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Abstract

Triarylmethyl (TAM) radicals are widely used in Electron Paramagnetic Resonance (EPR)
spectroscopy as spin labels and in EPR imaging as spin probes for /n7 vivo oxymetry. One of the
key advantages of TAMs is extremely narrow EPR line, especially in case of deuterated analogues
(~5 UT). Another advantage is their slow spin relaxation even at physiological temperatures
allowing, in particular, application of pulsed dipolar EPR methods for distance measurements in
biomolecules. In this paper a large series of TAM radicals and their deuterated analogues is
synthesized, and corresponding spectroscopic parameters including 13C hyperfine constants are
obtained for the first time. The negligible dependence of 13C hyperfine constants on solvent, as
well as on structure and number of substituents at para-C atoms of aromatic rings, has been found.
In addition, we have demonstrated that 13C signals at natural abundance can be employed for
successful room-temperature distance measurements using Pulsed Electron Double Resonance
(PELDOR or DEER).

Introduction

Sterically substituted triarylmethyl (TAM) radicals, developed for the first time by Nycomed

Innovation AB [1-4] with the aim to be used as polarizing agents for Overhauser MR,

attract a great interest of chemists, biologists and EPR spectroscopists during the last years.

In particular, TAMs are widely used as /n vivo spin probes for EPR oxymetry [5-9].
Compared to nitroxides, TAMs have several important advantages, namely: (i) extremely
narrow EPR line, especially for deuterated analogues (5 uT); (ii) very long electron spin

relaxation times even at room temperatures: 71 up to 20 ps and 7, up to 3 ps [10, 11]; (iii)

very high stability against reduction in biological systems (tissues and blood). These
properties make TAMs very perspective materials with numerous applications in biology
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[12-18], medicine [19-21], analytical chemistry [8, 22, 23], materials science[24], DNP
applications [25, 26].

Recently TAM-based spin labels have emerged as a valuable alternative to nitroxides for
nanometer distance measurements using EPR [27-30]. Pulsed dipolar EPR spectroscopy
combined with Site-Directed Spin Labeling (SDSL), which allows introduction of spin
labels in target sites of biomolecules, provide a unique tool for obtaining distances and
distance distributions on nanometer scale in biological systems. The distances between spin
labels can be obtained using different approaches, including Pulsed Electron Double
Resonance (PELDOR, also known as DEER) [31, 32], Double Quantum Coherence (DQC)
EPR [33, 34], single-frequency technique for refocusing dipolar couplings (SIFTER) [35],
Relaxation Enhancement (RE) [36,37]. Owing to the narrow linewidth, TAM is not suitable
as a spin label for X-band DEER; however, if DQC or SIFTER is used, the narrow line of
TAM becomes a huge advantage and leads to a higher sensitivity compared to nitroxides
[27,28,38,39]. At high magnetic fields (e.g. G-band) the EPR linewidth of TAM increases
due to the g-anisotropy and reaches ca. 130 MHz, thus allowing application of PELDOR/
DEER as well [38].

In most cases EPR distance measurements are performed at cryogenic temperatures.
However, recently a new trend of measurements at ambient temperatures has emerged,
having high potential for studies of conformational sub-states unresolvable by traditional
measurements in frozen solutions. In case of nitroxides, the electron spin dephasing ( 7r)
times at room temperature do not exceed 900 ns [40, 41], whereas TAMSs provide as long 7y,
values as 2-3 ps [39]. In particular, this advantage of TAMs allowed DQC distance
measurements in a range 40-50 A atroom temperatures [28, 30, 39].

Recent studies of room-temperature relaxation in TAMSs revealed that 7, values are
systematically longer at X-band compared to Q-band due to the g-anisotropy; therefore
room-temperature pulsed EPR distance measurements using TAMSs are more practical at X-
band [11]. As was already mentioned above, the linewidth of TAM at X-band is too narrow
for application of PELDOR, because it is impossible to accommodate both observer and
pump frequencies within this line and provide small enough overlap of the corresponding
excitation profiles. However, this can be remedied if 13C satellite line is used for observation
and main (12C) line for pumping [28,42]. Note that in comparison with single frequency
methods (DQC, SIFTER), two-frequency PELDOR has certain advantages, including more
reliable baseline correction because the background function is theoretically described.
Therefore, wherever applicable, room-temperature PELDOR/DEER measurements at 13C
signals of TAMs can be used to validate the corresponding data obtained by DQC or
SIFTER.

