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ABSTRACT

The narrow excitation bandwidth of monochromic pulses is a sensitivity limitation for pulsed dipolar
spectroscopy on Cu(Il)-based measurements. In response, frequency-swept pulses with large excitation
bandwidths have been adopted to probe a greater range of the EPR spectrum. However, much of the work
utilizing frequency-swept pulses in Cu(Il) distance measurements has been carried out on home-built
spectrometers and equipment. Herein, we carry out systematic Cu(ll) based distance measurements to
demonstrate the capability of chirp pulses on commercial instrumentation. More importantly we delin-
eate sensitivity considerations under acquisition schemes that are necessary for robust distance measure-
ments using Cu(Il) labels for proteins. We show that a 200 MHz sweeping bandwidth chirp pulse can
improve the sensitivity of long-range distance measurements by factors of three to four. The sensitivity
of short-range distances only increases slightly due to special considerations for the chirp pulse duration
relative to the period length of the modulated dipolar signal. Enhancements in sensitivity also dramati-
cally reduce measurement collection times enabling rapid collection of orientationally averaged Cu(II)

distance measurements in under two hours.

© 2023 Elsevier Inc. All rights reserved.

1. Background

Electron paramagnetic resonance (EPR) has become an invalu-
able methodology in the field of structural biology and biophysics
[1,2]. Pulsed EPR techniques [3-8] offer a robust means to measure
2-16 nm range distance constraints [9] between specific residues
in proteins [10] or nucleic acids [11]. The monitoring of these dis-
tance constraints can provide fundamental insight on induced con-
formational changes [12-15], biomolecular interactions [16-20],
substrate and cofactor coordination [21-24], equilibrium constants
and properties [25-27], and quaternary structure [28-32]. Addi-
tionally, Continuous Wave EPR (CW-EPR) is commonly utilized to
probe site-specific dynamics of biomolecules by observing changes
in the EPR spectra [33-35].

Since most biomolecules lack native unpaired electrons, the EPR
active sites are strategically engineered into a biomolecule through
site-directed spin labeling methodology [36,37]. Traditionally, spin
labels based on nitroxide radicals [38-40] have been primarily
used in these measurements. Over the last decade, new classes of
spin labels have emerged to expand the range of biological applica-
tions. In particular, Gd(IIl) based labels [41,42] have had an impact
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on in-cell distance measurements [43,44]. Carbon radicals [45-48]
have also been developed to strengthen the application of EPR to
in-cell measurements. Finally, Cu(Il) based protein and DNA labels
are incisive probes of backbone conformations and dynamics.

The EPR spectra of paramagnetic metal spins are GHz broader
than that of nitroxide [49]. For example, at X-Band (~9.6 GHz) dis-
torted octahedral coordinated Cu(Il) spins [50] have an approxi-
mately 1.8 GHz wide spectrum due to the large intrinsic g-
anisotropies and hyperfine splitting. On the other hand, nitroxides
have an EPR spectrum that is ~250 MHz wide. When operating at
Q-Band (~34 GHz), the spectral effects of g-anisotropies further
increase resulting in a Cu(ll) spectral width of ~5 GHz. Pulsed
experiments, such as Double Electron-Electron Resonance (DEER)
[51], traditionally utilize rectangular monochromic pulses with
excitation bandwidths between ~40-100 MHz. Rectangular pulses
can excite a substantial portion of the nitroxide EPR spectrum, but
their finite bandwidths excite only a narrow portion of the Cu(ll)
spectrum. However, Cu(ll) measurements are often performed at
low temperatures which increases spin polarization and mitigates
somewhat the loss of signal due to limited excitation. The excita-
tion of a smaller sub-set of spins compared to nitroxides can also
lead to other complications for distance measurements.

For Cu(II) protein labels, narrow pulse bandwidths probe only a
subset of molecular orientations at Q-Band [52]. This orientational
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selectivity effect has been exploited to determine protein subunit
orientation to add another structural dimension to distance con-
straints [53]. Nevertheless, additional measurements at different
magnetic fields are then required to mitigate orientational selectiv-
ity and obtain accurate distance distributions. Carrying out multi-
ple measurements increases the collection time necessary to
measure a distance.

In response to these concerns, shaped frequency-swept pulses
generated using arbitrary waveform generators (AWG) [54,55]
have come into focus for EPR measurements [56-59]. Shaped
pulses are advantageous since they can excite a greater range of
the EPR spectrum [60]. One example is the chirp pulse that sweeps
a range of frequencies over the pulse duration [56,61]. Addition-
ally, chirp pulses excite spins more uniformly over the bandwidth
in contrast to the sinc-shaped excitation profiles of rectangular
pulses. To this end, frequency-swept pulses have recently been
incorporated in distance measurements between paramagnetic
spins to increase sensitivity [62].

However, much of the work done utilizing frequency-swept
pulses for distance measurements has been done with nitroxides
[63,64] and Gd(III) [65]. For Cu(Il), sensitivity improvements from
frequency-swept pulses have largely been demonstrated with
home-built spectrometers, ultra-wide band (>500 MHz) pulses
[60], loop gap resonators [66], and for ESEEM [67] and Relaxation
Induced Dipolar Modulation Enhancements (RIDME) measure-
ments [68].

