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Abstract

Recently, *N-detected multidimensional NMR experiments have been introduced for the investigation of
proteins. Utilization of the slow transverse relaxation of nitrogen nuclei in a >*N-TROSY experiment allowed
recording of high quality spectra for high molecular weight proteins, even in the absence of deuteration.

Here, we demonstrate the applicability of three >N-detected H-N correlation experiments (TROSY, BEST-
TROSY and HSQC) to RNA. With the newly established '®N-detected BEST-TROSY experiment, which
proves to be the most sensitive '°N-detected H-N correlation experiment, spectra for five RNA molecules
ranging in size from 5 kDa to 100 kDa were recorded. These spectra yielded high resolution in the N-
dimension even for larger RNAs since the increase in line width with molecular weight is more pronounced
in the 'H- than in the N-dimension. Further, we could experimentally validate the difference in relaxation
behavior of imino groups in AU and GC base pairs. Additionally, we showed that ®°N-detected experiments
theoretically should benefit from sensitivity and resolution advantages at higher static fields but that the latter

is obscured by exchange dynamics within the RNAs.



Introduction

Recently, the direct detection of heteronuclei in NMR spectroscopy of proteins® experienced a renaissance?,
mainly due to significant improvements in cryogenic probes and the availability of high magnetic fields. These
advances have made low-y nuclei detection schemes feasible even at relatively low sample concentrations
of around 0.5 mM34. Furthermore, the size of proteins under study is constantly increasing. This causes two
maijor difficulties: resonance overlap and line broadening. Line broadening is not only mediated by the mere
size of the molecule but also by the exchange of two or more conformational states as well as by base
catalyzed solvent exchange.

These problems are less severe for heteronuclei. Compared to protons, carbon- and nitrogen-nuclei exhibit
a wider frequency dispersion and a slower decay of signals due to intrinsically smaller transverse relaxation
rates?. In addition, solvent exchange does not directly affect the signals, even under unfavorable conditions
such as physiological temperature and pH°®.

The initial heteronuclei-detected NMR experiments for proteins focused on '*C direct-detection®’ and were
followed by direct-detected "N NMR experiments®'°. Particularly, the '®N-detected CAN and CON
experiments® as well as the hCAN experiment'® have proven their value in high resolution spectra. Despite
the lower gyromagnetic ratio, the CAN and CON experiments show a sensitivity comparable to their *C-
detected counterparts®. The hCAN experiment further increases sensitivity by 'H-excitation which goes along
with shorter proton longitudinal relaxation time and therefore offers the possibility for shorter inter-scan

delays™™.

Recently, it was shown that under certain experimental conditions the '"N-detected TROSY-HSQC
experiment applied to proteins is nearly as sensitive as its proton detected analogue'''2: First, the experiment
is performed on a large protein (MW > 42 kDa) since transverse relaxation rates increase faster for 'H- than
for >N-nuclei with molecular size. Second, the protein under investigation is non-deuterated which increases
'H transverse relaxation rates by another factor of three, whereas N relaxation rates stay unperturbed. This
reduces sample cost and permits NMR studies of proteins that cannot be expressed in E. coli. Third, salt
concentrations are increased to at least 200 MM NaCl mimicking in vivo conditions which reduces 'H-

sensitivity by approximately 50% but '>N-sensitivity only about 5%.

For nucleic acids, an analog suite of *C-detected experiments has been developed to correlate resonances
within the sugar-phosphate backbone or within the nucleobase''5. Due to the small proton chemical shift
dispersion in nucleic acids and the low proton density in this class of biomolecules these experiments are
beneficial. Further, they do not depend on the detection of the exchangeable imino proton resonances which
are only visible in stable secondary structures. '*C-detected NMR experiments are often less sensitive than
'H-detected experiments but they provide additional information about rather flexible regions of RNA.

Even though having a diverse set of NMR experiments at hand, with few exceptions'” the current molecular
size limit in investigation of RNA molecules is at approximately 150 nt using site specific labeling schemes™®.
However, the desired target size of biologically relevant RNA, e.g. long non-coding RNAs, often exceeds
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250 nt'®. The necessity to overcome the size limitation of the RNA under study prompted us to analyze the
applicability of not only '*C but also "N direct-detected NMR experiments to RNAs. So far, only one-
dimensional '°*N-detected experiments have been used to study RNAs?°22, For site-selective *N-labelled
sequences chemical shift differences upon addition of metal ions allowed the mapping of binding sites°.

We here apply '’N-detected HSQC' and TROSY'® experiments to RNA and develop an improved '°N-
detected BEST-TROSY. For the *N-detected BEST-TROSY experiment, we demonstrate application to five
RNAs ranging in size from 14 nt to 329 nt and investigate the effect of molecular size on resolution, sensitivity
and relaxation behavior in comparison to the 'H-detected BEST-TROSY experiment. As expected, we
observe a significantly faster increase in line width with molecular size for the signals in the 'H-dimensions.
Further, we analyze the effect of base pair type, chemical exchange and conformational equilibria on >N and
'H signal line widths. We can show that imino protons in AU base pairs exhibit smaller line widths compared
to GC base pairs in both, the 'H- and the '®N-dimension. Additionally, we show that resolution does not
improve when measuring at 950 MHz (22.3 T) in comparison to 800 MHz (18.8 T) spectrometers whereas
sensitivity is increased as expected according to the higher field strength.



Materials and methods

14 nt RNA

The uniformly 3C-"*N-labeled 14 nt RNA containing a cUUCGg tetraloop (5’-pppGGCACUUCGGUGCC-3’)
was prepared via in vitro transcription and purchased from Silantes (Munich, Germany). The 400 uM NMR
sample was dissolved in NMR buffer (25 mM potassium phosphate, pH 6.4) containing 10% D20. The
assignment of the imino protons was taken from the previously published resonance assignment (BMRB -
entry 5705),

40 nt RNA

The 3C-'*N-uridine labeled 40 nt RNA represents the expression platform of the 2’-dG sensing riboswitch of
Mesoplasma fluorum (5’-pppGGAAAGUUUCUUUUUAUGUCCAAAAGACAGAAAGAAACUU-3’). This RNA
was prepared from a PCR-amplified DNA fragment via in vitro transcription with T7 RNA polymerase as
described'®. The following description will therefore only contain deviations from this protocol. For PCR
amplification, a concentration of 0.5 pM of each primer was used. The transcription was performed under the
following conditions: 100 mM Tris-glutamic acid (pH 8.1), 2 mM spermidine, 20 mM dithiothreitol (DTT), 2%
(v/v) PCR mixture, 15 mM Mg(OAc)2, 7 mM of each rNTP, 20% (v/v) DMSO, 0.2 U/mL yeast inorganic
pyrophosphatase (YIPP, NEB) and 144 nM T7 RNA polymerase®. The NMR sample was further purified
using the published buffer exchange protocol?® and was transferred into NMR buffer (25 mM potassium
phosphate, pH 6.2) containing 8% D»>0O. The final RNA concentration was 2 mM.

