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Abstract

9F electron-nuclear double resonance (ENDOR) has emerged as an attractive method for
determining distance distributions in biomolecules in the range of 0.7-2 nm, which is not
easily accessible by pulse electron dipolar spectroscopy. The '°F ENDOR approach relies
on spin labeling, and in this work, we compare various labels’ performance. Four protein
variants of GB1 and ubiquitin bearing fluorinated residues were labeled at the same site
with nitroxide and trityl radicals and a Gd(III) chelate. Additionally, a double-histidine
variant of GB1 was labeled with a Cu(II) nitrilotriacetic acid chelate. ENDOR
measurements were carried out at W-band (95 GHz) where '°F signals are well separated
from 'H signals. Differences in sensitivity were observed, with Gd(III) chelates
providing the highest signal-to-noise ratio. The new trityl label, OXMA, devoid of methyl
groups, exhibited a sufficiently long phase memory time to produce acceptable
sensitivity. However, the longer tether of this label effectively reduces the accessible
distance between the '°F and the C, of the spin-labeling site. The nitroxide and Cu(1II)
labels provide valuable additional geometric insights via orientation selection. Prediction
of electron-nuclear distances based on the known structure of the proteins were the
closest to the experimental values for Gd(III) labels, and distances obtained for Cu(II)
labeled GBI are in good agreement with previously published NMR results. Overall, our
results offer valuable guidance for selecting optimal spin labels for '’F ENDOR distance
measurement in proteins.
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Introduction

Among the diverse physicochemical techniques available for elucidating the molecular
structure of proteins and nucleic acids, electron paramagnetic resonance (EPR)
techniques are valuable tools.!-* Specifically, pulsed dipolar EPR methods have become
routine for determining distances in the 1.5-6.0 nm range,*> and longer distances can be
accessed by employing tailored pulse sequences® 7 or by deuterating the macromolecule.®
? These distance determinations rely on measuring magnetic dipolar interactions between



two paramagnetic moieties, either intrinsic to the system or chemically introduced spin
labels.

To extract short-range distances, electron-nuclear (further referred to as e-n) interactions,
1. e. hyperfine couplings, can be exploited via electron spin echo envelope modulation
(ESEEM),!? electron-electron double resonance (ELDOR) detected NMR,!! or electron-
nuclear double resonance (ENDOR).!> 13 In the past, in the biological context, these
approaches were used primarily for structural investigations of paramagnetic metal ions
in metalloenzymes to map close-by atoms in their coordination shells (< 5A).'*17 More
recently, ENDOR has also been applied to measure distances below 2.0 nm.'® 1° This
requires introducing afluorine atom into the molecule at a specific site, in addition to the
spin label, to measure the hyperfine coupling between them. For proteins, the spin label
can be attached to a native or an introduced cysteine residue, and a fluorinated amino acid
is introduced at another position. For purely dipolar interactions, the value of the
hyperfine splitting is given by:"°

a(ﬁ):(?,coszﬂ_l)%:(3C0S2ﬂ—1)aj_, (1)

where £{y is the vacuum magnetic permeability, g, and g,, are electron and nuclear g-

values, tg and g4y are Bohr and nuclear magneton, respectively, / is the Planck

constant, and r is the e-n distance.

The use of 'F for such measurements offers high sensitivity due to its high gyromagnetic
ratio, approaching that of 'H, as well as excellent selectivity since '°F is absent in all
biomolecules, unlike the widely abundant '"H.'” An additional advantage of spin label —
YF distance measurements is the small size of the fluorine atom, permitting labeling at
sites where large spin labels may cause structural changes or in buried areas that are not
easily accessible for labeling. Furthermore, introducing fluorine into small molecules,
such as drugs, for investigating protein-ligand (protein-drug) interactions? is less
perturbing than adding a larger spin label that may interfere with binding and/or alter
binding affinity.

To date, a wide range of spin labels for '’F ENDOR distance determination have been
reported, including nitroxide!®-2!"23 and trityl>* ?° spin labels, intrinsic tyrosyl radicals,?¢
as well as Gd(II1)?7-2° and Cu(I1)*° chelates. In the case of Gd(III), in-cell measurements
have also been demonstrated.?® All these spin labels exhibit different chemical,
spectroscopic and relaxation properties, and their advantages and disadvantages must be
considered for each system. For proteins, the structure, size, length, and flexibility of the
tether, chemical and environmental stability and compatibility, need to be considered. In
addition, spin relaxation characteristics and the width of the EPR spectrum are also
important. For '°F ENDOR, several additional points need to be assessed: (i) Distance
range and resolution for each specific label; (ii) Sensitivity of ENDOR measurements;
(ii1) Availability of suitable EPR instrumentation; (iv) Prediction of possible distance
distributions for assessing possible models based on ENDOR data. With regard to the
latter, our recent Gd(III)-'°F study demonstrated that distances obtained for two labeling
sites in the model protein GB1 could be predicted accurately, while this was not the case
for two labeling sites in ubiquitin.?® This discrepancy begged whether a structural change
induced by the Gd(III) tag or limitations in the predicted distance distributions based on
crystal structures and rotamer libraries of the spin label were the cause.?!-*3 We, therefore,
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decided to systematically compare several different spin labels in °’F ENDOR
measurements, focusing mainly on the '°’F ENDOR spectral resolution and the prediction
of distances. In addition, we also obtained several conclusions regarding sensitivity at W-
band.
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Fig. 1. (A) Backbone structures in ribbon representation of ubiquitin (pdb id: 1TUBQ?*)
and GB1 (pdb id: 1GB1%, model 3). The introduced cysteines and fluorine-containing
side chains are shown in stick representation with the sulfur atoms in yellow and the
fluorine atoms in green. Each variant contains one cysteine, but both are shown on the
structure for space considerations. (B) Backbone structure in ribbon representation of
GBI1 (pdb id 1GB1) depicting the Cu-NTA (pink sphere and stick representation for
NTA) and 5-fluoro tryptophan (5F in green). (C) Chemical structures of the reagents
MTSSL, 5-MSL, BrPyDO3A-Gd(II) (Gd-DO3A), CT02MA, and OXMA after
conjugation to cysteine residues. (D) Chemical structures for SF-tryptophan (SF-Trp)
and p-trifluoromethyl phenylalanine (tFmPhe).

