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Accepted ooth January 2012 Pulsed electron paramagnetic resonance (EPR) spectroscopy is a valuable technique for the
precise determination of distances between paramagnetic spin labels that are covalently attached
to macromolecules. Nitroxides have commonly been utilised as paramagnetic tags for
biomolecules, but trityl radicals have recently been developed as alternative spin labels. Trityls
exhibit longer electron spin relaxation times and higher stability than nitroxides under in-vivo
conditions. So far, trityl radicals have only been used in pulsed EPR dipolar spectroscopy (PDS)
at X-band (9.5 GHz), K,-band (17.2 GHz) and Q-band (34 GHz) frequencies. In this study we
investigated a trityl biradical by PDS at Q-band (34 GHz) and G-band (180 GHz) frequencies.
Due to the small spectral width of the trityl (30 MHz) at Q-band frequencies, single frequency
PDS techniques, like double-quantum coherence (DQC) and single frequency technique for
refocusing dipolar couplings (SIFTER), work very efficiently. Hence, Q-band DQC and SIFTER
experiments were performed and the results were compared; yielding a signal to noise ratio for
SIFTER four times higher than that for DQC. At G-band frequencies the resolved axially
symmetric g-tensor anisotropy of the trityl exhibited a spectral width of 130 MHz. Thus, pulsed
electron electron double resonance (PELDOR/DEER) obtained at different pump-probe positions
across the spectrum was used to reveal distances. Such a multi-frequency approach should also
be applicable to determine structural information on biological macromolecules tagged with trityl
spin labels.
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PDS enables the determination of nanometer-scale distances
between two specifically attached spin probes through the

Introduction

Triarylmethyl based radicals (TAM or trityl)! have attracted
considerable attention in electron paramagnetic resonance
(EPR) applications, particularly in EPR imaging® and pulsed
EPR dipolar spectroscopy (PDS) as spin probes.””’ These types
of carbon centred radicals have several unique properties, such
as a narrow spectral width, long electron spin relaxation times
(even at ambient temperatures)®'® as well as high stability
toward redox processes.” These features make the utilisation of
trityl radicals in EPR useful, especially for PDS applications
under physiological®* and in-vivo conditions.
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magnitude of their magnetic dipole-dipole coupling. Hence,
important information about structure, conformational changes
and folding of large biomolecules can be obtained.'"'? The
choice of PDS technique should depend on the type of
paramagnetic spin probes that are being used. In the case of
paramagnetic centres which have EPR spectra that are
significantly broader than the excitation bandwidth of the
available microwave pulses, pulsed electron electron double
resonance (PELDOR,'*'* also called DEER">'®) is very robust,
efficient and hence the most widely used PDS technique. Most
commonly, a pair of nitroxide radicals, incorporated into the
molecule of interest by site-directed spin labelling, has been
used for these type of experiments.'’?! On the other hand, if the
excitation bandwidth of the available microwave pulses is large
enough to excite the whole EPR spectrum, e.g. in case of trityls,
the usage of single frequency techniques like double-quantum
coherence (DQC),** or the single frequency technique for
refocusing dipolar couplings (SIFTER)* is preferred due to
higher sensitivity. Achieving this condition for nitroxides is
non-trivial, due to their broad EPR spectra, although this
limitation has been overcome using broadband shaped
microwave pulses in a SIFTER experiment at X-band
frequencies® and very short rectangular pulses for DQC at X-
and K,-band frequencies.”*?
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Fig. 1. Chemical structure of biradical 1.

In contrast to nitroxides, trityl radicals have a significantly
narrower EPR spectrum and even rectangular pulses with
moderate power at X->® and Q-band frequencies can be used to
excite their whole EPR spectrum. However, the width of the
trityl EPR spectrum exceeds the excitation bandwidth of the
available microwave pulses considerably at higher frequencies.
This prefers PELDOR experiments with trityl radicals to be
performed. As the EPR spectral width of trityls is significantly
narrower compared to nitroxides, the sensitivity of comparable
PELDOR experiments is greater for trityls.

