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ABSTRACT

We present field-domain rapid-scan (RS) electron paramagnetic resonance (EPR) at 8.6 T and 240 GHz. To
enable this technique, we upgraded a home-built EPR spectrometer with an FPGA-enabled digitizer and
real-time processing software. The software leverages the Hilbert transform to recover the in-phase (/) and
quadrature (Q) channels, and therefore the raw absorptive and dispersive signals, y’ and y”, from their
combined magnitude (1/I? + Q?). Averaging a magnitude is simpler than real-time coherent averaging and
has the added benefit of permitting long-timescale signal averaging (up to at least 2.5 x 10° scans) because
it eliminates the effects of source-receiver phase drift. Our rapid-scan (RS) EPR provides a signal-to-noise
ratio that is approximately twice that of continuous wave (CW) EPR under the same experimental conditions,
after scaling by the square root of acquisition time. We apply our RS EPR as an extension of the recently
reported time-resolved Gd-Gd EPR (TiGGER) [Maity et al., 2023], which is able to monitor inter-residue
distance changes during the photocycle of a photoresponsive protein through changes in the Gd-Gd dipolar
couplings. RS, opposed to CW, returns field-swept spectra as a function of time with 10 ms time resolution,
and thus, adds a second dimension to the static field transients recorded by TiGGER. We were able to use RS
TiGGER to track time-dependent and temperature-dependent kinetics of ASLOV2, a light-activated phototropin
domain found in oats. The results presented here combine the benefits of RS EPR with the improved spectral
resolution and sensitivity of Gd chelates at high magnetic fields. In the future, field-domain RS EPR at high
magnetic fields may enable studies of other real-time kinetic processes with time resolutions that are otherwise
difficult to access in the solution state.

1. Introduction

elements. In constrast, field sweeps are much slower (10> T/s) and
do generate eddy currents [20], but do not suffer from frequency-

Rapid-scan (RS) electron paramagnetic resonance (EPR) is a tech-
nique that has received increased attention in recent decades [1-11].
It can provide substantial benefits compared to conventional CW EPR,
with improved signal-to-noise (SNR) ratio for equivalent acquisition
times as well as the ability to record entire field-swept spectra with
high temporal resolution [12-17]. In RS EPR, either the source fre-
quency or the applied magnetic field is rapidly swept to record a
spectrum. Frequency sweeps can be done extremely quickly using an
arbitrary waveform generator (AWG) or voltage-controlled oscillator
(up to 107 T/s [18,19]) and do not generate eddy currents in metallic

dependent standing wave modes in the quasioptics, as the source
frequency is fixed [21]. It is also comparatively cost-effective and
simpler to implement field-domain rapid-scanning in a fixed-frequency
CW EPR spectrometer because a variable-frequency source and detector
are not required.

To date, RS EPR has been primarily utilized at low field (ie.
“X-band”, 9.6 GHz and 342 mT), where commercial options exist.
However, there are benefits to performing EPR at high magnetic fields
and frequencies (>3.6 T and >100 GHz): larger fields improve spectral
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resolution, increase sensitivity through increased electron spin polar-
ization, and can even decrease the width of an EPR line in the case of
—1/2 — 1/2 transitions of paramagnetic species with non-integer spin
>1/2, if the primary broadening mechanism is zero-field splitting. In
particular, as reported in [22-24] the linewidth of the —1/2 — 1/2
transition in Gd-sTPATCN, a highly-symmetric gadolinium spin label
with spin 7/2, has been shown to decrease to less than 10 Gauss at
8.6 T (240 GHz) in sufficiently dilute samples, due to its small zero-
field splitting and otherwise symmetric, isotropic EPR spectrum. Hence,
dipolar broadening of Gd spin labels at 8.6 T is visible if other Gd spins
are sufficiently close (<4 nm separation), making their linewidth useful
for probing distances between residues in spin-labeled proteins [22].

Combining the benefits of high-field and rapid-scan EPR is still
rare [11,18,25], but has been demonstrated up to 330 GHz [26]. The
first demonstration of rapid-scan at high field was in the frequency
domain [18]. Resonator-free, high-field spectrometers — such as the
one used in this study — do not limit the range of frequencies that
may be used [20], and thus can provide access to broad spectra
when the frequency is swept. Still, frequency-domain rapid scanning
is complicated to implement given the instability caused by standing
waves.

Implementing field-domain modulation is less complicated than
frequency-domain, but many EPR resonance lines are too broad for
a ~100 G field-domain modulation coil to achieve meaningful results.
However, the —1/2 — 1/2 transition in Gd-sTPATCN is sufficiently
narrow to sweep through with a ~100 G modulation coil, thereby
enabling field-domain RS EPR of protein samples of interest at high
magnetic field; to our knowledge, this report is the first demonstration
of field-domain RS EPR above X-band.

