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Abstract
Gd(lll) complexes have emerged as spin labels for distance determination in

biomolecules through Double-Electron-Electron Resonance (DEER) measurements at
high fields. For data analysis the standard approach developed for a pair of weakly
coupling spins with S = %2 was applied and therefore the actual properties of Gd(lll)
ions, S =7/2 and ZFS (zero field splitting) # 0, were disregarded. This paper reports on
a careful investigation on the consequences of this approach together with the range of
distances accessible by DEER with Gd(lll) complexes as spin labels.

The experiments were performed on a series of specifically designed and synthesized
Gd-rulers (Gd-PyMTA—spacer—Gd-PyMTA) covering Gd-Gd distances of 2-8 nm, which
were dissolved in D,O/glycerol-dg (0.03-0.10 mM solutions), i.e. the solvent used for the
corresponding experiments on biomolecules. Q- and W-band DEER measurements
followed by data analysis using the standard data analysis approach gave distance
distribution curves of which the absolute maxima agree very well with the expected
distances. However, in case of the short distances of 2.1 and 2.9 nm the distance
distributions revealed additional peaks as a consequence of neglecting the pseudo-
secular term in the dipolar Hamiltonian during the data analysis, as is outlined in a
theoretical treatment. At distances of 3.4 nm and above, negligence of the pseudo-
secular term leads to a broadening of max. 0.4 nm of the distance distribution curves at
half height. Distances up to 8.3 nm were determined andthe long evolution time of 16 ps
at 10 K indicates that a distance of up to 9.4 nm will be determinable. A large
distribution of D, as is given for most Gd(lll) complexes in a frozen solution, is crucial for
the application of Gd(lIl) complexes as spin labels for distance determination via Gd(lll)-
Gd(lll) DEER, especially for short distances. The larger ZFS of Gd-PyMTA in
comparison to that of Gd-DOTA makes Gd-PyMTA a better label for short distances.
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Introduction

The distance determination between two well defined sites of a biomolecule, such as a
protein or a nucleic acid, using EPR pulse dipolar spectroscopic methods in general and
DEER (Double Electron Electron Resonance) in particular, are nowadays well
established ways to obtain important information on the structure and conformational
space of the biomolecule in frozen solutions.”™ Having a straightforward and reliable
method for the extraction of the distance distribution® © from the experimental results
has been of major importance for the establishment of such measurements. As the
large maijority of biomolecules is diamagnetic the EPR approach relies on attaching spin
labels at selected sites to the biomolecule.”® ® The commonly used spin labels are
nitroxyl radicals'®® introduced in the 1960’s,"" which perform very well as spin labels for
DEER measurements at X-band frequencies (~9.5 GHz) and, because of the
considerably higher sensitivity, even better at Q-band frequencies (~32 GHz).'*"
Beyond Q-band frequencies, where further sensitivity increase is expected,”™ '° the
performance of nitroxyl radicals as spin labels is compromised by orientation selection
that complicates data analysis.”' 18 Very recently the trityl radical was introduced as a

spin label for proteins and DNA.'® 2°

It features a very narrow EPR spectrum and a long
enough phase memory time that allows for room temperature distance measurements
on immobilized biomolecules using the DQC (double quantum coherence) pulse

sequence.

In the last few years Gd(lll) complexes have been introduced as spin labels for
distance determination via Gd(lIl)-Gd(lll) DEER at W band (95 GHz) and Ka band (~30
GHz).2' The use of Gd(lll) spin labels features high sensitivity at these frequencies,
abolishes orientation selection, and permits shorter pulses and rapid signal averaging.
Gd(I1I)-Gd(Ill) DEER was demonstrated with model compounds,?* > DNA,?* proteins,?*
% a protein oligomer,?” a peptide in solution,?® peptides spanning a lipid bilayer
membrane,?® and gold nanoparticles.®® Recently, the application of Gd(lll) complexes
for in-cell measurements was demonstrated with Gd(lll) spin labeled protein®' and
peptide® and the Gd(lll) complex Gd-PyMTA was proven to be resistant against

reduction within the reducing environment of the cell,* quite in contrast to nitroxyl



Physical Chemistry Chemical Physics

radicals that become rapidly reduced.*** Most recently a method to further increase
the sensitivity of Gd(I11)-Gd(lIl) DEER measurements was reported>® and it was shown
that Gd-Gd distances can be determined using the single frequency RIDME
sequence.®” Furthermore, Gd(lll) complexes were used in combination with nitroxyl

radicals for distance determination .42

All mentioned Gd(lIl)-Gd(lll) DEER data were analyzed under the assumption that a
Gd(Il1)-Gd(lll) pair can be treated like a pair of nitroxyl radicals®® and therefore
DeerAnalysis,® a software package that was developed for a pair of weakly coupling
spin labels with S = 1/2, can be used although Gd(lll) has S = 7/2 and an associated
significant zero field splitting (ZFS). Indeed, the obtained distance distributions were in
good agreement with the ones expected based on the results of X-ray analysis,43 NMR

25 2 mpolecular dynamic simulations,?* or, in the case of the trans-

spectroscopy,
membrane peptides, simple molecular modeling29 when taking into account the
conformational flexibility of the tether between the Gd(lll) ion and the point of label
attachment at the molecule of interest. In all cases this flexibility generated a rather
broad distance distribution. The applicability of the data analysis approach used was
indicated by the result of a Gd(IIl)-Gd(lll) DEER measurement of the model compound
1.ref (For the structural formula see Figure 1.) with a well-defined Gd-Gd distance.?
The distance distribution curve shows a maximum at 2.0 nm which is in good
agreement with the Gd-Gd distance determined with X-ray structure analysis on single
crystals.?® ** Nonetheless, two observations were noted: The modulations were damped
as compared to those of nitroxyl-nitroxyl pairs exhibiting the same distance and the
modulation depth was lower than expected. Additionally, the distance distribution
appeared as too broad when considering the stiffness of the spacer between the two
Gd(lll) ions. The cause of these unexpected findings may be, as has been suggested

