrupole tensors
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in the molecular axis frame and relating these to the electronic structure
as predicted through quantum chemical calculations are possible.

CONCLUSIONS AND OUTLOOK

An application of the self-resonant microhelix geometry and planar-
coupling structure that increases the EPR absolute spin sensitivity by
a factor of approximately 28 if the signal is unsaturable, and 6 if the
EPR signal is able to be saturated, is presented. For saturable EPR
signals, such as those found in protein samples, the self-resonant mi-
crohelix saves up to a factor of 36 in measuring time. From this gain
in sensitivity, the self-resonant microhelix is well suited for EPR studies
on protein single crystals with dimensions less than 0.3 mm. Because of
the very high efficiency parameter of 3.2 mT/W"?, which corresponds
to a /2 pulse of 20 ns with an incident power of 20 mW, the microhelix
geometry is advantageous in extending pulse EPR to experiments
that usually require costly high-powered microwave amplifiers (e.g.,
HYSCORE), further expanding the applicability of pulse EPR. The sig-
nificantly reduced power contributes to reduced dead time and, there-
fore, potentially expands the use of Fourier transform EPR on systems
with short relaxation rates (40). We also show that the microhelix
performs well for field-swept NARS techniques because of its small size
and “open” structure, which increases the continuous-wave EPR spin
sensitivity further by a factor of 2 for the same experimental time.
Because of the relatively large bandwidth of the microhelix (90 MHz crit-
ically coupled), this geometry is particularly well suited for frequency-
swept NARS and rapid scan experiments, which further improve the

N

N
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w

N

3
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Fig. 6. Single-crystal HYSCORE EPR of the H-cluster in [FeFe]-hydrogenase. Top left: Field-swept two-pulse ESE EPR spectrum at 150°. The figure labels (A, B, and C)
are representative of the spectral peaks. The HYSCORE spectra collected with the 0.4 mm inner diameter self-resonant microhelix of a [FeFe]-hydrogenase single crystal
of C. pasteurianum (Cpl) in the Ho, state at an orientation of 150° collected at a temperature of 15 K. The 2D density representation shows correlations between the
nuclear spin transitions in both projections of the electronic spin. (A) Clean HYSCORE spectrum due to the peak corresponding to only one of the EPR signals in the unit
cell of the crystal. The correlated features between these transitions are indicated by the white, red, and green circles. (B) Relatively featureless HYSCORE spectrum
suggests little hyperfine interaction at this orientation. (C) HYSCORE on two overlapping EPR signals representing different orientations of the enzyme molecule with
respect to the magnetic field. The HYSCORE was set up using the Bruker HYSCORE wizard with the following settings: /2, 40 ns; 1, 280 ns; and At, 48 ns with 256 points
each and 20 shots per point. Each HYSCORE spectrum was collected in approximately 1 hour.
4 October 2019
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signal-to-noise ratio for saturable samples (35, 34) and for the use of
arbitrary-waveform generators for advanced pulse spectroscopy.

This advance in resonator design has allowed the collection of EPR
data from a 0.3 mm by 0.1 mm by 0.1 mm single crystal of [FeFe]-
hydrogenase in the H, state from C. pasteurianum (Cpl) at a tempera-
ture of 15 K. To our knowledge, the HYSCORE spectra collected are
the first published results from a protein single crystal with dimensions
less than 0.3 mm. Full g-tensor and "“N hyperfine tensor analysis of the
active-site cofactor from the collected data is to follow. In addition,
further studies of the hyperfine and quadrupole tensor of the [FeFe]-
hydrogenase are now feasible in single-crystal experiments. These studies
will provide further insight for protein engineering and artificial enzyme
research for creating bio-inspired and bio-mimicking hydrogenase
systems (16).

As this technology matures, further improvements to enhance the
sensitivity based on new fabrication techniques and choice of other
materials will be explored. Not only does the increase in sensitivity
save time in EPR data measurements, but it also reduces the need for
the availability of, or necessity to grow, larger crystals. Other micro-
helix structures, for example those made from superconducting mate-
rials have very high Q,-values and, consequently, a limited bandwidth,
which makes them ideal for continuous-wave experiments. Because of
the extremely high resonator efficiency, only nonsaturable samples
will fully benefit from these designs. Therefore, the current microhelix
geometry and fabrication provides an optimal compromise between
maximum sensitivity and bandwidth for a broad range of tempera-
tures. Specifically, the self-resonant microhelix provides the possibility
to study catalytically active proteins at crystal dimensions relevant to
x-ray crystallography and, hence, is a significant advancement in the
field of enzyme research.

