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The tetracycline-binding RNA aptamer (TC-aptamer) binds its cognate ligand the antibiotic tetracycline
(TC) via a Mg2+ or Mn2+ ion with high affinity at high divalent metal ion concentrations (KD ¼ 800 pM,
P10 mM). These concentrations lie above the physiological divalent metal ion concentration of ca.
1 mM and it is known from literature, that the binding affinity decreases upon decreasing the divalent
metal ion concentration. This work uses a Mn2+ concentration of 1 mM and 1D-hyperfine experiments
reveal two pronounced 31P couplings from the RNA besides the 13C signal of 13C-labeled TC. From these
1D-hyperfine data alone, however, no conclusions can be drawn on the binding of TC. Either TC may bind
via Mn2+ to the aptamer or TC may form a free Mn-TC complex and some Mn2+ also binds to the aptamer.
In this work, we show using 2D-correlated hyperfine spectroscopy at Q-band frequencies (34 GHz), that
the 13C and 31P signals can be correlated; thus arising from a single species. We use THYCOS (triple hyper-
fine correlation spectroscopy) and 2D ELDOR-detected NMR (2D electron electron double resonance
detected NMR) for this purpose showing that they are suitable techniques to correlate two different
nuclear spin species (13C and 31P) on two different molecules (RNA and TC) to the same electron spin
(Mn2+). Out of the two observed 31P-hyperfine couplings, only one shows a clear correlation to 13C.
Although THYCOS and 2D EDNMR yield identical results, 2D EDNMR is far more sensitive. THYCOS spec-
tra needed a time factor of �20 in comparison to 2D EDNMR to achieve a comparable signal-to-noise.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

RNA aptamers describe a class of typically short RNA molecules,
that bind a specific small molecule with high affinity and that have
potential applications in diagnostic and therapeutic medicine [1].
The tetracycline-binding RNA aptamer (TC-aptamer) was identi-
fied by SELEX (systematic evolution of ligands by exponential
enrichment) by Berens et al. [2]. It is known from the crystal struc-
ture [3], that the aptamer binds its cognate ligand tetracycline (TC)
via a Mg2+ ion. The crystal structure reveals several additional Mg2+

ions that are bound by the TC-aptamer. The TC-aptamer is charac-
terized by a very high affinity toward its ligand (KD ¼ 800 pM at
10 mM Mg2+) [4]. In addition, the TC-aptamer is one of only a
few aptamers that are known to function in vivo, where it can con-
trol translation and splicing [5–7]. These aspects, paired with the
non toxicity and good cell permeability of the ligand [8], make
the TC-aptamer a promising artificial riboswitch.
Recent spectroscopic (fluorescence spectroscopy, time-
correlated single photon counting spectroscopy and pulsed dipolar
electron paramagnetic resonance (EPR) spectroscopy) and thermo-
dynamic studies (isothermal titration calorimetry (ITC), melting
curve analysis and circular dichroism spectroscopy) focused on
investigating the folding kinetics, the global structure and the con-
formational flexibility in the presence and absence of TC and its
dependence on Mg2+ [9–12]. In contrast to the aforementioned
studies, this work directly studies the binding of the divalent metal
ion in the ligand binding pocket using pulsed EPR hyperfine spec-
troscopy. This is achieved by replacing diamagnetic Mg2+ with
paramagnetic Mn2+, which is common practice [13–15], as Mg2+

and Mn2+ share similar coordination chemistry properties. ITC
measurements of the aptamer with Mn2+ instead of Mg2+ yielded
identical binding affinities (Fig. S1) at high divalent metal ion
concentrations.

Fig. 1A shows the ligand binding pocket of the TC-aptamer
based on the crystal structure [3]. As can be seen, TC coordinates
via its O11 and O12 oxygens (Fig. 1B) to the divalent metal ion.
The divalent metal ion is further stabilized by a pro-RP oxygen of
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Fig. 1. (A) Ligand binding pocket of the TC-aptamer based on the crystal structure by Xiao et al. [3]. The ligand TC is shown in orange and the nucleobases, which form the
binding pocket, are shown in grey (A50, C56, G57 and A58). Mn2+ ions and water molecules are depicted in magenta and blue, respectively. The water molecule marked with
an asterisk was not resolved in the crystal structure. (B) Chemical structure of the antibiotic TC. (C) Possible binding models of Mn2+ to the aptamer and TC. Depending on the
KD values, TC-binding might be different at an equimolar RNA/Mn2+/TC concentration ratio: TC might interact with the RNA via a Mn2+ chelate complex (upper left) or TC
might form a separate Mn-TC complex, while remaining Mn2+ ions still interact with the RNA (lower right). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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the phosphate backbone of nucleobase G57. The crystal structure
distance of the O11- and O12-adjacent carbon atoms to the diva-
lent metal ion is 0.31 nm in both cases, whereas the crystal struc-
ture distance of the phosphorous atom to the divalent metal ion is
3.3 nm. Under the assumption that the point-dipole approximation
applies, the axial (or dipolar) component T of the hyperfine tensor
A is inversely proportional to r3:

A ¼ aiso1þ T
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aiso and T in Eq. (1a) describe the isotropic and axial component
of the hyperfine tensor A. Eq. (1b) then yields dipolar hyperfine
couplings of T13C ¼ 0:65 MHz and T31P ¼ 1:08 MHz. Both carbon
and phosphorous distances found in the crystal structure are very
similar to previously published 13C-Mn2+ and 31P-Mn2+ hyperfine
studies [16–19] and should therefore be readily observable with
pulsed hyperfine EPR spectroscopy.