22, 23

earlier, the inappropriateness of the assumption of weak coupling, an assumption

that neglects the effects of the dipolar pseudo-secular term in the analysis

As the above mentioned experiments show, Gd(lll)-Gd(lll) DEER is a very valuable
addition to the structure analysis toolbox. Therefore, it is important to know the range of

accessible distances and the limits of data analysis with the standard DeerAnalysis
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program, i.e. data analysis with the approximation of S = 1/2, with the assumption of
weak coupling, and with neglecting the zero field splitting (ZFS). To accomplish this, a
series of water soluble model compounds of the type Gd-spacer-Gd, the Gd-rulers 1,
and 2, (Figure 1), that cover a Gd-Gd distance range from about 2.1-8.5 nm (expected
distances) were synthesized. Shock-frozen solutions of these Gd-rulers in a mixture of
D,O and glycerol-dg were subjected to DEER measurements at W-band and Q-band
frequencies. The data analysis with the standard DeerAnalysis program gave for the
Gd-rulers with measured Gd-Gd distances of 3.4 to 8.3 nm distance distributions with a
single major peak and occasionally small peaks, the latter being primarily attributed to
signal to noise ratio (SNR) limitations and uncertainty in background removal. However,
at 2.9 nm and below the distance distributions clearly show artifacts that are caused by
neglecting the pseudo-secular term in the dipolar Hamiltonian during the data analysis.
As theoretical analysis reveals, the weak coupling condition is not necessarily fulfilled,
even if the pump and observer pulses are set apart by as much as 100 MHz, because
the central transitions, |-1/2> — |1/2>, of the two coupled Gd(lll) ions overlap. The
degree of overlap is a function of the ZFS parameter D and its distribution. The
calculations show that the large distribution of D found for many Gd(lll) complexes in
frozen solutions is crucial for their successful application as general purpose spin labels

for distance measurements at Q-band and higher frequencies.

The paper is organized as follows: We first present general EPR characteristics of the
Gd-rulers, followed by the results of the DEER measurements and their analysis
ignoring the presence of the dipolar pseudo-secular term and the ZFS. In the next
section we present a theoretical approach that provides the frequency domain dipolar
spectrum of a Gd(lll)-Gd(lll) pair when taking into account the ZFS interaction through
perturbation theory and the pseudo-secular term of the dipolar Hamiltonian by exact
diagonalization. The dipolar spectra of the Gd-rulers simulated by using this theory are
then presented. We end with a discussion on the implication of the experimental and

theoretical findings.
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Figure 1. Structural formulae of the compounds used in the herein reported study: Gd-rulers 1,, and 2,
and the parent Gd(lll) complex, Gd-4-iodo-PyMTA (3). The additionally displayed Gd-ruler 1,ref had been
used in an earlier study on Gd(lII)-Gd(lll) DEER.Z Itis structurally identical with Gd-ruler 1, except for the

side chains.

Experimental

Sample preparation

The syntheses of Gd-spacer-Gd 1,, and 2, (referred to in the text as Gd-rulers) will be
reported elsewhere. Stock solutions of Gd-rulers 1, and Gd-rulers 2, in water were
diluted with a 7:3 (volume ratio) mixture of D,O and glycerol-dg to obtain solutions of the
Gd-rulers with the concentrations given in Table S1. Likewise, solutions of Gd-4-iodo-
PyMTA (3) with the final concentrations being 0.05, 0.10, 0.15, and 0.20 mM were
prepared. The stock solutions contained not only the Gd(lll) complexes but also NaCl
and in case of Gd-ruler 24 and Gd-4-iodo-PyMTA (3) trifluoroacetic acid and sodium
trifluoroacetate - a consequence of the syntheses. The amounts of these components

are given in Table S2.

EPR measurements
W-band measurements were carried out at 10 K using a home built spectrometer'®
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using quartz capillaries (0.64 mm i.d., 0.8 mm o0.d) and sample volumes of 2-3 pul. The
Q-band measurements were done at 10 K on an Elexsys E580 Bruker, using a Q-band
probe with 2 mm o.d. sample access (~10 ul sample). We chose the temperature of 10
K because at W-band it gives an optimal population difference for the |-1/2> and |1/2>
levels, namely an intense central transition.** The echo decay rate is also temperature
dependent, featuring smaller rates at lower temperatures.?" *° Similarly, the spin lattice
relaxation is longer at lower temperature.?” ** Taking all these consideration into
account suggests that 10 K is the optimal temperature for W-band measurements.?! For

Q-band the optimal temperature is probably lower.

W-band echo-detected EPR (EDEPR) spectra were recorded using the two pulse echo
sequence T11/2-1-~echo with a length of 30 ns for the 11/2 pulse and a length of 60 ns
for the 1 pulse and r = 550 ns. The pulse lengths were determined using nutation
experiments with the magnetic field set to the maximum of the EPR spectrum, where
the central transition dominates. The echo decay was recorded using the same
sequence but with varying 7 (starting from 100 ns) and at magnetic fields corresponding
to the maximum of the EPR spectrum and 90 MHz (3.2 mT) upfield. For both
experiments a two-step phase cycling (0, 1) was applied over the 11/2 pulse. For the Q-
band measurements (34.05 GHz) the pulse lengths were 40 ns and 80 ns for the /2
and 11 pulse, respectively, rwas 400 ns for EDEPR, and the echo decay was measured

at the maximum of the EPR intensity.

Simulation of the EDEPR spectrum was carried out using Easyspin routines*® and a
bimodal Gaussian distribution with the Gaussian centres at D and -D and a width of
|D/2|. EID is taken from 0O to 1/3 with a probability of p(E/D) = E/D-2(E/D)? as described

|‘47

by Raitsimring et al.”" The different nutation frequencies, arising from different transition

probabilities of the various transitions, were taken into account in the sum of the various

transitions.

DEER data were recorded using the four-pulse sequence®® consisting of a (T1/2 - 7; - T -
71 - M - T - echo) sequence at frequency vy and a n pulse at frequency v, positioned at a

variable time t after the first of the two 1T pulses at v;. For W-band DEER, t ranged from
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71-200 ns to T-500 ns. The DEER evolution time is therefore limited by T. For Gd-Gd
distances up to 6 nm the pump pulse was set to the maximum of the EPR spectrum and
the observer pulses 90 MHz or 100 MHz higher. For the DEER measurements on Gd-
rulers 19, and 144 the observer pulses were set to the maximum of the spectrum and the
pump pulse 90 MHz higher. The length of the pump pulse, t,ump, Was 15 ns, the length
of the 11/2 observer pulse, fopserver w2, Was 15 ns, and the length of the 1T observer pulse,

tobserver. m Was 30 ns. The delay time 7; was 350 ns and the repetition time was 500 ps.