For this experiment, a function generator and modulation coil are
required in order to sweep through an entire EPR transition of interest
in a matter of microseconds. This implementation also requires a
digitizer with a sampling rate of order 500 MSa/s (see below) and
real-time onboard averaging that can continuously average rapid scans
as they are acquired (thousands of points, updating at tens of kHz),
in order to operate at an achievable data throughput and minimize
post-processing. To enable field-domain rapid-scan in the homebuilt
EPR spectrometer housed at UCSB’s Institute for Terahertz Science and
Technology (ITST), hardware and software upgrades were required.
One such upgrade was the implementation of the recently reported
quasioptical sample holder that greatly improves SNR by reducing the
intensity of baseline relative to signal [17]. The sample holder also
makes it possible to finely position the sample at a B, maximum
to amplify the resulting EPR response. It does not contain metallic
components within the coil and all metallic components are quite
far from the coil center, eliminating the background effects of eddy
currents in rapid-scan experiments: the nearest metallic element is a
copper waveguide that is approximately 1.25 mm from the top of the
coil along its field axis (7.25 mm from the center of the coil) and the
cylindrical cryostat that houses the probe is 6 cm in diameter, which
is quite far away from the 2.5 cm outer diameter of the coil (and
3 cm from its center) [17]. The second upgrade was the installation
and programming of a field-programmable gate array (FPGA)-enabled
digitizer for rapid data acquisition and real-time averaging. In total,
the work presented here represents a large leap in field-domain RS EPR
from 9.4 GHz to 240 GHz.

We have recently shown that high-field RS EPR can be used to track
solid-state kinetic processes [17]. In the current study, we demonstrate
the potential of this new approach to directly measure time-resolved
inter-residue distances after inducing conformational changes of a pro-
tein in solution, addressing an important frontier in biology. For this
demonstration, we have chosen the blue-light activated phototropin
domain AsLOV2, which is an important protein for regulating pho-
tosynthesis in plants [27,28], and is of interest to the optogenetic
community [29-33].
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2. Experimental design

All experiments were done using the homebuilt EPR spectrometer
at ITST. The spectrometer operates in field domain with a 12.5 T field-
swept magnet (Oxford Instruments, Inc., UK), 240 GHz source (~30 mW
output power, Virginia Diodes, Inc., USA), and Schottky-diode based
subharmonically-mixed heterodyne receiver (WR4.3SHM with single-
sideband noise temperature approx. 1400K and 8 dB conversion loss,
Virginia Diodes, Inc., USA) that returns the EPR signal at an interme-
diate frequency (IF) of 10 GHz. All rapid-scan experiments presented
here made use of the quasioptical sample holder presented in Sojka
et al. [17] to maximize the signal-to-noise ratio, which in turn enhances
the temporal resolution of kinetic processes of interest. Specific IF stage
components are listed in S.I. sec. S1 and additional spectrometer details
that do not pertain specifically to rapid-scan operation can be found
elsewhere (e.g., [34,35]).

Field-domain RS EPR is achieved by driving a modulation coil with
a sinusoidal AC current (~100 mA RMS; produced by 8111 A function
generator, Hewlett-Packard, USA) to sweep rapidly through the reso-
nance (modulation field is ~100 G peak-to-peak at ~25 kHz, depending
on the inductance and number of turns of the individual coil, as well as
the capacitance of in-series capacitor, which we usually set to 10 nF).
Therefore the peak sweep rate, at the center of a sinusoidal sweep,
is approximately 600 T/s. The modulation coil strength at a given
frequency may be improved by reducing the AC impedance of the coil
of choice or amplifying the driver current. This can be done with Litz
wire [36] or an amplifier circuit like those reported in refs. [37-39].
Because this coil is approximately 5x smaller in each dimension than
coils used for X-band RS EPR, it can be driven to similar field strengths
with much lower currents. This reduces spurious microphonic effects as
well as associated eddy current effects and parasitic signals to negligible
levels [40]. The function generator that drives the modulation coil
is also used to trigger data acquisition at the digitizer (16-bit PXIe-
5673, National Instruments™, USA) so that field sweeps start and stop
at repeatable field positions. Only the low-to-high field sweeps are
recorded so that the digitizer has time to arm and trigger before each
low-to-high sweep.

After detection and subharmonic mixing, the IF signal that contains
the EPR spectrum is variably attenuated to control input power, ampli-
fied, then IQ-mixed with an in-phase and quadrature 10.10 GHz local
oscillator (LO) signal (MLSL-0911, Micro Lambda Wireless, Inc., USA)
that is phase-locked to the subharmonic mixer LO. This mixing results
in a 100 MHz carrier frequency (see IF stage block diagram in Fig. 1)
that is directly digitized and subsequently added in quadrature by a
field-programmable gate array (Xilinx KU040 FPGA, Advanced Micro
Devices, Inc., USA) onboard an AC-coupled 500 MS/s, 225 MHz input
bandwidth digitizer.