A frequently encountered problem in biochemistry is whether
two different molecules A and B interact at the same time with
molecule C or not. Examples include nucleic acid aptamers that
bind via metal ions to its cognate ligand [3], metal ions that medi-
ate the formation of protein-RNA complexes [20] or membrane
proteins that interact via metal ions with an adenosine triphos-
phate [21]. In case of the TC-aptamer, the binding of TC via a diva-
lent metal ion to the RNA is known to decrease at low Mg2+

concentrations [11]. In addition, the free Mn-TC complex [22,23]
can potentially interfere with formation of a ternary RNA-Mn-TC
complex (Fig. 1C). In this work, it is shown that pulsed 2D-
hyperfine spectroscopy is a suitable technique to confirm forma-
tion of a ternary RNA-Mn-TC complex at equimolar RNA/Mn2+/TC
concentration ratios. Although similar findings can also be
obtained by ITC experiments and fluorescence spectroscopy [11],
2D-hyperfine spectroscopy offers the advantage of looking
at the ternary complex on an atomistic level. Consequently,
2D-hyperfine data provide a more detailed description of the
investigated ternary complex, e.g., which nuclei and which hyper-
fine coupling are incorporated in the center of the ternary complex.
2. Population-transfer 2D-correlated hyperfine spectroscopy

Pulsed hyperfine EPR spectroscopy describes a wide array of
techniques that probe the hyperfine interaction of coupled electron
and nuclear spins. Hyperfine spectroscopy methods such as ENDOR
(electron nuclear double resonance) and ESEEM (electron spin echo
envelope modulation) are often used to study paramagnetic
transition metals in nucleic acids and proteins, with the goal of
elucidating the local geometry of the paramagnetic cofactor
[24–27,18,28,29]. Since the 2000s, the ELDOR-detected NMR tech-
nique (electron electron double resonance detected NMR, EDNMR)
[30] has gained interest as a method for measuring hyperfine or
even quadrupole interactions of nitroxides and paramagnetic tran-
sitions metals. Although primarily performed at W-band frequen-
cies (94 GHz) [31–35] to increase the spectral resolution of
different nuclear species and to decrease the spectral overlap of
the central blindspot and resonances of low-c nuclei, EDNMR
was recently shown to be applicable at Q-band frequencies
(34 GHz) as well [36,37].

One of the first pulsed 2D-hyperfine spectroscopy techniques
was the TRIPLE experiment [40], in which a Davies ENDOR
sequence was expanded by a second RF pulse. Another 2D-
hyperfine population transfer technique is the THYCOS (triple
hyperfine correlation spectroscopy) experiment [38,41,42], in
which the first RF pulse gets replaced by a typically long and
weakly powered ELDOR pulse (Fig. 2A). Finally, both RF pulses
can be replaced by two ELDOR pulses, resulting in a 2D EDNMR
experiment [39,43,42] (Fig. 2B).

THYCOS and 2D EDNMR spectra can be understood by picturing
an energy ladder diagram of a 3-spin system, consisting of an elec-
tron spin with S ¼ 1=2 and two nuclear spins with I1 ¼ 1=2 and
I2 ¼ 1=2. If one assumes a positive nuclear g-value (e.g., 13C, 31P,
1H), a positive isotropic hyperfine coupling aiso and the



Fig. 2. (A and B) Pulse sequence of a THYCOS [38] (left) and a 2D EDNMR [39] (right) experiment. Gaussian-shaped ELDOR pulses were used to minimize the spectral overlap
of detection and ELDOR pulses. (C and D) Energy ladder diagrams for a weakly coupled 8-level system, consisting of an electron spin with S ¼ 1=2 and two different nuclear
spins with I1 ¼ 1=2 and I2 ¼ 1=2 (gN ; aiso > 0). Bold black arrows depict the detected allowed EPR transition, whereas the dashed black arrows (① &⑤) depict the first ELDOR
pulse, which is on-resonance with a forbidden transition of nuclei I1. ②: For THYCOS, two allowed NMR transitions of nuclei I2 (solid green and red arrows) are associated
with the detected EPR transition.⑥: For 2D EDNMR, two forbidden transitions of nuclei I2 (dashed green and red arrows) are associated with the detected EPR transition.③ &
⑦: Spin population before the echo detection sequence in THYCOS and 2D EDNMR respectively for excitation of the two nuclear transitions. (E and F) Depending on which
transitions are excited, positive signals (THYCOS, dashed red line), no signals at all (2D EDNMR and THYCOS, dashed green lines) or negative signals (2D EDNMR, dashed red
line) are expected. Pale dashed lines correspond to 2D EDNMR signals that stem from excitation of another allowed EPR transition (jb;a;bi $ ja;a;bi, grey model spectra).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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weak-coupling regime (mI > aiso=2), an energy ordering of spin
levels as shown in Fig. 2C and D is expected. If mdet is set to monitor
the intensity of the allowed EPR transition jb;a;ai $ ja;a;ai (bold
black arrows in Fig. 2C and D), only one forbidden transition
(DmS ¼ �1;DmI ¼ �1) for nuclei I1 exists, that has a larger reso-
nance frequency than mdet (jb;a;ai $ ja; b;ai, dashed black arrow
in Fig. 2C and D). If one assumes that the ELDOR pulse inverts
the population of the forbidden transitions of the 3-spin model sys-
tem, excitation of the aforementioned forbidden transition of
nucleus I1 would lead to zero echo intensity in the detection
channel.

For THYCOS, next a RF pulse is applied, the frequency of which
is varied to sample the allowed NMR transitions that are associated
with nucleus I2 (green and red arrows in Fig. 2C, ②). The detected
echo intensity stays at zero if transition ja;a;ai $ ja;a; bi gets
excited and becomes positive if transition jb;a;ai $ jb;a; bi gets
excited (bold green and red arrows in Fig. 2C, ③).

For 2D EDNMR, a second variable frequency ELDOR pulse is
applied to probe the forbidden transitions of nucleus I2 (dashed
green and red arrows in Fig. 2D, ⑥). If the ELDOR pulse induces
the transition jb;a;ai $ ja;a; bi the detected echo intensity
remains zero. However, the intensity becomes negative if transi-
tion jb;a; bi $ ja;a;ai gets excited (bold green and red arrows in
Fig. 2D, ⑦). It should be noted that in reality, long ELDOR pulses
act as saturation pulses on the forbidden transitions, which may
lead to slightly different signal intensities due to polarization
transfer processes during the ELDOR pulse.

