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ABSTRACT:

The measurement of distances in proteins can be challenging in the 5-20 A range, which is outside the

range accessible through conventional NMR and EPR methods. Recently it was demonstrated that

distances in this range could be measured between a nitroxide as a paramagnetic spin label and a nearby
fluorine atom ('°F) as a nuclear spin label using high-field (W-band / 3.4 T) ENDOR spectroscopy. Here
we show that such measurements can also be performed using a gadolinium ion (Gd*") as the
paramagnetic tag. Gd** has two advantages. i) A greater electronic spin (S = 7/2) and fast electronic spin-
lattice (7) relaxation, improving sensitivity by allowing data to be collected at lower temperatures. i1) A
narrow EPR signal for the -2 -> ' transition, and therefore no orientation selection artefacts. Signal
intensities can be further enhanced by using a trifluoromethyl (C'°F3) group instead of a single '°F atom.

Using the protein calbindin Doy with a Ca?* ion replaced by a Gd** ion and a trifluoromethylphenylalanine

in position 50, we show that distances up to about 10 A can readily be measured. Longer distances proved

more difficult to measure due to variable electronic 7, relaxation rates, which lead to broader Lorentzian

ENDOR lineshapes. Gd** complexes (Gd** tags), which reliably display longer T, times, allow longer

distances to be measured (8—16 A). We also provide preliminary evidence that the intensity of ENDOR

signals follows the predicted 1/7° dependence, indicating that distances » >20 A can be measured by this

method.
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1. Introduction
Tagging proteins with paramagnetic labels provides a well-established avenue for the measurement of
nanoscale structural restraints, also allowing local and global protein dynamics to be characterized. In

combination with a nuclear spin, the measurement of distances between the introduced tag and nuclei of

the protein 15-40 A away can be achieved using NMR spectroscopy. For example, Paramagnetic
Relaxation Enhancements (PRE) measurements are frequently used. Nuclear spins in the vicinity of the
paramagnetic centre experience an enhanced relaxation rate, which has a 1/#6 dependence on the
electron—nuclear distance ». The introduction of a second paramagnetic tag allows inter-tag distances to
be measured using EPR spectroscopy. The best known technique is double electron-electron resonance
(DEER), also known as PELDOR, ! but there exist a variety of methods.>® These techniques probe the
electron—electron dipolar coupling between the paramagnetic labels, which features a 1//3 distance

dependence, and allow accurate measurements of distances in the 20—-80 A range.
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Figure 1. Introduction of paramagnetic tags allows the measurement of specific distances () in proteins. NMR
spectroscopy exploits the nuclear Overhauser effect (NOE) to measure distances shorter than about 5 A in proteins
without spin labels. Paramagnetic relaxation enhancement (PRE) extends the distance range accessible by NMR
spectroscopy to 40 A, but the range between about 5-15 A is difficult to address by PRE. Pulse EPR techniques,
which exploit electron—electron interactions, extend the length scale to about 80 A (and potentially beyond) but
also lack broad applicability below 20 A. EPR techniques probing electron—nuclear interactions (ENDOR) allow

this difficult-to-access medium distance range (520 A) to be interrogated.
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When applying these EPR techniques to shorter distances, they are hampered by fast electronic 1/7;
(spin-lattice) relaxation rates.”-!9 In the case of very short distances (<10 A), the distance can be extracted
by spectral simulation of the EPR lineshape'!'? or determining the relative intensity of half-field (spin
forbidden) transitions observable in such systems.!? At a more practical level however, distances in this
range begin to approach the size of the spin label including the overall tether (510 A; for details see SI
3), which most often have a large degree of conformational flexibility, rendering such distance

measurements between two spin labels less meaningful.

An alternative approach is to use EPR double resonance techniques such as Electron Nuclear DOuble
Resonance (ENDOR).!#1¢ Like PREs, ENDOR exploits the electron—nuclear dipole interaction between
the tag and the nearby nuclear spins, but its distance dependence corresponds to that of DEER (1/73).14
thus allowing short distances to be measured. Recently it was shown that the Mims ENDOR experiment!’
can be used to measure distances on the 515 A scale, between a nitroxide as the paramagnetic spin tag
and an introduced fluorine nucleus (!°F).!>16.18 This measurement requires only a single paramagnetic
tag, improving the accuracy of measured distances. The frequency resolution necessary to resolve
electron-nuclear splittings on the order of kHz requires a nuclear spin with a large gyromagnetic ratio y,
such as that of I°F, as the magnitude of the ENDOR splitting scales linearly with y,. Fluorine is generally
absent in biological systems and can be introduced into proteins easily through non-canonical amino
acids,!>?% making it a selective and sensitive tag choice. To resolve '°F from the background 'H signal,

the ENDOR experiment needs to be performed at fields above 1 T, i.e. at Q-band frequencies or higher.

The main disadvantage of the Mims "F-ENDOR experiment is its relatively low sensitivity. This is
particularly an issue for measuring longer distances, which require longer pulse separations to suppress
tau-dependent, blind-spotting artefacts and therefore lead to long accumulation times up to 30-60 h.!>!8
In addition, paramagnetic tags associated with broad EPR spectra such as nitroxides require the ENDOR
spectrum to be recorded at multiple field positions across the EPR spectrum to fully sample the dipolar

Pake pattern (hyperfine couplings).

Preliminary attempts have already been made to overcome the limitations of nitroxide tags in the context
of 1’F ENDOR. Bagryanskaya and coworkers investigated the use of triarylmethyl (trityl) radicals as
alternative tags.?! Trityl radicals possess narrow EPR lines due to low g-anisotropy, and thus the ENDOR

spectrum can be collected at a single magnetic field position without needing to account for orientation
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selectivity. They also possess relatively long electronic phase-memory (7)) relaxation times (4—5 us at
80 K), allowing the use of long delays and long RF pulses, #zr as required to properly resolve small line

splittings arising from longer distances.

To date, reliable ’F-ENDOR distance measurements with trityl tags have only been achieved in the
range of 8-12 A with model compounds.2! As trityl radicals are large and feature significant
delocalization of the spin density, this introduces considerable uncertainty into the distance measurement,
in particular if the trityl radical is attached to the target molecule via a flexible tether. Where a tether
containing conjugated linkers is involved, a significant isotropic (fermi contact) hyperfine interaction at
inter-spin distances shorter than about 8 A is introduced, which complicates distance determination.
Finally, many possible conformational orientations of the trityl group result in heterogenous line
broadening, which may compromise the hyperfine resolution required for longer distances. The use of

the trityl radical as a generalizable tag in biomolecular systems is yet to be demonstrated.