Two proteins, the Bl domain of protein G (GB1) and ubiquitin (Ub) were used, each
possessing a '°F-labeled amino acid. The fluorinated residues were 5F-tryptophan (5F-
Trp) for GB1 and p-trifluoromethyl phenylalanine (tFmPhe) for Ub. Using the
trifluoromethyl group (in the latter case) increases the ENDOR efficiency since it scales
with the number of '°F nuclei. However, distinctly different hyperfine splittings for each
of the three fluorine atoms may complicate the data analysis for electron-nuclear
distances shorter than ~10 A, as shown earlier.?’

The four protein variants were labeled with each of the three commonly used spin labels:
nitroxide, trityl, and the Gd(IIT)-BrPSPyDO3A chelate® (further referred to as Gd-



DO3A). All spin labels were attached to the same sites in each protein (Figure 1). The
use of two different spin labeling positions per protein and two different '°F labeled
residues broadens the scope of variants and distances for which ENDOR data can be
interrogated and compared, providing more general conclusions regarding sensitivity and
resolution and allowing for future rational design and engineering of samples for optimal
electron-nuclear distance measurements. Two distinct trityl labels, CT02MA37 and
OXMA, which differ in their phase memory time, were employed. In a newly synthesized
spin label OXMA, the methyl groups of CTO2MA are replaced with hydroxyethylene
groups. MTSSL (methanethiosulfonate spin label)*® was used as a nitroxide spin label,
except for GBI Q32C, which was labeled with 5-MSL (3-maleimido proxyl)3® because of
the higher labeling efficiency. Additionally, a double histidine variant of GB1 was labeled
with Cu(Il), capped with nitrilotriacetic acid (Cu-NTA),* to include Cu-'°F ENDOR in
the comparison. To our knowledge, this is the first attempt to use a Cu(II) spin label for
19F ENDOR distance determination in proteins, as prior applications dealt with DNA 3¢
Nitroxide!®- 234! and trity]?® spin labels have also been mostly applied to nucleic acids,
with one application to a protein.?*

Experimental details

Synthesis of spin labels

Trityl radicals 0X0634>43 and CT-034*7 were synthesized according to previously
reported procedures. All other reagents used were of commercial grade.
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Scheme 1. Synthesis of trityl spin labels CT02MA and OXMA.

OXMA was synthesized using the somewhat modified method previously reported for
other maleimide-conjugated trityl spin labels (Scheme 1).4%:4° In brief, to a solution of
0X063 (50 mg, 36.74 umol, 1 eq) and N,N-diisopropylethylamine (DIPEA, 25.60 uL,
146.96 umol, 4 eq) in dry dimethylformamide (DMF, 5 ml) solution of
hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU, 13.27 mg, 34.91
umol, 0.95 eq) in DMF (0.5 mL) was added dropwise. The reaction mixture was stirred
for 5 min, and then 1-(2-aminoethyl)-1H-pyrrole-2,5-dione (19.47 mg, 110.25 pmmol, 3
eq) in DMF (0.5 mL) was added. After stirring at room temperature overnight, the
reaction mixture was quenched by 3M HCl to pH 5 and concentrated in vacuo. The crude
product was purified by reversed-phase C-18 column chromatography eluted with 20mM
ammonium acetate/MeOH (9:1) to afford OXMA as a green solid (21 mg, 38%). HPLC
analysis: retention time, 6.7 min; EPR analysis: an = 207 mG.



CT02MA® was synthesized using the same procedure as for the synthesis of OXMA.
CT02MA (60 mg) was obtained as a green solid from CT-03 (100 mg, 99.95 umol, 1 eq)
in a yield of 54%. HPLC analysis: retention time, 13.7 min; EPR analysis: an =211 mG.
High-resolution mass spectrometry (HRMS) of OXMA is presented in Fig. S1
(Supplementary information) and HPLC chromatograms and CW EPR spectra for
OXMA and CT02MA are presented in Figs. S2 and S3, respectively.