47 nt RNA

13C-"*N-uridine labeled RNA encoding the 47 nt fluoride riboswitch from Bacillus cereus®” (5'-
pppGGCGAUGGUGUUCGCCAUAAACGCUCUUCGGAGCUAAUGACACCUAC-3) followed by a self-
splicing HDV ribozyme?® was prepared by run-off in vitro transcription from linearized plasmid DNA using T7
RNA polymerase as described?®. Co-transcriptional ribozyme self-cleavage released the Bacillus cereus
fluoride riboswitch RNA and ensured RNA 3’ end homogeneity. '*C->N-labeled rUTP was purchased from
Silantes (Munich, Germany).

The RNA was folded in the presence of 50 mM potassium acetate (pH 6.1) by denaturing at 95°C for
10 minutes and subsequent annealing on ice for 30 minutes. The folded RNA was incubated with 2.5 mM
EDTA for 10 minutes at room temperature to complex residual Mg?+ ions. The RNA was transferred into NMR
buffer (50 mM potassium acetate, pH 6.1) while stepwise diluting the EDTA to a concentration below 100 nM.
The NMR sample of the 47 nt RNA contained 1 mM RNA, 10 mM magnesium acetate and 7.5% D20 in
50 mM potassium acetate (pH 6.1). The resonance assignment of uridine imino protons was deduced from
'H,"H-NOESY, N-HSQC, H(N)CO and HNN-COSY spectra (unpublished data).

74 nt RNA



The 74 nt Spinach RNA (5-
pppGGGACCGAAAUGGUGAAGGACGGGUCCAGUGCUUCGGCAGUGUUGAGUAGAGUGUGAGCUCC
GUAACUGGUCCC-3’), which forms a stable complex with the fluorogenic ligand 3,5-dihydro-4-fluoro-
benzylidene-imidazolinone (DFHBI) featuring an internal RNA G-quadruplex®, was synthesized with T7 RNA
polymerase by in vitro transcription from with Smal (New England Biolabs) linearized plasmid and purified by
preparative polyacrylamide gel electrophoresis as described®'. '®N-labeled rUTP and rGTP were used
(Silantes, Germany), all other rNTPs were purchased from Carl Roth GmbH (Karlsruhe, Germany). DFHBI
was obtained commercially from Lucerna Inc. After purification, the RNA was folded by snap cooling in 5
volumes ice cold water after heating to 95 °C for 5 min. The RNA was transferred into HEPES buffer. The
final concentration of the NMR sample was 200 uM and it contained 5 mM DFHBI, 40 mM HEPES and
125 mM KCl in 8% D20 at a pH value of 7.5. NH-resonance assignment was inferred from 'H,"H-NOESY and
SN-HSQC data (unpublished data).

127 nt RNA

The adenine-sensing full length riboswitch, consisting of 127 nt (5-
GCUUCAUAUAAUCCUAAUGAUAUGGUUUGGGAGUUUCUACCAAGAGCCUUAAACUCUUGAUUAUGA
AGUCUGUCGCUUUAUCCGAAAUUUUAUAAAGAGAAGACUCAUGAAUUACUUUGACCUGCCG-3),
from Vibrio vulnificus®® was synthesized from a PCR amplified DNA template via in vitro transcription with T7
RNA polymerase as described?®. For 5 homogeneity of the construct, a 5’-hammerhead ribozyme was used.
The construct was purified using a DEAE column as described® and preparative polyacrylamide gel
electrophoresis according to standard protocols. The ®N-labeled nucleotides for transcription (rGTP and
rUTP) were purchased from Silantes (Munich, Germany) whereas all other rNTPs were purchased from Carl
Roth GmbH (Karlsruhe, Germany). The construct was folded in water for 5 min at 95°C at a concentration of
0.3 mM and was immediately diluted 10-fold with ice-cold water. The RNA was buffer-exchanged into NMR
buffer (25 mM potassium phosphate, 50 mM KCI, pH 6.2), and supplemented with 5 mM Mg?*, 10% D-O as
well as 100 uM DSS. The final concentration was 500 uM. This riboswitch was analyzed in absence and

presence of 1.4 eq '*C-"*N-labeled adenine. *C-'>N-labeled adenine was synthesized as described*.

329 nt RNA

The 3C-"*N-labeled 329 nt long RNA construct was prepared via in vitro transcription from linearized plasmid
as described?. It consists of 97 CUG triplets and includes a 5
(GGGAGACCGGCAGAUCUGAUAUCAUCGAUGAAUU) and a 3’ overhang (GGGG). The RNA was purified
as described®. For refolding of the construct a previously published protocol was used®®. The RNA was
transferred into NMR buffer (25 mM potassium phosphate, 50 mM potassium chloride, pH 6.4) containing
8% D20 and having a final concentration of 700 uM.

NMR spectroscopy
All >N-detected NMR experiments were carried out on an 800 MHz Bruker NMR spectrometer (18.8 T)
equipped with a 5 mm, z-axis gradient 3C, >N ['H]-TXO cryogenic probe ('*C, *N on the inner coil and 'H
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on the outer, '*C optimized). Using this probe, the sensitivity for low-gamma nuclei increases by factors of 2
or more in comparison to the respective sensitivity for low-gamma nuclei on a TCI probe. Reasons for this
sensitivity increase are a higher filling factor and cold preampilifiers for both nuclei. All 'H-detected NMR
experiments were conducted on an 800 MHz Bruker NMR spectrometer (18.8 T) equipped with a 5 mm, z-
axis gradient 'H ['*C, ®N]-TClI cryogenic probe ('H on the inner coil and *C,'®N on the outer, without cold >N
preamplifier). This change of spectrometer was necessary for reasons of comparison, since the probes are
similarly optimized for the respective nucleus. The ®N-detected BEST-TROSY experiments of the 14 nt,
127 nt and 329 nt RNAs were additionally performed on a 950 MHz Bruker NMR spectrometer (22.3 T)
equipped with a 5 mm, z-axis gradient '*C, "N ['H]-TXO cryogenic probe (°N optimized). All experiments
were carried out at 298 K. Recording of 'N-detected HSQCs was achieved using a standard pulse
sequence®” with additional *C-decoupling during acquisition. For the *N-detected TROSY-experiment, we
applied a pulse sequence published earlier for application to protein''. The ®°N-detected BEST-TROSY was
performed with a newly established pulse sequence (Fig 1) which is described in the text. For the 'H-detected
reference BEST-TROSY experiments, the standard pulse sequence was used (Topspin 3.5 pl6)32°. The w+-
and m-axis of the '®N-detected experiments were transposed in the Figures for better comparison with the
'H-detected equivalents. Signal-to-noise (S/N) ratios were determined from 1D rows of the 2D spectra using
the standard “sino” function (Topspin 3.5 pl6). The highest occurring value of the signal region is divided by
the RMSD of the noise region. Line widths were determined by processing the spectra without a filter function

in the respective direct dimension so that the maximal achievable resolution is not biased.