The expected THYCOS and 2D EDNMR model spectra are shown
in Fig. 2E and F. Due to the inhomogeneous EPR linewidth, spin
packets of different allowed EPR transitions have a significant spec-
tral overlap. For this reason, the detection pulses will excite several
allowed EPR transitions of the 3-spin model system simultane-
ously. As a consequence, the THYCOS and 2D EDNMR slices
observed experimentally are a superposition of the slices of all
the excited allowed EPR transitions.

Until now it has been assumed that one forbidden transition
(out of two) of nucleus I1 is excited selectively by the first ELDOR
pulse (① and ⑤ in Fig. 2C and D). This is, for example, the case
for the 31P couplings presented in this work. If, however, the cou-
pling is small and hence the splitting of the signals around the Lar-
mor frequency of nucleus I1 is small, both forbidden transitions can
be excited at the same time. In such a case, more THYCOS and 2D
EDNMR signals will appear (positive in THYCOS and negative in 2D
EDNMR) at frequencies marked with green dashes in Fig. 2E and F.

Additionally, THYCOS and 2D EDNMR spectra will look slightly
different, if the RF pulse or the second ELDOR pulse excites transi-
tions associated with the nucleus that was excited by the first
ELDOR pulse (see Fig. S2 for an explanation).

W-band THYCOS was previously used to separate different 1H
resonances and to determine the sign of the hyperfine coupling
in a Cu(II)-L-histidine complex [38] and to assign 14N resonances
via 1H-14N THYCOS to the type 1 Cu(II) site in ascorbate oxidase
(out of one type 1 Cu(II) site and one type 2 Cu(II) site) [41]. W-
band 2D EDNMR and quantum chemical calculations were used
to elucidate the 33S-hyperfine tensor of type 1 Cu(II)-azurin, which
proved difficult with a congested 14N-33S 1D EDNMR spectrum
alone [43]. Recently, W-band 14/15N-31P THYCOS was used to
resolve the coordination geometry of Mn-ATP in frozen solution
[42]. In this work, it is shown that 13C and 31P nuclei, incorporated
in two different molecules (TC and RNA), can be used to correlate
hyperfine signals to the same electron spin associated with a single
Mn2+ ion.
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3. Material and methods

3.1. Sample preparation

In vitro transcription was identical to a procedure published
previously [11]. Before EPR measurements, the RNA was dialyzed
with a buffer (100 mM triethanolamine (TEA) pH 7.5, 1 M KCl) to
replace remaining Na+ ions from the RNA purification process with
K+ ions. Amicon filters with a cut-off of 10 kDa and a sample vol-
ume of 0.5 ml were used for dialysis. The aqueous RNA solution
was diluted with the buffer solution to a volume of 0.5 ml, then
the solution was spun at 10,000 rpm until the solution was concen-
trated to a volume of 50 ll. The RNA was dialyzed four times with
the buffer solution and four times with DEPC-treated MilliQ water.
At Q-band, the difference between the 13C- and 23Na-Larmor fre-
quency is only 0.7 MHz (m13C ¼ 12:7 MHz and m23Na ¼ 13:5 MHz).
The Larmor frequency of 40K (93.2% natural abundance) at Q-
band frequencies is m40K ¼ 2:3 MHz. In contrast to 23Na, 40K
should therefore not interfere with any 13C or 31P resonances.
1D EDNMR spectra before and after dialysis of Na+ with K+ are
shown in the supporting information (Fig. S3). For each experi-
ment, aliquots of the dialyzed RNA were lyophilized and dis-
solved in a buffer containing 2mM Mn(ClO4)2, 100 mM TEA and
1 M KCl at pH = 7.5. Depending on the sample, the buffer either
contained 2 mM TC, 2 mM 13C-labeled TC (Romer Labs Diagnostic)
or no TC at all. 50% glycerol (v/v) was added as a glassing agent.
The final RNA concentration was 1 mM. All chemicals were certi-
fied RNase free. 10 ll of the buffered RNA solutions were then
transferred into 1.6 mm (outer diameter) Suprasil tubes. Samples
were shock-frozen in liquid nitrogen prior to being inserted into
the resonator.
3.2. Pulsed EPR measurements

Pulsed EPR hyperfine experiments at Q-band frequencies
(33.77 GHz) were performed on a Bruker Elexsys E580 spectrome-
ter equipped with a dielectric EN 5170 DE ENDOR probehead. The
temperature was kept at 5 K using a continuous-flow helium cryo-
stat (CF935) and an ITC 502 temperature control unit, both from
Oxford Instruments. A 150 W traveling-wave tube amplifier by
Applied Systems Engineering was used for microwave amplifica-
tion. Pulses were created by a Bruker-manufactured arbitrary
waveform generator (SpinJet AWG). For ENDOR measurements,
RF frequencies were generated out of a DICE-II box and amplified
by an externally blanked RF amplifier by Dressler (2 kW, LPPA
10020 LF). A low-pass filter (RF limited DF-3000) with a cutoff fre-
quency of 30 MHz and a Bruker-supplied noise suppressor where
used to avoid 3rd and 5th order 1H harmonics and to enhance sig-
nal quality.

