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quality derived from the rigid spin label Çm is slightly bet-
ter than the data quality for the flexible UreidoTEMPO as 
judged by comparison of the structural agreement with the 
I-A aptamer crystal structure (3SKI).

Keywords Paramagnetic NMR · EPR · RNA · Spin 
labeling · Paramagnetic relaxation enhancement (PRE)

Introduction

In NMR and EPR studies, paramagnetic spin labels serve 
as versatile probes for structural biology studies (Otting 
2010a; Krstic et  al. 2012). As a result of the ~700 times 
larger magnetic moment of an electron compared to pro-
tons, long-range distance restraints extracted from quantifi-
cation of paramagnetic relaxation enhancement can supple-
ment conventional NOE based data (<6  Å) (Schmidt and 
Kuntz 1984; Bertini and Luchinat 1999; Bertini et al. 2008, 
2012; Madl et al. 2011). Due to their sensitivity, paramag-
netic relaxation enhancements (PREs) can provide insight 
into nonspecific encounter complexes (Iwahara et al. 2004; 
Blundell and Fernández-Recio 2006; Tang et  al. 2006), 
allow characterization of transient lowly populated states 
(Tang et  al. 2008; Clore and Iwahara 2009), and enable 
mapping of the conformational space (Ubbink et al. 2002; 
Tang et  al. 2007; Otting 2010b; Guan et  al. 2013). How-
ever, the incorporation of the paramagnetic species into 
the biomolecule remains a major challenge for PRE NMR 
while keeping both structure and function intact. The intro-
duction of nitroxide-based tags into proteins via cysteine 
residues (Kosen 1989; Gillespie and Shortle 1997; Bat-
tiste and Wagner 2000; Gaponenko et  al. 2000), encod-
able lanthanide binding tags (LBTs) (Wöhnert et al. 2003; 
Barthelmes et  al. 2011), or chemically attached metal-ion 
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chelators (Donaldson et  al. 2001; Dvoretsky et  al. 2002; 
Pintacuda et  al. 2004; Graham et  al. 2011), is well estab-
lished and widely applied (Liang et al. 2006; Hubbell et al. 
2013). Site-directed spin labeling methods and their appli-
cation for RNA, however, are comparatively rare. Although 
NMR structural and dynamic investigation of large RNAs 
are increasingly pursued, only few PRE studies on site-spe-
cifically labeled RNA have been reported to date (Ramos 
and Varani 1998; Wunderlich et  al. 2013; Helmling et  al. 
2014; Lebars et al. 2014).

Functional non-coding RNAs are involved in diverse 
cellular processes, such as RNA–protein interactions in 
ribosomes (Carter et  al. 2000) and spliceosome (Li et  al. 
2009; Mourão et  al. 2016; Bertram et  al. 2017), catalytic 
activities in ribozymes (Sashital and Butcher 2007), or 
genetic control in riboswitches (Breaker 2011; Serganov 
and Nudler 2013). Understanding the underlying mecha-
nistic principles makes structural and dynamic investiga-
tions of these RNAs and their subcomplexes very interest-
ing, yet challenging. In this context, PRE NMR can provide 
information on long-ranging conformational changes up to 
35  Å to complement short-range restraints obtained from 
NOEs yielding structural restrains within the 5–6 Å range 
(Iwahara et  al. 2007b). In long and elongated helical seg-
ments of RNA molecules, where NOE interactions are 
limited, PRE NMR can furthermore provide helpful long-
range information and reveal interhelical tertiary structural 
motions where the short ranging NOE is often limited.

Compared to spin labeling of proteins, such application 
for nucleic acids remains challenging due to the require-
ment of chemical synthesis to incorporate modifica-
tions. Therefore, the preparation of spin-labeled RNA is 
very costly and also sometimes infeasible for oligomers/
RNAs >40  nt. Nitroxide labeling of chemically synthe-
sized nucleic acids has been mainly developed for EPR 
studies, where comparably small amounts of material are 
needed (~2  nmol for cw-EPR vs. ~150  nmol for NMR). 
Several approaches for spin labeling at different sites have 
been reported in the literature. Site-specific introduction of 
nitroxides has been accomplished by solid-phase synthesis, 
introducing chemically modified phosphoramidites con-
taining the paramagnetic group (Spaltenstein et  al. 1988). 
Alternatively, convertible nucleosides have been used 
(Allerson et  al. 1997; Sicoli et  al. 2010; Höbartner et  al. 
2012) to incorporate the paramagnetic group post-syn-
thetically (Macosko et  al. 1999; Lebars et  al. 2014). Pos-
sible sites for spin labeling have been reported at the RNA 
backbone (Nagahara et al. 1992), the nucleobase (Qin et al. 
2003; Piton et  al. 2007; Shelke and Sigurdsson 2012), at 
the sugar ring (Edwards et al. 2001; Saha et al. 2015), and 
at the 5′- (Macosko et al. 1999; Wunderlich et al. 2013) or 
3′-terminus of RNAs (Caron and Dugas 1976). In particu-
lar, successful incorporation of spin labels has been shown 