Despite the aforementioned advantages of trityl-based
radicals, only a few examples for PDS applications on
biological systems®*’ as well as methodological PDS studies
using X-band frequenceies™® have been presented thus far. In
the current study we investigate and describe PDS experiments
on a trityl biradical 1 (Fig. 1) at Q (33.8 GHz) and G (180 GHz)
- band frequencies. The results of SIFTER and DQC
experiments at Q-band frequencies were compared. In addition,
PELDOR experiments on biradical 1 were performed at G-band
frequencies. The PELDOR time traces obtained at different
pump-probe positions across the EPR spectrum exhibited
orientation selection. Averaging two G-band time traces
allowed Tikhonov regularisation®® to be used to extract a
distance distribution. Similar distance distributions were also
obtained from the Q-band SIFTER and DQC experiments.

Results and discussion

Trityl biradical 1

The trityl biradical 1, possessing a distance between the
unpaired electrons of about 4.89 nm, was synthesised according
to the previously published protocol.®

EPR Spectroscopy

Field-swept Hahn echo-detected EPR spectra of biradical 1
at Q- and G-band frequencies

The field-swept Hahn echo-detected EPR spectra of biradical 1
obtained at Q- and G-band frequencies are shown in Fig. 2. The
EPR spectrum obtained at Q-band frequencies reveals a
relatively narrow line with a spectral width of about 30 MHz,
defined by the signal at greater than 5 % echo intensity. This
neglects the two weak °C satellites (including these satellites
the width of the EPR spectrum is about 55 MHz). The EPR
spectrum obtained at G-band frequencies shows a spectral
width of about 130 MHz. The more pronounced asymmetry of
the G-band EPR spectrum is due to the partially resolved g-
tensor anisotropy. The fact that the width of the trityl EPR
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spectrum scales with the microwave frequency indicates that
the primary contribution to the width is the g-tensor anisotropy.

1.0 +

0.5 1

Normalised intensity

Field offset [mT]

Fig. 2. Field-swept Hahn echo-detected EPR spectrum of biradical 1 obtained at
Q-band frequencies at a temperature of 50 K (dotted line) and at G-band
frequencies at a temperature of 25 K (solid line). The axis of abscissas
corresponds to the field offset from the maximum absorption position in the
spectrum. The parallel bars indicate the width of the EPR spectra.

The G-band field-swept Hahn echo-detected EPR spectrum
of the trityl monoradical 2 (Fig. S1) also revealed a g-tensor
anisotropy but with a slightly narrower spectral width of
approximately 120 MHz (Fig. S2 and S3). It is worth noting,
that small changes in the chemical structure of the trityl moiety
can lead to a significant change in the width of the EPR spectra
and the principal values of the g-tensor.”'%*"%

SIFTER and DQC at Q-band frequencies

The background-corrected time traces obtained with SIFTER
(Fig. 3 left) and DQC (Fig. 3 right) on biradical 1 show clear
dipolar oscillations. This indicates that the biradical possess a
relatively rigid structure. The raw experimental SIFTER and
DQC time traces are presented in Fig. S4 with the
corresponding background functions.

The dipole-dipole coupling is given by the formula:'3

o :M%@cosz(ﬁ)—l):D-(Scosz(ﬁ)—l) €))

h

where fi;is the Bohr magneton, # is the Planck constant

divided by 2z, g, and g are the effective values of the g -

tensor corresponding to the excited A and B spins, R is the
electron-electron distance and € is the angle between the
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vector R and the external magnetic field B,. The long period
of the

SIFTER

DQC
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Fig. 3. Top. Background-corrected SIFTER (left) and DQC (right) time traces
obtained at Q-band frequencies and a temperature of 50 K. The solid lines are
experimental time traces and the dashed lines are the fits obtained by Tikhonov
regularisation with the regularisation parameter of 0.1 using DeerAnalysis
software.?® The axes of ordinates are not shown, since the background-correction
procedure was different for the experiments so that the y-axes-scaling is arbitrary
in this term. For more detailed information the reader is referred to Fig. S4.
Middle. Fourier transformation of the background-corrected SIFTER (left) and
DQC (right) time traces. The solid lines are the transformation of the experimental
time traces and the dashed lines are transformations of the fitted time traces. All
Pake patterns are normalised.