For 31P-Davies ENDOR, the sequence 2tp � tRF � tmix � tp � s�
2tp � s� echo with tp ¼ 100 ns and s ¼ 1 ls was used. The length
of the RF pulse was optimized with nutation experiments which
resulted in tRF ¼ 25 ls for 31P. The frequency of the RF pulse was
varied �9 MHz around the 31P-Larmor frequency
(m31P ¼ 20:7 MHz) with an increment of 50 kHz (361 points). The
integration width of the echo was set to 800 ns, centered
around the echo maximum. For 13C-Mims ENDOR, the
sequence tp � s� tp � tRF � tmix � tp � s� echo with tp ¼ 10 ns
and s ¼ 320 ns was used. The RF pulse was optimized near the
13C-Larmor frequency to a length of tRF ¼ 27:5 ls. The echo
integration width was set to 36 ns, centered around the echo max-
imum. The sweep width of the RF pulse was 8 MHz, centered
around the 13C-Larmor frequency (m31P ¼ 12:7 MHz), with a fre-
quency increment of 25 kHz (321 points).
1D and 2D EDNMR spectra were acquired using a
ðtELD � t�ÞtELD � tmix � tp � s� 2tp � s� echo sequence, with
s ¼ 1 ls; tmix ¼ 9 ls and tp ¼ 400 ns. For 1D EDNMR experimemts
an ELDOR pulse length of tELD ¼ 9 ls was used, for 2D EDNMR
experiments an ELDOR pulse length of tELD ¼ 40 ls was used. For
2D EDNMR experiments, longer ELDOR pulses yielded more
intense correlation signals at the cost of a slight spectral broaden-
ing. The integration width of the echo was 1400 ns for all EDNMR
experiments, centered around the echo maximum. For 1D EDNMR
experiments, an ELDOR sweep width of 440 MHz, starting at
�220 MHz and with a frequency increment of 300 kHz, was used.
For 2D EDNMR experiments where the frequency of both ELDOR
pulses was varied (complete 2D EDNMR spectra), the ELDOR sweep
width was decreased to 80 MHz, starting at �40 MHz and with a
frequency increment of 300 kHz. For 2D EDNMR slices, where only
the frequency of first ELDOR pulse was varied and the frequency of
the second ELDOR pulse was kept constant, the x-axis resolution
was increased to 200 kHz with an ELDOR sweep width of 54 MHz
(centered symmetrically around the spectrometer frequency). A
higher resolution, while maintaining a sweep width of 54 MHz,
was not possible due to a limited AWG pulse sequence memory
space. All EDNMR experiments utilized a shot repetition time of
3 ms, 50 shots per point and Gaussian shaped ELDOR pulses to
decrease the spectral overlap with detection pulses [44,30]. All
EDNMR experiments (1D and 2D) used an ELDOR amplitude of
xELD ¼ 1:5� 107rad=s at zero frequency to allow for a comparison
of EDNMR intensities of different samples. Moreover, different
samples were tuned at the same spectrometer frequency in such
a way, that the tuning dip looked as similar as possible.

For THYCOS experiments, the Davies ENDOR sequence was
used, with the only difference being a replacement of the first
inversion pulse by a 9 ls long Gaussian ELDOR pulse operating at
a fixed frequency offset Dm. The amplitude xELD was the same as
for EDNMR experiments. The RF sweep width and x-axis resolution
was identical to Davies ENDOR experiments. ENDOR and THYCOS
experiments employed a shot repetition time of 50 ms and 1 shot
per point. The random acquisition mode was used to avoid baseline
distortions due to heating effects [45].

The ENDOR/1D EDNMR intensity was calculated to

eðmRF=ELDÞ ¼ IRF=ELD on�IRF=ELD off

IRF=ELD off
, where IRF=ELD off is an averaged signal

range with off-resonance ELDOR or RF pulses respectively. A rolling
baseline in Mims ENDOR spectra was removed by subtracting a
Mims ENDOR spectrum of an unlabeled TC sample from the Mims
ENDOR spectrum of the 13C-labeled TC sample and multiplying the
result with �1 (Fig. S8). The baseline of Davies ENDOR spectra was
corrected by fitting a polynomial to the off-resonance regions of
Davies ENDOR spectra. 2D EDNMR spectra were processed as
described earlier [39]. 2D EDNMR slices were background-
corrected by normalizing a specific slice (e.g.,
Dm2 ¼ m13C ¼ 12:7 MHz) to the off-resonance intensity of a slice
with an off-resonance second ELDOR pulse (e.g., Dm2 ¼ 40:0 MHz).
Subtraction of these two slices then yielded a background-
corrected 2D EDNMR slice [42].

tmix describes the time delay between mixing period and detec-
tion period. It is increased for variable-mixing-time (VMT) ENDOR
experiments (Fig. S11), and kept as short as possible for ENDOR,
EDNMR and THYCOS measurements. For ENDOR and THYCOS mea-
surements, tmix is chosen so that the trailing edge of the RF pulse
does not interfere with the detection sequence. For EDNMR mea-
surements, tmix is chosen to allow for a decay of electron coherence,
which can be created by the ELDOR pulse.

All experiments were performed on the ‘‘third” 55Mn-hyperfine
transition from the left of the ‘‘central” electron transition
(jmS ¼ �1=2;mI ¼ �1=2i $ j þ 1=2;�1=2i).
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4. Results and discussion

4.1. 1D EDNMR

Fig. 3 shows the 13C and 31P region of Q-band EDNMR spectra of
different TC-aptamer samples (Fig. S4 contains full-range EDNMR
spectra). In the absence of any TC (Fig. 3, blue spectrum), two pro-
nounced 31P-hyperfine couplings with A31Pð1Þ ¼ 4:8 MHz and
A31Pð2Þ ¼ 9:3 MHz are visible. The small signal at the 13C-Larmor
frequency (m13C ¼ 12:7 MHz) is attributed to natural abundance
13C, which is reasonable, as a rather carbon-rich environment is
expected for RNA-coordinated Mn2+ ions.

The signal at 9 MHz is assigned to the high-frequency compo-
nent of a hyperfine-split 14N double quantum transition
(DmS ¼ �1;DmI ¼ �2, 2m14N ¼ 7:4 MHz), which is plausible, as
Mn2+-coupled 14N nuclei exhibit a rather large quadrupole cou-
pling [46] and therefore have an intrinsically high probability for
forbidden transitions. The EDNMR spectrum in the presence of
TC (Fig. 3, red spectrum) is essentially identical to the one in the
absence of TC. Upon addition of 13C-labeled TC (Fig. 3, green spec-
trum), the signal around the 13C-Larmor frequency is enhanced.
Besides the 13C signal, however, all EDNMR spectra are very
similar.