The cavity tuning was set to 94.9 GHz. For the Q-band measurements t ranged from ;-

100 ns to T-300 ns. The pulse lengths were set to be t,ump = 28 NS, fopserver m2 = 20 NS,
and fopserver = 40 ns, 77 was 200 ns and the repetition time was 1 ms. The field was set
to the maximum of the spectra, 1215.8 T, and Av = vy-vy was -100 MHz. The
experimental conditions for all measurements are summarized in Table S1 in the
Supporting Information. For the W-band measurements full transient echo traces where
collected for each t value in the DEER sequence and the echo integration was carried
out after data collection. The integration gate was chosen such to obtain the best SNR.
Usually best results were obtained for an integration width equal to echo full width at
half height. The same integration width was applied to all transients in a sequence. For
the Q-band measurements the integration width was predetermined by a boxcar

integrator to be 80 ns.

Optimization of the experimental conditions for W-band measurements was carried out
with Gd-ruler 2,. DEER traces were recorded for fixed observer pulse lengths with
tobserver 2 = 20 ns and topsener = 40 Ns and a variable length of the m pump pulse. The
pump pulse was set at the central transition frequency and Av was 90 MHz. The results
are shown in Figure S1 in the Supporting Information. It shows that the largest
modulation depth, 4, for Av = 90 MHz, was achieved for fpump = 15 ns. Measurements
were also carried out for a fixed pump pulse length of 15 ns and observer /2 and
pulses of different lengths. The best SNR was observed for fopsenver w2 = 20 ns and
tobserver m = 40 ns (Figure S2). We attribute the lower SNR in case of topserver m2 I tobserver,
r=12.5ns// 25 ns and 15 ns // 30 ns to some overlap of the bandwidths of the pump

and echo forming observer pulses.
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Data analysis was carried out with DeerAnaIysis6 and Tikhonov regularization using the
bending point of the L-curve and with the LongDistance software by Christian Altenbach
(the program is written in LabVIEW (National Instruments) and can be freely
downloaded from the following site: http://www.chemistry.ucla.edu/directory/hubbell-
wayne-l). The background decay was fitted as exponential (mostly for short distances)

or stretched exponential.

Results

The EPR spectra and phase memory time
The EDEPR spectra of all Gd-rulers are similar and as examples Figures 2 and S3

present the EDEPR spectra of Gd-ruler 14 and 17 along with the echo decay curves,
recorded at W band at 10 K. Most solutions had a concentration of 0.10 mM but not all.
For the Gd-rulers with the largest Gd-Gd distances, Gd-rulers 19 and 144, a
concentration of 0.05 mM was chosen in order to minimize the background decay so
that it will not mask the long modulation period in the DEER measurements. We did not
find any correlation between the echo decay rate and the Gd-Gd distance. For example,
for 0.10 mM samples of Gd-rulers 11 and 17 and a field set to the maximum of the EPR
spectrum, the echo decayed to 10% of its initial value, 710%, within 8.80 and 8.25 ps,
respectively (Figure 2). Reducing the concentration of Gd-ruler 14 to 0.05 mM and of 17
to 0.03 mM prolonged the decay time and 7oy increased to 9.10 and 9.19 us,
respectively (Figure S3). When the field is set to + 90 MHz off maximum as compared to
being set to the maximum of the spectrum the echo decay is faster (Figure S3), as

reported earlier.*®

A partial Q-band EDEPR spectrum of Gd-ruler 15 is shown in Figure 2d and the
corresponding echo decay is presented in Figure 2f. In the Q-band echo decay trace ?H
modulations from the deuterated solvent are evident. We found that at Q band the echo

decay is faster than at W band.

Figure 3 presents the EDEPR spectrum of the parent Gd(lll) complex, Gd-4-iodo-
PyMTA (3). It also shows simulations, carried out as described in the experimental

section, yielding D = 1150 MHz. The positions of the pump and observer pulses in the
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10

DEER experiments are given in Figure 3 as well, showing that whereas the pump pulse
addresses mostly the central transition, the observer pulses mainly address the |-3/2>

— |-1/2> transition.
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Figure 2. W-band EDEPR spectra of 0.10 mM solutions of (a) Gd-ruler 1, and (b) Gd-ruler 17 in
D,O/glycerol-dg (7/3, volume ratio). The insets show a blow up of the region of the central
transition. (c) Q-band EDEPR spectrum of a 0.10 mM solution of Gd-ruler 13 in D,O/glycerol-ds
(7/3, volume ratio) showing the central transition region. (d,e). W-band echo decay traces
corresponding to the spectra shown in panels (a) and (b). (f) Q-band echo decay trace
corresponding to the spectrum shown in panel (c). For easy comparison the ;9o values are
noted on the figures. All measurements were carried out at 10K and the echo decays were

measured at a field corresponding to the maximum of the EDEPR spectrum.
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Figure 3. (a)The full W-band EDEPR spectrum of a 0.10 mM solution of Gd-4-iodo-PyMTA (3)
in D,O/glycerol-dg (7/3, volume ratio) at 10 K (symbols) and the simulations (solid lines) with D =
1150 MHz and a bimodal Gaussian distribution with the Gaussian centres at D and -D and a
width of |D/2|. E/D is taken from 0 to 1/3 with a probability of p(E/D) = E/D-2(E/D)*.*’ (b) A blow-
up of the central transition. The simulated spectra show the individual transitions and their sum
with the color codes shown in the figure. The positions of the pump and observer pulses are

indicated.