To address the limitations of nitroxides and trityl radicals, Gd** complexes offer an attractive alternative.
The Gd** ion has a half-filled valence f-shell (4f7), which gives rise to an orbitally non-degenerate ground
electronic configuration (S, S=7/2). Most Gd isotopes carry no nuclear spin, so that the -4 -> %
transition of the spin manifold gives rise to a sharp EPR transition (Av = 50 MHz) that is ideal for
sensitive detection. As the electron configuration of Gd** is high-spin, only modest microwave powers
are required to achieve short microwave pulse lengths t, that fully excite the EPR line (t, = <16 ns with
ca. 400 mW, Av = 60 MHz). In addition, the unpaired electrons in a Gd** ion relax faster (their 77 is up
to 5-10 times shorter than for nitroxide'>'® and trityl radicals?!), allowing data accumulation at lower
temperatures than with nitroxides (10 K vs. 50 K)), which further improves sensitivity. Like trityl labels,
Gd3* tags are also free from orientation selection artefacts, as shown earlier for DEER spectroscopy,?>
1.e. the entire ENDOR Pake pattern can in principle be sampled in a single measurement. As opposed to
rigid model compounds, Gd** tags designed for proteins often feature minimum tether lengths to the
protein backbone of about 8 A. Notably, tether lengths are also a problem with nitroxide tags, as the most
popular spin label MTSL, used in DEER, results in an overall tether of comparable length and flexibility
(see SI 3). For benchmarking purposes, the present work introduced a Gd** ion into one of the Ca*"

binding sites of calbindin Dy to increase the accuracy of short distance measurements.

Optimizations of the 1°F-based nuclear spin tag have also been explored in recent literature.'>! Replacing
the single fluorine atom with multiple fluorine atoms has been shown to increase the ENDOR signal
response linearly with the number of fluorine atoms.!® The trifluoromethyl (CF3) group is most suitable

to position all °F spins at approximately the same distance to the paramagnetic spin tag.
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Here we show that a tag pair consisting of Gd** and the genetically encoded non-canonical amino acid
p-trifluoromethylphenylalanine (CF3-Phe)?* allows the reliable measurement of short-range distances up
to 16 A. We also show that shorter distances can be resolved in rigid biomolecules, such as proteins with
a metal ion binding site, in addition to the orientation of the aromatic ring of the CF;-Phe residue relative
to the Gd3" site. Finally, we show preliminary evidence that the intensity of the ENDOR signal follows
the predicted 1/7° dependence. Using an integration approach to processing the data could potentially
give access to much longer distances between 20 and 25 A. Within these points of investigation, the
broader aim of this paper is also to provide a practical assessment, including the strengths and limitations,

of using of Gd** in ENDOR distance measurements in biological samples.

2. Results

2.1 Modelling Considerations. In this study we used the non-canonical amino acid CF;-Phe as the
nuclear spin tag. The CF; group undergoes only weak intermolecular interactions?>?% and thus should
interact little with the protein structure in the absence of steric clashes. '’F NMR spectra of protein-
bound CF;-Phe, show degenerate '°F resonances as expected for fast rotation of the CF; group around
the Cpenzene-Cr bond at room temperature.?* However, DFT calculations for temperatures below 50 K
report a marked energy barrier for rotation about the C-C bond, predicting a barrier >5 kJ/mol at 10 K.'6
We therefore assumed that the CF; group adopts one of two staggered orientations with respect to the
plane of the aromatic ring (Fig. 2a), and modelled the resulting six possible positions of the three fluorine
atoms as a cone, with the Gd** centre at the apex of the cone and the fluorine atoms defining the base of

the cone (Fig. 2b).
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To model systems where the location of the paramagnetic centre is well defined such as in
metalloproteins, we took an approach similar to that described by Goldfarb and co-workers.'* The
simplest model for simulating our Gd**—CF; data requires three main fitting parameters: (i) the interspin
distance » between the Gd3* centre and the base of the cone; (ii) the angle ¢ (tilt angle) of the plane of
the cone base relative to the interspin distance vector; and (iii) the ENDOR linewidth /w, from
contributions such as relaxation processes and power broadening, which we ccount for by the single
fitting parameter /w, assuming a Lorentzian lineshape. In the most extreme cases, the tilt angle is either
0° or 90°. For ¢ = 0°, all fluorine atoms are at the same distance to the Gd** centre, giving rise to an
undistorted Pake pattern (Fig. 2c-d), the same as for the case of a single fluorine atom. If instead ¢p = 90°,
the maximum and minimum interspin distances differ by about 2 A. If the mean distance is 10 A, this
can lead to a coupling variation of up to 50 kHz (Fig. 2¢), which can theoretically give rise to a structured
ENDOR spectrum (Fig. 2d). Above a Gd3*—19F distance of 15 A, the variation is comparable with the
ENDOR linewidth, /w, and therefore the ENDOR signal yields essentially the same Pake pattern

lineshape for both orientations (0 and 90°).

However, to allow fitting of the tilt angle, the interspin vector needs to be well defined, which only holds
if the paramagnetic spin tag is not tethered to the protein via a flexible linker. In the case of a flexible
tether such as for the Gd** label used in the herein reported study (Fig. 3b), the parameter ¢ can be
omitted. Here, the lineshape of the ENDOR spectrum is dominated by the distance distribution arising
from the inherent flexibility of the overall tether by which the Gd3* tag is attached to the protein. This
line broadening is larger than the intrinsic inhomogeneously broadened ENDOR linewidth /w. In this
case of Gd** tags with flexible linkers, a tilt angle ¢ cannot be constrained, and we instead fit the Gd-F;

distance distribution to a mean distance 7, and a Gaussian function for the distance distribution with a
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standard deviation of o. For both approaches a least-squares simplex minimization algorithm employed

in MATLAB was used to arrive at the best-fit parameters.

a & b
@ R ®) "
R z ==
o /C % 14 3
“EX 0.5
F - 8 ."’<
e TP . 0.5 o
F . 15
t d (Emin lipsed (En, T T T T T T
staggered (Epin) eclipsed (Enay) 0 110 & g3 P} A 0
y X
10A ¢=0° 15A p=0°0
¢ =90° ¢ =90°
015 -01 -005 0 005 01 015 004 -002 0 002 -004
vre— v (F) / MHz vre— v (19F) / MHz

()  20A 154 7 10 A
160 |
2 120
L)
Eﬁ
S 80
40
0 40 60 80 100

vyp(1%F)  kHz

-0.02 -0.01 0 0.01  -0.02
ver— v (°F) / MHz

Fig. 2 Summary of the modelling approach used to simulate '’F-ENDOR spectra in systems with a CF; group and

a Gd** tag (a) Schematic representation of the CF3 group of CF;-Phe. The model assumes two different rotameric

states of the CF; group defined by the dihedral angle y. To accelerate the ’F-ENDOR simulations, we considered

only the two staggered conformations, which present states of minimum energy, amounting to sampling six points

on the CF; arc of rotations to calculate the range of Gd—!°F distances. (b) Parametrisation of the CF;-Phe tag in
terms of the distance r between the Gd3* centre and the base of the center of the F; plane of the CF; group, and the
tilt angle ¢ of the trifluoro plane (cone base) towards or away from the Gd—F; vector, which can be parametrised
as a cone of Gd—'°F interspin vectors. (¢) Line broadening of the EPR spectrum caused by the interspin distance

distribution resulting from ¢ # 0°. Line broadening is particularly pronounced in the wings of the ENDOR

spectrum, as shown in (d). (d) Line shapes (simulation linewidth = 6 kHz) predicted for different distances and ¢

= 0° or 90°. As the hyperfine coupling is proportional to 73, the Gd—CF} interaction for distances longer than 15 A
is adequately represented by a single '°F position, neglecting the effects from different ¢ angles.