31P couplings are expected for Mn2+-containing RNA systems, as
the negatively charged phosphate groups of the RNA backbone
coordinate the positively charged Mn2+ ion. The difference of
4.5 MHz between the two observed phosphorous couplings is
due to different values for the isotropic hyperfine coupling, aiso.
For a typical Mn2+-31P first coordination sphere distance of
0.3 nm, a dipolar hyperfine coupling, T, of 1.18 MHz is expected,
which cannot explain the splitting of either 4.8 or 9.3 MHz. Inter-
estingly, values similar to A31Pð1Þ and A31Pð2Þ have already been
reported in literature for Mn2+-containing RNA systems
[25,16,17,28]. A DFT and hyperfine study on Mn2+-phosphate com-
plexes recently also revealed a considerable impact of the pH value
on the magnitude of the isotropic hyperfine coupling aiso [47].
Kaminker et al. attributed the larger phosphorous coupling of
� 9 MHz to single-stranded RNA (ssRNA) [17]. In our case, we
observed an increase in intensity for the outer phosphorous cou-
pling and a decrease in intensity for the inner phosphorous cou-
pling after several freeze-thaw cycles (Fig. S5). The intensity of
the carbon signal, originating from 13C-TC, decreased as well. As
it is generally known that several freeze-thaw cycles lead to degra-
Fig. 3. Q-band 1D EDNMR spectra of different Mn2+ complexes. Blue: TC-aptamer
with Mn2+, red: TC-aptamer with Mn2+ and TC, green: TC-aptamer with Mn2+ and
13C-labeled TC. Only the 13C and 31P regions are shown. Larmor frequencies of these
nuclei are indicated with dashed lines. Two distinct 31P-hyperfine couplings are
visible. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
dation of RNAs and therefore to a higher percentage of shorter
ssRNA fragments, these findings are in line with the results of
Kaminker et al. [17].

Full-range EDNMR spectra (Fig. S4) reveal different 55Mn line-
widths for the samples presented in Fig. 3. Samples containing
unlabelled TC and 13C-labeled TC exhibit a broader 55Mn linewidth
than a sample containing RNA and Mn2+. A different lineshape is
expected as coordination of TC to Mn2+ should lead to a slightly dif-
ferent coordination geometry, e.g., a different hyperfine coupling, a
different hyperfine strain and/or a different quadrupole
interaction.

Although a clear 13C EDNMR signal is observed (Fig. 3) and sub-
tle differences in the 55Mn EDNMR regions are visible (Fig. S4), it
cannot be deduced from these spectra if TC actually coordinates
to the RNA at equimolar RNA/Mn2+/TC concentration regimes. For
instance, it is known that TC coordinates free Mn2+ ions with a dis-
sociation constant of approximately KD � 100 lM [22,23], that
could compete with the coordination of TC to the RNA.
4.2. 31P-Davies ENDOR and 13C-Mims ENDOR

Fig. 4A shows Q-band 31P-Davies ENDOR spectra of samples
whose EDNMR data were already shown in Fig. 3. All Davies
ENDOR spectra are essentially identical. Whereas the outer hyper-
fine coupling A31Pð2Þ displays the expected axial Pake doublet, an
interpretation of the isotropic-looking shape of the inner hyperfine
coupling A31Pð1Þ is more difficult. It is known that a superposition
of hyperfine couplings of different magnitudes leads to a rather
isotropic-looking lineshape [47].

A simulation of experimental Davies ENDOR spectra, using the
MATLAB toolbox EasySpin [48], required at least four rhombic
components for A31Pð1Þ and one axial component for A31Pð2Þ to
achieve a good agreement between experimental and simulated
data (Fig. S6). The simulation yielded hyperfine coupling constants
of aisoð1Þ ¼ 2.8–4.8 MHz and Tð1Þ ¼ 0.8–0.9 MHz for the inner
hyperfine coupling, and coupling constants of aisoð2Þ ¼ 9:5 MHz
and Tð2Þ ¼ 1:1 MHz for the outer hyperfine coupling (Table S1).
Assuming the point-dipole approximation, the dipolar hyperfine
couplings translate into 31P-Mn2+ distances of r ¼ 0.33–0.34 nm
(inner coupling) and r ¼ 0:31 nm (outer coupling). Theses dis-
tances are in excellent agreement with the extracted 31P-Mn2+ dis-
tances from the crystal structure [3]. However, the distances
cannot be assigned to specific Mn2+ binding sites of the TC-
aptamer, as the differences of the different crystal structure dis-
tances are to small (Figs. S7 and Table S1).

Fig. 4B shows Q-band 13C-Mims ENDOR spectra of a sample
containing the TC-aptamer, Mn2+ and 13C-labeled TC (green spec-
trum) and a sample containing just Mn2+ and 13C-labeled TC (violet
spectrum). The spectrum of the free Mn-TC complex is very similar
to the spectrum of the sample containing the TC-aptamer. Both
spectra feature two hyperfine couplings: a larger one, whose Pake
doublet shape is slightly smeared out by the Mims ENDOR blind-
spot function (depicted as a dashed grey line in Fig. 4B), and a
smaller hyperfine coupling with a splitting of approximately 0.2
MHz. Mims ENDOR spectra with different s values did not reveal
less blindspot-distorted Mims ENDOR spectra (Fig. S9). Simulations
of the Mims ENDOR spectra convoluted with a Mims ENDOR
blindspot-function are presented in Fig. S9. For the outer hyperfine
coupling, two different hyperfine tensors yielded equally good
results (possibility one: aiso;1 ¼1:3MHz;T1 ¼0:6MHz;r1 ¼0:32nm,
possibility two: aiso;2 ¼0:4MHz;T2 ¼1:2MHz;r2 ¼0:37nm). Mims
ENDOR experiments with the magnetic field on-resonance with
outer electron transitions [49] (Fig. S10), VMT Mims ENDOR exper-
iments [50] (Fig. S11) and DFT-calculations (Figs. S12 and Table S2)
favour possibility one (aiso > T) over possibility two.