DEER results
To confirm that the background decay in the DEER measurements is exponential as

expected for a homogenous isotropic solution and to determine the modulation depth A,
we carried out DEER measurements on a series of solutions of the parent Gd(lll)
complex, Gd-4-iodo-PyMTA (3), differing in concentration. All DEER traces (Figure S4a)
showed a linear decay which is expected for an exponential decay with a small
exponent (small A). Plotting the decay slopes as a function of concentration gave a
linear curve from which the modulation depth A = 0.052+0.002 was determined (For
details see Figure S4b and accompanying text in the Supporting Information). This
modulation depth means that only 5.2% of all spins are excited by the pump pulse. The
Gd(lll) spectrum is a superposition of several transitions, whose relative intensities are
temperature and spectrometer frequency dependent. The experimentally determined A
value is a weighted average of individual A; values, each corresponding to a different
transition.?’ Calculation of A for Gd(lll)-Gd(lll) DEER based on the overlap integral
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between the pump pulse excitation profile and the echo detected spectrum predicted A =
7.6%. The experimentally determined value of 5.2% is in reasonable agreement
considering that the transition dependence of the nutation frequency was neglected.

The results of W-band DEER measurements on Gd-rulers 1, and 2, are shown in
Figures 4 and S5 and are summarized in Table 1. The experimental conditions and
sample concentrations are given in Table S1. Except for Gd-rulers 19 and 144, the pump
pulse frequency was set to the central transition, which gave a modulation depth of 3-
4%. Setting the observer frequency to the central transition, as done in the case of Gd-
rulers 19 and 144, yielded a modulation depth of around 1% (Table 1). Under the latter
conditions the measurements are more susceptible to artifacts due to the lower
modulation depth and therefore for Gd-Gd distances below 7 nm the pump pulse was
set to the central transition. However, for Gd-Gd distances above 7 nm a long evolution
time becomes essential and therefore we set the observer pulses to the central
transition because the phase memory time is longer for the central transition. A
comparison of the DEER traces recorded for Gd-ruler 19 under both conditions - pump
pulse or observer pulses set to the central transition - is shown in Figure S6 and the

experimental details and results are given in Table S2.

The Fourier transforms (FT) of the DEER traces are expected to give Pake powder
patterns. As Figure 4b shows, Pake patterns were obtained for Gd-rulers with Gd-Gd
distances of 3.4 nm and above. However, for shorter distances, such as 1.9 nm (Gd-
ruler 14) and 2.9 nm (Gd-ruler 24), the FT spectra show severe distortions from the
expected Pake pattern. A similar result was found for the structurally closely related Gd-
ruler 14ref, a ruler like Gd-ruler 14, however without side chains (see Figure 1 for the
structural formula).22 The dipolar frequencies, wqg, Obtained from the spectra are listed
in Table 1 and the distance distributions, derived using DeerAnalysis and Tikhonov
regularization, are given in Figure 4c. The distances corresponding to the absolute
maxima of the distance distribution curves are listed in Table 1 together with the
expected distances and in Figure 6 the data are plotted against each other. For details
on the calculation of the expected distances see the Supporting Information. In all
cases, the maximum of the distance distribution is in agreement with the expected
distance. However, in case of Gd-rulers 14 and 24, that gave distorted Pake patterns,
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the major peak at the expected distance is accompanied by minor peaks (shoulders) at
larger distances. As discussed in detail in the next section, these artifact peaks arise
from the use of the wrong kernel in the extraction of the distance distribution. Ghost
peaks appear also for the Gd-rulers 15 and 2; with a Gd-Gd distance of 3.4 and 4.3 nm,
respectively. When analyzing the DEER data with the LongDistance software the
intensity of these ghost peaks diminishes (Figure S7). Therefore, we conclude that they
arise from the uncertainty of the background removal in the data analysis and SNR
limitations. The width at half height of the distance distributions of all Gd-rulers with a
Gd-Gd distance of 3.4 nm and above ranges between 0.4-0.7 nm, with slightly broader
distributions as the distance increases. This broadening is at least partially due to

insufficient spectral resolution coming from the limited time window.
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Figure 4. Results of W-band DEER measurements of Gd-rulers 1, and 2, in D,O/glycerol-dsg
(7/3 volume ratio) at 10 K. For experimental details see Table S1. (a) Background corrected
DEER traces. (b) FT spectra of the DEER traces shown in panel (a). The inset is a blow-up of

the data of Gd-ruler 144. ¢) Distance distributions obtained by Tikhonov regularization.
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Figure 5. Results of Q-band DEER measurements of Gd-rulers 14, 15, and 1; in D,O/glycerol-dsg
(7/3 volume ratio) at 10 K. For experimental details see Table S1. (a) DEER traces after
background subtraction. (b) FT spectra of the DEER traces shown in panel (a). The inset is a
blow up of the spectrum of Gd-ruler 1;. (c) Distance distributions obtained by Tikhonov

regularization.

Gd-rulers 14, 13, and 1; were also measured at Q band and the data are shown in Figures 5 and
S8. In general there is a very good agreement between W- and Q-band measurements. Also
the distortions of the Pake pattern of Gd-ruler 1, are clearly to be seen, as well as the artifacts in
the associated distance distribution. The same was found for the Gd-ruler 14ref.?? The Q-band
dipolar spectra for Gd-rulers 1, and 15 show weak signals at about + 8 MHz, which are due to *H

modulation.

In the next section we account for the distortions observed in the Pake patterns and distance
distributions of the Gd-rulers 14 and 24 with Gd-Gd distances of 2.1 and 2.9 nm.

Page 14 of 31
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Table 1. Summary of the results of DEER measurements of Gd-rulers 1, and 2,. The values in
the second row correspond to Q-band data, all others to W-band data. The pump pulse was set
to the central transition except for the DEER experiments with Gd-rulers 14 and 144 in which the
observer pulse was set to the central transition. The numbers given for the experimentally
determined Gd-Gd distances correspond to the absolute maxima of the distance distribution
curves. The calculations of the expected Gd-Gd distances were done using experimental data
from structurally related nitroxyl-rulers (nitroxyl-spacer-nitroxyl; Figure 6) and the Gd-Gd

distance of Gd-ruler 14ref in the crystalline state. For details see the text and the Supporting

Information.
Gd-rulers  @yjp/2m, Gd-Gd Gd-Gd Ar,nm?® modulation
MHZ? distance, nm distance, nm depth A, %
exp. determ. expected
14 6.4 1.9 21— 2.5
2.0 1.2
24 1.7 2.9 3.0 0.3 3.2
13 1.1 3.4 3.4 04 3.9
3.4 0.4 2.7
2, 0.57 4.3 4.3 0.5 4.1
15 0.42 4.7 4.7 0.5 2.9
1, 0.19 6.0 5.9 0.6 3.3
5.8 0.25 1.4
19 0.1 7.2 71 0.6 0.75
111 0.06 8.3 8.5 0.7 1.1

% wgip is half the splitting between the perpendicular singularities of the Pake pattern.