Because we detect a significant amount of co-polar leakage, (i.e.,
reflected source power parallel to the input polarization that is not a
result of induction mode EPR absorption), the signals that are digitized
contain a large DC offset. Somewhat surprisingly, due to this offset,
we are able to extract both the dispersion, y’, and absorption, y”, by
only recording the magnitude of the input IF signal (/12 + Q2). To
demonstrate, assume one channel contains y’ and some DC offset, a,
and the other contains y” and some DC offset, b, we can write the
magnitude of the digitized signal, S, up to a scaling factor, as:

1S| o VI2+ Q2 =

Then, since the co-polar leakage is large compared to the EPR signal,
the DC offset in each channel is large compared to the susceptibility
(@ > y' and b > y"). Applying the binomial approximation twice
returns:

/+b "
18| % Va2 + b2+ L T2X o)
Va2 + b2

(' +a)?+ (¢ +b). (€]
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Fig. 1. Simplified block diagram of the rapid-scan EPR spectrometer. Signal acquired by the digitizer is sampled every 2 ns and time and field-domain traces are summed at
the modulation frequency of ~25 kHz. An amplifier-multiplier chain (AMC) that appears in the source chain (blue, top) multiplies the 15 GHz LO frequency 16x. The source
power emitted is ~30 mW at 240 GHz. An AMC in the detector chain (red, middle) multiplies the 14.375 GHz LO frequency 8x. The resulting 240 GHz and 115 GHz signals are
subharmonically mixed (WR4.3SHM, Virginia Diodes, Inc., USA) to 10 GHz for amplification, filtering, and further mixing with 0° and 90° 10.10 GHz reference signals, which
produces two orthogonal signals at a 100 MHz carrier frequency. The 100 MHz modulated signals (green, bottom right) are then digitized by an FPGA-enabled digitizer. The
100 MHz and 10 MHz reference sources do not need to be phase-locked because of the phase-insensitive magnitude averaging technique used. Solid lines represent SMA cables
carrying electronic signals and the dotted lines represent electromagnetic waves that propagate through quasioptical components and in-and-out of the EPR magnet where the
sample is located. RF amplifiers and variable attenuators are omitted here for simplicity. Individual part numbers for the components shown here, as well as those that are omitted,

are provided in S.I. sec. S1.

Then, subtracting the Hilbert transfo~rrn, H, of |.S| provides us with an
analytic signal (which we denote |.S|) that can be deconvolved using
the algorithm in Tseytlin [41].

— "+ by —ay" +by

(51 = 1S1 - iH (151} & Va2 + 2 + L2 —i( X oL ) ©)
Va2 + b? Va? +b?

Simplifying and applying a overall phase correction of ¢ = 7/2 —

tan~!(a/b) leaves us with:

ISle < (a+ib)+ 1 +iy" xS, @

which is the original signal, S, up to a scaling factor, that contains
separable components of both y’ and y”, our rapid-scan signals of
interest. For a full derivation, please see S.I. sec. S2.1.

It is possible to obtain ' and y” by phasing each I and Q signal
separately before averaging. In this case, the 100 MHz carrier frequency
must remain very stable throughout the experiment so that each sine
wave may be precisely aligned. The final result of separately phasing
each I and Q signal is the same as the one described above, but imple-
menting the necessary frequency stability is challenging and real-time
phasing is much slower computationally; therefore, we instead chose
to continuously average magnitudes to maximize the FPGA’s ability to
perform computations in real time. Importantly, averaging magnitudes
eliminates any dependence on phase drift between the source and
receiver and thereby enables phase-independent signal averaging. For
this reason, the 100 MHz and 10 MHz reference sources shown in Fig. 1
are not required to be phase-locked to one another, and we are not
sensitive to phase drifts due to changing temperature, for example.

The magnitude signals are continuously summed a user-specified
number of times in the FPGA and transferred to the control PC for fur-
ther processing (see block diagram in Fig. 2). The control PC computes
the root-mean-square time-dependent signal, digitally filters high fre-
quency noise (LabVIEW 21.0 Butterworth low-pass filter with fiyof =
25 MHz), and writes the signal to an experiment file. Currently, the
averaging is limited to >250 scans (~10 ms with 25 kHz field modula-
tion) due to limitations with memory onboard the digitizer and data
throughput rates to the control PC.

Experiment files are processed using Python3 [42]: beginning with
Eq. (5), the Hilbert transform is computed from the raw magnitude of
I and Q, r(f) = VI? + 02, to return the complex analytic signal of the
acquired component,

ra®=r@®—ixIm{H{r(}}, )

where H is scipy.signal.hilbert [43]. As discussed above, this process
returns a complex signal that contains both '(¢) and x'/(r) with some
DC offset and an unknown phase. Next, a GUI (onefileRapidscan-
GULpy, [42]) is used to implement the deconvolution algorithm for
sinusoidal scans developed by Tseytlin [41]. The combination of these
programs returns y#, the complex magnetic susceptibility y with some
phase shift. To obtain the field-swept absorptive and dispersive line-
shapes, the spectra must be phased. There are multiple ways to apply
the phasing, but a typical method requires minimizing (nulling) any
negative values in y”, the absorptive signal of interest. Symbolically,

1B =D{r0n}
ey +iy")=D {7}, where y* =y = (' +iy")
7 =Im{e D {F}}, ©)

where y*(B) is the complex magnetic susceptibility y as a function
of field, B, with unknown phase ¢; D is the deconvolution algorithm
from Tseytlin [41]; and y’ and y”" are the slow-scan dispersive and
absorptive signals, respectively.