In view of the above, the reliable information concerning the origin of additional EPR lines
observed in TAM-labeled biomolecules is demanded. On the one hand, these additional lines
can arise from weak exchange interactions between spin labels; on the other, they can
originate from 13C satellites. The values of 13C hyperfine interaction (HFI) constants are
known for simple TAMs already since 60s of the past century [43,44]. However, in case of a
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family of Finland TAMs synthesized relatively recently, measurements of 13C HFI constants
were only performed for the core Finland trityl (FH) [45].

In this paper we report the synthesis and study spectroscopic parameters (including 13C HFI
constants) of a large series of TAM radicals shown in Fig. 1, developed for the future
application as spin labels. In addition to spectroscopic characterization, we demonstrate the
first room-temperature PELDOR/DEER distance measurement in model TAM-labeled DNA
using 13C resonance line for observation and main EPR line for pumping.

Experimental

The synthesis of FD, FH, FDAM 1, FDAM 2, FDAM 3, FDME3, OX63D, DBT, FBA3,
FP3 was described in detail previously [11]. The synthesis of TAM-labeled DNA duplex and
the procedure of its immobilization in trehalose matrix were also described [28, 39].

Synthesis of FS3, FS1, FS1D, FSIME2, FDS1, FBU2 and FBU3

General—!H and 13C NMR spectroscopic data were recorded using a Bruker AV-400
spectrometer (*H NMR: 400.134 MHz, 13C NMR: 100.624 MHz) Bruker AV-300 (*H
NMR: 300.13 MHz, 13C NMR: 75.48 MHz) and for solutions in CDCls3. Chemical shifts (&
scale) are given in ppm with reference to residual signals of [*H]chloroform (*H NMR:
7.26, 13C NMR: 77.16). IR spectra were recorded using a Bruker Tensor 27 and Bruker
Vector 22 FTIR spectrometers, and KBr pellets were used. Wavenumber values are given in
cm~1. The EPR spectra were recorded on a Bruker ELEXSYS E540 spectrometer
(microwave power of 2 mW, modulation frequency of 100 KHz and modulation amplitude
of 0.003 mT). MALDI-TOF mass spectra were recorded using an Ultraflex 11l MALDI-TOF
mass spectrometer (Bruker Daltonics, Germany) equipped with a pulsed smart-beam laser
(325 nm) in a positive reflectron mode. lons formed by a laser beam were accelerated to 25
keV kinetic energy. The final spectra were obtained by the accumulation of 200 single-laser-
shot spectra. The solution (50 mg/ml) of 2,5-dihydroxybenzoic acid (DHB) in acetonitrile
was used as a matrix. A sample solution in chloroform was mixed with the same volume of
matrix solution. Approximately 1 pl of the resulting solution was deposited on the 384
ground steel target plate and allowed to dry before being introduced into the mass
spectrometer. External calibration in positive mode was done using Peptide Calibration
Standard Il (Part No. 217498, Bruker Daltonics, Germany). Mass accuracy about 0.1 % was
usually achieved. Mass spectra were processed using flexAnalysis 2.4 software (Bruker
Daltonik GmbH, Germany). Electrospray ionization mass spectra ESI/MS were recorded
using hybrid quadrupole/time-of-flight Bruker micrOTOF-Q spectrometer with methanol
used as a solvent and scanning the spectra in m/z range 100-3000 in positive and negative
ionization modes. Nitrogen was used as a drying gas at 220 °C and at flow rate of 4 L min™1.
Nebulizer pressure was set to 1.0 bar. The capillary voltage was set at — 4.0 kV. Sample
solutions were infused into the ESI source by LC Agilent 1200 at FIA mode (Flow Injection
Analysis, 2-3 L at a flow rate of the solvent 0.1 mL min~1). Preparative column
chromatography was performed using 60-200 um silica gel purchased from Acros.
Chemicals were purchased from Aldrich and Acros and were used without further
purification, unless otherwise stated.
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Tris(8-carboxy-2,2,6,6-tetramethylbenzo[1,2-d;4,5-d |big 1,3]dithiol-4-yl)methyl (FH,
Finland trityl, see Scheme 1) and tris(8-carboxy-2,2,6,6-
tetra(trideuteromethyl)benzo[1,2-d; 4,5-d ]big[1,3]dithiol-4-yl)methyl (FD) were
prepared by the recently published literature method [46]. Dimethyl ester of FH (TAM 3,
Scheme 2) was synthesized according to known protocol [47].