on purine and pyrimidine residues with modification at 
position five of the base by Pd-catalyzed cross-coupling 
(Piton et  al. 2007) or at the 2′ position of the ribose unit 
(Saha et al. 2015). Furthermore, noncovalent labeling strat-
egies have been reported at abasic sites of nucleic acids 
(Shelke and Sigurdsson 2010; Shelke et al. 2014; Kamble 
et  al. 2016). Recent studies using DNA- and T4 RNA-
ligase-catalyzed ligation of transcribed and spin-labeled 
RNA fragments (Büttner et  al. 2013; Lebars et  al. 2014) 
show alternative ways to spin label RNAs, perfectly suited 
for EPR quantities. These methods, however, are compara-
bly costly for the production of amounts needed in NMR 
studies, and further require advanced chemistry and indi-
vidual optimization for every construct under investigation.

Here, we apply a previously established noncovalent 
spin labeling strategy (Helmling et  al. 2014) for the I-A 
aptamer (78 nt) from Mesoplasma florum (Kim et al. 2007), 
and incorporate two spin labels with different dynamic 
properties to compare structural restraints obtained from 
PRE NMR. We further compare PRE data derived from 
15N- vs. 13C-bound protons to investigate whether solvent 
exchange of imino protons can introduce a systematic error 
on the transversal PRE rate Γ2. The spin label was incorpo-
rated into the RNA by hybridizing a short spin-labeled oli-
gomer fragment (10 nt) to a larger RNA (68 nt). Our data 
show that valuable information can be obtained from spin-
labeled RNA and that rigidity of spin labels has a modest 
effect on structural data derived for NMR applications.

Materials and methods

RNA transcription, purification and sample 
preparation

Truncated RNA aptamers (68 nt) were prepared enzymati-
cally from linearized plasmids by in  vitro transcription 
(Stoldt et  al. 1998), and were further purified via HPLC. 
For transcription of the I-A aptamer with the truncated 
5′-end (68 nt), we used a 5′-hammerhead ribozyme (99 nt), 
and for transcription of the 3′-truncated I-A aptamer, a 
3′-hepatitis delta virus (HDV) ribozyme was used. RNAs 
were homogeneously folded by 5  min. denaturation at 
95 °C and concentrations of ~0.2  mM, followed by dilu-
tion with ten equiv. of ice-cold water and refolding on ice 
for 1  h. The RNA was then exchanged into NMR buffer 
(25 mM potassium phosphate, 50 mM potassium chloride, 
pH 6.2) in centrifugal concentrators (Vivaspin, MWCO: 
5000, Sartorius; 10 min., 6500×g, 4 °C). The purified and 
folded RNA was maintained at 4 °C to allow hybridization 
with the spin-labeled oligomer fragments. The oligomer 
fragment containing the rigid ring-fused nucleobase label, 
Çm, was synthesized by solid-phase synthesis (Shelke and 
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Sigurdsson 2012; Höbartner et  al. 2012). The oligomer 
fragment (10  nt) containing the flexible UreidoU-TEMPO 
group was prepared from 2′-amino (U) modified oligomer 
(Thermo Scientific Dharmacon) and 4-Isocyanato-TEMPO 
from precursor 4-amino-TEMPO (Sigma-Aldrich), accord-
ing to (Edwards and Sigurdsson 2007).

