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Abstract

A stable triarylmethyl spin probe whose Electron Paramagnetic Resonance (EPR) spectrum is
highly sensitive to molecular tumbling is reported. The strong anisotropy of the hyperfine coupling
tensor with the central carbon of a 13C;-labeled triarylmethyl radical enables the measurement of
the probe rotational correlation time with applications to measure microviscosity and molecular
dynamics.
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A stable triarylmethyl radical, whose EPR spectrum is highly sensitive to molecular tumbling, is
presented.
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Electron paramagnetic resonance (EPR) spectroscopy with a molecular spin label or spin
probe is a powerful technique used to study the topology, dynamics, and functions of
proteins, nucleic acids or biological membranes /n vitrolll and to assess important
biomarkers 77 vivo.[?l Two classes of stable radicals are widely used as spin probes or labels
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for biomedical EPR applications, namely nitroxide and triarylmethyl (TAM, trityl) radicals
(Figure 1). Nitroxide radicals were developed as spin probes with spectral sensitivities to
oxygen concentration, pH, thiols concentration, viscosity, polarity, etc.[3] Nitroxide spin
labels allow for their conjugation to biomacromolecules to investigate their structure,
conformational dynamics, and functions by taking advantage of the effect on the spectrum of
restricted molecular motion of the label or by labeling a biomolecule with two nitroxides at
selected sites and measuring the distance between the two spins using dipolar spectroscopy.
[4] The most representative nitroxide spin label is the methanethiosulfonate MTSL label
(Figure 1) that allows for easy conjugation to thiols. However, when used /7 vivo or in cells,
nitroxide radicals are generally hampered by their fast reduction, leading to EPR-silent
hydroxylamines. Recently, sterically shielded pyrrolidine nitroxides more resistant to
reduction have been synthesized to address this issue.[®! Triarylmethyl radicals of type
tetrathiatriarylmethyl bearing four sulfur atoms and one carboxylic acid per aromatic ring
(see dFT and Ox071 in Figure 1) were synthesized by the late 90s to provide water
solubility, high stability, and the absence of hyperfine splitting.[6] TAMs have extraordinary
stability towards biological reducing and oxidizing agents. For example, the deuterated
Finland trityl (dFT) has a half-life in human blood of more than 24h, and no significant
decay of its EPR signal was observed upon incubation with an excess of GSH, ascorbic acid
or hydrogen peroxide.[®~7] They also benefit from long relaxation times, leading to narrow
EPR lines. TAMs typically exhibit a signal with a linewidth that is one order of magnitude
smaller than nitroxides, leading to a high signal-to-noise ratio, which is critical for /n vivo
applications. TAM spin labels for distance measurements in DNA or protein [8] and spin
probes with spectral sensitivities to oxygen concentration[®l, pH[1%, thiols concentration[11],
inorganic phosphatel*2], redox status[!3] were reported.

The EPR signals of nitroxide radicals such as TEMPOL or mHCTPO (Figure 1) are split by
large hyperfine coupling (Ap) to the nitrogen nucleus (£1 for 1N and £1/2 for 15N) of the
nitroxide moiety. Both gand Ay have significant anisotropies. In low-viscosity liquids, those
anisotropies are averaged by the molecular tumbling, and only the average g (g;s0) and A
(Ajso) are observed in the spectra. If the molecular tumbling is decreased because of higher
viscosity of the solvent or by conjugation/interaction with a macromolecule or a membrane,
the lines broaden, and features of the anisotropic spectrum are observed for sufficiently long
tumbling correlation times.[38] Spectral simulations permit determination of the tumbling
correlation times (tg), which is defined as the time required for a molecule to rotate by one
radian. This tr can be theoretically correlated to viscosity () through the Stokes-Einstein
equation, Tr= nV/KT, where n is the viscosity, V is the particle volume, Kk is the Boltzman
constant, and T is the temperature. Note that because of the molecular nature of the spin
probe, the measurement reports the microscopic viscosity of the medium. Conversely, for
tetrathiatriarylmethyl radicals reported to date, their EPR spectra are relatively insensitive to
molecular tumbling, because of a very low anisotropy of the g-factors and no or small
hyperfine splitting (A).[14]

In this communication, we report the synthesis of the first TAM radical whose EPR
spectrum is highly sensitive to molecular tumbling and hence, to microviscosity. Analysis of
the natural abundance 13C satellite lines in the EPR spectra for dFT, supported by quantum
chemical calculations, revealed a strong anisotropy for the coupling with the central carbon
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C1.[331 An A, value of 160.1 MHz (57.13 G) was measured for the solid-state spectrum.
Although the A=A, could not be measured directly because of the overlap with the much
more intense line from the natural abundance 12C;, values of A=Ay were estimated to be
20.6 MHz (7.35 G) based on the value of A, and the A, from the liquid-state spectrum.[2°]

Because of the magnitude of the hyperfine coupling, the large anisotropy, and the high
stability of TAMSs, we thought that a dFT 13C-labeled at the central carbon would be an ideal
EPR probe sensitive to motion.