MATERIALS AND METHODS
Simulations and experiments
All microhelix and planar-coupling designs were modeled in the com-
mercially available finite-element modeling program Ansys Electronics
Desktop with HFSS (High Frequency Structure Simulator; v. 19.1) using
driven mode. In driven mode, Ansys HFSS requires a coupling structure
and mimics the output of a network analyzer. All designs were matched
to 50 ohms with an S;; < — 35 dB. Frequency and Q-values (-3 dB) were
read directly from a simulated S;; plot, and Qo-values were calculated by
the known equation Q = Qu/(1 + B), where B is the reflection coefficient
at the frequency of resonance (B = 1 for critically coupled). EPR signal
intensity and resonator efficiency values (mT/W"%) were calculated
using Ansys HESS (20) and tabulated. EPR experimental comparisons
were performed on an Elexsys E580 X-band bridge by Bruker Biospin.
Four resonators were used for this comparison. The Bruker Biospin
(i) dielectric ER4118X-MD-5 W1 (MD5W1) and (ii) LGR ER4118X-
MS-3 W1 (MS3; split-ring) resonators were used as comparisons with
known commercial resonator geometries. Two Q-shaped 0.5-mm-
inner diameter PMR resonators were also tested. The first used (iii)
Rogers 6010LM (RO6010LM printed circuit board; Rogers Corpora-
tion, Chandler, AZ, USA) substrate as per (11-13) and one with (iv)
sapphire substrate. The sapphire substrate was fabricated by Technical
University Ilmenau (Ilmenau, Germany). Both PMR geometries had a
0.5 mm hole through the substrate. Resonator characteristics are found
in table S1.

The EPR experiments performed in this work were as follows. The
continuous-wave EPR experiment measures the sample using a con-
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stant microwave power incident on the sample and slowly sweeping a
quasi-static magnetic field through the resonance condition, v = yB,,
where v is the operating frequency (nominally 9.5 GHz for X-band),
v is the gyromagnetic ratio of the spin system (y = 2.8 MHz/G for a free
electron), and B, is the quasi-static magnetic field. The magnetic field
was modulated, typically at 100 kHz, and collected using a phase-
sensitive detector. Continuous wave was the standard EPR experi-
ment. With modern digital signal processing and fast analog-to-digital
converters, the continuous-wave experiment has recently been im-
proved upon. The NARS (35, 41) and adiabatic rapid scan (34, 42)
methods collect real and imaginary, pure-absorption and pure-dispersion,
EPR spectra using fast quasi-static magnetic field or microwave fre-
quency sweeps without the need for a phase-sensitive detector. Both
rapid scan data can be pseudo-modulated to the conventional first-
derivative EPR spectrum using an MDIFF pseudo-modulation (35).
The NARS experiment uses a field sweep fast enough to overcome 1/f
noise but remains in a thermal equilibrium, while adiabatic rapid scan
sweeps the field fast enough to cause passage. The advantage of NARS is
the signal-to-noise improvement of collecting pure-absorption EPR
spectra, while adiabatic rapid scan can further improve the continuous-
wave and NARS experiment by changing the effective microwave
magnetic field at the sample. This allows for an increase of microwave
power and, thus, increase in EPR signal for saturable signals (42). While
the NARS method can be implemented on commercial bridges with no
hardware changes, it does require some technical expertise (34). However,
to perform adiabatic rapid scan experiments on protein samples, custom
current drivers are needed to increase the swept field amplitude. For sim-
plicity, in this work, we implemented only NARS. Other experimental
parameters are as stated in the manuscript.

The field-swept two-pulse ESE experiment used a /2 — © — 7t pulse
sequence (m is 80 ns) that resulted in an echo t seconds; herein, 7 is
300 ns, after the m pulse. The field was stepped, and a whole spectrum
was acquired. This is the standard pulse sequence to collect an EPR
spectrum (7). The HYSCORE experiment performed in this work
hasan/2 —t1-mn/2 - t; - — t, — n/2 pulse sequence, which resulted
in an echo t seconds after the last 7t/2 pulse. The values for ¢, and t,
were swept to form a 2D experiment at a fixed magnetic field posi-
tion. Here, the magnetic field was set to one of the peaks measured in
the two-pulse ESE experiment: t is 280 ns, #; and £, start at 300 ns
with 256 48 ns steps, and © is 80 ns.