Fig. 4. (A) Q-band 31P-Davies ENDOR spectra of different Mn2+ complexes. Blue: TC-aptamer with Mn2+, red: TC-aptamer with Mn2+ and TC, green: TC-aptamer with Mn2+ and
13C-labeled TC. (B) Q-band 13C-Mims ENDOR spectra of different Mn2+ complexes. Purple: Mn2+ with 13C-labeled TC, green: TC-aptamer with Mn2+ and 13C-labeled TC. A s
value of 330ns was used. The Mims ENDOR blindspot function is shown as a dotted grey line. Larmor frequencies of 13C and 31P are indicated with dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Both spectra in Fig. 4B are proof for binding of TC to Mn2+, how-
ever, the binding of TC to the RNA via Mn2+ cannot be deduced
directly from the Mims ENDOR spectra.

4.3. 2D EDNMR

In order to address the question of the binding of Mn2+ to the
aptamer and TC we performed Q-band 2D EDNMR measurements
on samples with 13C-labeled TC and unlabeled TC. Whereas the
labeled sample should feature 13C-31P cross peaks in the case of
simultaneous binding of TC to the RNA via Mn2+, no such signals
should be present in the unlabeled sample. Fig. 5A shows the
minus-plus and plus-plus quadrant of a sample containing RNA,
Mn2+ and unlabeled TC. The minus-minus and plus-minus quad-
rant are not shown, as they contain redundant information. Strips
to the left and above the 2D EDNMR spectrum show 1D EDNMR
spectra with no correlation signals. The plus-plus quadrant is char-
acterized by 31P self-correlations signals on the diagonal. The infor-
mation content is similar to a 1D EDNMR spectrum, but with a
slightly higher spectral resolution.

The signals close to the central blindspot at (5.0,5.0) MHz are
assigned to 14N self-correlation signals. We exclude the possibility
of these signals being an artifact stemming from an incomplete
central blindspot removal by the background correction procedure.
In such a case, the signals at (�5.0,5.0) MHz in the minus-plus
quadrant should be equally intense.

The minus-plus quadrant of Fig. 5A is characterized by negative
cross peaks of the two nuclear spin manifolds of the inner phos-
phorous coupling at (�22.9,18.1) and (�18.1,22.9) MHz. Negative
cross peaks with the phosphorous matrix signal at 20.8 MHz are
also visible. No cross peaks of the outer phosphorous couplings
could be detected. In contrast to previous work by Kaminker
et al. and Ramirez-Cohen et al. [39,43], negative cross peaks are
solely confined to the minus-plus quadrant. This behavior was also
observed for less complex Mn2+ compounds, such as Mn2+ with
inorganic phosphate (Mn-Pi) andMn-13C-DOTA (Figs. S16 and S17).

More signals appear at (�5.0,18.1) and (�5.0,22.9) MHz in the
minus-plus quadrant and at (5.0,18.1) and (5.0,22.9) MHz in the
plus-plus quadrant. Originally these signals were assigned to
14N-31P cross peaks. However, these signals do not show up in
the other frequency domain, e.g., (18.1,�5.0) MHz. In addition,
one would expect negative cross peaks for heteronuclear 2D
EDNMR spectra (Fig. 2F). These cross peaks also have a rather unu-
sual shape, as they point in a ‘‘cross-like” manner toward the phos-
phorous Larmor frequency.
Litvinov et al. attributed similar signals in a recent 2D EDNMR
and THYCOS study to off-resonance effects of the ELDOR pulse
[42]. In line with these findings we observed similar cross peaks
for a sample containing Mn-Pi, which should not contain any 14N
resonances. For Mn-13C-DOTA and [Mn(H2O)6]2+, which contain
no 31P resonances, no signals due to off-resonance effects are visi-
ble for the frequency range shown in Fig. 5 (Figs. S17 and S18).

The plus-plus quadrant of a sample with 13C-labeled TC (Fig. 5B)
is almost identical to the 2D EDNMR spectrum with unlabeled TC,
with the only difference being the large 13C self-correlation signal
for the labeled sample. The minus-plus quadrant of a 13C-labeled
sample is characterized by a positive signal at (�12.7,12.7) MHz.
As the 13C-hyperfine coupling is rather small, and the intensities
of the different 13C nuclear spin manifolds do severely overlap
(Fig. 4B), one only sees a single signal at the 13C-Larmor frequency
(instead of two signals as seen for 31P). The most striking differ-
ences between Fig. 5A and B are, however, 13C-31P cross peaks at
(�18.1,12.7) and (�12.7,18.1) MHz. Cross peaks of 13C and 31P
matrix signals are visible at (�20.8,12.7) and (�12.7,20.8) MHz.
These cross peaks are a clear sign that TC binds to the TC-
aptamer, even at 1 mM Mn2+.

It should be noted, that not all signals (and their intensities) in
the 2D EDNMR spectra are completely understood. It is for exam-
ple unclear why 13C correlation signals of 13C-TC in the minus-
plus quadrant are positive (Fig. 5B), whereas the 13C correlation
signals of Mn-13C-DOTA in the minus-plus quadrant are negative
(Fig. S17). Different cross-relaxation rates and magnitudes of the
hyperfine coupling could be an explanation.

Surprisingly, the contour plot in Fig. 5B does not show any cross
peaks for the 31P coupling at 22.9 MHz at (�22.9,12.7) and
(�12.7,22.9) MHz. In order to get a better insight into 13C-31P cross
peaks, we therefore recorded 2D EDNMR slices with an increased
resolution and signal-to-noise ratio. Selected 2D EDNMR slices
with Dm2 on-resonance with either the phosphorous nuclear spin
manifold at 18.1 MHz or at 22.9 MHz are shown in Fig. 6A and B,
respectively. Again, slices for a sample with 13C-labeled TC (green
spectra) and unlabeled TC (red spectra) are shown.