2.2 Accurate distance measurements in model proteins containing a fixed Gd** ion position and

a CF;-Phe residue. We first examined the viability of using Gd** as a spin tag in the "F-ENDOR

experiment with the model protein calbindin Dgy (Cpoi). Cpox possesses two Ca?*-binding sites, where

one of the Ca?" ions can be exchanged for a Gd*" ion. A Gd*" ion bound in this way represents an

effectively rigidly bound, i.e. conformationally unambiguous paramagnetic label. We used two mutants
of Cpok, Phe50CF;-Phe and Phe66CF5-Phe, loaded with a Gd*" ion, here referred to as Cpox-1 and Cpoy-2
respectively. The two proteins have a predicted Gd**—!F distances of about 7 A (Cpex-1) and 15 A (Cpoy-

8
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2). In the crystal structure of the wild-type protein (PDB ID: 4ICB?7), the conformational space of the
aromatic rings of CF;Phe is restricted, although the CF; group of CF;-Phe in position 50 is expected to
be partially solvent-exposed (Fig. 3a) and therefore orientated away from the protein core. In position
66 on the other hand, the CF;-Phe is buried in the protein core, although as shown in Fig. 2c at longer

distances the orientation information becomes less resolved and important.
Fig. 3 shows the 'F Mims ENDOR spectra of Cpo-1. ENDOR data for Cpe,-2 are shown in the
Supporting Information (SI 3). Mims ENDOR is subject to T-dependent blind-spot artefacts, given by:

1 . (A 174 \2 1
FENDOR =5sin (ET) zé(?l’) OC; (1)

where A is the hyperfine coupling and 7 is the delay between the /2 pulses of the detection sequence
(see experimental section). When %r is small, i.e. in the “small-angle limit” (in the sense of the variable

of the sin? function), the relation can be approximated by the right-hand side of Eq. 1, and the ENDOR
efficiency, Fenpor, is proportional to 1/76.14 To fully resolve the ENDOR lineshape, the spectrum of
Cpox-1 was averaged over four different 7 values: 0.5, 1.0, 1.5 and 2.0 ps. A resolved '?F- ENDOR line

splitting of = 210 kHz was observed, as read from the sum spectrum in Fig. 2a. This was interpreted as
the perpendicular component of the dipolar interaction (T)! between the two spins, referred to by Meyer

et al. as T,eq,'® and is consistent with an interspin distance of = 7.1 A.

Interestingly, the ENDOR lineshape of Cpgi-1 and Cpoy-2 is Lorentzian ( = 60 kHz), which manifests
in terms of broad wings that extend up to 50 kHz either side about the centre. This stands in contrast to
the results obtained for the rigid compounds incorporating the nitroxide and '°F label pair reported by
Bennati and co-workers,!® which instead exhibited narrower Gaussian linewidths of between 10-20 kHz.
We also observed similar narrow linewidths in the MTSL-labelled proteins in this work (SI 5). The
increase in linewidth correlates with faster Ty relaxation rates observed for the Gd** ion as compared to
nitroxide labels, 7.0 vs. 13—15 ps. As a consequence of the larger linewidth of the fast-relaxing Cpgy, the
longer distance in Cpg-2 did not yield a resolved splitting (see SI 5) and, therefore the distance parameter

could not be constrained reliably.

I Note that in this text we use the unitalicized symbol T to denote dipolar couplings in Hz in line with the
notation used previously,'>6!8 whereas italicised 7'values indicate time constants, such as the relaxation

times 77 and 7Ty
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For Cpo-1, the overall profile of the ENDOR signal was not consistent with expectations for a single
distance. As described in section 2.1, we needed to account for a spread of Gd—'°F distances introduced
by the tilt of the CF5 group with respect to the Gd—Csg interspin vector. This was particularly important
to fit the broad wings of the ENDOR spectra. The fitting parameters shown in Table 1 yielded a mean
distance rg;, of 6.5+0.3 A (very close to the 7 A distance described above) and tilt angle of ~90°, with the
CF; group of the CF3-Phe residue lying adjacent to the protein surface as opposed to pointing into the

polar solvent, as expected from the crystal structure.

As described above, we did not resolve a splitting for Cpe,-2. Protein-bound Gd** ions therefore likely
have more limited applications as paramagnetic tags in the '’F-ENDOR measurement, being only able

to detect shorter distances. We can estimate the shortest

- A a—
a
(@) ’J} Yo JEAYS Cioe-1 distance that can be measured using the fitted linewidth.
Cngk'z u' ; f(‘]) =65A .. e .
F o) ~16A £ ‘} This is 35 kHz, limiting our maximum ruler length to 12

~
~,
S

A. We do however note that the Cpo,-2 lineshape is at

least consistent with the engineered distance of =15 A.

The fitting shown in Fig. 3¢ includes a modelled distance
distribution (14.5-16 A) that was obtained by rotamer-
state simulations using the program PyParaTools.?

£ While we are unable to detect a splitting of the F-
Treag =210 kHz J

ENDOR signal, we can readily detect it. As a result,
protein-bound Gd** ions can be used to definitively show

a fluorine label at least 12 A from the metal site.