3. Results

In this study, we apply high-field field-domain RS EPR to study the
time-resolved kinetics of Gd(III)-labeled AsLOV2, a phototropin domain
that is known to unfold upon blue-light activation [44]. ASLOV2 was
spin-labeled at a pair of sites (406 and 537) with Gd-sTPATCN. In
its dark state, the EPR spectrum of Gd-labeled AsLOV2 is broadened
through dipolar coupling [45]. When illuminated with blue light, the
protein is activated to its lit state and the distance between the two
spin labels increases, thereby reducing the strength of the dipolar
coupling. Previous time-resolved Gd-Gd EPR (TiGGER) measurements
on identically-labeled AsLOV2 samples, performed at a fixed magnetic
field, confirmed this effect [46].

However, in order to extract quantitative, time-resolved changes
in distance under functional conditions, it is necessary to record the
entire EPR lineshape of interest at every time step in solution state,
which requires RS TiGGER. In this paper, we report time-dependent
measurement of EPR lineshapes by RS TiGGER before, during, and
after light activation. From these lineshapes, we extract an activation
energy of 15.5 + 1.5 kcal/mol for AsLOV2 refolding using a temperature-
dependent Arrhenius plot of refolding rates that agrees well with the
NMR-determined values presented in Harper et al. [47].
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Fig. 2. Digital signal processing block diagram. The AC current that drives the rapid-scan field serves as a data acquisition trigger (~25 kHz), which is looping inside a while loop
(purple). The trigger activates an acquisition cycle in an if loop (red) that proceeds until it executes a user-specified number of times. Inside the if loop, the I and Q signals
(100 MHz carrier frequency) are added in quadrature, and then continuously averaged by summing. After the while loop has run » times, the loop exits, the data is sent to a
control PC for additional processing (blue), and the while loop is restarted. On the control PC, the root-mean-square signal is calculated and then low-pass filtered at 25 MHz,

which removes high frequency noise and harmonics of the carrier frequency while preserving any features that may appear in the rapid-scan spectrum. The data is then written

to a file.
3.1. Gd-sTPATCN

Field-domain RS EPR relies on the ability to sweep the entire reso-
nance using the modulation coil, without sweeping the main field. Our
modulation coils typically reach field strengths of ~100 G peak-to-peak,
and thus, can only be used for RS on lines narrower than 25 G because
the Hilbert transform in post-processing requires that the scan extends
far past the wings of the resonance. At 8.6 T, Gd-sTPATCN has a full-
width at half-maximum linewidth of less than 10 G, even when attached
to a protein [23,46], due to its very small zero-field splitting (ZFS) and
significant ZFS strain (at 10K, D = 485 MHz [48]). To first order, ZFS
does not alter the spin —1/2 — 1/2 transition, but to second order,
E?F s(_% - %) 3 %U, where B is the strength of the applied magnetic
field [35,49,50]. Therefore, in a typical field-swept EPR spectrum, only
the narrow central transition is observed: the others are spread into a
very broad background as a result of this strain at high field. Further,
it has been shown that 240 GHz is close to the optimal frequency
for Gd-sTPATCN, as it produces nearly the narrowest linewidth of all
accessible EPR frequencies; this is a result of the competing effects
of narrowing due to ZFS and increased broadening due to unresolved
g-anisotropy [24].

3.2. Spectrometer sensitivity

For a 1 mM solution of Gd-sTPATCN spin label in D, 0, the SNR for
250 scans — using a conservative low-pass filter cutoff of 25 MHz —
was found to be SNR = 6010 over 1000 experimental runs (see S.I sec.
S3.1 for walkthrough of SNR calculation). Because the SNR of rapid-
scan is dependent on modulation coil frequency, number of averages, as
well as digitizer and low-pass filter bandwidths, we sought to quantify
our rapid-scan sensitivity by comparing it to the more well-established
CW mode calculation. For CW, following the calculation in Nir-Arad
et al. [51], the sensitivity, E, is:

N
SNR * n + AH,, % \/Af

)

Ecy

where N is the number of spins in the sample (for 1.3 pL capillary of
1 mM Gd-sTPATCN, this is 7.8 x 10'* spins), SNR is the signal-to-noise
ratio (8 x 10? in CW, see S.I. section $3.2), n is the number of EPR lines
D), 4H,, is the peak-to-peak linewidth (5 G), and Af is the detection
bandwidth (for a lock-in time constant of z = 100 ms with a 24 dB/oct
roll-off, the equivalent noise bandwidth is Af = 5/64r = 0.78 Hz [52]).
Therefore, E.y, is:

7.8 x 10'* spins
Ecy =
8x 103 % 1%5G = +/0.78Hz

which is comparable to the room temperature, continuous wave sen-
sitivities of other high-field, resonator-free spectrometers [21,51,53].
To compare rapid-scan to CW, it is simplest to divide the SNR of CW
and rapid-scan by the square roots of their acquisition times, similar
to what was done in Mitchell et al. [54]. In both cases, the SNR was
carefully maximized by reducing high frequency noise as much as
possible without distorting the line: for CW, this meant acquiring a
point every 200 ms, twice the lock-in time constant; for rapid-scan, this
meant using 2.5 MHz as the cut-off frequency for the digital low-pass
filter, as any lower began to distort the lineshape (see S.I. Fig. S4). The
SNR of CW was 8x 10° and was acquired by sweeping over 11 mT with
a 0.1 mT/s sweep rate, meaning the experiment took t"c‘;, =110s. The
SNR of 2.5 x 10* averaged rapid-scan sweeps filtered at 2.5 MHz had
a mean SNR = 1.7 + 0.6 X 103 over 9 experimental runs, acquired at
23.6 kHz, each with a total acquisition time, 54 = 1.06 s. Therefore,

=22x101 spins/GVHz, (8)

RS
SNRy, /1/155, =760 VHz, ©)
SNRgs/1/158 = 1650 VHe, (10)

implying that while using UCSB’s homebuilt EPR spectrometer, rapid-
scan with a digital filter of 2.5 MHz can provide better SNR (and
therefore sensitivity) in similar acquisition time. This approximately 2x
improvement may be due to the elimination of phase noise between
the source and the receiver as a result of the magnitude averaging
scheme used. As discussed by Mitchell and collaborators [3,14,54], if
the sample can be saturated with continuous wave excitation, even
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Fig. 3. Log-log plot of signal-to-noise (black dots) as a function of the number of rapid-
scan acquisitions (i.e., acquisition time). Up to at least 2.5 x 10° scans, the relationship
is linear and the slope is m = 0.48 + 0.2 (fit shown by a dashed red line, uncertainty
represents a 95% confidence interval for the fit), meaning SNR improves as expected,
scaling as m Sample was 1 mM Gd-sTPATCN in D,0, experiment was done at
10 °C. Time and field-domain plots for each SNR are shown in S.I. Fig. S2.

larger SNR benefits may be obtained by using rapid-scan. In rapid-scan
mode, higher source power may be used without saturating, which
provides a much larger signal and thus higher SNR. However, Gd-
STPATCN at high field and room temperature cannot be saturated with
the approximately 0.1 G B, field strength that is available at the sample
position.

Rapid-scan also allows signal averaging for as long as is necessary,
which is a marked improvement over CW at high field, where repeated
signal averaging is difficult and source phase drift often negates its
benefits. As shown in Fig. 3, longer acquisition times (more averages)
improves SNR by the expected value of /N, where N, is the
number of summed signals. There are likely to be diminishing returns
at some N,,,, when the amplitude of high frequency noise has been
reduced below the resolution of the digitizer, but up to at least 2.5x 10°
scans (100 s), that limit had not been reached.

We can use Eq. (10) to estimate the SNR at the lower limit on time
resolution (where each time step is a single low-to-high field sweep)
for a 1 mM Gd-sTPATCN sample. Assuming a 23.6 kHz modulation
frequency:

SNRs = 1650 VHz % V/(23.6kHz)~! = 10.7, an

which would still be sufficient for the post-processing and linewidth
fitting that is presented in Section 3.4 of this manuscript.

3.3. Continuous wave TiGGER of Gd-sTPATCN labeled AsLOV2

AsLOV2 is a phototropin 1 LOV2 domain (activated by light, oxy-
gen, or voltage) that is found in Avena sativa (oats). It has a helix that
is known to lose structure and unfold upon light activation [44,55,56].
We have previously demonstrated that AsLOV2, when doubly-labeled
with Gd-sTPATCN at residues 406 and 537, exhibits spectroscopic
dipolar broadening at high magnetic field [46]. This dipolar broadening
was used to detect changes in inter-residue distance during and after
protein activation with 450 nm light (see Fig. 4).

This dipolar broadening comes from a dipolar coupling term in the
electron spin Hamiltonian and scales as 1/r, where r is the distance
between two nearby spin labels [50]:

_ M g2ﬂ%
T 4r
Here, w,, is the dipolar coupling strength in angular frequency units,
o is the permeability of free space, g is the g-factor of the spin label
(ggaqm ~ 1.99 [57,58]), up is the Bohr magneton, % is the reduced
Planck constant, and 6 is the polar angle between a vector connecting
the two spins and the applied static magnetic field. Because nearly

o (3cos?6 —1). 12)
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100% of AsLOV2 proteins are doubly-labeled [46] and they are in a
relatively dilute solution (1 mM), the dominant contribution to dipolar
broadening is from the spins at the labeled sites [35]. Throughout
this article, the chosen sites are the same as were reported in Maity
et al. — 406 and 537 — which are known to be ~2.5 nm apart
when immobilized [46,59]. The spin labels attached to these sites are
slightly further apart (2.9 nm, estimated using off-rotamer sampling
with chilife [60,61]) than the sites themselves due to their rigid linkers.
Upon 450 nm light activation, the Ja-helix unfolds, which allows site
537 to move further away from site 406 and thus reduces the dipolar
coupling from w,,(r = 2.9nm) to w,,(r > 2.9nm). Fig. 4, reproduced
from [46], presents this effect as a function of time before, during, and
after light activation. It was observed that once the laser is turned off,
the protein relaxes and refolds back to its dark state configuration with
exponentially fitted relaxation time constant of r =51.9+0.3 s.