In this work we outline the use of frequency-swept pump
pulses in DEER measurements with a focus on Cu(ll)-based spin
labels for DNA and proteins [69]. Herein we make comparative
measurements at X and Q-Band frequencies. More importantly,
Q-Band DEER measurements on Cu(Il) labeled proteins necessitate
specialized acquisition schemes to mitigate orientational effects
[52]. Therefore, a systematic examination and improvement of
sensitivity for this label is important to promote the widespread
use of this technology.

2. Materials and methods
2.1. hGSTA1-1 preparation

The K211H/E215H human Glutathione S-Transferase (hGSTA1-
1) mutant was expressed in E. coli BL21(DE3) cells as described
before [70]. The protein expression was induced with 500 uM Iso-
propyl B-D-1-thiogalactopyranoside for 4 h after reaching an
ODgoo = 0.6-0.8. A two-step purification was first carried out
through HiTrap Q HP anion exchange column, then the fraction
containing the hGSTA1-1 was further purified through GFC size-
exclusion column. The purified protein was concentrated in pH
6.5 50 mM sodium phosphate buffer with 150 mM Nacl, aliquoted
and stored at —80 °C. To prepare the EPR samples, a 10 mM Cu(II)-
NTA stock was first made using previously described protocols
[71]. Al EPR  samples were prepared in  3-N-
morpholinopropanesulfonic acid (MOPS) buffer to facilitate Cu(Il)
coordination to two histidine sites [72]. The bound hGSTA1-1 sam-
ples contained 75 pM protein and 150 uM Cu(II)-NTA to saturate
both dHis sites, one on each hGSTA1-1 subunit. Next, 200 uM of
S-hexylglutathione (GSHex, purchased from Sigma Aldrich) was
added to induce the liganded state of hGSTA1-1. Additionally, 40
% (v/v) dg glycerol was added as a cryoprotectant [73]. Final sam-
ples were prepared in pH 7.4 50 mM MOPS buffer and 100 mM
NaCl with D,0 as the solvent. All EPR samples were incubated at
4 °C for 35 mins to maximize Cu?>*-NTA coordination [72]. Samples
were placed in 2 mm I.D. 3 mm O.D. and 3 mm I.D. and 4 mm O.D.
quartz tubes for Q-Band and X-Band measurements respectively.
The samples were then transferred on ice to be immediately flash

Journal of Magnetic Resonance 349 (2023) 107413

frozen in liquid methylacetylene-propadiene propane (MAPP) gas
[74].

2.2. GB1 preparation

All samples of immunoglobulin binding domain of protein G
(GB1) used for experiments were mutated at sites E15H/T17H/
K28H/Q32H to create two dHis sites. The GB1 mutant plasmid
was purchased from Synbio Technologies. GB1 expression and
purification were performed using standard procedures in BL-21
E. coli cells [75,76]. The GB1 stock was prepared in 150 mM NaCl,
50 mM pH 6.5 sodium phosphate buffer, and 20 % glycerol (v/v)
before being stored at —80 °C. Frozen GB1 was thawed on ice then
passed through five HiTrap 5 mL desalting columns into pH 6.5
50 mM sodium phosphate buffer with 150 mM NacCl, before prepa-
ration. GB1 was then buffer exchanged with 50 mM of pH 7.4
MOPS buffer prepared in D,0. Final GB1 samples were prepared
in 50 mM of pH 7.4 MOPS buffer, with a 1:1 M ratio of 75 uM
Cu?*-NTA per dHis site and refrigerated at 4 °C for 35 mins to max-
imize Cu?*-NTA coordination [72]. Next, 40 % (v/v) dg glycerol was
added as a cryoprotectant. Samples were then transferred on ice to
be immediately flash frozen in liquid MAPP gas after being placed
in 2 mm I.D. 3 mm O.D. and 3 mm I.D. and 4 mm O.D. quartz tubes
for Q-Band and X-Band measurements respectively [74].

2.3. Cu(1l) labeling of DNA

Single-strand oligonucleotides (5'-TTG ACC TT(X) CCC CTT GCT
GGA AGG TT(Z) TAA CCT-3' and 3’-AAC TGG AA(Z) GGG GAA CGA
CCT TCC AA(X) ATT GGA-5') containing 2,2’-dipicolylamine (X)
and an abasic site (Z) were obtained from Karebay Biochem Inc.
The supplier purified the strands using HPLC and characterized
them using mass spectrometry. Complementary DNA strands were
mixed in addition to 1.25:1 equivalent of CuCl, per DPA to ensure
coordination of DPA sites. Sample solutions were then annealed in
D,0 to increase Cu(Il) chelation. Annealing was done by heating
the samples to 90 °C for one minute, 60 °C for three minutes,
50 °C for five minutes, 40 °C for ten minutes, 30 °C for five minutes,
and then cooled to 4 °C using a GeneAMP PCR System 9700. Final
Cu(Il) labeled DNA samples were prepared to 75 uM duplex and
150 pM Cu(ll) in pH 7.4 50 mM NEM with 40 % (v/v) dg glycerol
in D,0. The samples were then transferred on ice to be immedi-
ately flash frozen in liquid MAPP gas after being placed in 2 mm
I.D. 3 mm O.D. and 3 mm L.D. and 4 mm O.D. quartz tubes for Q-
Band and X-Band measurements, respectively.