Fig. 3 ’F-Mims ENDOR experimental data and simulations
of the Cpo-1 and Cpor-2 systems. (a) Structure of Cpox
showing the CF;-Phe residue in position 50 (magenta) in
Cpor-1 and position 66 (blue) in Cpe-2, and the gadolinium
ion (cyan) in the N-terminal calcium binding site. The
hydrophobic residues around the 50CF;-Phe are shown in
violet. (b) Normalised 94 GHz "F-ENDOR spectra of Cpox-1
measured at T-values of 0.5-2.0 pus. Experimental data are

e I YOS IR P e shown in black. T,.,q was determined from the weighted-sum
Lo 0 Qs spectrum. The asterisks (red) annotated identify the broad
................................................................................................... wing features extending 50 kHz either side of the centre of the

(€) | Cow2 spectrum. Simulations (red traces) were performed using a
- global four-parameter fit, including the mean distance 7
o (shown in panel a), the tilt angle ¢ of the trifluoro plane with

respect to the Gd—Csg vector, the Lorentzian linewidth and the
0 5 10 15 -0.1 0 01

r (A) VRr— V (19F) / MHz 10
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Gaussian ENDOR linewidth. All five spectra were simultaneously fitted using a least-squares simplex
minimization algorithm. The best fit parameters are listed in Table 1. The acquisition time amounted to
approximately one hour per spectrum or 5 hours in total for the sum spectrum. Further experimental details are
provided in the methods section and SI 5. (¢) CF;-Gd3**distance distribution predicted for Cpge-2 (first panel)
predicted using the rotamer-state simulation program PyParaTools. The second panel is the '"F-ENDOR
experimental spectrum of Cpg,-2 (black trace 2-point smoothing, dotted trace unsmoothed data), overlayed with
the Easyspin (saffron) Mims ENDOR simulation using the PyParaTools-predicted distance distribution to
calculate the '°F hyperfine coupling inputs for the EasySpin calculation.

2.3 Distance measurements in proteins containing a tethered Gd3** spin label and CF;-Phe

residue. To examine the viability of using Gd** as a spin tag in a more generalizable way, we turned to
using the Gd.C1 tag (a Gd** complex with a DOTAM-derived ligand) in the immunoglobulin-binding

protein G (B1 domain, here referred to as GB1) as a model system (Fig. 5).2%?° The Gd.C1 tag was
installed on the protein via a surface exposed cysteine residue with formation of a disulfide linkage (SI
1). Three cysteine mutants with CF3-Phe in place of Phe52 were prepared and reacted with Gd.C1 tags
to yield Gd**—!9F distances of approximately 10 A (A24C, GB1-a), 15 A (K28C, GB1-b) and 20 A
(Q32C, GB1-c). Although the use of the Gd.C1 spin tag results in a fairly long and flexible linker, its
conformational sampling can be limited by hydrophobic interactions between its pendant arms and the

protein surface (see SI 6).

Figure 4 shows the structure of GB1 modelled with CF3-Phe, indicating the positions of the Gd.C1 tags
in the three mutants, together with the measured ?’F-ENDOR data. As seen for Cpgy, the ENDOR line
shapes of the GB1-a-c are characteristically Lorentzian, leading to broad wings extending out either side
of the centre. Unlike in the case of Cpgk, however, the spectra of GB1-a-c displayed significantly
narrower linewidths (<35 kHz), which allows the measurement of longer distances. This can be attributed
to longer, invariant Ty relaxation times (see SI 4), which resulted in better linewidth resolution. As
expected, the spectrum GB1-a resolves a splitting of = 100 kHz, consistent with an interspin distance of
about 9.4+0.3 A and GB1-b spectrum resolved a splitting of = 20 kHz, consistent with an interspin
distance of 16+1 A. The uncertainties result from different runs of the '?F-ENDOR experiment, which

gave slightly different readings of the splitting (¥4 kHz variation), (SI 6b contains more details on the

11
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uncertainty analysis). The spectrum of GB1-c¢ did not resolve a splitting, consistent with a distance >17

A.

GB1-b and GB1-c were measured at the standard concentration of 100 uM and at 500 pM. The data
shown in Fig. 4d for GB1-c were obtained at a protein concentration of 500 uM. For both mutants GB1-b
and Gbl-c a higher concentration yielded a slight improvement in sensitivity (and therefore faster
accumulation) compared to the 100 uM data. We did not observe the 5-fold increase in sensitivity that
was expected, perhaps due to some concentration-induced sample degradation via protein unfolding or
aggregation which may have accelerated the 1/Ty; relaxation rate. Notably, however, the "F-ENDOR
spectra were indistinguishable at both concentrations, for both GB1-b and GB1-c.

Simulation of the GB1 data by the fitting procedure established for Cpey required additional modelling
of the flexibility of the tag tether, which we approximated by a Gaussian-shaped interspin distance
distribution. As the tether flexibility obscures any information about the tilt angle of the CF; group with
respect to the Gd3*—Csr vector, the tilt angle was excluded from the fitting procedure. In practice, any
choice of the initial value of the ¢ angle resulted in convergence to a local minimum. Therefore, the fit
was restricted to three parameters, including (i) the mean interspin distance 7, (i1) the standard deviation
(o) of the distance distribution and (iii) a Lorentzian linewidth /w. Similarly to Cpgy, the fitted mean
interspin distance obtained for GB1-a and GB1-b matched the estimate from the peak splitting. It also
matched the peak of the interspin distance distribution predicted from molecular modelling of the rotamer
space sampled by the Gd3* tag (see SI 6a). We note that the distance distribution and linewidth (Iw)

parameters are correlated and therefore not individually determinable.
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Fig. 4 YF-ENDOR distance measurements on GB1 containing CF;-Phe and a Gd.C1 tag. (a) Structure of GB1-
a,b,c. The positions of the cysteine residues used for installing the Gd** tag Gd.C1 (indicated beside the protein),
are highlighted in blue and the CF;-Phe residue in position 52 in magenta. (b) Frnpor Vs Gd**—1°F; distance from
Eq. 1 assuming singular distances (black trace) or a normal distribution about each distance with a standard
deviation of 2.0 A (black dotted trace). Gd**—'°F; distances were determined by the following methods: (i) Tyeaq
from directly measuring the '°’F ENDOR line splitting T,.,q from each experimental spectrum (magenta scatter
points), (ii) Ty, from the coupling and Ty, value modelled using the 3-parameter fitting procedure (blue scatter
points), and (iii) the distance modelled via the integration method using Eq. 1 and scaling to the Frnpor value of
the GB1-b spectrum (Fenpor(GB1-b = 1), green dashed line). The error bars were estimated using either 3-fold
lesser frequency resolution (magenta) or the rmsd value of the fit (blue) or the noise level percentage (green area).
More details are given in the SI 6b. (¢) and (d) are the Mims ENDOR experimental spectra (black traces) of GB1-a
(panel c), GB1-b and GB1-¢ (panel d), measured using the parameters described in the experimental section.
Accumulation times were 2 h for all GB1. The spectra were simulated (red/blue traces) using the approach
described in the experimental section, with the parameters listed in Table 1. T, refers to the hyperfine coupling
in kHz determined from the resolved experimental splitting. In (c) the spectrum of GB1-¢ (red area) is scaled by
the number of scans and echo intensity to GB1-b, resulting in a 0.19:1 amplitude ratio corresponding to a distance
of 21.9 A, assuming the ENDOR signal intensity scales directly with the ENDOR efficiency.