Bottom. Distance distribution functions obtained from SIFTER (left side) and
DQC (right sight) time traces with Tikhonov regularisation fit.

dipolar oscillation implies a relatively large distance between
the intramolecular spins.>® Thus, the major part of the
intramolecular spins A and B in the ensemble have a resonance
frequencies difference |w, — wg|, which exceeds the absolute
value of the dipole-dipole coupling |wag|, as shown already by
DQC of biradical 1 at X-band frequencies.™® Therefore, the
pseudo-secular (flip-flop) term of the dipolar coupling
Hamiltonian can be neglected in the analysis of the dipolar
evolution functions.>® Orientation selection is not expected to
be present in the dipolar evolution functions, as the excitation
bandwidth of the 22 ns m-pulse (ca. 37 MHz) approximately
corresponds to the width of the trityl EPR spectrum (ca. 30
MH?z), leading to almost full excitation of the spectrum. Hence,
all orientations of the vector R with respect to the vector B,
contribute to the dipolar evolution function with corresponding
statistical weights of Sin(ﬁ). This leads to the well-known Pake
pattern in frequency domain with singularities at +D and +2D.
It should be noted that the Pake pattern, corresponding to the
DQC time trace, showed somewhat reduced intensity at +2D.
This is attributed to imperfections in defining the background
function, as described below.

Conventional Tikhonov regularisation analysis, with the
complete Pake pattern as a kernel function, can be used to
analyse the dipolar evolution functions.”® The mean distances
obtained from the distance distribution functions for SIFTER
and DQC are 4.9 and 4.86 nm, respectively, (Fig. 3 bottom)
which are in good agreement with the data obtained with DQC
and PELDOR at X-band.>® Very similar distance distributions
were obtained by both SIFTER and DQC. The slight deviations
of the mean distances as well as the widths of the distance

This journal is © The Royal Society of Chemistry 2012
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distribution functions (Fig. 3 bottom) are most probably the
result of ambiguities in the definition of the background
functions. In the case of single frequency PDS techniques, these
functions contain both an interspin and a relaxation-induced
component. Thus far, no complete theoretical description exists
for these background functions. Hence, the background-
correction procedures (described in the experimental section)
were performed similarly to other published work.***

The raw experimental data for SIFTER and DQC yield
different modulation depths. However, due to the different
background-correction procedures, it is not possible to compare
the modulation depths directly. In order to account for the
different modulation depths in the analysis of the signal-to-
noise ratios (SNR), it is necessary to scale the raw data to the
same range. Thus, the SNR was determined from the standard
deviation between the scaled raw experimental time trace and a
ninth-order polynomial fit. It was found that, the SNR for
SIFTER is approximately four times larger than that for DQC.

PELDOR at G-band frequencies

The EPR spectrum of biradical 1 has a width of 130 MHz at G-
band frequencies, this prefers PELDOR experiments to be
performed. These experiments have higher sensitivity than
corresponding experiments performed on nitroxides. The G-
band field-swept Hahn echo-detected EPR spectrum of
biradical 1 (Fig. 2), including the pump-probe positions used
for the PELDOR experiments, is depicted in Fig. 4.
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Fig. 4. Top. Left-side - Background-divided PELDOR time traces of biradical 1
obtained at G-band frequencies. Solid lines are experimental data, dashed lines are the
fits obtained with Tikhonov regularisation analysis (with a regularisation parameter of
1), as implemented in DeerAnalysis.”® Positions A, B and C correspond to the positions
in the G-band spectrum depicted on the right side. The offset between the probe and
pump frequencies is 80 MHz for position A and 60 MHz for positions B and C. The
traces obtained at different positions are normalised and vertically shifted for better
visual comparison. The raw experimental time traces with the corresponding background
functions are shown in Fig. S5. Right-side - Field-swept Hahn echo-detected EPR
spectrum obtained at G-band frequencies and a temperature of 25 K depicted with
pump-probe positions for PELDOR experiments. Up arrows indicate the detection
positions and down arrows indicate the pump positions.

Bottom. Left side - Fourier transformation of the background-divided PELDOR time
traces. Solid lines are Fourier transformation of the experimental and dashed of the fitted
time traces that are obtained with Tikhonov regularisation. The Fourier transformed time
traces were normalised and vertically shifted for better visual representation. Positions
A, B and C correspond to the positions in the G-band spectrum. Right side - Distance
distribution functions obtained with Tikhonov regularisation analysis. The distance
distribution functions were normalised and vertically shifted for better visual
comparison.