Fabrication techniques
The microhelix was fabricated by hand winding 5 to 8 turns of
0.125 mm diameter silver wire with polytetrafluoroethylene (PTFE)
coating (0.0255-mm thickness, total 0.18 mm diameter; Science
Products GmbH, Hofheim, Germany) around a 0.4 mm drill bit and
placed inside a Rexolite cylinder (0.8 mm inner diameter and 1.2 mm
outer diameter) with a length of 10 mm. The drill bit was removed as
the coil was affixed with super glue by capillary action, waiting for 1 min
and blowing out the excess. The assembly was left to dry for several days.
In the current setup, 6.5 turns are necessary to obtain a helix that has
a resonant frequency around 10 GHz without sample and 9.8 GHz with
a 0.4 mm outer diameter and 0.3 mm inner diameter quartz capillary.
The microhelix is reproducible within 500 MHz (9.3 to 9.8 GHz). Fur-
ther reduction of the variability is feasible with the use of an assembly jig.
The resonator withstands many freeze-thaw cycles and is quite robust.
The coupling loop was designed in Ansys HESS and prepared for
fabrication in AutoDesk Inventor Professional 2019. The printed circuit
board designs were emailed to Streamline Circuit (Santa Clara, CA,
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USA) engineers and manufactured on a PTFE substrate. The printed
circuit board was connected to the bridge by a high-frequency Sub-
Miniature version A (SMA) end launcher (AmphenolRF, 901-10510-1).
Impedance matching was achieved by moving the microhelix relative to
the coupling loop until critically coupled on a network analyzer. Fine-
tune matching was obtained with a slide-screw tuner at the bridge
output. Bench tests of resonator characteristics—such as the frequency
measurements, Qo-value, and sample frequency shifts—were per-
formed on an Agilent 8722ES (now Keysight Technologies, Santa Rosa,
CA, USA) vector network analyzer.

Sample preparation

The photosystem II complex sample from spinach was prepared by
following the BBY method and placed in a 0.4 mm outer diameter
capillary with a 0.3 mm inner diameter (32). The tyrosine D (Y},)
radical was generated by ambient light at room temperature for a
few minutes and then rapidly frozen in liquid nitrogen. The Y},
radical is well suited as a biological test sample since it has been ex-
tensively studied and the g- and hyperfine tensors are known (5).
Using ultraviolet-visible (UV-VIS) spectroscopy, the number of
chlorophyll molecules in the sample can be determined, and taking
into account that there are approximately 250 chlorophyll molecules
per photosystem II complex in spinach, the approximate amount of
enzyme can be calculated. Each photosystem II complex contains
one Yj, radical. For the sample prepared in this work, chlorophyll
molecules (7.9 pM/ml) were measured, resulting in approximately
1.6 x 102 Y3, radicals in the 85 nl that fill the microhelix.

In addition, the photosystem II core complex, extracted and
purified from the thermophilic cyanobacterium Thermosynechococcus
elongatus, was crystallized to reach a crystal size of 0.3 mm by 0.18 mm
by 0.18 mm, using the method of Kern et al. (33). The crystals were
gradually transferred to a cryogenic protection buffer [100 mM MES
(pH 6.5), 5 mM CaCl,, 30% (w/w) glycerol, and 16% polyethylene glycol
2000]. The photosystem II core complex forms an asymmetric unit,
and the crystal has a unit cell space group symmetry P2, 2, 2;, which
generates four sites per unit cell (PDB ID: 1W5C). From this, one can
calculate that there are approximately 8.9 x 10'* Y}, radicals in the test
crystal. The active center and the Y}, of a cyanobacterium were equiva-
lent to that of the photosystem II from spinach.

Last, [FeFe]-hydrogenase from C. pasteurianum (Cpl) was grown
and crystallized to dimensions of 0.3 mm by 0.1 mm by 0.1 mm by
the method of Esselborn et al. (43) under auto-oxidative conditions,
i.e,, without reducing agents. This leaves the enzyme in the characteristic
active oxidized state (H,y), giving rise to an S = 1/2 ground state of the
H-cluster. The accessory iron-sulfur clusters in the protein were oxidized
and remained EPR silent (16). The [FeFe]-hydrogenase crystal has a
space group symmetry P12,1 with two asymmetric units in two sites
per unit cell (PDB ID: 4XDC). With this information, we can calculate
that there are approximately 17 x 10' single enzymes within the crystal,
with each peak corresponding to 4.25 x 10' spins.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaay1394/DC1

EPR characteristics comparison of multiple resonators

Power saturation and A,,.. measurements

Sensitivity comparison of the X-band microhelix to a commercial dielectric resonator
Qualitative sensitivity comparison of the X-band microhelix to high-frequency single-mode
resonators
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Crystal rotation and simulation

Fig. S1. Dimensions and geometry of the four resonators compared in this paper.

Fig. S2. Ansys HFSS finite-element modeling simulation of the microwave magnetic fields
comparing the PMR and microhelix.

Fig. S3. Power saturation curve of LiPC using various resonators.

Fig. S4. Continuous-wave EPR of frozen solution photosystem Il BBY particles performed in the
Bruker MD5W1 dielectric resonator at a temperature of 80 K.

Fig. S5. Comparison of the g-tensor proposed by Adamska-Venkatesh et al. (38) and the
current proposed g-tensor from this work.

Table S1. Resonator characteristics calculated and measured.

Table S2. Rotational matrices for the crystal frame with respect to the laboratory frame and the
g-tensor with respect to the molecular frame.
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