Interestingly, the integrated intensity of the ENDOR signal appears to follow the predicted 1/7¢ A
distance dependence as described by Zinker et al.'* (Fig. 4b). A 1/r° dependence is expected from
substituting the hyperfine coupling (4) with 1//° (dipolar approximation) in the expression for the
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ENDOR efficiency in the small angle limit, i.e. the right hand side of Eq. 1. Comparing the integrated
intensities of the GB1-a and GB1-b ""F-ENDOR spectra (measured with the respective optimized
parameters), we find that the latter is approximately 9-fold smaller. This ratio is notably insensitive with
regard to the uncertainty in the splitting found for GB1-b. If the distance in GB1-b is about 15 A, the
difference in signal intensity is consistent with a distance of 10.4 A in GB1-a, which is close to that
inferred from the line-splitting and 3-parameter modelling (9.4 + 0.5 A). Applying the same approach
to the GB1-b and GB1-c data sets, we find that the ENDOR signal for the latter is 5-fold smaller,

corresponding to an estimated distance of 21.9 A for GB1-¢, which is consistent with the maximum of

the distance distribution obtained by molecular modelling (SI 5b). A more detailed analysis of this

integration approach for '’"F-ENDOR distance measurement is currently in progress in our laboratory.

We note that in our hands, the integrated intensities of '°F signals in the set of GB1 constructs were more
reproducible than exact line splittings (see SI 6). Measured as a percentage of the echo, the integral values
were well reproduced when using different operating frequencies/magnetic fields and for scans of
different duration. The integration approach most likely works well in these systems as the ENDOR line

is very narrow and orientation selection artefacts are absent.

Table 1. Fitting parameters used for simulations of the ?’F-ENDOR data for Cpg, and GB1. T,,qis defined as the
splitting taken from the experimental spectra corresponding to the °F-Gd3* dipolar coupling in kHz, and r,¢,q is the
corresponding distance. ry, is the distance mean fitted by the simplex algorithm (and corresponding dipolar
coupling T,), which is fit alongside a Lorentzian Linewidth at full width half maximum (Lorentz. /w.) and either

the Fs-plane tilt angle ¢ for Cpoy, or a normal distribution width ¢ about r;,, for GB1-a-c.

Protein  ry.q(0) + Fsim (0) £ err.* Lorentz. Iw. ()] Tread Tgim
err.* /A /A /kHz /degrees /kHz /kHz

Cpox-1 7.1+£04 6.5(-)+0.3 46.5 93 210+3 270

Cpox-27 - 16.0 (-) 35 - . _

GBI1-a 9.0£0.1 9.4(1.2) £0.3* 33 - 101+£3 90.9

GB1-b 15.5+0.9 16 (2.2) £ 1.0* 32 - 20+3 22.9

GBl1-c - 21.9(2-3.5)+ 30 - <8.0** -

3.0%
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* The uncertainty was determined as three times the experimental frequency resolution (as per the approach used by Bennati
and co-workers'>:19) as a percentage of the resolved splitting. The resulting uncertainties in the distance domain are consistent
with the variation of fitted/measured T,/ Treaq values across different batches of measurements on the same sample. See SI
6b for a full description of the uncertainty analysis. Note that the actual uncertainty is likely larger, as properly attributing the

errors to the modelled values would need to consider the potential covariance of the fitting parameters.

** We attempted to fit a mean distance and distance distribution for the GB1-c data using the same simplex procedure as for
the shorter distances associated with GB1-a and GB1-b, but fitting data with unresolved splitting in this way is unreliable as
the distance distribution and linewidth could be arbitrarily adjusted to fit any distance. By constraining the linewidth to be no
larger than the linewidth of GB1-b, the distance obtained for GB1-c was within the estimate made by integrating and scaling

the ENDOR intensities as described in Section 2.3.

 The Cpg-2 mean distance Ty, (and corresponding Tq;,) and linewidth /w, were fit using the same simplex algorithm as for
Cpox-1. The fit was also validated against the distance distribution modelled using PyParaTools. Two considerations were
made in the simplex fitting: (i) the tilt angle ¢ was excluded from the simulation given the > 15 A interspin distance; (ii) the

linewidth was constrained to be less than the linewidth fit for the shorter Cpgc-1 distance.

2.4  Enhanced sensitivity with a Gd*>* versus nitroxide tag. To compare the sensitivities of the °F-

ENDOR experiment using Gd** or nitroxide tags, we used the GB1-a protein prepared in 100, 25 and 10
UM concentrations, and an analogue protein GB1-aN at 100 uM, where the Gd.C1 tag was replaced with
anitroxide (MTSL) at the same cysteine residue (Fig. 5a). The interspin distance is predicted to be shorter
in GB1-aN, by about 2 A (8 vs. 10 A). To directly compare the sensitivities of the measurements using
the two tags, the ’F-ENDOR spectra were collected using exactly the same conditions and parameters
(t=2.0 ps, tyn = 16 ns, tgr = 54 ps, integration window = 20 ns, shot repetition time = 5 ms, B, = Buax
(field position maximum of the Gd** EPR spectrum), resolution = 5 kHz), with the exception of the
temperature (10 K vs 50 K for GB1-a and GB1-aN respectively). All spectra (Fig. Sb-c) were collected
with 500 scans, amounting to about 45 minutes of measurement time. The GB1-aN ENDOR spectra
were collected at the maximum of the EPR spectrum. In Fig. 5b, a baseline subtraction was applied to
each spectrum, and they are all presented normalized to the largest signal, such that the maximum of the
100 uM GB1-a ENDOR signal is 1. Fig. 5b shows that the Gd** label indeed afforded a 2.7-fold gain in

signal-to-noise ratio over the nitroxide label for the same concentration, even though the Gd—CF; distance
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is expected to be longer than the nitroxide—CF; distance.i' In terms of concentration sensitivity, we find

that Gd**measurements allow approximately 10 x lower sample concentrations to be used. Fig. 5¢
compares he GB1-a dilutions shows that the nitroxide-tagged GB1-aN has a S/N comparable to the 10
uM Gd**-tagged protein. Notably, the detection settings used were optimal for GB1-aN (S =1/2). Using
the settings optimized for Gd—F; distance measurement, i.e. t;» = 12 ns and a shot repetition time of 1.5
ms, a spectrum of approximately the same quality can be measured for GB1-a in about 16 min. The
lowest concentration of Gd3**-tagged protein that could be measured whilst still reliably resolving a
splitting was 5 uM. The S/N achieved in Fig. 5d resulted from 11 hrs of measurement under the same

pulse sequence settings as described above, but over a smaller 0.8 MHz frequency range.

it We expect about a 4-fold loss in signal intensity from this effect for GB1-a with a designed interspin
of ~10 A (9.4 + 0.3 A fit) as compared GB1-aN, with a designed interspin distance of ~++8 A.
Consequently, for the same interspin distance, one would expect about a 10-fold signal-to-noise
improvement from using Gd3* labels as compared to nitroxides. An order of magnitude enhancement is
consistent with the gain we estimate by considering the lower temperature of the measurements with the

Gd* tag, the higher spin of the Gd* ion (8= 7/2) and similar 73, times for both tags.