Protein synthesis, spin labeling, and sample preparation

Proteins were prepared as described previously.?® 3 Ubiquitin T66C and M1C possess 4-
trifluoromethyl phenylalanine (tFmPhe) at position 45 and GB1 K31C and Q32C contain
5-fluorotryptophan (5F-Trp) at position 43. The MTSSL,’! 5-MSL,** CT02MA >’ OXMA
(see above), or BrPSPyDO3A-Gd(I1I) (Gd-DO3A) 3¢ spin labels were attached to single
cysteines in both proteins as described previously.?® Cu(IT) NTA labeled protein was
prepared for the double histidine GB1/K28H/Q32H variant using a published
procedure.*?

Proteins were dissolved in 25 mM D20-based phosphate buffer (pD 7.0), 150 mM NaCl,
with 20 vol. % glycerol-ds added as a cryoprotectant. For EPR measurements, solutions
(ca 3 pl) were placed in fused silica capillaries (inner diameter 0.6 mm) and sealed at one
end with crytoseal. The protein concentrations used for ENDOR measurements differed
between the samples (Table S4), ranging from 8 to 13 uM for the Gd-DO3A labeled
proteins, 50 to 120 pM for the nitroxide labeled proteins, 110 to 220 pM for the trityl
labeled proteins (except for the OXMA labeled GB1 Q32C at 20 uM), and 420 uM for
Cu-NTA labeled GB1 K28H Q32H. For Gd-DO3A labeled proteins, the chosen
concentration was optimized for sensitivity, as demonstrated earlier.?® For proteins
labeled with nitroxide and trityl spin labels, the chosen concentrations were around 50—
200 uM, which are known>* >* to provide a good signal-to-noise ratio (SNR) and yet not
lead to an extensive decrease of the phase memory time in pulsed dipolar EPR
measurements. The lower concentration of OXMA labeled GB1 Q32C was due to the
difficulties in the sample preparation. A higher concentration of Cu-NTA-labeled protein
was used to provide the necessary SNR.

W-band pulsed EPR measurements

Pulsed EPR and ENDOR measurements were performed using two pulsed home-built W-
band EPR spectrometers equipped with cylindrical TEo1:1 cavities and Helmholtz
radiofrequency (RF) coils as described earlier.> The first spectrometer (referred to as 1)
has a solenoid superconducting magnet (Cryomagnetics, Inc.), a 3 W pulsed microwave
power amplifier (QPP95013530, Quinstar) and a pulsed 2 kW RF amplifier (BT02000-
GammaS, TOMCO). The second spectrometer (referred to as 2) has a 0-5 T cryogen-free
magnet with an integrated variable temperature unit and 300 mT sweep coil (J3678,
Cryogenic Ltd.),’® is equipped with 2 W pulsed microwave power amplifier
(QPP95023330-ZW1, Quinstar) and a 1 kW RF amplifier (3446 Herley-AMT). The
frequency band of the signal channels of both spectrometers is approximately 94.7+95.3
GHz, and the bandwidth is limited by a band-pass filter PBS-10/94.9 (ELVA-1,
bandwidth 500 MHz) and PIN phase modulator FPM-10-95-180 (Quinstar, bandwidth
300 MHz). Identical sample tubes were used in both spectrometers.



A comparison of the sensitivity of the two spectrometers for the same samples
demonstrated that spectrometers 1 and 2 have comparable sensitivity, with the signal-to-
noise ratio of the spectrometer (2) being ~20% higher.

Echo-detected electron paramagnetic resonance (ED-EPR) spectra were recorded using
the Hahn echo (n/2 — T — m — T — echo) sequence. Mims ENDOR spectra were recorded
using the sequence n/2 — T — n/2 — T(nrF) — /2 — T — echo — [T2 — m — T2 — echo]n with a
four-step phase cycle’ and a Carr-Purcell Meiboom-Gill (CPMG) detection train at the
end to enhance the signal-to-noise ratio.>’” We used five CPMG echoes with T2 = 600 ns
for detection. Each echo was integrated over a 20 ns window, optimized for the best
signal-to-noise ratio. Random sampling of RF was employed,*® with 5-10 shots acquired
per frequency point in each scan. Microwave power was adjusted to result in a w pulse of
28-40 ns, using the Rabi nutation sequence, tnut — twait — /2 — T — T — T — echo (tnut was
varied; twait Was chosen such as to let for the decay of the transverse magnetization). RF
power was adjusted to yield the desired nrr pulse length, using a Rabi nutation sequence
/2 — 1 — /2 — T(trr) — m/2 — T — echo, with a constant mixing time T of 100 ps and
varying RF pulse length, trr. The RF pulse length was set to be long enough to avoid
significant broadening of the ENDOR spectrum while ensuring acceptable SNR. The
mixing time T in the Mims ENDOR experiment was set to be 2 ps longer than the RF
pulse length. The used T values and RF pulse lengths are listed in Table S1.