® Full width at half height of the distance distribution main peak.
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Figure 6. (a) Structural formulae of nitroxyl-rulers 4,ref-6,ref having the same spacers as the
Gd-rulers 1,, and 2,. Alk stands for hexyl as well as for 6-methoxyhexyl. The concrete structural
formulae are given in the literature.”® The results of nitroxyl-nitroxyl DEER measurements on
these nitroxyl-rulers served the calculation of the expected Gd-Gd distances. (b) A plot of the
distances corresponding to the maxima of the Gd-Gd distance distribution curves of the Gd-
rulers 1, and 2, obtained in this work versus the expected Gd-Gd distances. The black symbols
correspond to W-band data and the red symbols to Q-band data. The solid line indicates where
the data points should sit if the experimentally determined and the expected Gd-Gd distances

were identical.

Theory
In this section we will describe the special characteristics of a DEER experiment with a

pair of Gd(lll) ions, i.e. a pair of spins with S = 7/2, as opposed to a DEER experiment
with a pair of nitroxyl radicals, i.e. a pair of spins with S = 1/2. We reveal the origin of the
deviations in the DEER spectra at short distances from ideal Pake patterns.

The spin Hamiltonian for a pair of electrons with S > 1/2 is given by:

ei™ zi
i=1,2

(1) H=>Y (0, +S, D Si)+ 8- .T-S,

where D' is the zero field splitting (ZFS) tensor of each of the electrons and T is the

electron-electron dipole interaction tensor. In the principal axis of D' the ZFS is
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represented by the parameters D,=3D_ /2, E =(D,,—D

wi—D,,.)/2. Due to the large
Zeeman energy at high fields both the ZFS and the dipolar parts of the Hamiltonian can
be truncated. For the dipolar interaction only the secular and pseudo-secular terms

need to be taken into account. They are given by:

(2) HEeMa” = ¢4,St S2 (3cos?0,4 — 1)
w .
ppseudosecular _ ——i"’ (S1S2 + S152) (3cos26, — 1)
H38:8, |
where o,, =~*>=%*— is the dipolar coupling frequency for an electron-electron
Ut

distance of ryp, and 6y is the angle between the principal axis system of the dipolar

interaction (the vector connecting the two Gd(lll) ions) and the external magnetic field.

As we are working at a relatively high field and since in general the ZFS of the Gd(lll)
complex is small and usually does not exceed 40 mT,*” we take into account only the
first order terms of the ZFS for all transitions given by:

i . . N2
(3) Hips = Y212 (3¢0520kes — D(SE)” —35(S + 1)]

whereas for the |-1/2>—|1/2> transition a second order contribution is added:*°
i)? . . . . )
(@) HSs = = 3, Bl [sin?0lesc0570)p1542(S1)” +2) = S(5 + 1]
+25in*0kes[SL(SH) +3) — S(S + D]

where 6%, is the angle between the principal axis system of the ZFS and the external
magnetic field and where the index i refers to each of the Gd(lll) ions. In Egs. (3) and (4)
the ZFS is assumed to have an axial symmetry for simplicity.

In order to demonstrate the effect of the dipolar flip-flop term (the pseudo-secular term,
Eq. 2) on the result of a Gd(lll)-Gd(lll) DEER experiment it is necessary to calculate the
DEER spectrum for the case of S = 7/2 under the conditions similar to those described

above, while averaging over 6.
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Figure 3 discloses the contribution of the individual EPR transitions to the DEER
experiment at 95 GHz and 10K. In the following we use the usual notation that spin A is
the observed spin, while spin B is the pumped spin. The pump pulse covers a significant
part of the |-1/2>—|1/2> transition of spin B while the main contribution to the detected
signal is from the |-3/2> — |-1/2> transition of spin A. We will therefore calculate the
DEER spectrum assuming spin B is pumped at the |-1/2(B)>—|1/2(B)> transition while
spin A is observed at the |-3/2(A)> — [-1/2(A)> neglecting contributions from other
transitions. To understand the DEER experiment under these conditions it is helpful to
look at the energy level diagram of the system. For simplicity we will demonstrate this
point on a model system with Sy = Sg = 3/2. The energy level diagram of such a system
is shown in Figure 7. The largest level splitting originates from the Zeeman energy

dependingon S; = S; 4 + S;5. The levels are then additionally split by the ZFS energy

Sa=3/2 Sg=3/2

(3/2,1/2)
S,=2 —

(1/2,3/2)
(3/2,1/2)

S=1 (1/2,3/2) <
(1/2,1/2)

S _0(3/2,_3/2), (_3/2'3i<=

2 (1/2,1/2), (-1/2,1/2)

N A
(1/21‘3/2)
8,71 {-3/2,1 D) <
'1/2" / ) A
_ (-1/2,-3/2) -
S:=2  (312,1/2)

s=3 (3232 _—m—m

Figure 7. Energy level diagram of a system with S, = 3/2, Sg = 3/2 demonstrating the
positioning of the pump and observer pulse participating in the DEER experiment. The Ms
values of spins A and B and their corresponding transitions are given in red and green,

respectively.

and by dipolar energies. The DEER effect is a result of the population inversion
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between the [-3/2(A),-1/2(B)> and |-3/2(A),1/2(B)> levels and the |-1/2(A),-1/2(B)> and |-
1/2(A),1/2(B)> levels due to the pump pulse on spin B, as shown by the green arrows in
the Figure. The DEER oscillation frequency is given by the energy difference between
two observed transitions, the |-3/2(A),-1/2(B)>—|-1/2(A),-1/2(B)> transition and the |-
3/12(A),1/2(B)>—|-1/2(A),1/2(B)>

transition, represented by the red arrows:

(8) Wpger = D 372, 172, 5-1/2,.-1/2, ~ P 3/2,1/2,5-1/2,,1/2,

As mentioned previously the contribution of the first order ZFS shift to the energy of the
|-1/2(A),1/2(B)> and the [1/2(A),-1/2(B)> states is identical. The energy difference
between these two levels is a result of the orientation dependence of the second order
ZFS and can be quite small as is illustrated in Figure 7. As a result the off-diagonal
dipolar pseudo-secular term is not small relative to the matrix elements that it connects
and therefore it needs to be taken into account.