Our synthetic strategy is based on the well-optimized synthesis of dFT[16], with the use of a
99% enriched methyl chloroformate-(carbonyl-13C) for the formation of the trityl methanol
2 from the aryl 1 (Scheme 1). The subsequent carbonylation leading to 3 and the formation
of the radical follow the strategy previously reported for dFT.

The EPR spectrum recorded at X-Band in deoxygenated PBS (10 mM, pH 7.4) at 22°C
exhibits a large doublet as a result of coupling to the 13C4 (/£1/2), with a hyperfine splitting
of 23.35+0.04 G (Figure 2). A single line corresponding to the 1% 12C; dFT is also present.
Interestingly, the EPR lines of the doublet are significantly broader than the single line peak
corresponding to the non-labeled compound, AB,= 0.57+0.01 G, compared to ABpp=
0.032:£0.005 G for the non-labeled counterpart. The higher linewidth for the doublet is the
result of an incomplete averaging of the A anisotropy at 22°C. To investigate the influence
of tumbling on the EPR spectrum, samples of [13Cq, 99%]-dFT were prepared with glycerol
content varying from 0% to 90% at 22°C to increase viscosity and tg. The resulting EPR
spectra (Figure 3) show a progressive transition from a doublet at 0% glycerol to an
anisotropic immobilized spectrum at 90% glycerol. Values of Ay=A,=17 MHz (6.07 G) and
A,= 162 MHz (57.81 G) were determined by spectral simulation using EasySpinl17] for the
spectrum at 90% glycerol.

Computer simulations of the spectra permit determination of T for each sample (see Table
1). Figure 4A shows the linear relationship between the determined tg and the viscosity,
validating the simulation.

By modulating the rate of bimolecular reactions, the microviscosity plays an important role
in biochemistry. Abnormal microviscosity has been linked to diseases.[18] For example, a
decreased average microviscosity of 1.8 cP in murine fibrosarcomas compared to 2.9 cP for
the normal tissue was measured /7 vivo by EPR using the redox-sensitive mHCTPO probe.
[18a] |n order to further study microviscosity as a biomarker of cancer and other diseases
directly /n vivo, a probe that is resistant in biological media and highly sensitive to
microviscosity is needed. Note that molecular rotors to measure viscosity using fluorescence
techniques have been recently reported.[180 191 Unfortunately, light scattering within the
tissue prevents the application of fluorescence-based techniques to deep tissues, whereas
low-frequency magnetic resonance techniques (NMR, EPR) can penetrate more deeply.[20]
In addition, EPR possesses the advantage over NMR to detect fast motions because of its
intrinsic shorter timescale.

8The value of 0.032 G for the non-labeled dFT was measured using a modulation amplitude of 0.015 G and non-saturating power.
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Below 45% glycerol (5.82 cP at 22 °C), the spectrum is essentially a doublet (Figure 3), and
the effect of a longer <R is a line broadening. For some applications, such as /in vivo, it may
be more practical to measure the linewidth of one peak as an empirical parameter to extract
the microviscosity without spectral simulation. Table 1 shows the measured linewidths for
the low field component of the doublet for various viscosities, which allows calculation of
the sensitivity of 0.820 G per cP (Figure 4B), which is roughly two orders of magnitude
higher than the sensitivity of the linewidth to viscosity for TEMPOL at the same field.[32] It
is worth noting that a water-soluble perchlorinated trityl 50% labeled 13C; at the central
carbon with sensitivity to viscosity has been published. However, the anisotropy of the
hyperfine splitting and the effect of viscosity on tg were not provided.[?1]

Dissolved oxygen is also known to broaden the linewidth of TAM radicals through the
Heisenberg spin exchange. However, the sensitivity of TAMs to oxygen is much smaller.
The difference in linewidth measured for the low field peak between a solution in
equilibrium with air (21% oxygen) and a deoxygenated solution reaches 110 mG (see Sl).
Note that /n7 vivo values of viscosity in a range of 5 cP have been measured using a nitroxide
probe [18al this would correspond to a ~4G linewidth range for [13Cy, 99%]-dFT. Therefore,
the effect of oxygen on the measurement of viscosity is minimal. Moreover, the utilization of
the central line, corresponding to the non-labeled compound§§ (insensitive to viscosity), can
be used to measure oxygen, which permits correction for oxygen concentration present in
the milieu. Assuming an /n vivo accuracy of measurement of 10% of the linewidth, it is
possible to measure viscosity with an accuracy of ~0.1-0.5 cP for 1<cP<5. The small
number of lines and the effect of viscosity limited to line broadening is an ideal feature for
/n vivo microviscosity imaging applications using the spectral-spatial EPR modality.