16


https://doi.org/10.1039/d2cp02889a

Page 17 of 29 Physical Chemistry Chemical Physics

Published on 13 September 2022. Downloaded on 10/11/2022 6:51:44 AM.

View Article Online
DOI: 10.1039/D2CP02889A

—
)
~

\‘
GB1-a

TAG=Gd.C1

é’@m Foamphe A ~ :

A24TAG GB1-aN
TAG = MTSL

Scaled ENDOR intensity (a.u.)

(b)

5
&
2
‘®
c
)
£
o
@]
o
P
i
°
Q0
«
3]
n

-0.1 0 0.1 02 03
VRe— V (19F) / MHz

—_
—~
o
~

1
o
w

1
o
N

GB1-a 100 uM

o
oo
-

)

| GB1-aN 100 uM |
' GB1-a |
5 uM (11 hrs)

o

o
o
fed

©

N
o
(o]

o
N
o
N

o

Scaled ENDOR intensity (a.u.)
o
N

-0.2 0 0.6 -0.4 -0.2 0 0.2 0.4

VRr— V (19F) / MHz

Fig. 5 Sensitivity comparison between '"F-ENDOR distance measurements using Gd.C1 and MTSL tags. (a)
Structure of GB1-a and GB1-aN showing the CF;-Phe residue in position 52 (magenta) and the paramagnetic tag
in position 24. The right panel shows the chemical structures of the tags including the cysteine residue to which
the tags are attached on the protein. (b) Mims ENDOR spectra of GB1-a (blue trace) and GB1-aN (green trace),
scaled to the number of scans, noise level and microwave power. The ENDOR spectra were both measured using
the interpulse (detection) delay 7= 2.0 us and #zr = 30 us, collected at the respective field maxima of the
gadolinium and nitroxide EPR spectra. The n/2 detection pulses were 12 ns and 16 ns for GB1-a and GB1-b
respectively. The GB1-a and GB1-aN data were were collected at 10 and 50 K, respectively. (¢) Raw data showing
the scaled comparison of dilutions of GB1-a (all measured under the same conditions as described for b) compared
to the 100 uM GB1-aN protein, which is shown against the 10 uM GB1-a spectrum having the most similar S/N.
(d) The lowest concentration at which a splitting could be resolved for the 10 A distance in GB1-a was 5 uM. The
data was collected over 15,000 scans, amounting to 11 h of measurement time for a 0.8 MHz frequency sweep.
The symmetrized smoothed data is shown in the solid trace, the raw data in the dotted trace.

Importantly, the GB1-aN spectrum cannot immediately be used to determine the interspin distance as it
does not display the full Pake pattern. Sampling over the full Pake pattern would considerably increase

the accumulation time needed. Nonetheless, the CF; label appears to be insensitive to orientation effects
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at short interspin distances (< 10 A), as the dipolar vectors between the °F spins of the CF5 group are

orientated differently (+ 120°) relative to the g-tensor frame of the nitroxide. As a result, an ENDOR
spectrum measured at the centre of the EPR spectrum must resolve both the parallel and perpendicular
components of the hyperfine tensors, because at least two of the electron—!°F vectors contain projections
onto both the perpendicular and parallel axes of the g-frame. Therefore, both the edges and central peaks
of the ENDOR Pake pattern can be extracted at a single field position. The experimental details and
results demonstrating the use of a CFj; tag as a strategy for rapid Pake pattern accumulation are further

discussed in the SI 7.

2.4  Well defined Gd*~'F models for benchmarking °F-ENDOR distance measurements. The

reliability of DEER and RIDME experiments has been extensively validated using sets of spectroscopic
rulers, which are small molecules capped by EPR spin labels specifically constructed to achieve well-
defined interspin distances.?*3? We performed a similar evaluation of the '’F-ENDOR experiment with
the Gd**—!F ruler GA"-EPEP-F carrying the Gd*" complex Gd"(PyMTA) and a !°F atom connected via
a spacer consisting of ethynylene (E) and para-phenylene (P) units.?! The ruler was expected to result in
a very narrow Gd**—!F distance distribution. In addition, it exhibits a relatively long electronic Ty, time

of about 11 ps, which should allow the resolution of long distances by the 'F-ENDOR spectrum.

Disappointingly, the ruler did not yield sensible distance measurements. The Gd3>*—!'°F ruler has an
interspin distance of 19.7 A, which corresponds to a 10 kHz splitting. However, the experimentally
determined splitting was instead 75 kHz, corresponding to a distance of 10 A. We suspect that the
conjugation that affords the molecule its rigidity also leads to a large through-bond isotropic hyperfine
coupling component of the order of the dipole coupling, as was found for the compounds described by
Stoll and co-workers®? and in the trityl ’"F-ENDOR examples.?! The wings of the spectrum in Fig. 6b
are also partially suppressed and do not resolve the T feature as would be expected for a single distance

associated with a purely through-space dipolar coupling, again pointing to a significant isotropic

contribution to the hyperfine interaction. This parallels the problems encountered by the authors of the
recent publication on '"F-ENDOR with a trityl radical paramagnetic spin tag,>! which required more

complicated computational modelling to validate the observed splittings. Whether interactions other than

conjugation contribute to the splitting observed in the ’F-ENDOR spectrum of the Gd**—!°F ruler is open
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to further investigation. We are currently trying to synthesize new molecules in which the conjugation is

disrupted without affecting the conformational rigidity of the ruler, as achieved in refs.!3: 16
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Fig. 6 Mims ""F-ENDOR measurements on the Gd-EPEP-F molecular ruler. (a) Chemical structure of the
Gd**—1°F ruler used to test the upper detection limit of the "F-ENDOR distance measurement. (b) Experimental
Mims ENDOR spectrum (black trace) of the Gd3>*—'°F ruler, measured using T = 3.0 s, g = 45 pus, n/2 = 12 ns,
with the RF power (100 W source) optimized by nutation referenced to the 'H line, in stochastic mode at 10 K.
The blue trace shows a least-squares best fit, resulting in the parameters r= 8.9 A, /w (Lorentzian convolution) =
33 kHz, Iw (Gaussian EasySpin parameter) = 89 kHz. The red trace is a simulation of the predicted Mims ENDOR
spectrum for a 19.7 A distance with the same linewidth parameters.
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3. Discussion

Overall, our results demonstrate the different advantages and disadvantages of using Gd3* ions as
paramagnetic centres for '’F-ENDOR distance measurements. Importantly, significant sensitivity gains
are achieved for both short and long distance measurements by using Gd3*, both in terms of measurement

time and flexibility in sample concentration.