Gel shift assays

We performed polyacrylamide gel electrophoresis (PAGE) 
under native conditions to identify homogeneous folding 
of the purified RNA constructs and to investigate hybridi-
zation of the spin-labeled oligomer fragments. 12% poly-
acrylamide gels were run at 298 and 277  K with a run-
ning buffer composed of tris acetate (pH 8.0, 50 mM) and 
sodium acetate (100  mM). The applied power was kept 
below 1.5  W and water cooling was applied to prevent 
overheating. Gels were stained by incubation in GelRed™ 
(Biotium) for 15 min. and digitalized on a Gel iX imager 
(Intas).

Continuous wave (CW) EPR experiments

We performed CW-EPR measurements to analyze the spin 
labeling efficiency and the degree of hybridization of the 
oligomer fragments to the truncated I-A aptamer. Acquisi-
tion of spectra, simulation and fitting were performed using 
EasySpin (Matlab Toolbox) (Stoll and Schweiger 2006). 
Spectra were acquired in a sample volume of 20 µL con-
taining 100 µM of 68mer, 1.2 equiv. of 10mer, 2 equiv. of 
2′-deoxyguanosine (2′-dG), and 8 equiv. of  Mg2+. CW-
EPR measurements were performed at X-band frequencies 
(9.54  GHz) using a Bruker E500 spectrometer equipped 
with a TE102 cavity. Experimental parameters were set to 
100 kHz modulation frequency, 0.1 mT modulation ampli-
tude, 0.2  mW microwave power, 40.96  ms time constant, 
40.96 ms conversion time, 1024 points, 7 mT sweep width, 
20 scans. The EPR signal was acquired as the first deriva-
tive of the absorption signal. Fitting with EasySpin was 
performed assuming an isotropic model for the isolated 
TEMPO group and an anisotropic model for the isolated 
Çm group and spin label coupled to the oligomer fragments 
alone and hybridized to the 68mer fragments.

Prediction of palindromicity and hybridization energies

We predicted palindromicity and hybridization ener-
gies for up to 1024 oligomers, generated in Mathematica 
(Wolfram research) and determined their Gibbs energies 
for hybridization to the complement P1 sequence using 
the software ViennaRNA package (Mückstein et al. 2006) 
(Supplementary Table  S1). Furthermore, we determined 
the Gibbs energies for 10mer-10mer duplex formation 

to screen decamers with the lowest possible tendency to 
form dimer due to (partial) palindromicity (Supplemen-
tary Table S2).

NMR experiments

The RNA samples were prepared in NMR buffer (25 mM 
 K2HPO4/KH2PO4, 50 mM KCl, pH 6.2) containing 10% of 
 D2O. For each construct, 1.2 equiv. of oligomer, 2 equiv. 
of 2′-dG and 8 equiv. of  Mg2+ were added. The final sam-
ple volume of 280 µL further contained ~180 µM DSS as 
reference. PRE experiments measured on 350 µM samples 
with 1.2 equiv. of spin-labeled oligomer to avoid intermo-
lecular PREs. We used the slight excess of the spin label to 
compensate for errors in the concentration determination. 
Spin labels were reduced by adding 2 equiv. of freshly pre-
pared ascorbic acid. All NMR experiments were measured 
on Bruker AV600, AV700, and AV800 NMR spectrometer 
equipped with a 5 mm z-axis gradient TXI-HCN cryogenic 
probe. Processing of data was performed using the software 
Topspin 2.1, 3.2, 3.5 (Bruker BioSpin) and analysed with 
Sparky 3.114 (Goddard and Kneller 2008).

PRE rates and distance calculation

We measured two time-point experiments to determine 
transversal PRE rates on 13C- and 15N-bound protons 
derived from signal intensities, as reported in the lit-
erature (Iwahara et  al. 2007b). The presented two-time 
point approach has previously been discussed and does 
not require fitting procedures nor sophisticated error esti-
mations. 1HN-Γ2 rates derived from imino protons were 
acquired from interleaved 1H,15N-BEST-TROSY experi-
ments with spin-echo delays of 0.008 and 8.008 ms. 1HC-
Γ2 rates derived from adenine-H2 intensities were acquired 
in a similar manner from an interleaved 1H,13C-HSQC type 
experiment, based on a standard Bruker pulse sequence 
(hsqcetgpsisp2). The PRE delay in the C2-H2 experiment 
was identical to that of the 1H–15N experiment: 0.008 and 
8.008 ms. Experimentally determined PRE rates were con-
verted into distances as described in the literature (Bat-
tiste and Wagner 2000; Volkov et  al. 2006). The correla-
tion time τc of the PRE interaction vector was extrapolated 
to 15.2 ns, based on the rotational correlation time for the 
shorter wild-type I-A aptamer of 12.9 ns, determined with 
HYDRONMR (Garca de la Torre et  al. 2000) using the 
crystal structure of the I-A aptamer as structural model. For 
further estimation of the rotational correlation time of the 
PRE interaction vector, 1H-R1 and 1H-R2 measurements in 
the paramagnetic/diamagnetic state could be performed, as 
previously described (Gillespie and Shortle 1997).
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Evaluation of possible spin label positions