Mims ENDOR spectra were recorded at different temperatures for different spin labels:
11 K for Gd-DO3A, 5 K for Cu-NTA, and 40 K for nitroxide and trityl radicals (except
for Ub T66C MTSSL, measured at 25K). For nitroxide DEER the optimal temperature
was reported to be 40-50 K.3* These temperatures were chosen to permit repetition times
of approximately 5-15 ms to ensure efficient data acquisition without appreciable
saturation. In addition, the shot repetition rate is limited by the spin-lattice relaxation rate.
For Gd-DO3A, the temperature has to be high enough (higher than ~6 K) to avoid
significant loss of central transition intensity.

Phase memory times were estimated by recording a Hahn echo decay and fitting it to a

stretched exponential function: | (z’) =A-exp [_( 27/Ty, )ﬂ 2 } .

Spin-lattice relaxation times T1 were estimated using an inversion recovery sequence, T —
twait — /2 — T —  — T — echo, with varying twait. The recorded traces were fitted to a
stretched exponential function to estimate T:

I(twait) =1, —(1,—1y)- exp[—(twait/T1 )ﬂ1 J ,where [, and [, are the echo

intensities immediately after the inversion pulse, and after complete relaxation,
respectively. Note that this approach leads to an underestimation of the spin-lattice
relaxation time due to spectral diffusion. The length of the inversion pulse in the
inversion recovery experiment was 28—32 ns.

Spectral acquisition parameters and experimental relaxation times are listed in Table S1
(Section S2, Supplementary information).

Results and Discussion
Echo-detected EPR spectra and echo decays



The F-ENDOR sensitivity strongly depends on the spin label's spectral characteristics,
its spin-lattice relaxation time, T1, and phase memory time, Tm. For each of the spin
labels used here, examples of the W-band echo-detected EPR (ED-EPR) spectra and the
spin-echo decays for the proteins carrying the spin label are shown in Fig. 2A. Note that
measuring at W-band has the advantage that the '°F signals are well separated from the
'H signals. Furthermore, the central transition (|-1/2>—|+1/2>) for Gd(III) is narrow
despite the whole spectrum being broad because of the zero-field splitting (ZFS). Here,
we only report ENDOR data measured on the central transition. In contrast, W-band is
less favorable for Cu(Il); Cu-NTA has a very broad spectrum due to the pronounced g-
anisotropy, leading to orientation selection. Namely, at each field position where the
ENDOR measurements were carried out, only a sub-ensemble of Cu(Il) complexes with a
particular orientation relative to the direction of the magnetic field contributes to the
ENDOR signal. Accordingly, determining a distance requires measurements at several
magnetic fields within the EPR spectrum.?® The nitroxide line shape (Fig. 2A, black line)
is also determined by the anisotropic Zeeman and hyperfine interaction and, therefore,
can also exhibit orientation selection. Trityl lacks hyperfine interactions and has a very
small g-anisotropy, which yields a narrow EPR spectrum also at W-band, thereby
enhancing the sensitivity of the ENDOR measurements. The EPR spectra of the two trityl
labels, CTO2MA and OXMA, were identical (Fig. S4A).
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Fig. 2. (A) ED-EPR spectra of the proteins functionalized with different spin labels:
nitroxide MTSSL (black line, 25 K, Ub T66C, 120 uM), trityl CTO2MA (yellow line,
40 K, Ub MIC, 110 uM), Gd-DO3A (blue line, 10 K, Ub T66C, 40 uM) and double-
histidine Cu-NTA (green line, 5 K, GB1 K28H Q32H, 420 uM). Arrows in
corresponding colors mark the field positions at which the ENDOR spectra were
recorded. (B) Spin echo decay traces, measured at maximum EPR intensity, for the
spin-labeled proteins at the same temperatures and concentrations as used for ENDOR
spectra recording (see Table S4). The dark-blue line in the upper panel in (B)
corresponds to Ub MI1C labeled with OXMA (40 K, 110 puM). The corresponding Tm
values are listed in Table S1.



To access long distances with Mims ENDOR, long Twm values are needed, and, therefore,
deuterated solvents (D20/glycerol-ds, 1:4 v/v) were used for all measurements. A
comparison of the echo-decay rates (Fig. 2B, Table S1) shows that Gd-DO3A has

the longest Twm, partially due to the lower sample concentrations.. The nitroxide spin
labels MTSSL and MSL exhibited a somewhat faster echo decay rate than the Gd-DO3A.
As expected, the two trityl spin labels have very different phase memory times, two to
three times faster for CTO2MA than for OXMA..>° The enhanced phase memory
relaxation in CTO2MA is most likely caused by methyl group rotation.>® The echo decay
for Cu-NTA labeled GB1 is comparable to that of the nitroxide-labeled sample.

F_.ENDOR spectra

In Fig. 3, the ’F ENDOR spectra for all proteins with nitroxide, trityl, and Gd-DO3A
labels are compared. For nitroxides, the traces shown are the sum of the spectra recorded
at four different field positions (a-d, Fig. 2A), weighted by the EPR spectrum intensity.
The individual spectra are shown in Fig. S5. For the same protein, the '°F-doublet
splittings for the different labels are often different, possibly caused by differences in
local structure imparted by the tether between the protein backbone and the radical (cf.
Fig. 1), leading to different e-n distances, where the distance deviation from the °F-Cq,
distance is expected to be nitroxide<Gd(III)<trityl (cf. label structures in Fig. 1C). For
all samples, except for Ub T66C, the distances follow the expected
nitroxide<Gd(III)<trityl trend, but for Ub T66C, the trityl yields the shortest distance,
possibly caused by an interaction of the label with the protein.