The signals at �5.0 and 5.0 MHz in Fig. 6A and B are the ‘‘cross-
like” signals in Fig. 5A and B due to off-resonance effects of the first
ELDOR pulse, while the second ELDOR pulse is exciting a phospho-
rous transition. It should be noted, that the relative intensities of
these signals are reproducible (the signal at �5.0 MHz has a higher
intensity than the one at 5.0 MHz if the phosphorous transition at
18.1 MHz is excited and vice versa). The reason for this is currently
unclear.



Fig. 5. Background-corrected Q-band 2D EDNMR spectra. (A) TC-aptamer with Mn2+ and TC, (B) TC-aptamer with Mn2+ and 13C-labeled TC. Only the minus-plus and plus-plus
quadrant are shown, as the plus-minus and minus-minus quadrant look identical. Strips to the left and above the 2D EDNMR spectrum show 1D EDNMR spectra that are free
of any correlation signals. Black arrows label expected frequency offsets for 13C-31P correlation signals. Dotted grey lines correspond to chosen 2D EDNMR slices that were
recorded with a higher resolution and a better signal-to-noise ratio (Fig. 6). Primary 2D EDNMR spectra and all four quadrants of background-corrected 2D EDNMR spectra are
presented in the Supporting Information (Figs. S13–S15).

Fig. 6. Individual slices of the Q-band 2D EDNMR spectra shown in Fig. 5 recorded with higher resolution and a better signal-to-noise ratio. (A) 2D EDNMR slices with the
frequency of the second ELDOR pulse set to 18.1 MHz. (B) 2D EDNMR slices with the frequency of the second ELDOR pulse set to 22.9 MHz. In both cases, the frequency of the
first ELDOR pulse was varied. The slices presented in this figure correspond to horizontal slices in Fig. 5 (marked by dashed lines in Fig. 5). Red: TC-aptamer with Mn2+ and TC,
green: TC-aptamer with Mn2+ and 13C-labeled TC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Q-band THYCOS spectra of different Mn2+ complexes. Red: TC-aptamer with
Mn2+ and TC, green: TC-aptamer with Mn2+ and 13C-labeled TC. The RF pulse was
used to sample the 31P region, whereas the frequency offset Dm1 of the ELDOR pulse
was kept fixed at either 12.7 MHz, 13.7 MHz (13C region) or 35.0 MHz (off-
resonance). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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For 31P, the expected signal pattern for a homonuclear 2D
EDNMR is observed (Fig. S2), that is, a positive 2D EDNMR signal
for the 31P nuclear spin manifold that gets excited by Dm2 at posi-
tive Dm1 values (e:g., Dm1 ¼ Dm2 ¼ 18:1 MHz), and a negative 2D
EDNMR signal for the nuclear transition in the other electron spin
manifold at negative Dm1 values (e:g., Dm1 ¼ �22:9 MHz).

The 13C-31P cross peak for a labeled sample at �12.7 MHz in
Fig. 6A (Dm2 ¼ 18:1 MHz) was already clearly visible in the 2D
EDNMR spectrum in Fig. 5B at (�12.7,18.1) MHz. Fig. 6B shows a
clear 13C-31P cross peak for a labeled sample at �12.7 MHz as well
(Dm2 ¼ 22:9 MHz). This cross peak at (�12.7,22.9) MHz was not
visible in the complete 2D EDNMR spectrum in Fig. 5B, which is
probably due to a combination of an insufficient signal-to-noise
ratio and a too small number of contour levels.

Based on 2D EDNMR data alone, it is difficult to make state-
ments about cross peaks involving the outer 31P-hyperfine cou-
pling. The 31P-31P cross peak at negative frequency offsets in
Fig. 6B covers an area ranging from approximately �21 to
�15.5 MHz. The self-correlation signal of the inner 31P coupling
at �18.1 MHz therefore obscures a potential correlation signal of
the inner 31P coupling and the outer 31P coupling which should
appear at �15.9 MHz.

4.4. THYCOS

To substantiate our 2D EDNMR results, we also performed THY-
COS experiments. Although THYCOS is inferior to 2D EDNMR in
terms of sensitivity, it offers the advantage that no background cor-
rection is needed. If the initial ELDOR pulse is off-resonance to any
transition (forbidden or allowed), the RF pulse will have no effect,
as the different nuclear spin levels within one electron spin mani-
fold are almost equally populated.

Homonuclear 31P-31P THYCOS yielded the expected peak inten-
sities, that is, a negative THYCOS signal for the 31P nuclear spin
manifold that gets excited by the ELDOR pulse, and a positive THY-
COS signal for the 31P nuclear spin manifold that is not getting
excited by the ELDOR pulse (Fig. S19). A THYCOS effect is observed
for the inner as well as for the outer 31P-hyperfine coupling. How-
ever, no correlation is observed between these two hyperfine
couplings.

For heteronuclear 13C-31P THYCOS, we irradiated the 13C-
EDNMR signal with the ELDOR pulse and sampled the 31P region
with the RF pulse. The reason for that is that the 13C-EDNMR signal
is larger than the 31P-EDNMR signal, which should therefore give a
more intense THYCOS signal. Fig. 7 shows THYCOS spectra of sam-
ples with unlabeled TC (red spectra) and 13C-labeled TC (green
spectra). As expected, no signal is visible for the unlabeled sample,
if the ELDOR pulse is on-resonance with the 13C-Larmor frequency
(12.7 MHz) or if the ELDOR pulse is off-resonance with any allowed
or forbidden transition (35 MHz).

For the 13C-labeled sample, however, clear correlation signals
are visible for the inner 31P-hyperfine coupling if the ELDOR pulse
is on-resonance with the 13C-Larmor frequency (12.7 MHz). There-
fore, the THYCOS spectra confirm the interpretation of the previous
2D EDNMR results. Due to the lower sensitivity of THYCOS, no
13C-31P cross peaks involving the outer 31P-hyperfine coupling
could be detected. The relative intensities of the THYCOS signals
at 18.1 and 22.9 MHz even match the relative intensities of the
2D EDNMR signals. For both, 2D EDNMR and THYCOS, a smaller
13C-31P correlation signal intensity is observed if the 31P transition
at 22.9 MHz is excited (in comparison to the correlation signal
involving the 31P transition at 18.1 MHz).