Results and discussion

Application of different °N-detected experiments

In this work, we conduct ®N-detected H-N correlation experiments to test their applicability for studying RNA
molecules of various size and dynamic properties. At first, we test different >N-detected pulsing schemes on
a well-characterized 14 nt hairpin RNA“,

We intend to utilize the slow relaxation properties of the ®*N-nucleus that should always exhibit longer T»
times than the 'H-nucleus in the slow tumbling limit, according to Redfield theory*'. To optimally sample the
FID in the respective experiments, we determine T times for 'HN and "®N" using Carr-Purcell-Meiboom-Gill
(CPMG) experiments. The NH T, times are in the range of 0.17 s (G9) to 0.29 s (G12).

The spread of the effective "HN -T» over all imino protons is typically large in RNAs. In the 14 nt hairpin RNA
they range between 0.02 s (G9) and 0.10 s (G12). If measured using pulse-sequences containing a CPMG
element that partly quenches the imino proton exchange, the HN T, times represent an upper limit of the
effective To. Nevertheless, for imino protons involved in stable Watson-Crick base pairs the spin-echo- and
CPMG-derived relaxation constants are similar (e.g. T25F = 0.075 s and T.°"M® = 0.066 s for residue G2).
Based on these T» times, the optimal acquisition times would sample the FID for at least 3*T», which results
in aqopt('®N) ~ 0.9 s and aqept('H) ~ 0.3 s. Since *C-decoupling must be applied in "®N-detected experiments
in double labelled samples, the acquisition time in the direct dimension must be limited to a maximum of 0.3 s
(corresponding here to 1*T») to prevent sample heating.

According to Rovnyak et al.*?, the maximum S/N ratio is reached at an acquisition time of 1.26*T» in the
indirect dimension. In turn, this reduces the achievable resolution but otherwise the S/N ratio per sampled
FID would decrease at longer evolution times.

Ultimately, recording the '°N-detected experiments with acquisition times of 0.3 s in the direct '*N- and
0.126 s in the indirect 'H-dimension will result in the best S/N ratio and achieve the maximum resolution in
the >N-dimension that is technically achievable.

These settings are used in the comparison of the different "®°N-detected H-N correlation experiments, namely
the '>N-detected HSQC, TROSY and BEST-TROSY experiment. The latter experiment represents a

modification of the previously published >N-detected TROSY experiment'' and increases the longitudinal

relaxation within the system by only exciting a subset of spins (pulse scheme|Fig 1). Therefore, all pulses on

the 'H channel were replaced by band-selective pulses. The bandwidth of the proton pulses was chosen to
cover only the imino-chemical shift range between 15 ppm and 9 ppm (~5000 Hz) where no other protons of
the RNA resonate. Further, it ensures that the water resonance is unperturbed and aligns along the z-axis at
all times during the experiment providing a reservoir of fast exchanging protons in magnetic equilibrium3. It
is necessary to achieve pure in-phase excitation with a single pulse to avoid significant phase corrections in
the indirect 'H-dimension. Therefore, EBurp2* shapes were used as selective 90° pulses. Further, due to
the short inter-scan delay (0.2 s), the field strength of the carbon decoupling during acquisition was reduced
by 50% compared to the standard TROSY experiment (from 3.6 kHz to 1.8 kHz). The use of shaped 180°-

pulses for the >N-channel is non-essential as there is no sensitivity increase detected. Pulses on >N were
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either applied as hard 180°-pulses or as band-selective Reburp2 shapes covering a bandwidth of ~3600 Hz
(44 ppm).

Comparison of the ®N-detected HSQC?*’, TROSY'", and BEST-TROSY experiment reveals the presence of
all expected imino resonances in all three experiments (Fig 2 B-D). The HSQC spectra additionally show all
expected cytidine amino-resonances (Suppl. Fig 1). Only the guanosine and adenosine amino-resonances
that are also difficult to observe in "H-detected experiments could not be observed in the '*N-detected HSQC
spectra.

The imino-nitrogens exhibit the narrowest line widths in the HSQC experiment. Those nuclei involved in stable
Watson-Crick base pairs have a mean "*N-LW(HSQC) = 4.9 + 0.6 Hz in this experiment, whereas for the two
TROSY experiments the measured width is larger (*’N-LW(TROSY) = 6.1 £0.8 Hz and "N-LW(BEST-
TROSY) = 6.4 £ 0.7 Hz). More strikingly, the difference is even larger for the N1-nitrogen of residue G9. Here,
the "N-LW(HSQC) is 4.9 Hz, whereas in both TROSY experiments larger line widths ("°N-
LW(TROSY) = 12.5 Hz and "®N-LW(BEST-TROSY) = 11.5 Hz) are measured.

Furthermore, the imino signal of G9 also exhibits the highest relative intensity in the ®N-detected HSQC
experiment compared to the other experiments, as shown in the 1D rows of Fig 2 A-D. Both, the high relative
intensity and the narrow line width are most probably mainly due to reduced susceptibility to base catalyzed
solvent exchange during the acquisition time, where for the HSQC-experiment a pure inphase °N coherence
evolves. From this observation for residue G9 we conclude a principally higher tolerance to solvent exchange
of the ®*N-detected HSQC experiment.

Nevertheless, within the different "®N-detected experiments, the relative S/N ratio per unit time increases
three-fold from the HSQC to the BEST-TROSY experiment (S/NSNHSQC - 1; G/NTSN-TROSY _ 4 4. G/N'SN-BEST-
TROSY = 2.9; Fig 2 A-D). Further, the overlay of 1D rows for the >N-detected TROSY and BEST-TROSY
experiments (Suppl. Fig 1) shows a comparable S/N ratio for the two spectra even though twice as many

scans (112 instead of 64) were acquired for the TROSY experiment.

Having established the BEST-TROSY as the most sensitive >N-detected H-N correlation experiment for RNA
molecules, we compare this experiment to its 'H-detected counterpart.

Optimal acquisition times for the 'H-detected BEST-TROSY experiment were derived similarly to the '°N-
detected experiments from the determined T» times and are 0.3 s (3*T>) in the direct 'H- and ~0.4 s (1.26*T>)
in the indirect '>N-dimension. To achieve the same resolution for the nitrogen resonances, both, the 'H- and
the >N-detected experiment were recorded with aqu('°N) = aqgwe(*®N) = 0.3 s (1*T2). As described above, the
acquisition time in the indirect 'H-dimension of the *N-detected experiment is reduced to 1.26*T> = 0.126 s;
this serves the purpose of this study, as we focus on evaluating resolution effects along '>N-dimensions.



Table 1 Acquisition parameters for 'H- and ">’N-detected BEST-TROSY experiments for the 14 nt RNA.