Possible spin labelling sites were evaluated theoretically 
by manual addition of the UreidoTEMPO group to the RNA 
crystal structure with PyMOL 1.7.6.3 (DeLano and Grosse-
Kunstleve). This structure was evaluated with a python 2.7 
script as follows. All possible rotamers were determined by 
rotation of the spin label around the flexible bonds connect-
ing the spin label and the RNA. Discarding all rotamers in 
which at least one distance between any atom of the RNA 
and any atom of the spin label was shorter than 1.5 Å, led 
to a rotamer ensemble that mapped the available volume of 
the spin label. The average position of the ensemble was 
subsequently used to measure the distance between the 
HSQC detectable nuclei and the electron. These distances 
were classified into three categories: <14  Å, between 14 
and 23 Å and >23 Å.

Results

Construct design, palindromicity and hybridization 
of the oligomer fragment

The wild-type sequence of the I-A aptamer containing an 
extended P1 helix by seven base pairs to allows hybridiza-
tion of the spin-labeled oligomer. To ensure hybridization 
of the oligomer, we performed computer simulations with 
the program RNAduplex (Lorenz et al. 2011) and screened 
10mer fragments for lowest hybridization free energies and 
relatively high intramolecular interaction energies (Supple-
mentary Table S1). We screened 1024 10mer sequences for 
the 5′-truncated 68mer and 256 oligomers for the 3′-trun-
cated 68mer, respectively. The spin label was positioned in 
close proximity to the binding pocked without disturbing 
the hybridization of the oligomer fragment. The oligomer 
sequence chosen for TEMPO labeling exhibits a calculated 
hybridization energy of −17.6 kcal/mol and palindromicity 
energy of +1.3 kcal/mol. Calculated hybridization energies 
for the rigid Çm-labeled oligomer account for −17.4 kcal/
mol and a relatively high energy of palindromicity of 
+3.8 kcal/mol (Supplementary Table S2).

The gel shift assay in Fig. 1c shows a clear decrease of 
the migration speed for the Çm10mer fragment in the pres-
ence of the 68mer fragment, suggesting formation of a sta-
ble complex. The TEMPO10mer forms a slightly less stable 
complex, as expected due to the larger duplex destabiliza-
tion of the TEMPO label (Edwards et al. 2001) in contrast 
to the rigid Çm label (Höbartner et al. 2012).

To analyze the fraction of spin-labeled oligomer not 
bound to an RNA (called: “solo”; supplementary material), 
an isotropic fitting procedure was performed based on com-
plete freedom of molecular tumbling in the unbound form, 

while for the analysis of rotational correlation time τr of the 
spin label bound to the 10mer fragment or the 78mer RNA, 
anisotropic fitting was performed. As expected, calcu-
lated τr values increased with the size of the molecule and 
rigidity of the spin label in the following order: TEMPO 
(solo) > Çm (solo) > TEMPO10mer > Çm10mer > TEMPO78mer 
> Çm78mer (Supplementary Table S3). Spin counting veri-
fied high spin labeling efficiency, and yielded concentra-
tions in excellent agreement with those determined by UV 
spectroscopy (NanoDrop).