3.4. Rapid-scan TiGGER of Gd-sTPATCN labeled AsLOV2

While the CW TiGGER spectra reported in Maity et al. [46] return
information on the time scale and existence of inter-residue motion,
time-dependent field-swept spectra are required for quantitative analy-
sis of distances and distance distributions. A two-dimensional time-field
map makes data interpretation more obvious and robust than one-
dimensional information at a single field position, where artifacts can
obscure a quantity of interest. For example, if light activation slightly
changes the peak field position of a CW spectrum, the resulting one-
dimensional transient would be indistinguishable from the peak signal
decreasing due to linewidth broadening. With a RS field sweep, the
quantity of interest can be extracted more reliably, as artifacts such
as small field-dependent peak shifts can be handled in post-processing.

RS EPR is able resolve the entire Gd-sTPATCN central transition and
continuously average as few as 250 scans per frame (totaling 10 ms),
making it well-suited for the task of tracking AsLOV2’s inter-residue
movement. The shortest time resolution for continuous averaging is
currently 10 ms due to a bottleneck of data transfer throughput and
limited memory onboard the digitizer. However, the AsSLOV2 spectra
shown in Fig. 5a were averaged 25,000 times to achieve roughly 1
frame per second, which is sufficient for the timescale of the kinetics
of interest (in our measurements, this timescale is ~100 s) while max-
imizing the signal-to-noise ratio and minimizing the amount of data
that needs to be handled in post-processing. All RS TiGGER experiments
presented here were captured in a single photocycle because averaging
over multiple photocycles was not required to achieve a sufficient
signal-to-noise ratio. As a result, the experiments presented here yield
much more information than those in Maity et al. [46] while requiring
only 10% of the acquisition time.

The AsLOV2 experiments presented in this manuscript were done in
the presence of excess flavin mononucleotides (FMN), a chromophore
that appears naturally in the protein’s central binding pocket. FMN is
responsible for absorbing a 450 nm photon and initiating AsLOV2’s
light-activated conformational changes. Preliminary results showed a
correlation between dark-state linewidth and temperature that implied
the protein seemed to “condense” with increasing temperature. How-
ever, loading excess FMN (100x the protein concentration) eliminated
this effect: we suspect that the central FMN exchanged more readily be-
tween the center of the protein and the surrounding environment when
it had more thermal energy. In the case of the FMN-surplus samples,
the high concentration of external FMN ensured that an equilibrium
was established with a higher fraction of loaded proteins. Therefore, to
avoid a reduction in TiGGER sensitivity due to proteins lacking an FMN
chromophore, all reported AsSLOV2 RS TiGGER experiments were done
with excess FMN at approximately 100 mM. All other spin labeling,
purification, enrichment, and sample buffer details match what were
reported in Maity et al. [46].
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Fig. 4. 450 nm illumination inducing dipolar narrowing in AsLOV2 that was doubly labeled at residues 406 and 537. (a) Field-swept CW EPR demonstrates that the lineshape
of light-activated, unfolded AsLOV2 (dashed blue) is narrower than the dark-state, folded AsLOV2 (solid black). Continuous wave EPR makes use of field modulation, resulting
in the derivative lineshape shown; in this case, narrowing manifests as an increase in derivative peak height. (b) Time-dependent peak signal intensity as a result of unfolding
(narrowing) and refolding (broadening) during and after light activation (vertical blue bar) at a fixed field position (gray vertical bar in a). The lineshape’s peak height (black dots)
showed a large narrowing during the laser illumination, and broadening during the relaxation afterward. An overlaid best fit (dashed red line) to an exponential decay provided
a time constant of 7 =51.9+0.3 s. ~1 mM liquid samples were loaded into a 100 pm-thick, 2-by-5 mm (approx. 1 pL sample volume) borosilicate glass capillary (VitroCom, USA)
to maximize the sample surface area while minimizing THz absorption due to water [62]. Capillaries were wax-sealed, then placed on a PTFE tape covered, 7 mm diameter,
protected silver planar mirror; no resonator was used. Experiment was done at 21 °C. Figures reproduced with permission from Maity et al. [46]. Copyright Wiley-VCH GmbH.
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Fig. 5. Rapid-scan TiGGER of AsLOV2 doubly labeled with Gd-sTPATCN. (a) Raw rapid-scan data of 2.5 x 10* averages (black, at r = 0 s with the laser off, and dashed blue
at + = 40 s, after the laser has been on for 10 s) and modulation field during the rapid-scan sweeps (dashed gray). Colored arrows point toward each line’s respective y-axis.
(b) Deconvolved rapid-scan absorptive data as a function of field and light activation (a video animation of this plot can be found in the Supplementary Material). Though only
2 frames are shown, roughly 500 were captured during the 500 s experimental run. When the protein was illuminated with 450 nm light, the linewidth narrowed, and then
subsequently relaxed back toward the initial spectrum. The lineshapes are normalized to their individual peak intensities to highlight the light-induced narrowing. (c) Corresponding
deconvolved rapid-scan dispersive data as a function of field and light activation. (d) Linewidth of doubly labeled AsLOV2 absorptive spectra as a function of time. Linewidths
(black points) were extracted from Lorentzian fits of each rapid-scan frame captured during a TiGGER experiment. Fit of an exponential decay (dashed red) returned 54.9 + 1.4 s,
where the uncertainty represents a 95% confidence interval for the time constant returned by the fit. Samples were doubly labeled ASLOV2 at ~1 mM in buffer; the buffer included
100 mM surplus FMN. The experiment shown was done at 18 °C. Samples were loaded into a 100 pm-thick, 2-by-5 mm (approx. 1 pL sample volume) borosilicate glass capillary
(VitroCom, Mountain Lakes, NJ) to maximize the ratio between surface area and sample thickness and thereby reduce 240 GHz attenuation [62].