A motion-sensitive probe also enables the study of molecular interactions. The dFT radical
is known to bind to bovine serum albumin (BSA) carrier protein.[22] The probe, when bound
to BSA, is expected to have a slower tumbling rate because of the large volume of BSA. To
study this interaction, [13C4, 99%]-dFT was mixed with BSA in water. The EPR spectrum in
Figure 5 clearly shows the presence of two spectral components. A narrow doublet
corresponding to the free probe (showed with arrows) with a fast tumbling rate and a second
component with a slower tumbling rate corresponding to the probe bound to BSA (showed
with asterisks). The spectral simulation allowed to determine T = 36 ns for the probe bound
to BSA, in good agreement with the correlation time of 30 ns for a nitroxide bond to
BSAI23]. In comparison, the calculated tg for BSA with the Stokes-Einstein equation is 51
ns.[24]

In conclusion, we demonstrated that the 13C; isotope of a triarylmethyl spin probe used in
vivo exhibits a sensitivity to molecular tumbling that can be used to measure microviscosity
or molecular interaction. The measurement of viscosity is highly sensitive and can be carried
out through spectral simulation or alternatively through the measurement of the EPR
linewidth. The high stability of TAMs will enable measurements and imaging of viscosity /n
vivo, using EPR-based techniques. Moreover, further modifications of 13C dFT to target a
specific biological compartment (e.g., intra-, extracellular space, blood pool) will allow

§§'Using the 1% of the non-labeled compound or by adding dFT to the solution.
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studying the microviscosity of each compartment. A 13C; Ox071[2%], which does not bind
albumin, will allow intravenous delivery. Also, a 13C; TAM could be used to study
molecular dynamics and interactions upon conjugation to a molecule of interest. Besides
biological applications, 13C; TAM and EPR could be used for other purposes, such as
measuring viscosity in microfluidic devices, measuring glass transition temperature,
macromolecular self-organization etc.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of molecular tumbling-sensitive nitroxides MTSL, TEMPOL and mHCTPO and

non-sensitive to molecular tumbling dFT and Ox071 trityls
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Figure 2.
X-Band EPR spectrum of [13C4, 99%]-dFT (200 uM) in deoxygenated PBS (10 mM pH 7.4,

NaCl 0.137M) at 22°C.
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Figure 3.
X-Band EPR spectra (Black) of [13C1, 99%]-dFT (200 uM) in deoxygenated PBS with 0%,

12.5%, 25%, 35%, 45%, 67.5%, 80%, 85% and 90% (V/V) glycerol at 22°C. The spectra
were simulated (red dashed lines) using the chili function of EasySpin, using gx=2.0031
0y=2.0031, g,=2.0027, and Ax=17 MHz, Ay=17 MHz, A;=162 MHz.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Poncelet and Driesschaert Page 10

(4]

wla e
Q 4
60 =
—_ T3
— 5 3l
C
= 40 §
It 5 29
201 o
o
om 14
ol <
0 50 100 150 200 250 300° 7 3 3 4 5 6
Viscosity (cP) Viscosity (cP)

Figure 4.
A) tr (ns) from spectral simulations versus viscosity (cP). Linear fit leads to the equation

tr(ns)= 0.320*viscosity(cP)+0.095, R2=0.999. B) Measured ABpp linewidth for the low
field component versus viscosity (cP). Linear fit leads to the equation ABp, (G)=
0.820*viscosity (cP)-0.256, R2=0.998.
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Figure5.

X-gBand EPR spectra (Black) of [13Cy, 99%]-dFT (400 uM) with BSA (500 uM) in
deoxygenated water at 22°C. The arrows show the free probe in fast tumbling while the
asterisks show the probes bound to BSA with a slower tumbling rate. The red dashed line
shows the simulated spectra for two spectral components with tg =36 ns and 0.28 ns.
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Table 1.

Influence of viscosity on tr determined using computer simulations and on the linewidths of the low field
component of the doublet.

a Viscosity (cP)

Glyceral (%V/V) R (ns)b Measured Linewidth (G)C

0 0.96 0.27+0.01 0.57+0.01
12.5 1.43 0.45+0.01 0.93+0.01
25 2.28 0.77+0.01 1.61+0.01
35 3.52 1.22+0.01 2.51+0.05
45 5.82 2.09+0.01 4.57+0.02
67.5 25.62 8.52+0.02 -

80 80.35 25.74+0.17 -

85 139.52 44.73+0.47 -

90 259.71 83.19+0.55 -

[a]%V/V Glycerol in deoxygenated PBS (10 mM, NaCl 0.137M) at 22°C.
1},

ean of tR calculated from three individual spectra.

[,

eans of the peak-to-peak linewidths measured from three spectra for the low field peak.
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