As we will show, diagonalization of the Hamiltonian while taking the pseudo-secular
term into account will shift the energy of these two levels. This in turn will shift the |-
3/12(A),1/2(B)> — |-1/2(A),1/2(B)> transition energy whereas all other transitions |-
3/12(A),x(B)> — |-1/2(A),x(B)> are the same for all other S, g values: x = [-3/2,-1/2,3/2].

Coming back to the S = 7/2 case, this effect is demonstrated in Figure 8. The figure
shows a calculation with exact diagonalization of the |-3/2> — |-1/2> transition of spin A
split by the dipolar interaction with spin B as a function of D, =-D/3 . The calculation was
done using EasySpin.*® A large ZFS parameter removes the degeneracy of the [1/2(A),-
1/2(B)> and |-1/2(A)1/2(B)> levels and then the dipolar pseudo-secular term can be
neglected as it becomes small compared to the energy difference between the states it
connects. As D, gets smaller the two levels come together, the dipolar pseudo-secular
term becomes significant and the |-3/2(A),1/2(B)>—|-1/2(A),1/2(B)> transition energy is
shifted. This will result in a change in the DEER oscillation frequency which, as
described above, is given by the energy difference between the |-3/2(A),-1/2(B)>—|-
1/2(A),-1/2(B)> transition and the [-3/2(A),1/2(B)>—|-1/2(A),1/2(B)> transition (Eq. 5).
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Note that at large D, values another effect sets in, which is due to second order mixing
of states due to the ZFS that is manifest by unequal splitting of the multiplet.?’ The
higher the magnetic field the smaller is this effect. Namely, this effect is expected to
affect significantly X-band measurements and to a lesser extent Q-band measurements.

If one observes the central transition, similar shifts will be found for transitions involving

Ms = +1/2 of spin B.

2000

1500} :

D,/ MHz

1000}

66 40 =20 0
Relative position/MHz

500L

Figure 8. Zoom-in on regions of the |-3/2> - |-1/2> transition of the Gd(lll) (A) signals of the 95
GHz EPR spectrum (partial range) for a single orientation of two coupled Gd(lll) ions with the
same ZFS. The transition energies are shown as a function of D, (-D/3) for Gd(llI)(A) &"zs = 20°
and for Gd(I11)(B) &z = 80°, relative to B,. The orientation of the dipolar axis is 6, = 20°, ¢, =0
with respect to B,. The calculations were done for wg, = 6.0 MHz using EasySpin*® with exact
diagonalization. For simplicity the zero was set at the highest frequency line. The lowest
frequency line of the multiplet corresponds to the Ms = 7/2 state of Gd(lll)(A) and the highest
one corresponds to Mg = -7/2 of Gd(IlI)(A). As D, is reduced only the |-3/2(A),1/2(B)>—|-

1/2(A),1/2(B)> transition energy (frequency) is significantly shifted as explained in the main text.

Next we present a simplified approach that we used to estimate the shape of the DEER
spectrum. The basic idea is that to obtain the DEER frequencies it is necessary to
calculate only the energy of the relevant four levels: [|-3/2(A),-1/2(B)>, [-3/2(A),1/2(B)> ,
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|-1/2(A),1/2(B)>, |-1/2(A),-1/2(B)>]. The energy of the three levels [|-3/2(A),-1/2(B)>, |-
3/12(A),1/2(B)>, |-1/2(A),-1/2(B)>] can be obtained directly from the diagonal elements of
the Hamiltonian in Egn. 1-4 since for these levels all off-diagonal terms can be
neglected. The |-1/2(A),1/2(B)> level has a significant off-diagonal term in the [|-
1/2(A),1/2(B)>, [1/2(A),-1/2(B)>] subspace and it is therefore necessary to diagonalize
this block of the Hamiltonian which for Sy = Sg = 7/2 is given by:

(6)

1 (D2 15 a0 15 g4
> (= 1%(7&529’21,5, sin2 0%rs —§sm4 )
(4

~ 16045, (eos” 0g ~1)
Ddip 2
+ T(3 cos” 6, —1)

(piy2 A
¥ (=1 D)7 15 52
o, 2

.2 i 15 . 4 i
7rs S0 O7pg B 97rs)

~ 164, (eos” 0g —1)

+

Ddip
4

e

(Bcos? 6, 1)

Following the diagonalization we can extract the energy of the |-1/2(A),1/2(B)> level and
together with the values for the other three levels obtain the DEER oscillation frequency
for a given set of orientations (see eq. 5). To calculate the full powder spectrum we loop

6’A

B
ZFS’H

independently over the angle set [ ES

Hd] defining the orientations of the two

ZFS tensors and the dipolar tensor with respect to the magnetic field. We assume no
correlation between them as justified by the large distribution of the ZFS parameters.*’
Here we neglected contributions to the observed spin A signal from transitions other

than the |-3/2> - |-1/2> transition, that are small, however not zero.

Calculation of the powder dipolar spectra

The calculations of the dipolar powder spectra were done with a home written Matlab
script. Figures 9a,b present the calculated dipolar spectra for two different values of D
for Gd-Gd distances similar to those of the Gd-rulers 14 and 2, used for the

experiments. As a first stage we assumed for simplicity that we detect the full bandwidth
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of the |-3/2> — |-1/2> transition of spin A. We can clearly see distortions in the Pake
pattern as the distances get shorter similar to the distortions found experimentally. The
comparison of Figures 9a and 9b shows that with larger D the distortions are smaller
because the degree of overlap of the central transitions of the two spins is smaller.
Because Gd(lll) complexes have a large distribution in D (Figure 3),*’ we illustrate the
effect of the distribution of D in Figure 9c.The calculated spectra for Q-band are shown
in Fig. S9. We simplified the calculations by assuming an axial ZFS tensor and therefore
we did not use the distribution of D and E used in Figure 3 but limited ourselves to a
Gaussian distribution of D centered at 1150 MHz with a 1000 MHz bandwidth.