Parameter 'H-detected experiment | "*N-detected experiment | comment

aqu 0.3s 0.126 s 1*T, and 1.26*T>
adie 0.3s 03s 3"T2

SWE1 1946 Hz 3441 Hz

tdr 1168 867

ns 2 32

experimental time 0.5h 5h

S/N 70/30 20/10 mean / G9

To deconvolute peaks for the extraction of line width parameters we aim at S/N ratios =210 in both
experiments. This is reached with 2 and 32 transients per FID for the 'H- and ®N-detected BEST-TROSY
experiment, respectively. These settings of acquisition parameters, as summarized in Table 1, result in
experimental times of ~0.5 h and ~5 h for the 'H- and *N-detected experiments, respectively. This clearly
identifies the 'H-detected BEST-TROSY experiment as the more sensitive H-N correlation experiment. The
resolution in both experiments is equally high in the ®N-dimension and yields at our given sw('°N) of 35 ppm
a resolution of 1.7 Hz, allowing to resolve small homo-nuclear couplings present in RNA'’s nucleobases (Fig 2
A-C).

Application of the >N-detected BEST-TROSY experiment to increasingly large RNAs

As the promise of N-detection lies in narrow line width resulting from the slower decay of the ®N-signals,
we analyzed 'H- and "*N-detected BEST-TROSY spectra for a total of five different RNA molecules between
14 nt and 329 nt (Figs 2-4), corresponding to molecular weights from 5 kDa to 100 kDa.

Predicted rotational correlation times for RNAs with known three dimensional structures (using
HYDRONMR#*) range from 3 ns for small hairpins up to 60 ns for the 108 nt T-shaped IRES element*. Based
on these parameters of molecular tumbling, the calculated 'H-R: relaxation rates are by a factor of 2 larger

than the corresponding '°N-R: rates for RNAs containing only 40 nt (Fig 5 A). The experimental line widths

confirm the theoretical predictions (Fig 5|A) that the signals stay sharper for the °N- than for the 'H-dimension

with increasing molecular weight. While the average 'H-line widths increases 4-fold from 14 nt to 329 nt the

average °N-line widths only increases by a factor of two (Fig 5|B). Further, a differential line width effect for

the two Watson-Crick base pairs could be detected. For every RNA investigated here, signals for AU base
Fig 5|C and D).

The simulation of transverse relaxation rates shows that with increasing rotational correlation time, relaxation

pairs are sharper than signals for GC base pairs with respect to both 'H- and *N-line width

becomes more prominent for GC than for AU base pairs in both the 'HN- and the >N"-TROSY components

Fig 5|A). This arises on the one hand from differences in chemical shift anisotropies (CSA) of imino N and

'H for GC and AU base pairs, respectively. Here, for example, the absolute value for the >N"-CSA of a GC

base pair is ~10% higher than the corresponding CSA for AU base pairs (Suppl. Table 1) leading to increased
10



5NH transverse relaxation rates for GC base pairs*”“8. On the other hand, different 'HN-'H distances for GC
and AU base pairs result in different dipole-dipole relaxation and concomitantly higher 'HN transverse
relaxation rates for GC base pairs.

The analysis reveals for every RNA smaller than 100 kDa that the ®N-line widths are lower than 13 Hz. This
in conjunction with the high spectral resolution in the >N-dimension leads to resolution of a pseudo-doublet

structure of the imino-nitrogen resonances with the >N-detected BEST-TROSY experiment (see[Fig 2|B and

C). This splitting can also be resolved for a signal in the 'H-detected BEST-TROSY experiment while
recording the experiment with the same acquisition time in the indirect dimension by executing an unusual
high number of points (see Fig 2 A, Table 1). In Watson-Crick type base pairs, uridines and guanosines
exhibit a hydrogen-bond scalar coupling 2"Jnina/?"Jnant of ~6-7 Hz,*® which is larger than the intranucleobase
2Jnan1/2dninz scalar coupling of 2.2 Hz®C. These interactions — that are indirectly detectable in HNN-COSY
experiments* — result in a pseudo-doublet coupling pattern. For the 14 nt hairpin RNA, this coupling is
detectable for the resonances of all nucleobases involved in stable Watson-Crick base pairs (U11, G2, G10
and G12) for the N-detected BEST-TROSY experiment and for U11 in the 'H-detected BEST-TROSY

experiment using the same theoretical resolution in the respective '°N-dimension.

The same type of cross hydrogen bond scalar coupling can also be directly detected in the spectra of the

127 nt riboswitch RNA (Fig 3). The close-up of the spectra shows an intermolecular 2"Jxn coupling on the

signal of residue U51, which is the coupling between this residue and the '*C-"*N-labeled ligand adenine
(structural features of the ligand binding site are given in Fig 3 C). This splitting is not observed if the H-bond
acceptor is either not >N isotope labelled (as for all other residues in the 127 nt riboswitch) or if the hydrogen
bond acceptor is an oxygen atom (as it is the case for residue G9 in the 14 nt hairpin RNA). In contrast to the
inter-nucleotide coupling, a splitting due to the intra-nucleotide 2Jxn coupling is not resolved. Even for the
smallest RNA the line width in the ™N-dimension (AU base pair: 5.3 Hz; GC base pair: 6.8 Hz, as measured
in "N BEST-TROSY) exceeds the intra-base scalar coupling, rendering a direct resolution of this coupling

impossible.

Variations in line width

We also observe a significant variation of signal line widths for each investigated RNA. This effect is more
prominent for 'H- than for '*N-line widths. For example, for the three stably structured RNAs, the 14 nt hairpin
RNA, the 74 nt Spinach RNA and the 127 nt adenine-sensing riboswitch (holo-conformation), the 'H-line
widths exhibit a range of 3.5 Hz, 17.2 Hz and 19.3 Hz, whereas for '°N the range is only 1.54 Hz, 5.4 Hz and
6.9 Hz. Variations for the 'H line widths are mostly due to solvent exchange. Already for the 14 nt hairpin
RNA the variation in the 'H exchange rate, as measured by 'H-detected inversion recovery experiments®’,
exceeds 2 Hz for Watson-Crick base pairs. Exchange rates range between ~1 s"and 3.5s"(2.3s"+0.7 s
T(U11),21s7+0.7s" (G2),0.9s'+0.6s" (G12) and 3.4 s' +0.8 s (G10)). Thus, the exchange of the
imino hydrogen atoms with water contributes up to 25% of the line width of the imino hydrogen atoms in
Watson-Crick base pairs. Similarly, the origin of the sharp lines of the G-quadruplex signals in the 'H-
dimension of the 74 nt spinach RNA originate from a particularly small exchange rate. These imino protons
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can still be detected hours after a transfer of the RNA into D-O%. The solvent exchange contribution is also

responsible for the broader 'H-line width of the UU wobble base pair in comparison to the GC base pair {Fig

C, Fig 4[J and K) within the 329 nt CUG repeat RNA. Generally in Watson-Crick helices, GC base pairs are
more stable and the exchange rate of the respective imino proton is lower than the one in UU wobble base

pairs®e.