To recover the refolding rate, the lineshape of each time-dependent result of these fits for data recorded at 18 °C are shown in Fig. 5d. The

RS TiGGER frame can be fitted to a Lorentzian, 18 °C relaxation time (54.9 + 1.4 s) agreed well with the CW experiment
4B done at 21 °C (51.9 + 0.3 s) in Maity et al. [46].

L(B) = 4 2—1 (13) The experiment was repeated at a variety of temperatures from

7 (B - By’ + (EAB)Z 6-33 °C (see S.I. Fig. S6). The relaxation times decrease with increasing

where A is the fit amplitude, B is the magnetic field, B, is the resonance temperature, as expected for a thermally-activated process per the

position, and 4B is the full-width at half-maximum in units of field. The Arrhenius equation, which states that the relaxation rate constant, k,
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Fig. 6. Arrhenius plot of the natural logarithm of refolding rate (k; units of s~') of
doubly labeled AsLOV2 versus inverse temperature. A linear fit (dashed red line) to
the raw data (solid black dots) returned an activation energy E, = 15.5+ 1.5 kcal/mol.

should behave according to
k= Aexp(—E,/RT), 14

where A is a scaling factor, E, is the activation energy for a conforma-
tion change, R is the ideal gas constant, and T is temperature [63,64].
Rearranging,

-1 E, 1
In(k) =In(z"") = “RT +In(A), (15)

which can be used to fit the natural log of the refolding rate to a
linear equation in inverse temperature to extract an activation energy
for refolding, E,. The results of fitting the data to Eq. (15) are shown
in Fig. 6. The extracted activation energy of 15.5 + 1.5 kcal/mol is in
good agreement with the value of 15.1 kcal/mol reported by Harper
et al. [47], which was recorded using time-resolved NMR.

4. Discussion

We employed field-modulated rapid-scan TiGGER to record EPR
lineshapes as a function of time during the photocycle of AsLOV2,
which lasts hundreds of seconds, with a temporal resolution of approx-
imately one second. The lineshape contains much more information
than a similar CW TiGGER experiment, which samples the EPR spec-
trum at a fixed field as a function of time. The extra information yielded
by RS includes entire lineshapes of Gd-sTPATCN’s central transition
that are robust to source phase and power drift. Such lineshapes are
required to extract electronic dipolar couplings. Though current data
throughput limits the time resolution to ~10 ms, corresponding to
averaging >250 scans at 25 kHz, there is no fundamental reason that the
temporal resolution cannot be decreased to well-below 1 ms, or even
down to the time required for a single field-swept scan. As discussed
above (see Eq. (11)), the SNR for a single scan would still be greater
than 10. The data throughput can, in principle, be increased with
improved digital hardware and software to enable time resolution into
this single-scan regime. Further, the time required for a single-scan
may be reduced by increasing the modulation frequency (potentially
up to 1 MHz). With these hardware changes together with modest
improvements in signal-to-noise ratio, for example by implementing a
resonator, RS TiGGER should be able to resolve much faster dynamics
(e.g., the unfolding of AsLOV2, which has been reported to occur on
10-100 ps time scales [65]). To estimate the SNR at 1 MHz, we can use
Eq. (10) while incorporating the effect of a resonator:

SNR(#%? = 1 ps) = 1650 VHzy/1 ps * nQ = 1.65 * nQ, (16)

where 7 is the filling factor and Q is the quality factor of the res-
onator [66,67]. For a high field-and-frequency system, a practical
resonator candidate would be Fabry-Pérot [68,69] or open Fabry-
Pérot [70-72] type, with O-factors reported up to 10,000. However,
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such high-Q EPR resonators have only been demonstrated at 94 GHz.
More attainable Q-factors at 240 GHz, due to the smaller wavelengths
(1.25 mm), is Q ~ 100, as reported in [73-76] in an open Fabry-Pérot
configuration. To estimate », which depends on resonator and sample
relative sizes, we can use # = 0.05 from Burghaus et al. [77]. Therefore,
nQ would improve SNR by approximately 5, up to SNR ~ 8, which is
mainly limited by a low filling factor. Photonic bandgap resonators,
by comparison, can achieve higher filling factors with comparable Q-
factors at high frequency, with reported QO ~ 450 at 94 GHz [78].
Since the resonator structure can be scaled to smaller wavelengths quite
easily, by simply reducing the thickness of dielectric layers, similar Os
should be achievable at 240 GHz. Conservatively assuming a photonic
bandgap resonator has double the filling factor of Fabry-Pérot type
(n =~ 0.1), a 240 GHz photonic bandgap resonator with O ~ 450 would
still increase the 1 ps SNR by a factor of 45, up to SNR » 72.