NMR characterization and structural integrity hybrids 
vs. wt‑aptamer

Characterization of the complexes was performed by NMR 
spectroscopy. All solvent exchange protected imino protons 
of both complexes were identified by sequential walk in 
NOESY spectra (Fig.  2). Imino protons of U36 and U64 
were broadened beyond detection. The detection of all 14 
imino proton signals in helix P1 provided evidence for 
complete oligomer hybridization in agreement with results 
from native PAGE. Expected tertiary interactions in the 
ligand-bound states reported for U33, G38, G39 (loop–loop 
kissing) and G24, G46, G52 (binding pocket) were in 
agreement with the native I-A aptamer domain. Resonances 
for U27 and U41 could not be assigned unambiguously 
in the NOESY spectrum, but were assigned indirectly in 
13C-edited NOESY experiments (Supplementary Figure 
S5, S7). 15N-TROSY and 13C-HSQC experiments validated 
the assignment of all imino protons and aromatic adenine 
H2 resonances. Close structural similarity of the hybrids 
with the wild-type I-A aptamer (70 nt) was interfered from 
comparison of the resonance pattern in 15N-TROSY and 
13C-HSQC spectra. The spin-labeled 68 + 10mer complexes 
showed the same conformation as the native aptamer. Char-
acteristic reporter signals for the formation of the binding 
pocket (G24, G46, G52) and the resonance of the cognate 
ligand (2′-dG) showed full agreement in the spectral over-
lays. However, small chemical shift perturbations (CSP) 
were detected in the P1 stem caused by elongation of the 
lower part of the helix (Fig. 2).

PRE data

Transverse PRE rates (1H-Γ2) were determined for 
imino protons and aromatic adenine H2 cross peaks on 
the spin-labeled 68 + TEMPO10mer and 68 + Çm10mer 
systems. Since imino protons are well dispersed from 
aromatic and sugar protons, they serve as important 
reporter signals for RNA secondary and tertiary interac-
tions. However, to assess the inherent problem of solvent 
exchange, PRE rates were also determined for aromatic 
non-exchangeable adenine H2 resonances. Experimental 
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PRE rates were correlated to electron-nucleus distances 
extracted from the crystal structure (3SKI) (Fig.  3a, 
c) and to the residue number (Fig.  3b, d). The correla-
tion plots display a clear trend of 1H-Γ2 reduction with 
increasing SL—nucleus distances. Fitting was per-
formed using a power function a × x−b. Our data follows 

a distance dependence of  r−6.1±0.7 for the TEMPO labeled 
78mer and  r−5.9±1.1 for the Çm labeled complex, which is 
in good agreement with the expected NMR parameter. 
Overlapping peaks did not yield reliable PRE intensities 
and were therefore excluded from analysis. U17 and U18 
show significantly lower PRE rates than theoretically 

Fig. 1   a Secondary structure of 5′-truncated 68mer + paramag-
netic Çm10mer. b Secondary structure of 3′-truncated 68mer + para-
magnetic TEMPO10mer. c 12% native polyacrylamide gel illustrat-
ing complex stability. 1: I-A 5′-truncated 68mer; 2: I-A 5′-truncated 
68mer + 10mer; 3: I-A 5′-truncated 68mer + Çm10mer; 4: I-A 3′-trun-
cated 68mer; 5: I-A 3′-truncated 68mer + 10mer; 6: I-A 3′-truncated 
68mer + TEMPO10mer. Gels were run at 277  K for 6  h at a maximal 

power of 1.5  W. d CW-EPR spectra: TEMPO10mer fragment (black) 
and in complex with 68mer forming the TEMPO78mer construct (red), 
and CW-EPR spectra of the Çm10mer fragment (blue) and in complex 
with 68mer RNA forming the Çm78mer system (green). Rotational 
correlation times were determined by EasySpin least square fitting 
(Stoll and Schweiger 2006) and are indicated accordingly
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calculated: U17 (16.05 vs. 588.12  Hz); U18 (29.78 vs. 
147.99 Hz). The reason for that could be that both resi-
dues are located at the terminal region of the hybridized 
oligomer. A slightly weaker base pair interaction in addi-
tion to internal dynamics could cause the lower values, 
which has a very pronounced effect on the transversal 

rates in close proximity of the spin label (<13 Å), due to 
the  r−6 distance dependence of the PRE rate.