Notably, all measured *N-line widths are increased in comparison to simulated values (Fig 5 A and B). The
SN experimental line width can be affected by solvent exchange as it is derived from the shape of a TROSY
signal that arises from an antiphase operator carrying proton polarization?®. Further, in addition to the already
discussed homo-nuclear 2Jyn couplings unresolved scalar couplings to remote protons, e.g. 3Jusnsin uridines
and®Ju21n1 in guanines can increase the line width®°. And finally, conformational averaging on an intermediate
exchange time-scale can also lead to a broadening of the '°N-line widths. For Watson-Crick base pairs, the
chemical shift range of imino-nitrogens spans 5.4 ppm and 4.4 ppm for guanine and uridine, respectively.
When considering all base pairs containing the keto-tautomeric form, the span is increased to 8 ppm and
10 ppm, respectively (see Suppl. Fig 2 C). In turn, this means that conformational exchanges with rates up
to 0.8 kHz, could lead to broadening of the affected resonances at the given field (80 MHz for '*N). Such
processes are indeed reported for several biological active RNA molecules, where exchange rates between
different conformational states from 100 Hz up to ~9 kHz are observed and where the population of the
second states can reach up to ~10%°*. Dependent on the rate of the underlying exchange processes and
the difference of resonance frequencies the particular sites can be in the fast-to-intermediate or intermediate-
to-slow regime, which would be distinguishable by a differential field dependency of the line width.

Effect of magnetic field strength

Not only the exchange contributions exhibit a dependence on the applied magnetic field but also the
relaxation behavior of TROSY component (Suppl. Fig 5)'"%°. Therefore, the H-N correlation experiments were
repeated on a 950 MHz (22.3 T) NMR spectrometer equipped with a TXO probe for the 14 nt, 127 nt and

329 nt RNAs, respectively (Fig 6|A, B and D). Parameters including the number of scans per increment were

not changed in comparison to the spectra recorded on the 800 MHz spectrometer (18.8 T), while the number
of points were adapted from 1702 (sweep width 2841 Hz) to 2020 (sweep width 3370 Hz) according to the
higher field. According to predictions, only minor improvements in '>N-resolution (~10%) are to be expected
for RNAs of a rotational correlation time of 60 ns by measuring at the higher magnetic field (Suppl. Fig 5).
Those changes are below the maximal resolution of 1.7 Hz achieved in the experiment. Even for the large

RNAs in our study (127 nt and 329 nt RNAs), no resolution improvement could be detected in comparison to

spectra recorded at 800 MHz (Fig 6|C). The S/N-ratio, however, is increased by a factor of ~1.5 due to better

>N-sensitivity. This increase in sensitivity results from the higher magnetic field strength as predicted'->® in
combination with utilizing a *N-optimized TXO probe, which increases sensitivity by an additional 30% in
comparison to a '*C-optimized probe.

It is thus necessary to go to even larger rotational correlation times or magnetic field strength to be able to
detect resolution improvement as the "*N" optimum for RNA is at 29.5 T (GC) and 32.8 T (AU). The magnetic

12



field strength optimum for the imino proton of RNA depends strongly on its chemical shift anisotropy for which
various values are reported in the literature*®. Using the calculated values from Czernek et aP® the respective
minima of the 'N-line width would be 17.7 T (AU) and 19.2 T(GC). Field strength optima are not equal for
GC and AU base pairs due to differences in the listed parameters (Suppl. Table 1). Further, at closer
inspection of the ®N-line width determined, we actually observe an increase at higher field, indicating that
processes that are closer to the intermediate exchange regime at 22.3 T exist in all RNAs examined (Fig 6 C).
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Conclusion

In this work, we applied *N-detected HSQC and TROSY'!' experiments to various RNA molecules. An
improved pulse sequence ('*N-detected BEST-TROSY) is implemented that saves a factor of 2 in
measurement time with respect to the previously published scheme. In comparison to the 'H-detected BEST-
TROSY experiment the three '>N-detected H-N correlation experiments exhibit a lower S/N-ratio for a 14 nt
RNA while resolution in the direct and indirect '>N-dimensions is similarly high when using identical

acquisition parameters.

Further, BEST-TROSY experiments were conducted on a set of RNA molecules where the line width behavior
was investigated in dependence of molecular size, base pair type as well as chemical and conformational
exchange. Here, '*N-line widths stay sharper with increasing chain length than the lines in the 'H-dimension.
This result is interesting since signal overlap for large molecules is one of the main problems in biomolecular
NMR spectroscopy and techniques able to characterize RNAs of higher molecular weight are needed. Based
on the observable trend of line widths, conducting *N-detected experiments could be a start towards that
goal since the dimension with the intrinsically high resolution and therefore the one where more data points
need to be recorded is the direct dimension, which comes for free in terms of measurement time. This high
>N-resolution shows for both, the 'H- and the *N-detected BEST-TROSY experiments, in the ability to
extract 2"Jun couplings, since the corresponding signals of Watson-Crick type base pairs and ligand binding
sites exhibit a pseudo doublet. Watson-Crick and wobble base pairs thus can be reliably distinguished, not
only based on chemical shift differences, but also by evaluating whether the respective signal exhibits a
pseudo doublet due to hydrogen bond-mediated 2"Jnn scalar coupling.

With this work, we also verified experimentally the different relaxation behavior of the imino signals
corresponding to AU and GC Watson-Crick base pairs. GC base pairs give rise to broader resonances due
to their higher transverse relaxation rates originating from the different >N chemical shift anisotropies.
Further, the ">N-line width measurements at different field strength hint at exchange processes in RNAs that

obscure the relaxation interference benefits at ultra-highfield spectrometers.

Unfortunately, the >N-detected BEST-TROSY experiment does not show additional signals and is less
sensitive compared to the 'H-detected experiment for all RNAs investigated in this study. So for RNA
investigations, the advantage of '®N-detection over 'H-detection as it was found for protein NMR'2 was not
replicated under the experimental conditions applied here. Yet, a higher tolerance to imino proton exchange
is observed for the "°N-detected HSQC experiment, but at the cost of lowest sensitivity.

In cases where correlations between the imino nitrogen and its attached proton are concealed by exchange
e.g. in flexible regions of RNA, ¥C-detected CN-correlated experiments are the method of choice. The
viability of such an approach, including characterization of partial hydrogen bonding, was previously shown
for RNAs, dissolved both in D20 or in H>0.'® Therefore, the '*C-detected NC correlation and the *N-detected
H-N correlation experiments represent complementary approaches to extend the limits of NMR spectroscopy
of RNA.
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Fig 1: Pulse sequence of the "*N-detected BEST-TROSY experiment'-23. 90 °pulses are shown as narrow filled bars,
while rectangular 180 ° pulses are represented as wide unfilled bars. Semi-elliptic shapes correspond to gradient and
selective pulses (90° '"H: EBurp2.tr, EBurp2 and EBurp2.tr**, 1809 'H: Reburp2*, 180 >N: Reburp2**). '3C nuclei
during acquisition were decoupled using asynchronous GARP4 decoupling sequences®’. Unless noted otherwise, the
pulse phase is x. Phases are: @1 =y, -y, -X, X/ -y, ¥, X, -x and @rec = X, -X, -y. y. The delay A is set to (2-'J(NH))" = 5.6 ms.
Gradient pulses are applied with a smoothed square amplitude (SMSQ10.100) for 1 ms and with strengths of 31% (g1)
and 19% (gz) (100% corresponds to 53 G/cm).Selective pulses were applied with the following length at 800 MHz:
1275 us (EBurp2), 1050 us (Reburp2, 'H) and 1500 us (Reburp2, '°N).