The calculations were done in two steps: (i) We looped over different values of D in the
range of -2000 MHz < D < 2000 MHz. For each value of D, we identified the orientations
for which the -3/2(A) — -1/2(A) transition falls into the range of the detection window

estimated to have a width of 100MHz around the detection frequency positioned
100MHz above the pump such that Vpump+SOMHz<vV_3/5 +1/2,51/2,41/2, <Vpump+15WMHz,

For these orientations the DEER frequencies were calculated according to Eq. 5. (ii)
Each DEER frequency calculated in (i) was weighted according to its D value using a
Gaussian distribution as mentioned above. The full powder spectrum was then
calculated as a histogram of DEER frequencies with the proper weighting. The
distortions in the Pake pattern increase as the distances get shorter, similar to the
distortions seen in the experiment. We conclude that we understand the source of the
distortion, and that for distances of 3.4 nm and above, the pseudo-secular term of the
dipole-dipole interaction can be neglected. Nonetheless, for distances at 3.4 nm and
above some artificial broadening of the Pake pattern, which decreases with increasing
distance, is noticeable and this will manifest as an artificial broadening in the distance

distribution.

In the calculations presented above, we did not take into account the contributions of
the |-5/2> - |-3/2> and |-7/2> - |-5/2> transitions to the observed spin A signal . These
do have some finite contributions (see Figure 3) and the dipolar powder pattern they
produce are not affected by the pseudo-secular term. This in turn should reduce

somewhat the broadening of the Pake patterns shown in Figure 9. All our calculations
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are based on the Hamiltonian given in Eq. 1, which did not take account that about 30%
of the Gd isotopes that have a nuclear spin of 3/2 ("°°Gd, 14.80% natural abundance,
¥'Gd, 15.65 % natural abundance) and should exhibit a small hyperfine coupling.®' The
effect of such an hyperfine coupling term on the applicability of the weak coupling

approximation is yet to be explored.
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Figure 9. Calculated DEER spectra for Gd-Gd distances similar to the ones measured. The
parameters used were (a) D#.g=DJf.c= 1150 MHz, (b)DZrs=D2E;= 2000 MHz, and (c)
distribution of D as described in the text. The inserts are expansions of the top trace

corresponding to a Gd-Gd distance of 8.3 nm.

Discussion

The Gd-rulers 1, and 2, (Figure 1) were designed as compounds for an in-depth
evaluation of Gd(lll) complexes as spin labels. Each compound consists of two Gd-
PyMTA complexes that are connected via a rodlike spacer. The lengths of the spacers
are strictly controlled by the synthesis and were chosen so as to obtain compounds with
a Gd-Gd distance of 2 to 8 nm. The same spacer type had been used to connect two
nitroxyl radicals (Figure 6) in order to obtain compounds for the methodological studies
on EPR based distance determination.® ' 48 49 525 Erom the results of DEER

measurements on the nitroxyl-rulers the spacer's stiffness is well known.% 49 %
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Therefore end-to-end distances are highly predictable, what makes the spacers ideal for
studies of the type reported herein. To enable the DEER experiments with the Gd-rulers
under the same conditions as applied to spin-labeled biomolecules, the spacers were
furnished with branched oligoethylene glycol side chains. This gave compounds well
soluble in the 7:3 (volume ratio) mixture of D,O and glycerol-ds, a solvent composition

used for DEER measurements on proteins and also used throughout this study.

To evaluate the distance determination via Gd(l1)-Gd(lll) DEER measurements the Gd-
Gd distances of the Gd-rulers 1, and 2,, that were experimentally determined as
described in the Results section, are compared to the expected distances (Figure 6).
When calculating the expected Gd-Gd distances the bending of the rodlike spacers
were taken into account through viewing the Gd-rulers as a cutout of a poly(para-
phenyleneethynylene) chain, applying the wormlike chain model, and using the
persistence length derived for this polymer in ortho-terphenyl from results of nitroxyl-
nitroxyl DEER measurements on the nitroxyl-rulers 4,ref-6,ref.*® Additional data used

£.43 Details on

for the calculation came from the X-ray structure analysis of Gd-ruler 14re
the calculation are given in the Supporting Information. The calculation disregards that
the side chains and solvents are quite different for the Gd-rulers and the nitroxyl-rulers.
It is unknown whether these differences impact the spacer stiffness. The comparison in
Figure 6 shows that the Gd-Gd distances determined from Gd(lll)-Gd(lll) DEER
measurements at W and Q band agree very well with the expected distances. They

deviate only up to 0.10 nm.

For the short Gd-rulers the maxima of the distance distributions at 1.9 nm and 2.9 nm
are in good agreement with the expected distances of 2.1 and 3.0 nm. However, the
distance distributions show spurious peaks at larger distances, which in practical terms
are manifested as broadening or tailing of the distributions. As shown in the theoretical
part this arises from neglecting the significant contribution of the pseudo-secular term in
the dipolar Hamiltonian, i.e. the weak coupling approximation made when applying the
DeerAnalysis software is not valid. The effect of the pseudo-secular term at distances of
3.4 nm and above is marginal and manifests itself primarily as a broadening of the

DEER Pake pattern, which decreases with increasing distances. The consequence is a
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broadening of the distance distribution obtained with software designed for the weak
coupling case. As the minimal width at half height was found to be 0.4 nm, we can set

this figure as an upper value for the broadening for distances above 3.4 nm.

The width of the distance distributions at half height for the Gd-rulers with a Gd-Gd
distance of 3.4 nm and above is 0.4-0.7 nm and increases with the Gd-Gd distance
(Table 1). The increase is assigned to an increase in bending amplitude when the
spacer gets longer as was found for the analogous nitroxyl-rulers.*® The width found for
the Gd-rulers with Gd-Gd-distances of 2.9 nm and shorter has large contributions from
neglecting the pseudo-secular term in the analysis and therefore cannot be used for any

structural characterization. The shorter the distance is, the larger is the distortion.

In principle, one could develop an analysis procedure that does take into account the
pseudo-secular term and thus could extract the correct distance distribution. This,
however, requires the knowledge of the ZFS and its distribution thus making the
extraction of the distance distribution complicated, lengthy and involving many
parameters. Albeit the ZFS and its distribution can be determined for the parent Gd(lll)
complex, it is questionable whether these data are valid for the Gd(lll) complex in
applications, i.e. bound to a protein and therefore in a different environment. This will
depend on the ligand used and especially on whether the coordination sphere of the
Gd(lll) ion is saturated or not. Additionally, in applications the Gd(lll) complex will be
bound to the protein via a tether with at least some conformational flexibility. This
conformational flexibility generates an intrinsic distance distribution which will mask the
broadening caused by neglecting the pseudo-secular term in the data analysis.
Therefore one will get the expected distance as the absolute maximum of the distance
distribution curve. This was shown in a recent work in which a distance of 2.4 nm was

correctly determined.?’