Compared to other tags reported in the literature, Gd** tags arguably possess better relaxation properties
than nitroxides and trityls (similar 73 times & 10 ps, faster 7] relaxation = 100 ps), and are also free of
orientation selection effects. These considerations combined, shorten the accumulation time
dramatically. A fairly direct comparison can be made between the 15 A distance measurements on the
nitroxide-tagged proteins in ref.,'> and the Gd**-tagged GB1-b protein reported here. The nitroxide-
tagged proteins reported in the literature were measured at ~250 pM concentrations used 30 h
measurement time for a 14-15 A distance (and 18 h for 10-12 A distances).!5 Using Gd** we can achieve
comparable signal-to-noise in 2-4 h for a 15-16 A distance (1-2 h for shorter distances), at much lower
(25-100 uM) concentrations. The sensitivity enhancement of "F-ENDOR by Gd** detection allows us
to reliably resolve signals using concentrations down to 5 uM, which nears typical physiological (<1
uM'8) protein concentrations. In practice, setting up low concentration EPR measurements (at low
temperatures), will always be time consuming as it requires careful stabilization of helium flow over time
and minimizing RF heating artefacts to prevent phase drifting and signal cancellation. Nevertheless,
amongst the tags in the currently reported literature, Gd** labelling is the most promising avenue for

efficiently measuring '’"F-ENDOR distance experiments at physiological concentrations.

3.1 Short distance measurement and orientation information using Gd3* labels. Our results show
that in the case of conformationally unambiguous labelling with Gd**, such as a Gd3" ion bound at an

intrinsic metal binding site of a metalloprotein, the Gd3*—CFj pair can be used to measure short distances
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and gain information on the relative orientation of the CF; nuclear spin tag. The maximum accessible
distance by this approach is about 12 A, where this upper limit is constrained by the relatively short

electronic Ty of protein-bound Gd3*.

However, as proteins rarely contain natural binding sites with good affinity for Gd** ions, this approach
may not be widely generalizable. Nevertheless, there is a host of other metal ions that can be used instead
of Gd**, such as Mn?" and Cu?", which can functionally replace EPR-silent metal ions in biological
systems (Mg?*, Ca?" and low-spin Fe?" etc.) that are also widely used as DEER tags.>*38 These different
metal tags have the potential to be used for the determination of short distances and orientation
information, offering different advantages and disadvantages. While Gd** will always be the most
sensitive tag, as it has the highest electronic spin state (S = 7/2) in addition to a narrow EPR line which
can be fully excited, we envisage other metal ions could be used to implement the ""F-ENDOR

experiment albeit with lower overall sensitivity.

3.2 Gd3*labels as sensitive probes for longer distances. Attaching Gd*" tags to the protein allowed us
to efficiently access longer distances in the 15-20 A range, comparable to those reported for nitroxide
tags!S (=15-16 A). There is still significant scope for achieving more accurate distance measurements by
using Gd3" tags with shorter or more rigid tethers,?® to reduce the contribution of the tether flexibility to

the distance distributions.

We observed that the integrated intensities of the experimental '’F-ENDOR signals in this study broadly
follow the predicted 1/7¢ dependence. This suggests that the '"F-ENDOR sensitivity need not be
constrained by the ENDOR linewidth, allowing much longer distances to be measured, here up to 20 A,
but potentially extending to ~ 25 A with the right tags and optimisation. The distances measured using
the integration method are approximate, as without a resolved ENDOR splitting, the distance, distance
distribution and linewidth parameters become correlated in the fit and cannot be determined on their own
as individual parameters. Nonetheless, the uncertainties can be expected to be limited to a couple of

Angstroms for the longest distances accessible by this measurement.

A major drawback of the integration method is the need for calibration., i.e., a protein with a long distance
needs to be referenced against a protein engineered with a shorter distance (10-15 A). In the cases of
GB1-a-c, we could directly compare the integrated intensities of the "’F-ENDOR signals at different
distances because i) the EPR lineshape and electronic relaxation properties of the Gd3* tag were
conserved and ii) the nuclear (7),) relaxation time of the '°F nuclear label could be assumed to be
conserved as well. If either of these conditions fails, the comparison of the integrated intensities becomes

unreliable. Previous experience from using Gd.C1 in DEER applications?33° suggests that its electronic
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relaxation properties are invariant in a variety of proteins. It is less clear what governs the relaxation
properties of the nuclear '°F label (see section 3.3 below). In the tagged proteins measured here, we
observe no change in the nuclear relaxation rate as a function of its distance from the Gd** tag on the
timescale of the ENDOR experiment, (at least over the 0-25 A range). These observations would suggest
that the GB1-a-c proteins could be used as models to calibrate measurements performed on other labelled
proteins. Work is in progress to test this hypothesis. We anticipate that the ideal protein for calibration
has an interspin distance of about 15 A, which is the limit for distance measurements based on the peak
splitting. Proteins with shorter interspin distances are expected to deviate from the 1//° dependence, as
they are necessarily further away from the small angle approximation. They will also be more sensitive
to any distance distribution, with shorter distances of the distribution contributing more to the overall
integrated intensity (Fig. 2¢) leading to increasing deviation from the 1/r° relationship (Fig. 4b). As noted
in the Results section 2.3, further assessment of the integration method to measure Gd**—!°F interspin
distances is needed to test its reliability and general applicability. This forms ongoing work of our

laboratory.

It is important to note that the integrated intensity of the ENDOR signal is referenced to the EPR signal
intensity. Therefore, there is no need to measure different samples at exactly the same concentration.
Similarly, incomplete tagging of a protein or the presence of unbound Gd3* tag will not affect these
measurements, so long as the relative concentration of the unbound tag is known. Higher protein
concentrations (>100 uM) can be used in the ENDOR experiment than those typically used in DEER
experiments, boosting sensitivity, which can be advantageous for measuring isolated protein systems.

Closer intermolecular spacing of labelled molecules can be tolerated because each protein molecule only

carries a single paramagnetic tag. In our hands, however, raising the concentration much past 250 uM

appeared to increase (speed up) the electronic 1/7; rates significantly.