2.4. EPR experiments

Continuous Wave (CW) EPR experiments were performed to
determine Cu(Il) and Cu(II)-NTA coordination to DPA and dHis sites
respectively. CW-EPR experiments were performed with a Bruker
E580 X-Band (~9.4 GHz) FT/CW spectrometer with a Bruker
ER4118X-MD5 resonator. Each spectrum was acquired at 80 K
and contained 1024 data points, with a magnetic field sweep of
2000 G centered at 3100 G, 10.24 ns time constant, 20.48 ms con-
version time, 100 kHz modulation frequency, a 4 G modulation
amplitude, and an attenuation of 30 dB. The spectra were simu-
lated and fit using the EasySpin software [77].

Pump pulse excitation profiles were obtained by first determin-
ing optimal observer pulse lengths in 10 MHz intervals + 150 MHz
outside the MD5 central resonator frequency as described in previ-
ous literature [60]. Pulse lengths in the Hahn echo sequence were
increased by 2 ns over 250 ns to determine the length for maxi-
mum echo inversion. Longitudinal magnetization was measured
at each frequency interval by taking the ratio of the echo obtained
with an inversion pulse at 0 and 100 amplitude added to the begin-
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ning of the Hahn echo sequence. The rectangular 24 ns pump pulse
was applied at the central frequency and chirp pump pulses were
applied + 100 MHz around the central frequency.

Q-Band frequency (~35 GHz) pulsed EPR experiments for dis-
tance measurements were performed using a Bruker E580 FT/CW
spectrometer, 300 W TWT amplifier, ER5106-QT2 resonator, Bru-
ker SpinJet AWG, and Bruker B8692690 cryogen free cryostat at
18 + 1 K. The X-Band frequency pulsed EPR experiments for dis-
tance measurements were performed using a 1 kW TWT amplifier
and Bruker ER4118X-MD5 resonator. The four-pulse Double
Electron-Electron Resonance (DEER) sequence
[B)y =T = (M) = (T1 +T) = (M), — (T, = T) = M1 — T2 — echo]
with 16 step phase cycling [6] was used. For all samples, the obser-
ver pulses, (%), and m,;, were determined to be 10 and 20 ns,
respectively. The pump pulse, (7),,, was set to either 24 ns rectan-
gular, or 64/100/240 ns chirp with a frequency range from —300 to
—100 MHz relative to the observer frequency. Shaped pulses were
generated with the 1.6 GS/s Bruker SpintJet AWG have a 14 bit
amplitude resolution, 0.625 ns time resolution, and +400 MHz
around the carrier frequency. The pump pulse was stepped out
by 30 ns for 253 points over T, to achieve a maximum dipolar evo-
lution time of 7.6 ps for hGSTA1-1 and DNA samples. For measure-
ments on GB1, the pump pulse was stepped out by 8 ns for 157
points over T, to achieve a dipolar evolution time of 1.2 ps. The
pump pulse was applied at the magnetic field corresponding to
the greatest intensity determined by an echo detected field sweep.
All measurements were obtained with 20 shots per data point and
a 1500 ps shot repetition time between data point collections. All
DEER time traces were collected with the VAMP (Video AMPlifier)
maximum video bandwidth set to 20 MHz. The echo integrator
gate length was set as the full width at half max of the DEER echo.
Integrator gate lengths varied between ~50-64 ns depending on
operating frequency and magnetic field position of the measure-
ment. DEERNet [78] and DEERAnalysis2019 [79] software packages
were used to determine the distance distributions.
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3. Results and discussion

3.1. Lack of orientational selectivity makes DNA Cu(II) labels ideal for
sensitivity comparisons

First, we carried out DEER distance measurements on a DNA
duplex spin labeled with Cu(Il) [80]. A 31-base pair (bp) DNA
duplex was purchased with 2,2-dipicolyamine (DPA) moieties
and complementary abasic sites substituted into the duplex with
an 18 bp separation. Next, DNA was labeled with Cu(ll) as
described in the Methods section. Fig. 1 shows the DNA sequence
used in this work and the DPA moieties in the duplex after Cu(Il)
labeling. CW-EPR experiments, presented in Fig. S1 in the S.I., were
then carried out to ensure DPA sites were sufficiently loaded with
Cu(II) prior to distance measurements. All biomolecule and Cu(II)
spin concentrations throughout this work were prepared to 75
and 150 pM, respectively, for consistent comparison.

As highlighted in Fig. 1, the DPA moiety is attached to the back-
bone of the duplex by a short C-C-N linker (yellow). Molecular
Dynamics (MD) simulations [81] have shown that the short linker
positions the Cu(II) label inside the helix with the DPA moiety ori-
ented similarly to natural bases. The placement of the label inside
the duplex close to the backbone provides Cu(Il)-Cu(Il) distances
within 0.1-0.2 nm of the C4’-C4’ duplex backbone distance [32].