Fig 2: Comparison of a 'H-detected BEST-TROSY spectrum (A) with B) a ">N-detected TROSY as well as C) a "°N-
detected BEST-TROSY and D) a >N-detected HSQC spectrum of a 14 nt RNA hairpin at 298 K. All spectra were
recorded at 800 MHz (18.8 T). For better comparison, the 'H-detected experiment was conducted on a spectrometer
equipped with a TCI probe and all three of the >N direct-detected experiments were recorded on a spectrometer
equipped with a TXO probe. All spectra include close-ups of the signals for U11, G2 and G9 to show whether the 2'Jny
coupling can be resolved. Spectrum A) has been recorded with a spectral width of 24 ppm respectively in both
dimensions. Carrier frequencies for 'H, '3C and >N were set to 4.7 ppm, 150 ppm and 153 ppm respectively. Hard
pulses were applied with field strength of 22.9 kHz (H), 22.3 kHz ('3C) and 7.6 kHz ('°N). Acquisition times were 0.3 s
('H) and 0.3 s ("°N). With 32 scans per increment and a relaxation delay of 0.3 s, the final measurement time was 8 h.
Both spectra B) and C) were recorded with a spectral width of 35 ppm (°N) and 4.3 ppm ('H) and with carrier frequencies
of 155 ppm for nitrogen, 160 ppm for carbon and 11.675 ppm for 'H channels respectively. Hard pulses were applied
with field strength of 6.4 kHz ('®*N) and 17.5 kHz ('H). GARP4 decoupling sequences on carbon nuclei were conducted
with 1.8 kHz. The acquisition times were 0.3 s for nitrogen and 0.126 s for protons. The ">N-detected TROSY experiment
(B) has been recorded with 112 scans per increment and with a relaxation delay of 1 s the resulting measurement time
was 1d 14 h. For the "N-detected BEST-TROSY experiment C) 64 scans per increment were recorded and with a
relaxation delay of 0.3 s followed a total measurement time of 11 h. D) The 2D HSQC spectrum of the imino region was
recorded with spectral widths of 35 ppm and 4.4 ppm in the direct "*N- and indirect 'H-dimension, respectively. The
acquisition times were 0.3 s and 0.04 s, respectively. The acquisition time in the indirect dimension was reduced to save
measurement time, which only enables resolution comparison in the direct *N-dimension. Carrier frequencies for °N,
'H and '3C were set to 155 ppm, 11.8 ppm and 150 ppm. Hard pulses were applied with field strength of 6.4 kHz (1°N),
17.5 kHz ('H) and 21.9 kHz ('3C). Conducting 128 scans per increment with an inter-scan delay of 1 s resulted in an
overall experimental time of 15 h.
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Fig 3: A) Secondary structure of the 127 nt RNA in the ligand-bound holo conformation®2. B) Close-ups of the 'H-
detected (top) and '>N-detected (bottom) BEST-TROSY spectra of the 127 nt adenine-sensing riboswitch in the
presence of 5 mM Mg?+ and 2 equivalents of adenine at 298 K (for full spectrum see Suppl. Fig 2). The spectra were
both recorded at 800 MHz (18.8 T) NMR spectrometers, one equipped with a TCI probe for the 'H-detected experiment
and the other one equipped with a TXO probe for the nitrogen-detected TROSY experiment. Carrier frequencies for the
"H-detected BEST-TROSY experiment were 4.7 ppm ('H), 101 ppm (3C) and 153 ppm ('°N) respectively. The spectral
widths were chosen to be 25 ppm ('H) and 28 ppm ("°N) respectively. Hard pulses on 'H, '3C and >N were applied with
field strengths of 21.7 kHz, 22.3 kHz and 7.6 kHz respectively. The experiment was conducted with 64 number of scans
and acquisition times of 0.3 s in the direct and 0.3 s in the indirect dimension. With a relaxation delay of 0.5 s resulted
a total time for the experiment of 20 h 30 min. The >N detected BEST-TROSY experiment was recorded with carrier
frequencies for '°N, 3C and "H of 155 ppm, 120 ppm and 12.175 ppm respectively. Spectral widths of 35 ppm in the
direct and 5.2 ppm in the indirect dimension were covered. Hard pulses were carried out using field strength of 7.3 kHz
(°N), 21.9 kHz ('3C) and 21.3 kHz ('H). The number of scans per increment was set to 576 and the relaxation delay to
0.2 s. The experiment was recorded for 20 h with acquisition times of 0.3 s in the >N and 0.03 s in the 'H-dimension.
C) Schematic representation of adenine-binding to residues U51 and U74%8. The 2"Jyn-couplings are marked.

Fig 4: "H- and "°N-detected BEST-TROSY spectra of the 40 nt'®, 47 n??, 74 nf® and 329 n*> RNAs with their respective
secondary structure and labelling pattern. All spectra were recorded at 800 MHz (18.8 T) at 298 K. For better
comparison, the 'H-detected experiments were conducted on a spectrometer equipped with a TCl-probe and all of the
5N dlirect-detected experiments were recorded on a spectrometer equipped with a TXO probe. The following parameters
stay the same for all RNAs within the 'H-detected experiments: The spectral width in the "H-dimension was set to
24 ppm and carrier frequencies for 'H and '3C were 4.7 ppm and 101 ppm, respectively. Hard pulses were applied with
field strength of 22.3 kHz ('3C) and 7.6 kHz ("®*N) and the acquisition time in the direct 'H-dimension was 0.3 s. For the
5N-detected BEST-TROSY experiments the following parameters were identical for all constructs: The spectral width
in the "N-dimension was set to 35 ppm, while the carrier frequencies were 155 ppm ("°N) and 150 ppm ('3C). During
the acquisition (0.3 s) carbon decoupling was performed using GARP4 sequences with a field strength of 1.8 kHz. For
detailed parameters of the experiments see Supporting Information. A) 'H-detected and B) '>N-detected BEST-TROSY
spectra of the 40 nt RNA. C) Secondary structure of the 40 nt long RNA with '3C-'>N-labeled uridines. D) 'H-detected
and E) '’N-detected BEST-TROSY spectra of the 47 nt RNA. F) Secondary structure of the 47 nt long RNA with 3C-
5N labeled uridines. G) 'H-detected and H) °N-detected BEST-TROSY spectra of the 74 nt RNA. 1) Secondary
structure of the 74 nt long spinach RNA with >N labeled guanosines and uridines. J) 'H-detected and K) '>N-detected
BEST-TROSY spectra of the 329 nt RNA. L) Secondary structure of the 329 nt CUG repeat RNA where all nucleotides
are "3C-°N labeled.