Electron-nucleus distances calculated using the I-A 
aptamer crystal structure were correlated to the experimen-
tally determined PRE distances (Fig.  4). The agreement 
of the experimental PRE data with the crystal structure is 

Fig. 2  NMR characterization and overlay of HSQC spectra of the 
wt-aptamer and the ligand-bound I-A 68 + 10mer complexes trun-
cated at the 3′- or 5′-end, respectively. All NMR samples contained 
2 equivalents of 10mer, 2 equivalents of 2′dG, and 8 equivalents of 
 Mg2+ in NMR buffer. Spectra were acquired at 283  K with mixing 
times of 150 ms. a NOESY spectrum of the 3′-truncated 68 + 10mer 
system in the ligand-bound complex and a sample concentration of 
400 µM, recorded at 700 MHz. The assignment of P1 stem is marked 
in green, P2 in dark red, and P3 is color coded in blue. The loop–
loop interactions of L2 and L3 are highlighted in turquoise, and the 
interactions of the binding pocket are marked in magenta; b Overlay 

of 1H–15N-HSQC (IA-70mer, stabilized wild-type, blue) and 1H–15N-
TROSY (68 + TEMPO10mer, diamagnetic state, black) at 800  MHz. 
Orange labels indicate nucleotides that are either not present in the 
wild-type or shifted due to sequential alterations in the two aptam-
ers. Unlabeled residues containing the 15N isotope only in natu-
ral abundance are color-coded in green. c NOESY spectrum of the 
5′-truncated 68 + Çm10mer system in the ligand-bound complex 
and a sample concentration of 350  µM, recorded at 900  MHz. The 
color-coding for assignment is identical to (a). d Overlay of 1H–15N-
HSQC (I-A-70mer, stabilized wild-type, blue) and 1H–15N-TROSY 
(68 + Çm10mer, diamagnetic state, black) at 800 MHz
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slightly better for the system with rigid Çm group (94.1 vs. 
88.9%).

Discussion and conclusions

In this contribution, we compared the quality of PRE 
data derived from two spin labels with different dynamic 
properties in large RNAs using the I-A riboswitch 
aptamer domain (78 nt) from M. florum. To optimize for-
mation of a stable complex, we engineered oligomer frag-
ments with favorably low hybridization energies and high 

palindromic barriers. In addition, we investigated differ-
ences in PRE data quality of the rigid spin label (Çm) 
and the flexible UreidoTEMPO-group (UTM).

Imino‑ vs. aromatic protons for PRE determination

The majority of the PRE-derived long-range restraints in 
our studies were calculated from imino proton intensities. 
However, imino protons can be subject to solvent exchange 
processes, which could alter the intensities and potentially 
generate imprecise PRE data. Typically, imino exchange 
rates are determined by longitudinal inversion recovery 

Fig. 3  Transverse PRE rates determined in construct 
68 + TEMPO10mer and construct 68 + Çm10mer, respectively. a, c Illus-
trate the 1HN-Γ2 and 1HC-Γ2 rates calculated from imino and adenine-
H2 protons for both systems correlated with distances extracted from 
the crystal structure of the I-A aptamer. Fitting of data points was 

performed with a power function a × x−b. Errors of the rates were 
calculated from S/N ratios acc. to (Iwahara et al. 2007a) and can be 
reviewed in Supplementary Table S6 and S7. b, d Illustrate the 1H-Γ2 
rates of the I-A 68 + TEMPO10mer (b) and I-A 68 + Çm10mer (d) cor-
related with the residue number
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experiments. The corresponding apparent exchange rates 
of base paired imino protons cover a range between ~3 and 
6 Hz (Fürtig 2007; Buck et al. 2007), carrying an additional 
term due to dipolar cross-relaxation. Taking this contribu-
tion into account, the net imino proton exchange rate,  kex,net 
(T) is within a range of <1  Hz (Steinert et  al. 2012) and 
much smaller. Consequently, the PRE rates determined on 
imino rates for sites in stable secondary structure elements 
should not be significantly altered by solvent exchange. 
This assumption was supported by PRE data obtained from 
non-exchangable aromatic protons (Ade-H2). Data for aro-
matic protons are consistent with PRE-derived distances 
from imino protons (Supplementary Table  S4). Hence, 
we conclude that 1HN-Γ2 rates can be reliably determined 
based on imino-protons. Regarding practical applications, 
imino protons represent easier targets for PRE applications. 
In contrast, the biochemical, experimental, and computa-
tional effort for PRE analysis of aromatic protons is much 
higher in systems of comparable sizes (≥70 nt). In particu-
lar, assignment of imino resonances is not as time-consum-
ing as characterization of aromatic protons, and aromatic 
resonances are subject to a smaller range of signal disper-
sion, compared to imino protons.