3-Bromopropane-1-D,-1-0l (1D2, Scheme 1)

A three-neck round-bottom 500-mL flask equipped with magnetic stirrer, two dropping
funnels, efficient condenser and CaCl, tube was charged with LiAID4 (2.17 g, 51.6 mmol)
and anhydrous ether (50 mL). The flask was flushed with argon, and a solution of anhydrous
AICl3 (6.86 g, 51.6 mmol) in anhydrous ether (50 mL) was added slowly from a dropping
funnel under vigorous stirring with cooling on an ice-bath. After stirring at room
temperature for 30 min the mixture was cooled to —20 °C, and a solution of freshly distilled
methyl 3-bromopropionate (8.62 g, 51.6 mmol) in anhydrous ether (80 mL) was added
dropwise under stirring. The mixture was stirred at —20 °C for 1 h, quenched by slow
addition of methanol (8.5 mL) solution in ether (8.5 mL) followed by water (50 mL) and 6
M sulfuric acid (50 mL), and stirred at room temperature for 30 min. The organic layer was
separated, and the water phase was extracted with ether (10 x 10 mL). The combined
organic extract was dried over MgSQy, filtered through a short plug of silica gel, and
concentrated in vacuo to give the title product as a pale-yellow liquid (6.62 g, 91 %). 1H
NMR (300.13 MHz, CDCl3): 6= 2.04 (t, 2H, J= 6.42 Hz, CH,CH,CD,), 2.73 (bs, 1H,
OH), 3.51 (t, 2H, J= 6.42 Hz, BrCH,). 13C NMR (75.48 MHz, CDCls): 6=30.41
(CH,CH,CD»), 34.83 (BrCHy), 59.61 (m, OCDy).

S-3-Hydroxypropyl methanesulfonothioate (2) was prepared according to literature
method [30]. 'H NMR (400 MHz, CDCls): 6= 1.97 (m, 2H, CH,CH>CHy), 2.55 (bs, 1H,
OH), 3.28 (t, 2H, J= 7.0 Hz, SCH,), 3.32 (s, 3H, SO,CHs), 3.73 (t, 2H, J=5.6 Hz,

OCH,). 13C NMR (100 MHz, CDCls): 6= 31.56 (CH,CH,CH,), 32.13 (SCH,), 50.42
(SO»CH3g), 59.99 (OCHy). IR (thin film): v= 3541 (m), 3395 (m), 3028 (w), 3009 (W), 2928
(m), 2884 (w), 1410 (w), 1312 (vs), 1130 (vs), 1049 (m), 959 (m), 748(m), 555 (s), 482 (M)
cm™1,

S-3-Hydroxy-3-Do-propyl methanesulfonothioate (2D2) was prepared analogously from
sodium methanethiosulfonate and 3-bromopropan-1-D,-1-ol (1D2). 1H NMR (400 MHz,
CDCl3): 6§=1.97 (t, 2H, J=7.00 Hz, CH,CH,CDy), 2.25 (bs, 1H, OH), 3.28 (t, 2H, J=7.00
Hz, SCH,), 3.33 (s, 3H, SO,CHs). 13C NMR (100 MHz, CDCl3): 6= 31.98 (CH,CH,CD»),
32.97 (SCHy), 50.59 (SO, CH3), 59.37 (m, OCDy).

M ethanethiosulfonate derivative of Finland trityl (FS1) was synthesized from alcohol 2
and trityl FH by known literature method [30]. HR MS (ESI, m/2): 1149.921 (measured),
1149.9288 (calcd for C44H4608S14 [M-H]). IR (KBr): v= 2955 (m), 2920 (m), 2855 (m),
1703 (m), 1574 (s), 1487 (m), 1450 (m), 1385 (s), 1315 (s), 1234 (vs), 1167 (m), 1132 (m),
1113 (m), 731 (w), 555 (w) cm~L. EPR spectrum for 0.60 mM deoxygenated solution in
methanol: triplet, ap 0.0108 mT, linewidth 0.0055 mT, g=2.00265.
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M ethanethiosulfonate derivative of deuterated Finland trityl (FDS1) was synthesized
analogously from alcohol 2 and deuterated form of Finland trityl (FD). HR MS (ESI, m/ 2):
continuous series of peaks lying in 1177-1188 m/z range with the highest peak
corresponding to 1183.130 (measured), 1183.136 (calcd for C44H13D3308S14 [M-H]"). IR
(KBr): v= 2955 (m), 2922 (m), 2218 (m), 1697 (m), 1571 (s), 1489 (m), 1385 (s), 1354 (s),
1317 (s), 1234 (vs), 1130 (s), 1045 (m), 1022 (m), 1002(m), 887 (w), 727(m), 554 (m) cm™1.
EPR spectrum for 0.55 mM deoxygenated solution in methanol: triplet, ay 0.0109 mT,
linewidth 0.0028 mT, g=2.00266.