In addition, the three Cu(Il)-N bonds are elastic and have a
range of bond lengths and bond dihedral angles. Each DNA, there-
fore, might contain Cu(Il) labels with slightly different bond angles
and lengths in the frozen ensemble. Thus, there exists a range of g-
tensor orientations between Cu(Il) spins in the ensemble. Fig. 1
depicts the g-tensor orientations of a spin pair as purple arrows
for spin A and blue arrows for spin B. The dashed grey angles ¥,
M, and 7 defined in Fig. 1 are used to characterize the orientations
between the spins and 7 [83]. These angles can have a standard
deviation of approximately 25° [81]. The contributions from the
flexible DPA linker increases the standard deviation of the angles
in Fig. 1 close to 70° [81].

5-TTGACC TT(X) CCC CTT GCT GGAAGG TT(Z) TAACCT-3’
3-AAC TGG AA(Z) GGG GAA CGA CCT TCC AA(X) ATT GGA-5’

(X) = DPA site & (Z) = abasic site

Fig. 1. A) Cartoon representation DPA (grey) moieties coordinated with Cu(Il) on opposing duplex strands. The black dashed line represents the interspin vector, 7, between
the Cu(lI) spin centers. The relative orientations of the spin labels are depicted by the grey arrows for three angles y, 1, and . The bonds highlighted in yellow are the linker
between the DPA and DNA backbone. The DNA sequence is shown at the bottom. (X) indicates DPA sites and (Z) indicates the complementary abasic site. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

3



J. Casto, X. Bogetti, H.R. Hunter et al.

Such variation in g-tensor between Cu(lIl) in the ensemble pro-
duces a large orientational distribution of the spins. In return this
label does not have orientational selectivity effects in DEER at
either X or Q-Band frequencies. The lack of orientational selectivity
has also been demonstrated experimentally [80,82]. Therefore, this
spin label is an ideal system to directly compare the sensitivity of
commercial frequency-swept pulses to monochromic rectangular
pulses for Cu(II) spin labels.

3.2. Commercial chirp pulses have uniform spin excitation compared
to rectangular pulses

We performed our comparative DEER experiments using rect-
angular and frequency-swept pulses. The pump pulses used in this
work are a 24 ns monochromic rectangular pulse and a 250 ns
chirp pulse with a 200 MHz frequency-swept bandwidth at both
X and Q-Band, unless otherwise stated. The rectangular pulse
was determined to be 24 ns from a pulse length nutation per-
formed at the Q-Band experimental frequency (Fig. S2). With the
300 W TWT at Q-Band and QT2 resonator, a 24 ns rectangular pulse
was the shortest pulse length that we were able to obtain. For this
reason, X-Band experiments were also performed with a 24 ns
pulse for a direct comparison to Q-Band, even though pulse lengths
as short as 16 ns have been achieved with the X-Band MD5 res-
onator [82] (c.f. Fig. S2).

The chirp pulse was set to 200 MHz to maximize the bandwidth
of the pump pulse while also staying within the resonator band-
width of ~300 MHz when using a 100 MHz offset between the
observer and pump pulses. Such an offset is necessary to mitigate
pulse overlap and the contribution of nuclear hyperfine interaction
to the DEER signal for Cu(II) spin labels at X-Band. Further, the total
300 MHz observer and pump pulse frequency offset is within
the + 400 MHz bandwidth of the Bruker Spin-Jet AWG around
the operational frequency.

Fig. 2A depicts the idealized uniform spin excitation profile of
chirp pulses compared to rectangular. These spin profiles were cal-
culated with EasySpin [77] software using a general two spin state
system. Here, the y-axis M,/My is the ratio of the longitudinal spin
magnetization after the pump pulse, M,, to the magnetization at
equilibrium, M,. The frequencies where M,/Mg equals —1 suggests
a complete spin flip with the pump pulse. In reality, the experi-
mental inversion profiles differ from the simulated due to hard-
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ware limitations that perturb the adiabaticity of the shaped pulse
and the linearity of coherence transfer [56,61]. Fig. 2B shows
how our experimental spin excitation profiles using our MD5 res-
onator indeed differ from the ideal case. Note that methodology to
manipulate the initial pulses in order to generate more uniform
excitation has been reported [57,61].

3.3. Commercial chirp pulses provide significant sensitivity gains for
Cu(lI) spin pairs

Fig. 3 shows the 4 Pulse DEER scheme used throughout this
work. The measured DEER signal is the stimulated DEER echo
depicted in black. Fig. 3 also shows that the Q-Band DEER echo
acquired at a 5 ps dipolar evolution time for Cu(Il) labeled DNA
samples is one magnitude higher in SNR than the echo at the same
dipolar evolution time for X-Band. This difference in echo magni-
tude is anticipated given prior work on nitroxides [84]. The higher
frequency of Q-Band increases the energy level difference between
the excited and ground states resulting in greater spin polarization
than X-Band [84,85]. Additionally, the sample volumes used for Q-
Band measurements are often smaller than X-Band. Having a smal-
ler ratio of resonator volume to sample volume increases the res-
onator filling factor to better store incident microwave [66].
Cumulatively these attributes provide significant increases to
sensitivity.