3.3 F nuclear relaxation. For a useful ’F-ENDOR experiment, the nuclear '°F label needs to feature
spin-lattice relaxation (77,) times of the order of a millisecond. This is short for a nuclear spin in the solid
state at cryogenic temperatures (10 K).4? At present, we have no evidence that the T;('°F) relaxation time
significantly depends on the distance of the nuclear label from the spin tag, suggesting that the fast
nuclear relaxation is not driven by direct coupling to the electronic spin. A likely origin of the fast 1/7,
rates is in the dipolar couplings of the '°F spins with nearby 'H spins, which are not saturated during the
experiment. In these circumstances, the T;('°F) relaxation can be much faster than that measured for 'H,

as it is a 77 value of a single spin, as opposed to where all spins of the system are saturated or inverted.
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In solid-state NMR of proteins, methyl (CH3) group rotation presents the main source of nuclear 'H spin-
lattice relaxation.*! In contrast, CF; groups are not expected to rotate at low temperature, but as the
paramagnetic tag enhances the relaxation rates of the protons in its vicinity, 'H-'H dipolar couplings
transmit this relaxation enhancement to the protons near the '°F label. The !°F label is thus embedded in
a rapidly relaxing 'H spin bath. Work is in progress to better understand the factors that determine the
relaxation properties of the nuclear label by using a modified Tidy ENDOR sequence.*> Rapid nuclear
relaxation is important because slow nuclear relaxation at long distances from the electronic tag would
lead to an underestimation of the ENDOR efficiency and, as a consequence, an overestimation of the

interspin distance.

4. Conclusions. This work has shown that Gd*" complexes are an attractive substitute for nitroxide
radicals as the paramagnetic label for the 'PF-ENDOR experiment, providing benefits in terms of
sensitivity and avoiding orientation selection effects at high magnetic fields. Using different labelling
strategies, distances up to 15 A can readily be measured using the resolved line splitting. There is also
potential for extending this method to distances up to 25 A through signal integration. With further
optimization, we believe the ’F-ENDOR experiment could be developed into a useful screening tool for
monitoring binding interactions and conformational changes. For example, drug development frequently
encounters difficult to crystallize target proteins and tagging of the target protein with a paramagnetic
tag and the drug with '°F could present a practical strategy for experimental verification of molecular

models by quick '"F-ENDOR measurements. We are currently exploring these applications.
5. Materials and Methods

Sample synthesis and labelling. Details of the protein and small molecule syntheses and labelling
protocols along with characterization by mass spectrometry and NMR are provided in the supporting

information.

EPR characterisation. Samples were prepared for W-band EPR measurements in 130-150 puM
concentrations in deuterated buffer (50 mM MES in D,0, pH 6.5, 50 mM NaCl) and 10% deuterated

glycerol, then transferred to W-band quartz capillaries (0.5 mm ID, 0.9 mm OD). EPR measurements
were performed on a modified E680 Bruker spectrometer®® equipped with a TE(;;-mode EPR/ENDOR
resonator in a helium gas flow cryostat (Oxford Instruments) to run measurements at 50 K for nitroxide-
tagged systems and 10 K for gadolinium-tagged systems. The EPR lineshapes were recorded using a 2-
pulse Hahn echo sequence t/2 — 7 —m — t — echo, witht/2 = 40 ns, m = 80 ns and t =500 ns. The
electronic 7 relaxation was measured by the inversion—recovery sequence 1 -t + dt-m/2-t-m -

echo, recording the integrated echo intensity as a function of the delay time # (incremented with the time
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step dt), with the same pulse lengths as above. T\, relaxation was measured by recording the decay of the
integrated echo intensity with time, using the pulse sequence n/2 - ¢ + dt — n — ¢ + 2dt — echo, Details of

the EPR characterization and relaxation properties of all the tagged protein systems are provided in SI 4.

ENDOR measurements. '’F-ENDOR data were measured using the Mims ENDOR pulse sequence
n/2—1—m/2 —tyrr—T/2 — 7T — echo, with m/2 = 12 ns, 7= 2.0 us (for Cpox) or 2.5 ps (for the
GB1 samples) and t; g = 45 ps for short distances in Cpoy, 60 us for short distances in GB1, and 100-
120 us for long (> 15 A) distances. The RF power (source 100 W) was adjusted to achieve the maximum
ENDOR response. The attenuation (0-3 dB for short distance measurements settings and 6 dB for long
distance settings) was determined by microwave nutation, using the proton line for calibration. The
ENDOR spectra were acquired in stochastic ode, with 1 shot per (sample) point and a 4 ms shot repetition
time in the Gd** systems, and 5 ms shot repetition time in the nitroxide system. Each ENDOR spectrum
was conducted in batches, as per the approach by Kehl et al.'® due to phase drifts over extended periods
of time. Each batch took 1-2 h with phase readjustment in between. The accumulation time was 1 h for
GBI1-a, 3 h for GB1-b, 7 h for GB1-¢, 5 h in total for Cpg,-1 (about 1 h per 7 value), 1.5 h for Cpgy-2
and 45 min — 1.5 h per field position in the nitroxide echo-detected EPR spectrum in GB1-aN.

Processing of ’F-ENDOR spectra. When performing scaled intensity comparisons of the experimental
ENDOR data, the maximum intensity of the '?’F-ENDOR intensity was scaled a percentage of the EPR
echo intensity, i.e. the "?’F-ENDOR baseline value. The spectra were then symmetrised about the central
9F frequency corresponding to the given magnetic field position. The spectra are presented unsmoothed

unless stated otherwise in the figure caption.

Simulations and fitting. EasySpin simulations: Mims ENDOR simulations were performed using the
EasySpin program saffion.** Simulations were performed using a grid size of 200 knots, with the
simulated spectrum resolution set to match that of the corresponding experimental data. To speed up
calculations, the excitation bandwidth was omitted from the Gd ENDOR simulations. To include the
effect of an interspin distance distribution, the saffron calculation was looped over the distance axis,
scaling each individual distance contribution by the distribution function P(r). The current version of
saffron only allows Gaussian line broadening, which did not fit our experimental data well. Therefore,
to account for Lorentzian line broadening of the ENDOR lineshape, we fixed the saffron Gaussian
linewidth parameter Sys./lwEndor to 1 kHz and convoluted the sum ENDOR spectrum with a fitted

Lorentzian linewidth using the function convspec in MATLAB.
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The systematic search for the best fit used the MATLAB simplex minimisation procedure fminsearch to
vary the set of parameters (7, o, ¢ and /w) as discussed in the main text, minimising the standard deviation
of the simulated spectrum to converge at a cut-off of a 10 root-mean-square deviation (RMSD). Where
a system was measured at multiple 7 values (as for the short distance construct Cpek-1), the fit was

optimised to all n spectra simultaneously.

Rotamer simulations (PyParaTools). To simulate the inter-spin distance distributions between the
Gd.C1 and CF;-Phe labels in the GB1 model protein systems, the program PyParaTools?® was used.
The protein coordinates (PDB ID: 1PGB*) were kept fixed, while the dihedral angles of the Gd.C1 tag
and CF3-Phe non-canonical amino acid were varied in random combinations (the conformations

generating steric clashes with the protein were excluded. More details are included in SI 6a.
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