M ethanethiosulfonate D2-derivative of Finland trityl (FS1D) was synthesized
analogously from alcohol 2D2 and Finland trityl (FH). HR MS (MALDI-TOF, m/2):
1152.987 (measured), 1152.949 (calcd for C44H45D205S14 [M]7); 1175.980 (measured),
1175.938 (calcd for C44Ha5D,Na0gS14 [M+Na]®). IR (KBr): v = 2957 (m), 2920 (s), 2851
(m), 1695 (m), 1576 (s), 1489 (m), 1452 (m), 1433 (m), 1382 (vs), 1366 (s), 1317 (s), 1273
(m), 1234 (vs), 1167 (m), 1147 (s), 1132 (s), 1112 (m), 1072 (m), 729 (m), 555 (m) cm™L.
EPR spectrum for 0.60 mM deoxygenated solution in methanol: singlet, linewidth 0.0044
mT, g=2.00266.

Methanethiosulfonate derivative FS1IME2

A solution of trityl 3 (0.075 g, 0.073 mmol) and dry triethylamine (0.011 g, 0.11 mmol) in
freshly distilled anhydrous chloroform (1.50 mL) was stirred at room temp. for 1h under
argon. Crystalline BOP-CI (0.024 g, 0.091 mmol) was added. The mixture was stirred at
room temperature for 30 min under argon, after which a solution of alcohol 3 (0.019 g, 0.11
mmol) in anhydrous chloroform (0.20 mL) was added. To resulting deep reddish-brown
solution was added a solution of 4-dimethylaminopyridine (DMAP, 0.003 g, 0.04 mmol) in
anhydrous chloroform (0.2 mL).

The mixture, which slowly turned to deep green, was stirred in dark under argon at room
temperature for 48 h, and then transferred to a 50 mL conical flask. Water (10 mL),
dichloromethane (DCM, 5 mL) and sodium bicarbonate (0.140 g, 1.66 mmol) were added,
and resulting heterogeneous mixture was vigorously stirred for 20 min. The water phase was
acidified with 0.2 M aqueous HCI to pH 3, after which the mixture was extracted with DCM
(3 x 10 mL). The combined organic extract was filtered and concentrated in vacuo. Column
chromatography on silica gel (DCM, then DCM/ethyl acetate from 30:1 to 1:1 v/v) gave the
title trityl FSIME2 as a black precipitate, M.p. > 240 °C (gradually decomposed). Yield:
0.076 g, 88 %. HR MS (ESI, m/2): 1178.963 (measured), 1178.967 (calcd for C46Hs510gS14
[MTH). IR (KBr): v= 2955 (w), 2922 (w), 2860 (w), 2850 (w), 1705 (s), 1489 (w), 1452 (m),
1433 (m), 1366 (m), 1325 (m), 1273 (m), 1234 (vs), 1167 (m), 1134 (s), 1111 (m), 1043 (w),
789 (w), 743 (w), 690 (w), 554 (w) cm™L. EPR spectrum for 0.50 mM deoxygenated
solution in DCM: multiplet, ay(cHg) 0.425 MHz, apycHp) 0.329 MHz, linewidth 0.0063 mT,
g=2.00280.