Fig. 4 shows the background subtracted DEER signal of the DNA
at both X and Q-Band. The raw DEER data are presented in Fig. S3
in the S.I. Time traces presented in this work were collected until a
desired signal to noise (SNR) ratio was reached unless otherwise
stated. The SNR and other relevant sensitivity data for all distance
measurements discussed throughout this work are presented in
the SI (c.f. Tables S1 and S2). To make sensitivity comparisons,
we evaluated the modulation depths (1) of the data. As depicted
in Fig. 4A, X is the difference in intensity between the zero time
and the end of the background subtracted time trace (black dashed
line). This parameter is dependent on the percent of spin pairs that
are excited by the pump pulse in DEER [86]. Herein we used a cri-
teria for the sensitivity (SNR) of a DEER measurement as defined
previously [87]:

)

SNR ~ (1)

O Noise

MD5

-1.0
-200  -100 0

Av (MHz)

100

-1.0
-200 -100 0 100

Av (MHz)

200

Fig. 2. A) DEER pump pulse spin inversion profiles for each pump pulse type as described. Profile spin inversions were simulated using EasySpin in MATLAB R2020b. B)
Experimentally measured pump pulse spin inversion profiles of the different pulse types collected using the X-Band MD5 resonator.
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Fig. 3. The top panel is a cartoon representation of the 4 Pulse DEER sequence used
in this work. Below the pulse sequence is a comparison between Q-Band (black
solid) and X-Band (grey dotted) DEER stimulated echoes at a 1, = 5 ps dipolar
evolution time for DNA labeled with Cu(II). Both echoes were collected at the field
of maximum absorption. Q-Band has one magnitude higher SNR than X-Band.
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In Eq (1), Onoise iS the root mean square deviation (RMSD) of the
noise. As done in previous literature, Gyoise Was calculated by
dividing the background subtracted DEER by the DEERAnalysis fit
to isolate the noise signal [87]. The RMSD of the noise was then cal-
culated for each measurement to obtain oyyise. Further, the rectan-
gular pulse provides a A of 2.6 % at Q-Band. This A agrees with
theoretical calculations based on the Field Swept Electron Spin
Echo (FS-ESE) spectrum detailed in the S.I. (Fig. S4). Upon incorpo-
ration of the optimal chirp pump pulse the A increases significantly
by a factor of three. This result is expected since the spin inversion
profile of chirp pulses are more homogenously uniform across the
bandwidth of the chirp pulse bandwidth than the rectangular pulse
(cf. Fig. 2). Previous work that employed ultra-wide band
frequency-swept pulses (>500 MHz) using a commercial spec-
trometer and TE;o; Box resonator reported a % of 3 % [60]. When
using a loop gap resonator with the same ultra-wide band pulse,
a ) of 12 % was obtained. Indeed, the chirp pulse we used provided
sensitivities that are on par with those achieved with ultra-wide
band pulses and home-built resonators. Thus, these results suggest
that dramatic improvements of SNR on commercial equipment are
possible.

Next, similar DEER measurements were performed at X-Band.
Fig. 4B shows that chirp pump pulses provide significant increases
in sensitivity at X-Band as well. Fig. 4C shows the FS-ESE spectra at
both X and Q-Band. The narrower spectral width at X-Band leads to
a higher A than Q-Band using the same pump pulse, since the chirp
pulse, represented by purple bar in Fig. 4C, excites a greater per-
centage of the total spins. Improvements may be possible by
increasing the sweep bandwidths using ultra-wide band pulses.
Even though these results were obtained on DNA labels, we antic-
ipate similar results for measurements on other Cu(Il) systems that
lack orientational selectivity.

These X-Band results are exciting since Q-Band is not accessible
to everyone who utilizes pulsed EPR techniques. Additionally, this
increase in sensitivity at X-Band is significant for those who may
want to circumvent orientational selectivity effects for Cu(Il) pro-
tein labels at Q-Band (cf. next section).

In contrast to our DEER results, RIDME measurements between
Cu(II) spins using commercial spectrometers have provided A up to

A. B. C.
1.00 ?/\:2.6% 1.00 Q
0.98 ' 24 ns Rectangular m,, 0.98 | X
“i Ancoraticas = 2.6 % ‘ 24 ns Rectangular rt,
0.96 |1y 0.96 \ A=4.8%
“\ 74 ns 100 MHz Chirp 1, \ o
=094 | \\ A=58%| _094
= \ Npr S S \
2092 |\ Y50 ns 200 MHz Chirp )| 2092 | |
=t \ A=82%| &= ‘
0.90 \, o e >0.90 ‘
o
L\ 250ns 200 MHz Chirp m,
0.88 0.88 \ S A-13.9%
0.86 086 | Ny T T Wekinlypy
084 v QBAND| g4 |  XBAND , , ,
00 10 20 30 40 50 60 7.0 0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 10300 10800 11300 11800 12300
Time (us) Time (ps) Field (G)

Fig. 4. Background subtracted DEER time traces (grey) of the Cu(II)-Cu(Il) distance from DNA collected at A) Q-Band (The y-axis values are staggaed for easier comparison of
the time traces) and B) X-Band. Time trace fits (green, blue, purple) were obtained by DEERAnalysis2019 via Tikhonov regularization. The pump pulse utilized for each time
trace is shown. C) Comparison of Q-Band (black solid) and X-Band (grey dotted) DNA Cu(II) label Field Swept Electron Spin Echo. The x-axis for the X-Band data was shifted
up-field for direct comparison to Q-Band data. The purple shaded region represents the range of excitation from a 250 ns 200 MHz pump pulse. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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49 % with shaped pulses [60]. Since RIDME is a single frequency
pulse technique, the method has also recently come into focus
for orthogonal labeling schemes involving Cu(Il) [88]. RIDME is
especially useful for such measurements because using a single
frequency makes the field separation between the orthogonal spin
EPR spectra less relevant [65,68]. Notably, Cu(Il)-nitroxide RIDME
measurements have provided a pathway for distance measure-
ments at nanomolar concentrations [25]. However, RIDME has a
complex background signal that makes data analysis complicated
[5]. In addition, the slope of the background signal limits the ceil-
ing of measurable distances with RIDME [5]. Given that details on
optimization experimental implementation of RIDME are available
elsewhere [5,60], we have focused on DEER for this work.