The ENDOR doublets were resolved only for two out of four samples labeled with trityl
radicals. Both of these happen to correspond to CT02MA labels. This is coincidental as it
is unlikely that different distances should correspond for OXMA and CT02MA labels
since these labels only differ by substituents to the scaffold. In fact, essentially identical
ENDOR spectra were obtained in the case of Ub M1C labeled with CT02MA and OXMA
(see Fig. S4B).
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Fig. 3. Experimental (solid lines) and simulated (dashed lines) 'F ENDOR spectra of
protein variants labeled with trityl (CTO2MA or OXMA; blue), Gd-DO3A (red) and
nitroxide (MTSSL or 5-MSL; black) tags. For nitroxide-labeled proteins, the weighed
sum spectra over field positions a-d are shown. Electron-nuclear distances are listed
next to the spectra; vi is the '°F Larmor frequency. The data for Gd-DO3A were
previously reported.?®

The e-n distances (Fig. 3) were extracted using nonlinear least-squares simulations of the
spectra, where, for simplicity, the distance distribution was accounted for by varying the
linewidth. In most cases, spectra were best reproduced using Lorentzian line shapes,
probably due to the distance distribution and the 1/r® dependence of the ENDOR
efficiency!® that increases the intensity of the wings. The spectra were also simulated
using Gaussian distance distributions (Fig. S6), and all simulation parameters are given in
Table S3.

Interestingly, Ub T66C exhibits the largest line width for all studied spin labels,
consistent with the large Gaussian distance distribution (see Table S3) and an earlier
report for Gd-DO3A.28 This extra broadening could be due to distinct distances to each of
the '°F in the CF3 group. However, the distance obtained is larger than 10 A, and the
effect was reported negligible for such a distance.?’ Furthermore, if this were the reason,
we would expect to see it for Ub M1C.
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For nitroxide-labeled GB1 K31C and Ub T66C, orientation selection was present,
although in the latter case, it was less pronounced (see Fig. S5). The spectra of the two
other nitroxide-labeled proteins were essentially the same at all selected field positions
(Fig. S5). The spectra recorded at four field positions were jointly simulated in all cases.
When orientation selection was apparent, this was explicitly included in the simulations
using a previously developed method.'® 2! In essence, the echo-detected EPR spectrum
was simulated to determine which orientations of the e-n pairs with respect to the
magnetic field are excited at a given field position. These orientations were further used
to calculate the ENDOR spectra. In the cases where orientation selection was absent,
ENDOR spectra, recorded at different field positions, were simulated jointly, using the
same hyperfine splitting for all spectra and taking into account all possible orientations.
Details of spectral simulations are provided in Section S4. The simulation of individual
spectra of nitroxide-labeled proteins is presented in Fig. S5, and the parameters used are
listed in Table S2.

Fig. 4 shows the ENDOR spectra recorded at the gj (a), g1 (g) and intermediate (b-f) field
positions (marked in Fig. 2A) for GB1 K28H Q32H labeled with Cu-NTA. The spectra
demonstrate a weak orientation selection effect, with the largest ENDOR splitting
observed at position c. Simulations yielded a distance of 11.7 A with a Gaussian ENDOR
line width of 25.7 kHz and the e-n vector positioned at an angle of 50° to the gj axis of the
Cu-NTA. This distance agrees well with DFT calculations for an analogous Zn(II)
complex (12.0 A) and with the metal-fluorine distance obtained for the analogous Co(II)
complex (12.9 A) using 'H pseudocontact shifts.*® Here, the distance cannot be
compared with that obtained for the other spin labels because the position of the spin
label is not the same, although similar. Nevertheless, a comparison of the distance
resolution, as judged by the '°F linewidth, can be performed (see Table S3). No clear
improvement in the '’F ENDOR spectral resolution can be seen.
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Fig. 4. Experimental (black lines) and simulated (red lines) '°F ENDOR spectra of
GB1 K28H Q32H labeled with Cu-NTA . The field positions a-g, at which the ENDOR
spectra were recorded, are marked in Fig. 2A. Dashed vertical lines are presented to
guide the eye, their placement tentatively corresponds to the observed splitting at the g
and g, field positions.