Methanethiosulfonate derivative FS3

A mixture of Finland trityl FH (0.110 g, 0.110 mmol) and carbonyldiimidazole (0.107 g,
0.66 mmol) in anhydrous tetrahydrofurane (1.50 mL) was stirred at 50 °C for 2 h under
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argon, and then overnight at room temperature. A solution of alcohol 3 (0.112 g, 0.66 mmol)
in anhydrous THF (0.60 mL) was added. The resulting mixture was stirred under argon for
0.5 h at room temperature, after which sodium hydride (60 % suspension in mineral oil,
0.030 g) was added. The mixture, which turned to deep brownish-green, was stirred under
argon at room temperature for 48 h in dark, and then transferred to a 50 mL evaporating
flask. THF was removed in vacuo, and then water (5 mL) and DCM (5 mL) were added. The
resulting mixture was vigorously stirred, acidified with 0.2 M aqueous HCI to pH 3. Water
phase was separated and extracted with DCM (3 x 10 mL). The combined organic extract
was washed with water, filtered and concentrated in vacuo. Column chromatography on
silica gel (DCM, then DCM/methanol 30:1 v/v) gave the title trityl FS3 as a brownish-black
foam, M.p. > 220 °C (gradually decomposed). Yield: 0.081 g, 50 %. HR MS (ESI, m/2):
1454.927 (measured), 1454.929 (calcd for C5oHg3012S15 [M]1); 1472.960 (measured),
1472.966 (calcd for CspHgz NO12S1g [M+NH,]Y). IR (KBr): v = 2959 (w), 2920 (w), 2862
(w), 2845 (w), 1744 (w), 1452 (m), 1385 (w), 1366 (m), 1321 (s), 1234 (vs), 1169 (m), 1134
(vs), 1111 (m), 1140 (m), 1017 (3), 955 (m), 744 (w), 554 (s), 482 (m), 467 (M), 451 (m)
cm~L, EPR spectrum for 0.50 mM solution in DCM: septet, an(cHz) 0.335 MHz, linewidth
0.0080 mT, g=2.00280.

Tris(8-tert-butoxycarbonyl-2,2,6,6-tetramethylbenzo[1,2-d;4,5-d ]bis[dithiol-4-yl)methylI
(FBU3, Scheme 3)

A 5 mL Wheaton-vial equipped with magnetic stirrer was charged with Finland-trityl FH
(0.200 g, 0.197 mmol), anhydrous benzene (2 mL) and N,N-dimethylformamide di-tert-
butyl acetal 4 (0.605 g, 2.98 mmol, prepared by literature method). The mixture was stirred
at 80 °C for 48 h. The reaction mixture was diluted with DCM (20 mL) and water (2 mL).
Organic layer was separated, filtered through a short cotton plug and concentrated in vacuo.
Column chromatography on silica gel (hexane, then hexane/DCM from 1:1 to 1:3 v/v) gave
the title trityl as a brown precipitate, M.p. > 220 °C (gradually decomposed). Yield: 0.173
mg, 75%. HR MS (ESI, m/z):1167.133 (measured), 1167.127 (calcd for C5oHg30gS12
[MTH). IR (KBr): v= 2958 (s), 2924 (s), 2854 (m), 1728(s), 1697 (s), 1454 (s), 1367 (5),
1281 (s), 1240 (vs), 1163 (s), 1134 (vs), 1113 (s), 1072 (s), 1036 (m), 847 (m), 725 (m), 687
(w), 559 (w), cm~1. EPR spectrum for 0.50 mM deoxygenated solution in DCM: for 0.50
mM solution in DCM: singlet, linewidth 0.0102 mT, g=2.00277.

Di-tert- Bu ester FBU2 (Scheme 3)

A one neck round bottom 20 ml flask equipped with magnetic stirrer was charged with tri-
ester FBU3 (0.194 g, 0.166 mmol) and anhydrous benzene (95 ml). A solution of TFA (0.5
mL, 29.6 mmol) in 1 mL DCM was added dropwise under stirring. The mixture was stirred
at room temperature for 1.5 h, diluted with DCM (30 mL), washed with 3 mL of saturated
solution of NaHCO3. The organic layer was filtered through a short cotton plug and
concentrated in vacuo. Column chromatography on silica gel (DCM, then DCM/MeOH,
50:1 v/v) afforded the initial substrate FBU3 (0.083 g, used further in repeated runs), a
mixture of mono-ester 5 and Finland trityl FH (0.037 g, used for conversion to substrate
FBU3 by the method described above), and the title monocarboxylic acid FBU2 (0.085 g,
51 %). Three iteration afforded 0.123 g of FBU2 (67%) with partial recovery of precursor
FBU3 (16%). Data for trityl FBU2: black powder, M.p. > 200 °C (gradually decomposed).
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HR MS (ESI, m/z): 1110.051 (measured), 1110.057 (calcd for C4gHs506S12 [M-H] 7). IR
(KBr): v=2970 (m), 2956 (m), 2924 (m), 2852 (m), 1697 (s), 1489 (m), 1454 (m), 1435
(m), 1392 (m), 1383 (m), 1367 (s), 1308 (m), 1279 (m), 1238 (vs), 1165 (s), 1136 (s), 1111
(m), 847 (w), 737 (w), 688 (w) cm~1. EPR spectrum for 0.50 mM deoxygenated solution in
DCM: singlet, linewidth 0.0108 mT, g=2.00276.