3.4. Orientational selectivity acquisition schemes impacts sensitivity
for Cu(Il) protein labels

Next, we performed DEER measurements on the E211H/K215H
hGSTA1-1 protein spin labeled with Cu(ll). These experiments
were performed in the presence of an S-alkyl glutathione inhibitor
[89] derivative, GSHex, to induce the ordered active state confor-
mation of hGSTA1-1. The structure of this liganded hGSTA1-1 com-
plex has been well reported in both EPR measurements [70] and X-
ray crystallography [90], making it an ideal model system for long-
range EPR distance measurements. Further, this hGSTA1-1 mutant
is strategically designed so that it has two histidine mutations
(dHis) at i and i + 4 positions to enable Cu(Il) coordination to the
o-helix [91]. Fig. 5A shows a schematic of the dHis labeling scheme
in hGSTA1-1. Since hGSTA1-1 is a homodimer, only one dHis site
per monomer is necessary to provide two spin labeled sites for dis-
tance measurements. The dHis sites were labeled by using a Cu(II)
nitrilotriacetic acid (NTA) complex [71]. Cu(II)-NTA has only two
free equatorial coordination sites to ensure specific binding to dHis
(Fig. 5A). Additionally, CW-EPR experiments were first done to val-
idate sufficient coordination of Cu(II)-NTA and dHis before carrying
out distance measurements (c.f. Fig. S5 in S.I.).
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Notably, this Cu(II) label is small and provides distance distribu-
tions that are up to five times narrower than common nitroxides
[92-94]. Additionally, the standard deviation is only ~12° for the
orientation angles 7, n, and 7y (c.f. Fig. 1) [48,69]. Thus, there is a
narrow orientational distributions of Cu(Il) spins in the ensemble
that causes orientational effects in DEER at Q-Band, but not at X-
band [69]. In brief, the finite bandwidth of the pump pulse relative
to the breadth of the Cu(II) FS-ESE spectrum only probes a subset of
molecular orientations. Therefore, multiple DEER need to be per-
formed throughout the Cu(Il) spectrum at Q-band to sufficiently
sample all spin orientations in order to obtain an orientationally
averaged DEER and correct distance distribution.

Herein we adopted an efficient Q-Band DEER collection scheme
that was recently developed to provide robust distance constraints
using Cu(Il) labels [95]. In this scheme data is collected by probing
spins approximately 100 G, 540 G, and 830 G downfield from the
field of maximum absorption. The summation of these three mea-
surements properly samples a sub-ensemble of all orientations to
ensure a correct distance distribution [95]. Fig. 5B shows the posi-
tions of the pump pulses (cf. purple lines) overlaid on FS-ESE spec-
trum. The drawback of this acquisition scheme is that
measurements were performed downfield from the maximum of
the Cu(ll) FS-ESE spectrum. Fig. 5C shows the DEER echoes
obtained at the different fields with a dipolar evolution time of
5 ps. The decrease in the echo intensity leads to a decrease in
the DEER sensitivity. In addition, the modulation depth, %, and
DEER echo intensity are smaller in these measurements than those
conducted at the maximum position. To partly remedy this loss of
sensitivity, we explored the use of chirp pulses to enhance 2.

3.5. Chirp pulses significantly increase modulation depths for Cu(ll)
protein labels

Fig. 6A shows the background subtracted time traces obtained
with the chirp pulse as an example of the orientational selectivity
acquisition scheme. The raw DEER data at Q and X-Band are pro-
vided in the S.I (c.f. Fig. S6A). Fig. 6A also exemplifies the decrease

A
T TY T, e
r:
c :
o :
2 -
& :
X-BAND | .
10000 11000 12000 13000 550 650 750
Field (G) Time (ns)

Fig. 5. A) Cartoon representation of E211H/K215H (green) hGSTA1-1 (grey) and the Cu(II) protein spin label motif. B) Comparison of Cu(Il) field sweeps obtained at Q-Band
(black solid) and grey (grey dotted). Purple lines indicate the fields at which Q-Band DEER measurements were collected, and the green line indicates the field probed at
X-Band (note that the X-band data is shifted upfield for comparison). C) Comparison of Q-Band echoes obtained at the magnetic fields as described. The grey arrow
exemplifies the difference in echo SNR between the lowest and maximum magnetic fields. Each echo was acquired at a dipolar evolution time of 5 ps. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. A) Background corrected Q-Band signals at three fields for Cu(ll) labeled hGSTA1-1. The y-axis values are staggered for easier comparison of the time traces. B)
Summed orientationally averaged Q-Band time traces C) and DEER data at X-Band. Time trace fits (green, and purple) were obtained by DEERAnalysis2019 using Tikhonov
regularization. The pump pulse utilized for each time trace is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

in A as the magnetic field decreases. Additionally, the time traces
show clear effects of orientational selectively. For example, the
modulation period changes with magnetic field (cf. dashed line
in Fig. 6A).