In-silico predictions of e-n distances

We also tested how well the experimentally determined single distances can be predicted
in silico. The calculations were performed using the ChiLife software,®® and different
approaches were tested, such as free rotation of dihedral angles,?* ¢! rotamer library
sampling,®?-%% and off-rotamer sampling.>* The resulting e-n distance distributions
obtained using the free rotation of dihedral angles are shown in Fig. 5. Distance
distributions obtained with the other approaches were somewhat different (see Fig. S7).
However, none of these yielded better agreement with the experiment. For Gd(III), the
agreement is satisfactory for all constructs except Ub M1C. The disagreement may be
due to a structural change introduced by the label at this position.?® A smaller deviation is
noted for the nitroxide spin-labeled protein. For the protein constructs, GB1 K31C, GBI
Q32C and Ub T66C, the distance extracted for the nitroxide-labeled variants tends to be
at the low end of the distance distribution. Trityl labeled Ub T66C and GB1 K31C
yielded resolved spectra; however, the discrepancy between the in silico predicted
distances and the experimentally extracted ones is large for both. The large linewidth for
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Ub M1C nitroxide, Ub T66C trityl and Gd(III) is consistent with the predicted width of
the calculated distance distributions.
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Fig. 5. Predicted electron-nuclear distance distributions using ChiLife software®® and
the free rotation of dihedral angles approach (ChiLife parameter “dihedral sigma” set
to infinity) for GB1 and ubiquitin labeled with trityl (blue), Gd-DO3A (red) and
nitroxide (black) tags. Vertical lines correspond to the experimental distances obtained
by simulation of ENDOR spectra using a single e-n distance approach, and the
Gaussian curves correspond to experimental distance distributions obtained by
simulation of ENDOR spectra using Gaussian e-n distance distribution. The structures
used for the modeling are 1GB1 (model 3)* for GB1 and 1UBQ>** for ubiquitin.

A comparison of the predicted distance distribution with the results of fitting the
experimental ENDOR spectra with a Gaussian distance distribution is also shown in
Fig. 5. Differences between the predictions and experimental distributions are similar to
those discussed above for fitting with single distances, except for some improvement for
UbT66C OXMA and Ub M1C MTSSL and a drop in agreement for Ub T66C Gd-DO3A,
Ub T66C MTSSL.

Discussion

Here we discuss the '°F ENDOR results with different spin labels in terms of
spectral resolution and sensitivity. We first present general considerations and then
examine the relative pros and cons for each label. Generally, the e-n distance can be
determined when the corresponding hyperfine splitting is resolved (eq. (1)), namely,
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when it is larger than the linewidth. The intrinsic linewidth is determined mainly by the
F nuclear spin-spin relaxation, T21.%° Time-domain ENDOR measurements (to be
published separately) indicate that it is of the order of ~350 ps for Gd(III) complexes and
~2 ms for nitroxides. This implies that any broadening due to this mechanism has to be
very small, compared to the observed linewidths (13—35 kHz). Other broadening
contributions include:

(a) '"F chemical shift anisotropy (CSA);?! the CSA for '°F nucleus is around 50
ppm for 5F-Trp residue®® ¢ and around 40 ppm for 3FmPhe residue,®® which
corresponds at W-band to a broadening of 7 and 5 kHz, respectively.

(b) Dipolar interactions with surrounding nuclei, depending on the 'F closest
neighbors. For 5F-Trp the vicinal protons in the aromatic ring are ~2.6A away from the
19F nuclei, which results in a dipolar interaction of ~6 kHz. For 3FmPhe, the distance
between the geminal '°F nuclei is 2.1 A, corresponding to a dipolar interaction of ~11
kHz.

(c) Broadening due to the finite length of the RF pulse in the Mims ENDOR
sequence; the pulse length can be experimentally adjusted to prevent extensive
broadening, albeit at the cost of lower SNR. For pulses of trr=25-80 ps, as used here, the
expected broadening is ~1/2trr corresponding to 6.25-20 kHz. For Gd-DO3A labeled
proteins, it has been previously shown experimentally that the pulse lengths do not
contribute appreciably to spectral broadening (Ref. 28, Fig. S3).

(d) Flexibility of the spin label, motional freedom of the '°F labeled amino acid,
and backbone conformational variability, resulting in the distribution of e-n distances.
Here, as spin labels were attached at the same position in the protein, it can be safely
assumed that the label's conformational freedom causes any observed difference in
linewidth between the spin labels.

Each stated mechanism adds up to the broadening, and careful examination of
each contribution could be used to improve the resolution. The easiest to identify and
overcome is mechanism (c), as measurements can be carried out with different RF pulse
lengths. For mechanism (b), the broadening can be eliminated by isotopic substituting 'H
nuclei near the '°F nucleus with 2H.#! The contribution of the CSA to the linewidth is
expected to be smaller at a lower magnetic field. As for item (d), this can be minimized
by using rigid spin labels.

The signal-to-noise ratio (SNR) of Mims ENDOR per square root time depends
on several experimental parameters given by:

SNR < Vo - Fenpor 'CXP(_[T/TI ]ﬂl )'eXp( [22/T ] ) \//T (2)

=Vo - SNRgnDpOR
where 0 is the echo intensity at t~0 and 7~0. It accounts for the absolute EPR spectrum
intensity of the spin label, which depends on the spectrum width, field position within the
spectrum, the electron spin (sensitivity is higher for high-spin labels), the MW pulses
bandwidth, the sample concentration and the spin labeling efficiency, Boltzmann
population difference, and instrumental parameters; T; and 7 are the spin-lattice
relaxation and phase memory times of the spin label, respectively, £ and £: are the
corresponding stretched exponentials; 7and 7 are inter-pulse delays in the Mims ENDOR
sequence (see Experimental details); Fpypor 1s the ENDOR efficiency defined as
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Fenpor =(Lorr ~1ow)/Lorr » (3)
where Jorr and on are the spin echo intensities, with the RF pulse off- and on-resonance
with respect to the nuclear transition. The ENDOR efficiency is roughly proportional to

sin? (7r . az‘) , according to the Mims blind-spot behavior,% where a is hyperfine

interaction constant. When a is due to a dipolar interaction, it is proportional to 1/73.
When
a-7<0.15, which holds for most of the variants studied in the present work,