Flexible UTM vs. rigid Çm spin label

As expected, the rigid Çm label incorporated via Wat-
son–Crick base pairing exhibits a higher degree of 

structural homology to the I-A aptamer crystal structure 
(3SKI) (Supplementary Table  S6, S7). We conclude that 
the rigid Çm label yields higher quality PRE data compared 
to the flexible Ureido-linked TEMPO group. However, flex-
ible TEMPO labels have been widely applied in the past 
for structural studies and doubtlessly produce useful long-
range data. The additional degree of freedom needs to be 
accounted for by increasing the bounds for structure calcu-
lation, while rigidly attached spin labels, as the Çm group 
are expected to produce more precise structural data.

Area of application

This spin labeling approach works well if the area of inter-
est is locally restricted. Distances within the affected area 
of the spin label can easily be evaluated and we showed 
that 7–9 specific restraints can be acquired per spin label. 
For de novo structure elucidation, however, one must intro-
duce more spin label sites to be able to derive the global 
folding of the RNA. Therefore, we analyzed different pos-
sible spin labeling sites for the UreidoTEMPO group. Under 
the assumption that one part of the RNA is spin- but not 
isotope-labelled and the other part is only isotope labelled, 
we considered several constructs that are accessible by liga-
tion (for the exact labeling scheme see SI). Table 1 summa-
rizes the number of possible restraints in the range of the 
spin label. The number of available specific restraints per 
spin label varies from 11 for the UreidoTEMPO-U27 to 3 for 
the UreidoTEMPO-U55. The isotope labeling scheme plays 
a crucial role for the number of detectable restraints, since 
only part of the RNA is isotope labelled. For example, for 
the spin label in the U55 position nine distances would not 
be detectable due to the lack of isotope labeling of those 
nuclei. With multiple spin labels distributed throughout 
the RNA, the general folding of the RNA aptamer could be 
mapped. As the experimentally determined restraints cover 
mostly the P1 helix of the aptamer, the additional spin label 

Fig. 4  Correlation of experimentally determined distances with cal-
culated distances on the crystal structure (3SKI). Red SL-nucleus 
distance simulated from the TEMPO-labeled crystal structure. Light 
blue SL-nucleus distance experimentally determined on the TEMPO-
labeled construct by NMR. Purple SL-nucleus distance simulated 
from the Çm-labeled crystal structure. Dark grey SL-nucleus dis-
tance experimentally determined on the Çm-labeled construct by 
NMR. The grey box indicates the PRE detection limit of nitroxide 
spin labels (~14–23 Å). The asterisks indicate experimental distances 
which would correspond to distances of at least 23 Å in structure cal-
culations, hence rates below 5 Hz, therefore within the error of sig-
nal-to-noise

Table 1  Summary of the quantity of possible restraints from differ-
ent spin labeling sites, considering evaluation of imino protons and 
aromatic 13C coupled protons

14–23 Å
15N

14–23 Å
13C

<14 Å
15N

<14 Å
13C

U27 7 4 0 1
U41 3 2 0 0
U45 4 6 3 3
U55 1 2 0 2
U77 8 3 2 7
U20 7 4 1 6
U68 5 5 0 5
C40 3 5 0 2
C43 4 5 5 4
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positions should cover the P2 and P3 helices. Suitable posi-
tions would be U20, U68 or C40 (for more details see Sup-
porting Figure S8).

Conclusion

The presented data cross validate the approach of nonco-
valent spin labeling by implementing spin labels to differ-
ent RNA systems containing helical segments of at least 
ten base pairs. We further showed the applicability of the 
rigid Çm spin label in addition to the flexible Ureido-
TEMPO group. In the context of structural studies, the 
rigid Çm label yields more accurate PRE data due to the 
absence of conformational flexibility within the paramag-
netic group. However, considerable experimental effort is 
required for Çm labeling, whereas UreidoTEMPO labeling 
can be performed in standard biochemical laboratories. 
For structural studies, multiple spin-labeled samples to 
cover distance space up to 23 Å are required. Assembly 
of these samples by noncovalent spin labeling through 
hybridization of nucleic acid single strands decreases the 
demand on biochemical ligation. Both isotope labeled 
strands (Helmling et  al. 2016) and chemically synthe-
sized strands containing spin labels have now become 
routinely available, allowing facile application of the pro-
posed strategy.
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