The individual traces were first normalized and then scaled
with respect to field sweep intensity at the magnetic field they
were obtained. Next, the scaled time traces were summed to pro-
duce an orientationally averaged DEER. The summed Q-Band DEER
are presented in Fig. 6B. Although the A are less than those
obtained with Cu(Il) DNA labels (c.f. Fig. 4A), the chirp pulses still
increased the sensitivity by a factor of four. Indeed, orientationally
selective measurements achieve A that exceed previously reported
) obtained from commercial instrumentation [60].

Contrary to Q-Band measurements, the dHis motif is not orien-
tational selective at X-Band [53]. Therefore, as shown in Fig. 5B, X-
Band DEER were obtained by applying the pump pulses to the field
of maximum absorption represented by the green dashed line. In
Fig. 6C, we see the A increase significantly upon using the chirp
pulse. The results are encouraging because they demonstrate that
modulation depths as much as ca. 18% can be readily achieved
on commercial instrumentation.

3.6. Truncated chirp pulses for short-range distance measurements
slightly improve sensitivity

So far, we have shown that commercial chirp pump pulses can
provide significant increases to DEER sensitivities for Cu(II)-Cu(II)
measurements regardless of the acquisition scheme. However,
one of the primary limitations of frequency-swept pulses is the
pulse length should not exceed one-fourth of the dipolar period
[61]. The use of longer pulse lengths leads to an artificial broaden-
ing of the distance distribution. Therefore, short-range distances
that have dipolar periods less than 1 ps cannot use the 250 ns chirp
pulses. The simulated and experimental excitation profiles in
Fig. 2A and Fig. 2B respectively show how shorter lengths for chirp
pulses hinders the uniformity of excitation. Here we see that the
64 ns chirp pulse excitation profile has a smaller non-uniform
inversion amplitude in addition to broader frequency flanks out-
side the designated bandwidth. Therefore, it is necessary to also
examine how shorter chirp pulses explicitly affect the net sensitiv-
ity for short-range Cu(II)-Cu(Il) DEER.

To this end we carried out distance measurements on a
15H/17H/28H/32H mutant of the immunoglobulin binding domain
of protein G (GB1) spin labeled with Cu(II)-NTA. Distance measure-
ments using dHis have been widely performed on this protein
[72,96,97] with an expected distance distribution up to 2.5 nm.
This distance corresponds to a dipolar period of approximately
~250 ns. To meet the duration restriction, we utilized a 64 ns chirp
pulse. After spin labeling GB1, CW-EPR spectra were carried out to
verify Cu(II)-NTA coordination to dHis prior to distance measure-
ments (c.f. Fig. S5).

To properly sample orientations, three Q-Band DEER were
obtained and then summed. The raw DEER traces are shown in
Fig. S7 of the S.I. Fig. 7A shows background subtracted time traces
for both pulse types. Here we see the chirp pulse slightly increases
the sensitivity. However, this increase in sensitivity is less than
those obtained with longer pulse lengths (c.f. Figs. 4 and 6).
Fig. 7B also depicts a similar increase in sensitivity for short-
range distance measurements at X-Band. These results were antic-
ipated given the difference in spin excitation homogeneity
depicted in Fig. 2. Regardless, the 2 in Fig. 7A from the short chirp
pulse remains on par with previously reported ) obtained with
commercial instrumentation and ultra-wide band pulses [60].

Moreover, Fig. 7 depicts the Q-Band distance distributions for
both pulse types are in excellent agreement.

3.7. Chirp pulses using commercial instrumentation provide
sensitivities comparable with custom built equipment

Fig. 8 shows the A from our measurements presented through-
out this work. The A reported from previous literature using a com-
mercial spectrometer but different resonators and AWG [60] are
shown as a comparison. The previous literature employed sixth
order hyperbolic secant (HS6) shaped pump pulses. The HS6 pulse
provides both a more uniform inversion profile over the designated
bandwidth and preserves adiabaticity relative to chirp pulses [60].
We anticipate future incorporation of HS6 pulses with this spec-
trometer setup work will lead to further improvement in
sensitivity.

Moreover, our A obtained using the QT2 resonator exceeds A
from ultra-wide band pulses used with TE;q, box resonator. Since
the observations in this work are primarily hardware dependent,
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Fig. 7. Background subtracted DEER time traces (grey) collected from GB1 mutant 15H/17H/28H/32H at both A) Q-Band and B) X-Band. Time trace fits (green and purple)
were obtained by DEERAnalysis2019 via Tikhonov regularization. The pump pulse utilized for each time trace is shown. Although the chirp pump pulse is truncated due to the
shorter dipolar period of expected distance, there is still a notable gain in modulation depth (). C) Validated Cu(Il)-Cu(Il) distance measurements comparison of X-Band
distributions obtained using a rectangular (green) and 64 ns 200 MHz chirp pulse (purple). The distributions remain similar regardless of the pump pulse used. The grey
shadow region shows the validated distributions from DEERAnalysis2019. The crystal structure of GB1 (PDB: 2]J52) is shown. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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described. The A for Cu(Il) rulers are from a previous study and presented here as an additional comparison to our work. The resonators and pump pulse used to obtain the Cu
(I1) ruler data are shown [60]. All data presented were collected on a commercial spectrometer.

we anticipate these results are reproducible if adapted under sim- using ultra-wide band pulses and a pent loop gap resonator. Nota-
ilar spectrometer setups using samples efficiently spin labeled bly, these significant sensitivity increases with chirp pulses can
with Cu(Il). However as shown, further improvements can be made
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reduce measurement collection time from a day to only a few
hours.