Our theoretical analysis predicts the effect of the pseudo-secular term due to overlap of
the central transitions of the two Gd(lll) ions to become stronger with decreasing ZFS.
Accordingly, we expect that the effect will be stronger for Gd-DOTA based spin labels
than for Gd-PyMTA based spin labels because Gd-DOTA has a smaller D value (~600
MHz)?? than Gd-PyMTA (D ~1150, Figure 3). Accordingly, the latter should serve as a
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better label for short distances. Because the width of the central transition is inversely
proportional to the spectrometer frequency, it is expected that at Q band there will be
less artifacts in the distance distribution curve and lower damping of the modulation
depth than at W band. However, we did not find noticeable differences between the
distance distributions obtained from Q- and W-band results. The major difference is in
the SNR, which is better at W band.*® This difference is expected due to the higher
sensitivity achieved at higher fields, the associated decrease of the linewidth of the
central transition leading to a larger A, and the somewhat longer phase memory time.
Our theoretical analysis also predicts that by avoiding detection or pumping at the |-3/2
>— |-1/2> transition the effect of the pseudo-secular term can be minimized. This
requires placing the observer pulses at the edges of the EPR spectrum (Figure 3). Such
measurements, which require a non-resonant cavity with a huge bandwidth' or a dual

mode cavity,”” will be reported elsewhere.

Except for the short Gd-rulers 14 and 24, which exhibited the lowest modulation depth of
2.5-3% at W band, the samples exhibited a modulation depth of 3.5-4% when the pump
pulse was set to the central transition. This is a relatively small deviation from the 5%
obtained from homogenous frozen solutions of the parent complex, Gd-4-iodoPyMTA
(3) (Figure S4). The smaller A for the short distances is most probably associated with
the overlap of the central transitions for the two Gd(lll) ions within a pair. The theoretical
approach presented in this work focuses on the frequency domain and therefore cannot
account for effects on the modulation depth. Including this aspect would require full

scale time domain calculations, which are currently underway.

Our results show that with Gd-PyMTA as a spin label, a Gd-Gd distance of 8.3 nm is
easily accessible in solvents commonly used in studies on biomolecules. Moreover, for
the concentration range of 0.02-0.05 mM in D,O/glycerol-dg solutions DEER data can
be collected up to 16 us at 10K. Assuming that a minimum of one full modulation period
is required for an unambiguous determination of the maximum of the distance
distribution,® this evolution time defines the upper distance limit to 9.4 nm, it is 1 nm

longer than what was measured in this work. Whether such long evolution times can be
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obtained also with a protonated protein is yet to be seen. Even longer distances should

be accessible with the 5 pulse DEER sequence.59

It has been recently shown that Gd(lIl)-nitroxyl DEER measurements at Q and W band
is yet another attractive approach for distance determination.®® 3% 4! |n this case the
effect of the pseudo-secular term should pose less of a problem, because the overlap
between the nitroxyl radical transition and the Gd(lll) transitions is limited to the broad
background of the Gd(lll) spectrum, attributed to transitions other than the central one.
A theoretical analysis that takes into account the ZFS for such measurements has been
reported.>®

Conclusions
A series of Gd-rulers with well-defined Gd-Gd distances in the range of 2.1-8.5 nm

(expected distances) and Gd-PyMTA as the spin label was used to evaluate the Gd-Gd
distance determination through Gd(lll)-Gd(lll) DEER measurement at W and Q band in
combination with data analysis using the standard DeerAnalysis program. Data analysis
with the standard DeerAnalysis program means that the Gd(lIl)-Gd(lll) pair is treated
like a pair of weakly coupling spins with S = 1/2 despite of the difference in S and
despite of the ZFS of Gd(lll) ions. A very good agreement between the expected
distances and the distances corresponding to the absolute maxima of the
experimentally determined distance distribution curves was obtained at both
frequencies for distances of 3.4 nm and larger. Even at distances of 2.9 nm and 2.1 nm
the agreement is very good. However, the experimentally determined distance
distribution curves contain in addition to the main peak spurious peaks, that can be
mistaken as giving evidence of the presence of other species or of additional
conformations of the molecule under study. Theoretical analysis traces back these
peaks to disregarding the pseudo-secular term when applying an analysis tool designed
for a pair of spins with S = 1/2. The effect of the pseudo-secular term is well manifested
in the Fourier transform spectra of the DEER traces: For Gd-Gd distances of 1.9 and
2.9 nm the pseudo-secular term causes severe deviations of the spectrum from a Pake
pattern, whereas for distances of 3.4 nm and above it causes broadening of the spectra

that decreases with increasing distance. This extra broadening will be translated into a
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broadening of the distance distribution. The minimal width at half height obtained
experimentally was about 0.4 nm. Considering that most DEER measurements are
applied to biomolecules with an inherent flexibility of the tether connecting the Gd(lll) ion
and the point of attachment at the biomolecule this broadening is expected to be not of
concern for most applications. The long phase memory time of 16 ps found for
D,O/glycerol-dg solutions at 10 K suggests that with four-pulse DEER distances up to
9.4 nm can be accessed with Gd-PyMTA as the spin label.

The effect of the dipolar pseudo-secular term scales with the size of the ZFS and gets
smaller with increasing D values. Therefore, it is the large distribution of D of Gd(lll)
complexes in a frozen solution that enables the Gd(lll) complexes to be used as spin
labels for distance measurements at Q band and higher fields. Furthermore, it clearly
points out the need for ligand design to adjust the ZFS parameters. E.g. Gd-PyMTA is
better suited for short distances than Gd-DOTA.

The study demonstrates the merits of working with a series of geometrically well-defined
model compounds and outlines the way how to study the suitability and limits of other
Gd(lll) complexes as well as of other EPR techniques targeting Gd(lll) complexes as a

spin label.
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