CW EPR measurements

Pulsed EPR

CW EPR data presented in Figures 2—3 were recorded using the X-band (9 GHz)
commercial Bruker EMX spectrometer. Experimental CW EPR settings at room temperature
were as follows: sweep width, 0.1-3.0 mT; microwave power, 10.11 mW; modulation
frequency, 100 kHz; modulation amplitude, 0.01-0.02 mT; time constant, 163.8-327.7 ms;
sweep time, 167.77 671.09 s; number of points, 1024-8192; number of scans, 1-6. To
prevent the line broadening caused by oxygen, deoxygenation was performed by at least
three repeated “freeze—pump—thaw” cycles. The experimental spectra were simulated using
Easyspin [48]. The fitting parameters were g-factor, Gaussian and Lorentzian contributions
into the linewidth, the values of HFI constants on 13C, IH and 14N atoms. The obtained
spectroscopic parameters are summarized in Table 1.

measurements

Pulsed EPR experiments were carried out using Bruker Elexsys E580 spectrometer at room
temperature. Measurements of electron phase relaxation time were performed using a two-
pulse electron spin echo (ESE) sequence. DEER traces were recorded using a standard four-
pulse DEER [32] sequence with pulse lengths of 60/120 ns for probe and 120 ns for pump
frequency. We used the 13C satellite for observing and the main line of 12C for pumping.
Short repetition time between experiments was 350 ps. Number of scans was 4850.
Recording time was 20 h. Obtained DEER traces were analyzed with Tikhonov
regularization using DeerAnalysis program [49].

RESULTS AND DISCUSSION

Structure of studied TAMs

The series of TAM radicals studied in this paper include Finland trityl (FH, Figure 1); and
its perdeuterated analogues FD; their derivative monoesters (FDAM 1, FDS1, FS1, FS1D),
diesters (FDAM 2, FBU?2), triesters (FDAM 3, FDMES3, FS3, FSIME2, FBU3); triamide
derivatives (FBA3, FP3); the deuterated form of OX63 (OX63D) and the dodeca-n-butyl
homologue of Finland trityl (DBT). The variety of these TAMs allowed us to investigate the
dependence of 13C HFI constants on the number of ester groups (which affect the symmetry
of TAM), on additional HFIs with proton and nitrogen atoms, as well as on bulky
substituents in TAM core.

FS1, FS3, FDS1, FS1D are perspective for application as spin labels, because they possess
methanesulfonothioate groups reacting with cysteine residuals in the proteins. Moreover the
study of deuterated radicals, in particular FDS1 and FSD1, is very important for pulse
dipolar EPR at room temperatures due to their long electron spin dephasing times [11].

Z Phys Chem (N F). Author manuscript; available in PMC 2017 May 22.
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Figure 2 shows the central (12C) regions of CW EPR spectra of studied TAMs, whereas
Figure 3 includes the ranges of hyperfine splitting on 13C carbons (exemplified with
FDAM?2 and FP3). In all cases the 13C satellite EPR lines were observed with ratio of
intensities equal to 1:3:6:3:6:3:3:6:3:6:3:1. This ratio nicely corresponds to the number of
equivalent carbon atoms in TAM molecule: 1 - C7: 3-C1: 6 - C2,6: 3- C4: 6- C3,5: 3- C8
[45]. It should be noted that fast conformational changes exhibited by TAM make carbon
atoms in positions C3 and C5, as well as C2 and C6, equivalent. The line width of satellites
increases upon an increase of the HFI constant. This is reasonable because the main
contribution into the linewidth is determined by modulation of HFI anisotropy, which in
most cases increases with the increase of isotropic HFI.