The background-divided G-band PELDOR time traces
obtained at pump-probe positions A, B and C (Fig. 4) show that

J. Name., 2012, 00, 1-3 | 3



Physical Chemistry Chemical Physics

position A yielded more pronounced high-frequency
components, compared to the other two positions. The
frequency  domain  spectrum, obtained by  Fourier

transformation of the background-divided PELDOR time trace
at position A, has the highest intensity at +2D (the shoulders at
about £1 MHz). At this position the detection pulses excite
primarily the perpendicular components of the g-tensor (g, ) of

the trityl. Conversely at positions B and C, the detection pulses
excite predominantly the parallel components of the g-tensor
(g)) of the trityl (Fig. 4 upper right). The frequency domain
spectra of the time traces B and C show almost vanishingly
small intensity at +2D in comparison to the intensity at £D.
These wvariations of the PELDOR time traces, (and
corresponding frequency domain patterns) with the resonance
positions of the pump and probe pulses indicate the occurrence
of orientation selection effects. These effects occur due to the
partially resolved anisotropy of the g-tensor and excitation of
relatively small fractions of the spectrum with the available
pulse strengths at G-band frequencies. However, the g-tensor
anisotropy is relatively small and combined with weakly
defined relative orientations of the trityl moieties (induced by
the rotation and bending of the linker segments®). This makes
the orientation selection effects less pronounced than those seen
for tyrosyl’>*! and nitroxide™ spin labels rigidly attached to
biomolecules. For this reason the weak spectral anisotropy of
the PELDOR time traces does not allow us to obtain
unambiguous orientational information about the structure of
this molecule. The fitting of the PELDOR time traces with a
PELDOR database approach®*>® is given in the Supplementary
Information.

The orientation selection effects observed in the three time
traces can be understood in terms of the molecular structure and
g-tensor orientation. The g-tensor in trityl is orientated with the
g vector perpendicular to the mean linker axis of the molecule.
Therefore, when the g part of the spectrum is sampled (traces
B and C), mainly perpendicular orientations of the dipolar
coupling tensor are excited. For this reason the PELDOR time
traces obtained at positions B and C lack the parallel
orientations of the dipolar coupling tensor at + 2D. However, in
the PELDOR time trace obtained at position A (Fig. 4), in
which the g, portion of the spectrum is detected, the parallel

orientations of the dipolar coupling tensor are excited, giving
rise to signal in the frequency pattern at £ 2D. Addition of the
time trace at position A to the time trace at position B reduces
orientation selection effects further by providing a more
uniform excitation of all vector R orientations with respect to
magnetic field vector By. The frequency domain spectrum of
the sum of time traces A and B resembles a full Pake pattern
(Fig. 4 bottom left).

Tikhonov analysis of the time traces was performed to
generate distance distributions. Analysis of the summed (A+B)
time trace yields a distance distribution in good agreement with
those obtained from the SIFTER and DQC experiments (and
also literature®), with a mean distance of 4.88 nm. The distance
distribution function at position A, reveals a mean distance at
about 4.92 nm and additional features probably due to
orientation selection effects. However, the distance distribution
functions, obtained by Tikhonov regularisation analysis of the
time traces at position B and C, reveal only insignificant
difference with respect to that obtained by Tikhonov analysis of
the A+B time trace (Fig. 4).

Experimental

4| J. Name., 2012, 00, 1-3

The concentrations of biradical 1 and monoradical 2 were 200
and 400 uM, respectively, in toluene-dy solvent.

Q-band pulsed EPR experiments

Pulsed EPR experiments at Q-band frequencies were performed
on a Bruker Elexsys E580 spectrometer, equipped with 10W
AMP-Q-Band solid state amplifier. A more detailed description
of the Q-Band setup is given elsewhere.>* All experiments were
performed using the ER5107D2 probe at a temperature of 50 K.
For the measurements the samples were transferred into 1 mm
inner diameter quartz tubes. To avoid the formation of
microcrystals the samples were rapidly frozen in liquid nitrogen
before inserting them into the probe. With this setup a © pulse
length of 22 ns could be achieved and was used for SIFTER
and DQC. The applied SIFTER pulse sequence was m/2-t,-1-T;-
1/2-1,-1-T,. Unwanted echoes were eliminated by performing a
16 step phase cycle.” For the SIFTER time trace a background
function was determined by carrying out the experiment on
monoradical 2. The background-correction procedure was
performed by a division of the experimental biradical 1 time
trace by a Gaussian least-square fit to the monoradical 2 time
trace, similarly as performed for SIFTER on nitroxides.”> The
DQC experiment was performed by using the six pulse
sequence T/2-T,-T-T,-1/2-13-1-T3-1/2-T,-1-T, and a 64 step phase
cycle?> 1, was kept constant at 35 ns. The background
correction for the DQC time trace was performed by a
subtraction of a baseline, obtained by an exponential fit
function.?® The raw DQC and SIFTER time traces are depicted
in Fig. S4 with the corresponding background functions. For
both, DQC and SIFTER experiments t; and 1, were changed in
20 ns steps with initial values of t; = 120 ns and t, = 6000 ns,
the microwave frequency was set to the maximum absorption
position in the spectrum, the shot repetition time was set to
5000 ps and the measured echo was integrated over 100 ns in 1
ns steps. To suppress deuterium modulations a tau averaging
procedure of 8 measurements with steps of At;=At,=16 ns was
performed.