Fig 5: A) Transverse relaxation rates in dependence of the rotational correlation time for the N and the "HN TROSY
components. Here, AU and GC Watson-Crick base pairs were calculated separately with corresponding parameters
(Suppl. Table 1) and equations 1-12 (Suppl. Material). For four RNAs with 14, 37, 67 and 108 nucleotides (pdb 2KOC*°,

2LHP%, 2NC 146 and 2NBX*8) rotational correlation times were calculated from their pdb structure using HYDRONMR?3,
18



B) Trend for the 'H- and ">N-line width at half height for the following RNA constructs: 14 nt, 40 nt, 47 nt, 74 nt, 127 nt
(for apo- and holo-states) and 329 nt. The light colored points represent all the single line widths measured for the
constructs in the respective dimension and the bright colored points are the mean values of the line width. The error
represents the maximal theoretical resolution of the spectra in the respective direct dimension (1.7 Hz for both, 'H%!
and "°N-detected experiments). C) 'H-Line widths at half height for different base pair groups plotted against the number
of nucleotides for the constructs; AU Watson-Crick base pairs (filled bars), GC Watson-Crick base pairs (open bars), G-
quadruplex (up-hashed), tertiary interactions (down-hashed) and UU base pair (dashed). D) '>N-Line widths at half
height for different base pair groups (marked as in C).

Fig 6: All spectra were recorded on a 950 MHz spectrometer featuring a TXO probe at 298 K. A) 'N-detected BEST-
TROSY spectrum of the 14 nt hairpin RNA with UUCG tetraloop®. It was recorded with spectral widths of 35 ppm in the
direct ®*N- and 4.3 ppm in the indirect 'H-dimension. Carrier frequencies for '°N, 3C and "H were set to 155 ppm,
150 ppm and 4.7 ppm, respectively. Hard pulses were applied with field strength of 7.1 kHz (®N), and 21.1 kHz ('H).
Acquisition times were set to 0.3 s in the direct *N-dimension and 0.06 s in the indirect 'H-dimension, respectively.
GARP4 decoupling sequences on carbon nuclei were conducted with 3.1 kHz. With 64 scans per increment and a
relaxation delay of 0.3 s the final measurement time was 6 h. B) "*N-detected BEST-TROSY spectrum of the 329 nt
CUG repeaf®. It was recorded with spectral widths of 35 ppm in the direct °N- and 3.5 ppm in the indirect ' H-dimension.
Carrier frequencies for '°N, '3C and "H were set to 155 ppm, 150 ppm and 4.7 ppm, respectively. Hard pulses were
applied with field strength of 7.1 kHz ("°N), and 19.8 kHz ('H). Acquisition times were set to 0.3 s in the direct '°N-
dimension and 0.03 s in the indirect "H-dimension, respectively. GARP4 decoupling sequences on carbon nuclei were
conducted with 3.1 kHz. With 640 scans per increment and a relaxation delay of 0.3 s the final measurement time was
22 h. C) Plot of line widths extracted from spectra measured at 950 MHz against line width extracted from 800 MHz
spectra from the 14 nt (red), 127 nt (green) and 329 nt (blue) RNAs. Major dots represent the mean values and are
shown with error bars (resolution limit), minor dots represent the individual values for each measured resonance.
Theoretical predictions for linewidths of GC base pairs (dashed line) and AU base pairs (solid line) are included. D) '>°N-
detected BEST-TROSY spectrum of the 127 nt adenine sensing riboswitch3? in the holo-state. It has been recorded with
spectral widths of 35 ppm in the direct >N- and 5.0 ppm in the indirect 'H-dimension. Carrier frequencies for '°N, 13C
and 'H were set to 155 ppm, 150 ppm and 4.7 ppm, respectively. Hard pulses were applied with field strength of 7.1 kHz
(®N), and 19.8 kHz ('H). Acquisition times were set to 0.3 s in the direct >N-dimension and 0.02 s in the indirect 'H-
dimension, respectively. GARP4 decoupling sequences on carbon nuclei were conducted with 3.1 kHz. With 576 scans

per increment and a relaxation delay of 0.3 s the final measurement time was 21 h.
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Evaluation of >N-detected H-N correlation experiments on increasingly large RNAs
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>N detected H-N correlation experiments were applied to a 14 nt RNA with UUCG tetraloop’. Besides
TROSY and BEST-TROSY experiments (main text Fig 2), also a '®N-detected HSQC-experiment was

conducted (Suppl. Fig 1), which yielded less signal-to-noise per unit time in comparison with both of the
TROSY experiments.
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Suppl. Fig 1: A) 2D °N-detected HSQC spectra of the 14 nt RNA with UUCG tetraloop of the imino (left) and amino
region (right) recorded on a 800 MHz NMR spectrometer equipped with a TXO-probe at 298 K. The spectrum of the
imino region (left) was recorded with spectral widths of 35 ppm and 4.4 ppm in the direct >N- and indirect 'H-dimension,
respectively. The acquisition times were 0.3 s and 0.04 s, respectively. Carrier frequencies for '®N, "H and '3C were set
to 155 ppm, 11.8 ppm and 150 ppm. Hard pulses were applied with field strength of 6.4 kHz ('°N), 17.5 kHz ('H) and
21.9 kHz (13C). Conducting 128 scans per increment with an inter-scan delay of 1 s resulted in an overall experimental
time of 15 h. The spectrum with the amine resonances (right) was recorded with spectral widths of 32.6 ppm and
4.6 ppm in the direct °N- and indirect ' H-dimension, respectively. 264 complex points were recorded in the ">*N- and 64
complex points in the 'H-dimension while carrier frequencies were set to 86 ppm ('°N), 7.1 ppm ('H) and 150 ppm ('3C).
Hard pulses were applied with field strength of 6.9 kHz (°N), 20.4 kHz ('H) and 19.2 kHz ('3C). With 128 scans per
increment and an inter-scan delay of 1 s an overall experimental time of 5 h resulted. B) Overlay of 1D rows for peak
@G9 for the '>N-detected TROSY (red) and the "°N-detected BEST-TROSY (black) experiments. Spectra were scaled to

the same amplitude of noise.
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Since the BEST-TROSY experiment yielded the best S/N ratio per unit time of the nitrogen direct detected

experiments, it was recorded for six RNA constructs of different chain length and compared to a 'H-detected