The field-swept lineshapes recorded by RS TiGGER contain, in
principle, all of the information required to extract inter-spin-label
distance distributions as a function of time, rather than only qualitative
changes as a result of deviation from the initial coupling strength.
Quantitative distance distributions, obtained by fitting entire EPR line-
shapes, can report on the entire ensemble of conformations rather
than the mean of the population, which is especially important for
intrinsically disordered regions of proteins. Further, using RS TiGGER
to extract distance distributions and activation energies of kinetic pro-
cesses simultaneously may allow for spectroscopic identification of
conformational intermediates in multi-step unfolding or refolding pro-
cesses, for example. For guidance on how extract distance distributions
from EPR spectra, one can look to the extensive literature on the
topic between nitroxide and gadolinium-based spin labels, including
CW dipolar broadening [22,35,79-83], DEER and other pulsed tech-
niques [50,84-88], and even R~® dipolar relaxation effects in rapidly
tumbling liquids [89,90].

Although addressing the challenges of extracting distance distribu-
tions from RS TiGGER lineshapes is beyond the scope of this paper,
we briefly state two of them here, along with approaches to solving
them. First, protein tumbling in solution reduces the dipolar broadening
via motional narrowing [91,92]. Therefore, it is necessary to either (a)
mitigate tumbling by slowing it down, for example using a viscogen
like ficoll [93] or trehalose [94] which may not inhibit protein confor-
mational changes, or (b) devise a method to quantify the incomplete
motional averaging, possibly by direct spectral simulation of an inter-
mediate motional regime using a tool such as EasySpin [95,96] with
a rotational correlation time deduced from NMR [97,98] that is aug-
mented by molecular dynamics simulation [99]. Second, while the dis-
tribution of zero-field splittings for Gd-sTPATCN has been measured at
cryogenic temperatures [48], it may be different at room temperature,
so further experimental or theoretical estimates are needed.

The payoff for successfully addressing these challenges is signif-
icant, as no other experimental methods we are aware of have the
potential to measure time-resolved inter-residue distance distributions
of proteins after photoactivation in solution state. DEER [100], cryo-
electron microscopy [101], and X-ray crystallography [102,103] all
provide high-resolution residue-residue distances, but they cannot be
done in solution state. Forster resonance energy transfer (FRET) can
be performed at room temperature, in solution, and even on single
molecules. [104,105]. However, it is difficult to use FRET to extract
more than a mean distance [106,107]. Combining FRET with freeze-
quenching followed by DEER [108] or cryo-EM [109,110] will be help-
ful for benchmarking and validating approaches to extracting distance
distributions from RS TiGGER.

5. Conclusion
In this article, we have demonstrated hardware and software up-

grades to an existing CW EPR spectrometer that enable high-field rapid-
scan EPR. RS preserves the central transition’s entire time-dependent
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lineshape as well as all of its underlying information, and can record
an entire EPR spectrum in tens of microseconds, making it valuable
for observing time-dependent kinetics that manifest as changes in the
spectra. The SNR provided by our RS is approximately twice that of
our CW EPR, after normalizing by the square root of acquisition time.
The current lower limit on temporal resolution is approximately 10 ms,
corresponding to 250 scans, which returned an average SNR = 60 +
10 (when low-pass filtered at 25 MHz) for a 1 mM solution of Gd-
STPATCN labels in D,0. Additionally, using the magnitude-averaging
technique discussed, RS EPR enables averaging for long times (above
2.5 x 10° scans) while eliminating the typical susceptibility to source-
receiver phase drift. The applicability of time-resolved, high-field RS
EPR to the study of time-resolved protein conformational changes was
demonstrated by “filming” the EPR spectrum as a function of time dur-
ing a single photocycle, without the need for averaging over multiple
experimental runs. In the future, the field-swept lineshape may be used
to determine time-dependent distance distributions between spin labels
in solution state. Further, time-resolved, high-field RS EPR may prove
useful for “filming” other kinetic processes, potentially using different
samples or spin labels, that can be observed through time-dependent
lineshape changes of narrow-linewidth spectra.
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The Supplementary Material contains a Supplementary Information
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as plots of multiple experimental runs that did not fit within the main
text. The PDF includes links to all of the raw data presented in this
manuscript, as well as the LabVIEW and Python3 code used to acquire
and process it. The Supplementary Material also contains a “film” of
the RS TiGGER lineshape of Gd-sTPATCN-labeled AsLOV2 during its
photocycle.
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