G-band pulsed EPR experiments

Pulsed EPR experiments at G-band frequencies were
performed on a home built G-band EPR spectrometer’ ~* at a
sample temperature of 25 K. The temperature of 25 K, rather
than 50 K, was chosen for pulsed G-band experiments, as an
increase of 15 percent in the transversal relaxation time (T,)
was observed at the lower temperature. For the measurements
the samples were transferred into 0.4 mm inner diameter tubes.
The field-swept Hahn echo-detected EPR spectrum was
recorded with pulse lengths of 10 ns and 60 ns (a pulse length
of 60 ns corresponds to the flip angle of m) for the first and
second pulses, respectively. The length of the first pulse was
reduced to 10 ns in order to avoid saturation of the spectrometer
receiver by the large signal intensity. For this reason, the shot
repetition time was also reduced to 15 ms. The interpulse delay
time was set to 200 ns and the number of shots per point was
80. The raw PELDOR time traces are depicted in Fig. S5 with
the corresponding exponential background functions. For the
G-band PELDOR experiment obtained at position A, the
detection pulse lengths were 27.5 ns and 52.5 ns, for the w/2
and © pulses, respectively, and 55 ns for the pump pulse. The
initial 7/2 and 7 pulse delay time was 250 ns and kept the same
for all PELDOR experiments. The dipolar evolution time
window was set to 6.4 ps and the pump-probe frequency offset
to 80 MHz. The number of shots per point was 25 and kept the
same for all PELDOR experiments; the shot repetition time was
25 ms and the number of scans 51. For the PELDOR

This journal is © The Royal Society of Chemistry 2012
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experiment obtained at position B the detection pulse lengths
were 30 ns and 55 ns, for the ©/2 and = pulses, respectively and
50 ns for the pump pulse. The dipolar evolution time window
was set to 6.2 ps and the pump-probe frequency offset to 60
MHz. The shot repetition time was 39 ms and the number of
scans 55. For the PELDOR experiment obtained at position C
the detection pulse lengths were 27.5 ns and 52.5 ns, for the /2
and © pulses, respectively. The pump pulse length, the dipolar
evolution time window and the pump-probe frequency offset
were the same as in the case of position B. The shot repetition
time was 25 ms and the number of scans 26. The microwave
power for the PELDOR experiments was about 60 mW.

Conclusions

SIFTER and DQC experiments at Q-band frequencies and
PELDOR experiments at G-band frequencies were performed
on a trityl biradical with a known interspin distance of 4.89
nm.>® The narrow spectral width of the trityl biradical of about
30 MHz at Q-band frequencies enabled almost complete
excitation of the EPR spectrum with commercially available
microwave components. Fulfilment of this condition is
necessary for the optimal performance of single frequency
dipolar spectroscopy techniques, like SIFTER and DQC. Both
methods revealed a distance agreeing with the literature.>®
However, the signal-to-noise ratio achieved with SIFTER is
about a factor of 4 higher compared to that achieved with DQC.
At G-band frequencies the axially symmetric g-tensor
anisotropy of the trityl biradical was resolved, preferring the
performance of PELDOR experiments. By using Tikhonov
regularisation analysis®® of the averaged PELDOR time trace,
the distance that is in agreement with SIFTER and DQC at Q-
band frequencies was obtained.

The multi-frequency approach presented here could be
useful for biological applications using trityl spin tags on

nucleic acids or proteins in cells under physiological
conditions.
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