3.8. Long-range distance measurements with chirp pulses can be
obtained in a few hours

Next, we wanted to demonstrate the reduction in measurement
collection times due to the increased sensitivities from the chirp
pulse. To this end, the Q-Band time traces on Cu(Il) spin labeled
hGSTA1-1 liganded with GSHex (c.f. Fig. 6A) were obtained at dif-
ferent collection times. The time traces were collected until an SNR
of 20 was achieved for the averaged background subtracted time
trace. An SNR of 20 was chosen as our DEER sensitivity benchmark
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minimum based on recently published EPR community guidelines
for reporting distance distributions [98].

Fig. 9A shows that 30 mins of data collection at each field is suf-
ficient to obtain an averaged time trace with an SNR of 20. It is
clear from the data that long-range Cu(II)-Cu(II) distance measure-
ments can be completed in less than two hours for protein concen-
trations on the order of 75 pM. However, these collection times can
vary since the time between measurements is usually dependent
on the longitudinal relaxation time of Cu(Il). For optimal sensitivity
Cu(Il) measurements are conventionally carried out at a tempera-
ture that minimizes the ratio between longitudinal and spin phase
memory relaxation times [61]. With respect to the labels used in
this work, we have previously shown that spin concentrations up
to 800 1M and temperatures between 18 and 20 K have an invari-
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Fig. 9. A) Background subtracted orientationally averaged DEER time traces obtained from Cu(II) spin labeled E211H/K215H hGSTA1-1 liganded with GSHex. Each DEER is
summed at various collection times as shown. The y-axis values are staggered for easier comparison of the time traces. After 30 mins of collecting each field (1.5 hrs total) the
final DEER time trace reaches the minimum SNR of 20 for distance distribution analysis. B) Distance distribution comparison for each of the final time traces summed with
respect to collection time. C) Summation of the three dHis + Cu(II)-NTA GB1 Q-band orientationally selective DEER time traces collected for 10 mins each with pump pulses as
shown D) Distance distribution comparison obtained from the time trace summations for rectangular (solid) and chirp pulse (dashed) pump pulses. The shaded region
represents the validated distributions from DEERAnalysis2019.
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ant effect on the ratio of relaxation times [73]. Nevertheless,
improvements to the SNR are easily made as needed with longer
collection times. For example, the time trace from Fig. 9A with
an SNR of 72 was acquired in only a day. Note that the time trace
SNR does not increase as root function with respect to collection
time since it is a weighted sum of measurements collected at dif-
ferent magnetic fields. Fig. 9B shows the distance distribution at
three collection times. It is evident that the most probable dis-
tances are in good agreement, but there is a small difference in
the breadth of the distributions.

We then carried out the collection time analysis with respect to
short-range distance measurements on Cu(Il) spin labeled GB1 (c.f.
Fig. S7). Fig. 9C shows that collecting each field measurement for
10 mins provides summed time traces with SNR exceeding 20.
Indeed, it took only 30 mins of collection time with either pump
pulse to complete the measurement. The minimum collection time
was 10 mins at each magnetic field due to the tau averaging cycle
used to suppress ESEEM contributions to the DEER signal (c.f.
Methods and Experimental). Further, Fig. 8D shows the distance dis-
tributions obtained using either pump pulse have no distinct
differences.

4. Conclusion

In summary we have shown chirp pulses accessible with com-
mercial instrumentation can provide significant gains in DEER sen-
sitivity for Cu(II) spin pairs. The sensitivities improved 3 to 4 times
at both X and Q-Band frequencies. Indeed, modulation depths of 18
% can be obtained utilizing commercial instrumentation at X-band,
leading to significant reduction in collection times. For example,
we show that a 7 pus DEER on Cu(ll) protein labels that require mul-
tiple measurements can be completed in under 2 hrs. Such an
achievement is exciting since it was only recently that time traces
exceeding ~4 s became practical to obtain using Cu(Il) labels [73].
Additionally, we show that our commercial instrumentation setup
provides modulation depths that are comparable with previous
measurements that used custom pent loop gap resonators and
ultra-wide band pulses. Even though only two Cu(Il) spin labels
were presented in this work as example cases, we anticipate our
results are widely applicable to other systems that contain endoge-
nous Cu(Il). Further improvements to this work can be made by
probing a wider range of the Cu(ll) spectrum using an AWG suit-
able for ultra-wideband pulse [60]. In addition, replacing the DEER
observer pulses with shaped chirp pulses can further improve sen-
sitivity [60]. Cumulatively this work presents a systematic sensitiv-
ity comparison to demonstrate the robustness of Cu(Il) spin label
technology with commercial EPR equipment.
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