SiIl(?Z" ar) ~ rr-ar, which results in an approximate oc 1/ 70 dependence of the ENDOR

efficiency!® and, consequently, of the SNR. The experimentally observed efficiency
depends on the details of the RF set-up and the RF pulse bandwidth. The term . /1/ Tk in

eq. (2) accounts for the repetition rate, which has to be slower than ~1/77 to prevent
saturation, and SNR increases with the square root of the number of acquired shots.
When the repetition rate is limited by the maximum duty cycle of the RF amplifier and
not by Ti, as in the case of Gd(III), the efficiency of the data accumulation is reduced.

In Table S4 we present separately the calculated SNRenpor and Vo to highlight
the different contributions to the EPR signal intensity and the specific ENDOR
sensitivity, as well as the overall predicted SNR values based on eq. (2). Since the protein
samples had varying concentrations and spin labeling efficiencies may also vary, we
determined Vo from a single shot echo intensity (measured with a short T on the same
spectrometer) for solutions of the various spin labels (not the labeled protein) at an
identical concentration of 100 uM. The values of Vo are listed in Table S4. The relative
echo intensities obtained for the Gd-DO3A complex exceed those obtained for other
labels, which explains the enhanced sensitivity of the measurements for Gd(III). The
measurements were carried out at the same temperature as the ENDOR measurements.
The estimates of SNR from eq. (2) are compared with the experimental SNRs of the
ENDOR spectra, also given in Table S4. It lists the SNR of each ENDOR spectrum and
normalized values, taking acquisition time, number of points in the experimental
spectrum, and spin-label concentration into account. In the case of Cu(II) and nitroxides,
where several spectra were recorded due to orientation selection, the time it takes to
record all the needed spectra should also be borne in mind (the SNR values presented in
Table S4 correspond to individual ENDOR spectra at each field position). Given the
approximate nature of eq. (2), a reasonable correlation (R?>=0.84) between the
experimental and the estimated values of SNR 1is observed (Fig. S8).

Additionally, eq. (2) is relevant for optimizing SNR with respect to the delay
time 7 in the Mims ENDOR sequence. It is known'® that to determine long distances,
long delays t are necessary since the ENDOR efficiency Frypop grows proportionally

to sin’ (7r . az‘). On the other hand, SNR decreases for longer t values due to phase
memory decay, given by exp(—[2r/ Ty, ]ﬂ 2 ) (see eq. (2)). Therefore, the highest SNR 1is

achieved at intermediate values of 7. This is illustrated in Fig. S9 where SNRs of the °F
ENDOR spectra of GB1 K31C Gd-DO3A recorded with different values of T are shown,
alongside a theoretical estimate according to eq. (2). It can be appreciated that the optimal
experimental t value is somewhat shorter than the predicted theoretical value and that the
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experimental SNR decreases more abruptly for long t values. This may be because the 7m
values used in the prediction were measured for Hahn echo decays, and the stimulated
echo decay may be faster due to spectral diffusion during the mixing period 7.7°

Note that the protein concentration dependence of the °F ENDOR signal is
expected to be linear at small concentrations. Larger spin concentrations lead to the
shortening of the phase memory time Twm by instantaneous and spectral diffusion

mechanisms.”! Because measuring long e-n distances entails using longer T values, this
may lead to a significant decrease in spin echo intensity per unit concentration and,
hence, a decrease in sensitivity. Therefore, optimization of the SNR for the protein
concentration is necessary, as demonstrated previously.?

Next, we discuss the virtues and limitations of the different spin labels for '°F
ENDOR measurements at the W-band for the following characteristics: the spectral
resolution (Figs. 3, 4), in silico predictability of the experimentally derived distances
from available structures (Fig. 5) and the SNR data (Table S4).

Nitroxide spin labels: These labels seem to be the most versatile; they yielded
resolved ENDOR doublets for all constructs due to the short tether; two nitroxide labeled
proteins exhibited orientation selection, which provided additional geometric
information. They also resulted in good SNR, although the need to record several spectra
along the EPR powder patterns increases the total acquisition time, especially for the
spectra recorded at the gz, position. Regarding predicting distances, nitroxide spin labels
were superior to trityl and comparable to Gd-DO3A.

Trityl spin labels: Resolved doublets were observed for two of the four samples.
In these cases, the resolution was comparable to the other labels. In principle, the
associated high Vo values are expected to yield the best SNR. However, this is
compromised by the shorter phase memory time. The OXMA spin label, which has a
longer Twm, resulted in good SNR, higher than that for the nitroxides, but lower than that
for Gd-DO3A. Significant differences between the experimental and the predicted e-n
distances were observed for trityl spin labels, most likely because interactions between
the label and protein side chains come into play. In addition, difficulties in estimating and
accounting for the conformational flexibility of the tether have to be considered. Thus,
trityl spin labels with shorter linkers may be more attractive, as this will allow accessing
longer °F-C,, distances.”