Fig. 2E shows that only a single peak is expected for a heteronu-
clear THYCOS. As the 13C-hyperfine coupling is, however, rather
small, and the intensities of the different nuclear spin manifolds
are known to overlap near the 13C-Larmor frequency, the actual
THYCOS spectrum is therefore a superposition of two simultane-
ously excited THYCOS signals. As expected, the symmetry is lifted
if the frequency offset of the ELDOR pulse is moved further away
from the 13C-Larmor frequency (e:g., from 12.7 to 13.7 MHz, Fig. 7).

The asymmetric THYCOS spectrum recorded with
Dm1 ¼ 13:7 MHz allows the determination of the sign of the
13C-hyperfine coupling. As it is known that the isotropic hyperfine
coupling of phosphorous is positive [42], the signal at 18.1 MHz
must stem from the nuclear transition in the jmS ¼ ai manifold.
Positive heteronuclear THYCOS signals involve two nuclear transi-
tions in different electron spin manifolds (Fig. 2C). The nuclear
transition excited at Dm1 ¼ 13:7 MHz must therefore stem from
the jmS ¼ bi manifold. If the nuclear transition in the jbi manifold
appears at higher frequencies, the isotropic 13C-hyperfine coupling
must be positive (assuming aiso > T), which is also in agreement
with outer-electron transitions ENDOR studies and VMT Mims
ENDOR experiments (Figs. S10 and S11).

If the ELDOR pulse is irradiated at Dm1 values lower than
11.7 MHz, negative signals in the phosphorous region begin to
appear (bold spectra in Fig. S20), which are reminiscent of signals
due to off-resonance effects of the ELDOR pulse that where already
reported by Litvinov et al. [42]. These signals start to build up
around Dm1 6 10 MHz, which perfectly agrees with the ‘‘cross-
like” signals observed in the 2D EDNMR spectra (Fig. 5A and B).
If 15N-labeled RNA is used instead of nitrogen-unlabeled RNA, the
negative THYCOS signals for a 15N-labeled RNA are identical to
the negative THYCOS signals for a nitrogen-unlabeled RNA (pale
spectra in Fig. S20). This supports the idea that these signals are
due to off-resonance effects and not due to 14N-31P correlation
signals.

5. Conclusion

To the authors knowledge, this is the first time that 2D ELDOR-
detected NMR and THYCOS are used to correlate 13C and 31P nuclei,
located on two different molecules, to the same electron spin
(Mn2+).
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2D-correlated hyperfine spectroscopy was able to show that TC
binds to a TC-aptamer via a Mn2+ ion at physiological divalent
metal ion concentrations of 1 mM. These results are in agreement
with a study by Reuss et al. [11]. Although ITC experiments and flu-
orescence spectroscopy provide similar information by measuring
thermodynamic parameters on a macroscopic scale, 2D EDNMR
and THYCOS reveal complementary data on an atomistic level by
directly investigating the nuclei and the electron spin incorporated
in the center of the ternary complex.

Out of the two 31P-hyperfine couplings, only the inner hyperfine
coupling A31Pð1Þ shows a clear correlation to 13C-TC. Making
statements about 13C-31P correlation signals involving the outer
31P-hyperfine coupling based on 2D EDNMR and THYCOS data
alone is difficult, as an insufficient resolution (2D EDNMR) or
signal-to-noise ratio (THYCOS) would hamper the observation of
such signals. The fact that 31P-31P THYCOS, however, shows clear
self-correlation of the outer and the inner 31P-hyperfine coupling
but no correlation signals between the outer and inner
31P-hyperfine coupling, underlines the hypothesis that both
31P-hyperfine couplings must interact with different Mn2+ ions.
In such a case, no 13C-31P correlation signals are expected that
involve the outer 31P-hyperfine coupling. This conclusion is in per-
fect agreement with the EDNMR-monitored freeze-thaw studies.

By using THYCOS, we were also able to determine the sign of
the 13C-hyperfine coupling of TC interacting with Mn2+. Within
the scope of this work, it is impossible to say howmuch of TC actu-
ally binds to the RNA. Monitoring the intensity of 13C-31P correla-
tion signals in TC titration experiments should, however, give
more insight into this question.

Although THYCOS and 2D EDNMR yield identical results, 2D
EDNMR comes with the advantage of being far more sensitive.
The total acquisition time of a complete 2D EDNMR spectrum
was around 12 h, whereas the single 1D THYCOS spectrum
recorded at Dm1 ¼ 12:7 MHz required an acquisition time of more
than 24 h. The acquisition time for a complete 2D EDNMR spec-
trum for a less concentrated sample will be uneconomical long.
However, if the nuclear species of interest is known, specific 2D
EDNMR slices can be recorded, that contain the information of
interest. The acquisition time for two 2D EDNMR slices (back-
ground slice and slice with nuclei of interest) was around 1 h. A
shortcoming of 2D EDNMR is its reduced resolution in comparison
to THYCOS, i.e., just as with 1D EDNMR signals, 2D EDNMR signals
will not contain any information about the anisotropy of the
hyperfine interaction. A good strategy is therefore to first perform
a (complete) 2D EDNMR experiment and then record chosen THY-
COS slices if the signal-to-noise ratio permits.

The implementation of non-linear frequency incrementation
would help to increase the signal-to-noise ratio of 2D EDNMR data
even further, as EDNMR spectra for a large part consist of baseline
regions, that typically need less data points for a sufficient sam-
pling than EDNMR signals. Such a feature is currently not imple-
mented into Bruker spectrometers.

This study could demonstrate that THYCOS and in particular 2D
EDNMR spectra or slices will be useful techniques to determine the
binding of two biomolecules or small molecules/ligands to a para-
magnetic transition metal, if no prior high-resolution knowledge
about the system is available.
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