Spectroscopic parameters (HFI constants on 13C, 1H and 14N) obtained by simulations are
listed in Table 1. Numbering of 13C atoms corresponds to that shown in Fig. 1. One observes
that the values of 13C HFI constants are nearly the same within experimental accuracy for all
studied TAMs. Interestingly, the values of 13C HFI constant do not depend on the number of
ester group (FD, FDAM 1, FDAM 2, FDAM 3), on bulky substituents in TAM core (FH,
OX63D, DBT) and on solvent (water, methanol and ethylene chloride).

Most of the studied TAMs give similar EPR spectra, however noticeable difference is
observed for amide derivative of Finland radical FP3, where the rotation along amide bond
is impeded by bulky piperidine groups. As a result C2 and C6 carbons of benzene ring
become nonequivalent (Fig. 1) leading to the splitting in EPR spectrum with values of 13C
HFI constants equal to 0.97 and 0.85 mT (Fig. 3 and Table 1). It is interesting that the mean
value of these two HFIs is equal to the HFI values found for C2 and C6 in other TAMs. This
effect was not observed for the other amide derivative of Finland radical FBA3 due to a free
rotation of benzyl groups.

DEER measurements

PELDOR/DEER distance measurements require immaobilization of spin-labeled biomolecule
to provide that the dipole-dipole interaction is not averaged out by rotational diffusion. This
requirement is naturally fulfilled for the sample in frozen solution. For room temperature
measurements different approaches were previously used, including tethering of the protein
to a solid support prior to labeling [27], immobilization of DNA duplex electrostatically on
common ion exchange sorbent [28], immobilization of biomolecule in glassy trehalose [39-
41]. For our DEER measurements we used the latter approach, which was successfully
implemented for immobilization of proteins [40], as well as DNA [39].

For validation purposes, we have investigated model doubly TAM-labeled DNA duplex in
glassy trehalose, which was previously studied at room temperature using DQC (described
in detail in [39]). Figure 4 clearly shows that the room temperature DEER employing 13C
satellite of TAM for observation and the main line for pumping allows obtaining similar
distances as those found previously by DQC for the same sample. The phase memory time
Tm measured using two-pulse sequence is slightly larger at central (12C) EPR line (7, = 2.2
ps) compared to that at 13C satellite (7, = 1.7 pus) due to the contribution from modulation

Z Phys Chem (N F). Author manuscript; available in PMC 2017 May 22.
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of anisotropic 13C HFI for the latter. However, still the value of 7y, and the signal intensity
at 13C satellite are sufficient for reliable DEER measurements at room temperature. The
spin-spin distance obtained using DEER equals to 4.43 £ 0.27 nm, being in excellent
agreement with previously obtained data for this duplex [28].

Conclusions

Large series of TAM radicals, including their deuterated analogues, were developed and
synthesised for prospective use as spin labels in pulsed dipolar EPR spectroscopy. The
measurements of their spectroscopic parameters revealed a negligible dependence of 13C
hyperfine constants on solvent, as well as on nature and number of substituents at para-C
atoms of aromatic rings. The possibility of room temperature PELDOR/DEER distance
measurements in TAM-labeled biomolecules using 13C satellite line of TAM at natural
abundance has been demonstrated for the first time.
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Figure 1.

Chemical structure of studied TAM radicals and TAM spin labeled DNA duplex.
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Figure 2.
EPR spectra of studied TAM radicals (central 12C regions). Experimental spectra — black

line, simulated spectra - red line (parameters are given in Table 1).
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3455

(Top) EPR spectrum of FDAM 2 (typical for all other studied TAMSs). Intense EPR line
corresponding to 12C atoms appears in the center; other satellite lines corresponding to HFIs
with 13C atoms appear on the sides. Right plot magnifies the intensity by a factor of 20.
Experimental (CH,Cl,, black line) and simulated (red line). (Bottom). Similar data for FP3
radical. Experimental (CH,Cl5, black line) and simulated (red line). Note that this type of

EPR spectrum was observed only for FP3 radical in CH,Cl, and methanol.
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Figure 4.
(Top) Background-corrected X-band DEER time trace obtained at room temperature (black

line) and the fit obtained by Tikhonov regularization (red). Inset illustrates the pump and
probe pulse positions on the spectrum of TAM. (Bottom) Corresponding distance
distributions for DEER (solid black line) and DQC (previously obtained in [39]) (dashed red
line).
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Scheme 3.
Synthesis of TAM FBU3 and FBU2.
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