Gd-DO3A4 label: This label proved to be the best regarding sensitivity. It
provided the highest signal-to-noise ratio per unit concentration and unit time. This is
mainly due to the more favorable Boltzmann population difference at low temperatures
(10 K) made possible by the short T1. Therefore, in principle, sensitivity can be further
improved by increasing the repetition rate. This is currently limited by the RF amplifier
duty cycle, not the T1. The label also resulted in excellent resolution, although it produced
longer distances than the nitroxides, effectively reducing resolution (see GB1 Q32C).
However, it has been shown recently that significant improvements can be garnered by
accessing other transitions and carrying out measurements below 6K.2° The predictability
of distances for the specific proteins studied in this work is comparable, or even slightly
better than nitroxides (the agreement for GB1 K31C and GB1 Q32C is better for Gd-
DO3A than nitroxide, the agreement for Ub T66C is comparably decent, and for Ub
MIC, the agreement is poor for both labels). Judd et al. also compared the sensitivity of
9F ENDOR for a nitroxide spin label (MTSSL) and a Gd(III) label (Gd.C1, a Gd(III)
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complex with a DOTAM-derived ligand) for a GBI construct.?’” They reported a 2.7-fold
gain in signal-to-noise ratio for the Gd(III) over the nitroxide label for the same
concentration, even though the Gd—F distance was longer (~10 A for Gd vs ~8 A for
nitroxide).

Cu(1l)-NTA label: We expected better resolution for this label since it is a rigid
moiety. However, the resolution was similar to the other labels. Further studies are
needed to clarify whether it is a general phenomenon or specific to the system studied. As
in the case of nitroxides, additional geometric information can be extracted from the
orientation selection behavior of the spectra. Unfortunately, poor SNR is seen at the W-
band due to the broad EPR spectrum.

At this juncture, it is worth pointing out that all measurements were carried out
at W-band, where the '°F signals are well separated from the 'H signals, and orientation
selection is more pronounced, especially for nitroxide radicals. At the Q-band, the
sensitivity of an individual ENDOR spectrum is expected to be higher for S=1/2 systems
with g-anisotropy, as the apparent spectral width grows proportionally with the
microwave frequency. However, at Q-band °F and 'H ENDOR spectra overlap. To
overcome this, either 'H ENDOR spectra need to be recorded separately from samples
without the '°F label and subtracted’® or deuterated spin labels can be used,*' however
these may not be readily available. For high-spin labels, such as Gd(III) or Mn(II), for
which the width of the |-1/2>—|+1/2> EPR transition decreases linearly with the inverse
microwave frequency, high-field measurements are advantageous.

Finally, predicting distance distribution based on available atomic structures is
not always satisfactory, and significant discrepancies were observed for all spin-labeled
Ub MIC variants. This suggests that the N-terminus is not a desirable position for spin
labeling for this particular protein. For other proteins, the in silico predicted distances
demonstrated decent agreement with the experimental distances, obtained either from a
single distance or Gaussian distance distribution fit of the experimental ENDOR spectra
(except for trityl labeled GB1 K31C). In the case of Gd(III), a good agreement was
reported earlier between the ENDOR-derived distances and those reported by PRE
measurements.?® Therefore, we attribute the discrepancies to the limitations of the
methods used for predicting the distance distribution to an accuracy below 2 A

Conclusions

We presented a comparative W-band '°F ENDOR study for three different types
of spin labels, namely, nitroxides, trityls, and Gd(III). These tags were attached at two
different sites in two proteins with a single '°F labeled amino acid. For one of the
proteins, ’F ENDOR spectra were also recorded for a Cu(IT)-NTA label situated close to
the positions of the other spin labels. In all cases, the °F ENDOR signals were well
separated from the 'H signals. For resolved ENDOR spectra, all labels resulted in
comparable line widths and, hence, a comparable range of accessible distances. However,
those with longer tethers, e.g., CT02MA and OXMA, that produce more significant
deviations of the measured e-n distances from the 19F-C distances are less effective
regarding the structural information they can provide. They did not provide resolved !°F
doublets in half of the cases, while those with the shorter tethers did. For sensitivity,
Gd(IIT) performed best at the W-band, and nitroxides and Cu(Il) provided additional
structural information, namely, the e-n vector orientation derived from orientation
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selection measurements. Our data suggest that it is necessary to push the accuracy of spin
labels rotamer prediction to calculate distance distributions based on available atomic
structures. For the unusual case of Ub M1C, all spin label-derived distances consistently
deviated from the predicted distance, indicating that the label at position 1 in the amino
acid sequence results in an altered protein structure induced by the attachment of the tag.

Supplementary Information

Additional details on experiments and simulations, spin relaxation properties of the
labels, individual ENDOR spectra of nitroxides at different magnetic fields, results of in
silico calculations of distance distributions with different computational approaches, and
signal-to-noise ratios of the recorded spectra are provided. This material is available free
of charge via the journal website.
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