BEST-TROSY experiment. The 127 nt riboswitch was investigated in the presence of its cognate ligand

adenine and in the absence of ligand {Suppl. Fig B B and C).
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Suppl. Fig 2: A) Secondary structures for all of the three states apoB, apoA and holo of the 127 nt adenine sensing

riboswitch? with respective equilibrium pathways. N labeled residues are colored in red. The spectra (B and C) were
all recorded at 298 K at 800 MHz (18.8 T) NMR spectrometers, one equipped with a TCI probe for the 'H-detected
experiment and the other one equipped with a TXO probe for the nitrogen-detected TROSY experiment. B) 'H- (top)
and "®N-detected (bottom) BEST-TROSY spectra of the 500 uM 127 nt riboswitch in the absence of ligand adenine. The

'H-detected spectrum was recorded with spectral widths of 25 ppm in the direct 'H- and 28 ppm in the indirect "°N-

dimension. Carrier frequencies for 'H, '3C and °N were set to 4.7 ppm, 101 ppm and 153 ppm, respectively. Hard
pulses were applied with field strengths of 22.2 kHz ('H), 22.3 kHz ('3C) and 7.6 kHz ('°N), respectively. Acquisition

times were set to 0.3 s in in the direct "H-dimension and to 0.06 s in the indirect *N-dimension. With 64 scans per

increment and an inter-scan delay of 0.5 s the final measurement time was 4 h. The >N-detected spectrum was



recorded with spectral widths of 35 ppm in the direct "°N- and 4.3 ppm in the indirect 'H-dimension. Carrier frequencies
for '°N, '5C and 'H were set to 152.5 ppm, 150 ppm and 12.15 ppm, respectively. Hard pulses were applied with field
strength of 7.3 kHz (°N), and 20.4 kHz ("H). Acquisition times were set to 0.3 s in the direct "*N-dimension and 0.02 s
in the indirect 'H-dimension, respectively. GARP4 decoupling sequences on carbon nuclei were conducted with 1.8 kHz.
With 368 scans per increment and a relaxation delay of 0.3 s the final measurement time was 23 h. C) 'H- (top) and
5N-detected (bottom) BEST-TROSY spectra of the 400 uM 127 nt riboswitch in the presence of 5 mM Mg?+ and 2
equivalents of adenine were recorded at 800 MHz at 298 K, respectively. Carrier frequencies for the 'H-detected BEST-
TROSY experiment were 4.7 ppm ('H), 101 ppm ('°C) and 153 ppm (°N) respectively. The spectral widths were chosen
to be 25 ppm ('H) and 28 ppm ("°N) respectively. Hard pulses on 'H and >N were applied with field strengths of 21.7 kHz
and 7.6 kHz respectively. The experiment was conducted with 64 number of scans and acquisition times of 0.3 s in the
direct and 0.3 s in the indirect dimension. With a relaxation delay of 0.5 s resulted a total time for the experiment of 20 h
30 min. The ®N detected BEST-TROSY experiment was recorded with carrier frequencies for '°N, '3C and 'H of
155 ppm, 120 ppm and 12.175 ppm respectively. Spectral widths of 35 ppm in the direct and 5.2 ppm in the indirect
dimension were covered. Hard pulses were carried out using field strength of 7.3 kHz ("°N) and 21.3 kHz ('H). The
number of scans per increment were set to 576 and the relaxation delay to 0.2 s. The experiment was recorded for 20 h

with acquisition times of 0.3 s in the "N and 0.03 s in the 'H-dimension.

Detailed parameters for spectra of Fig 4 in the main text:

A) 'H-detected BEST-TROSY spectrum of a 2 mM uridine labeled 40 nt expression platform of the 2’-dG
sensing riboswitch. It was recorded with a spectral width 4 ppm in the indirect '®N dimension, while the carrier
frequency for N was set to 162 ppm. Hard 'H pulses were applied with a field strength of 24.8 kHz. The
acquisition time was 0.3 s in the indirect dimension. With 16 scans per increment and an inter-scan delay of
0.5 s the final measurement time was 1 h.

B) '>N-detected BEST-TROSY spectrum of a 2 mM uridine labeled 40 nt expression platform of the 2’-dG
sensing riboswitch. It was recorded with a spectral width 3.3 ppm in the indirect 'H-dimension, while the
corresponding carrier frequency was set to 13.8 ppm. Hard pulses were applied with field strength of 6.4 kHz
("*N), and 17.4 kHz ('H). The acquisition time was 0.15 s in the indirect 'H-dimension. With 16 scans per
increment and an inter-scan delay of 0.3 s the final measurement time was 2.5 h.

D) 'H-detected BEST-TROSY spectrum of a 1 mM ¥C-'°N uridine labeled 47 nt fluoride riboswitch. It was
recorded with a spectral width of 4.5 ppm in the indirect '®*N-dimension, while the corresponding carrier
frequency was set to 161.25 ppm. Hard 'H pulses were applied with a field strength of 25.6 kHz and the
acquisition time was set to 0.3 s in the indirect dimension. With 16 scans per increment and an inter-scan
delay of 0.4 s the final measurement time was 1 h.

E) '*N-detected BEST-TROSY spectrum of a 1 mM '3C-"°N uridine labeled 47 nt fluoride riboswitch. It was
recorded with a spectral width 2.8 ppm in the indirect 'H-dimension, while the corresponding carrier frequency
was set to 12.5 ppm. Hard pulses were applied with field strength of 7.0 kHz (**N), and 18.5 kHz ('H). The
acquisition time was 0.15 s in the indirect 'H-dimension. With 32 scans per increment and an inter-scan delay
of 0.3 s the final measurement time was 4.5 h.

G) 'H-detected BEST-TROSY spectrum of a 200 pM '*N uridine and guanosine labeled 74 nt Spinach RNA.
It was recorded with a spectral width 22 ppm in the indirect "®°N-dimension, while the corresponding carrier
frequency was set to 153.5 ppm. Hard 'H pulses were applied with field strength of 24.7 kHz and the



acquisition time in the indirect dimension was set to 0.3 s. With 32 scans per increment and an inter-scan
delay of 0.4 s the final measurement time was 10 h.

H) '>N-detected BEST-TROSY spectrum of a 200 uM °N uridine and guanosine labeled 74 nt Spinach RNA.
It was recorded with a spectral width of 5.3 ppm in the indirect 'H-dimension, while the corresponding carrier
frequency was set to 11.95 ppm. Hard pulses were applied with field strength of 7.0 kHz (*°N), and 20.8 kHz
("H). The acquisition time was set 0.15 s in the indirect 'H-dimension. With 128 scans per increment and an
inter-scan delay of 0.3 s the final measurement time was 33 h.

J) 'H-detected BEST-TROSY spectrum of a 700 uM *C-'°N labeled 329 nt CUG repeat RNA. It was recorded
with a spectral width 11.4 ppm in the indirect >N-dimension, while the corresponding carrier frequency was
set to 153 ppm. Hard 'H pulses were applied with a field strength of 22.3 kHz. The acquisition time was set
to 0.07 s in the indirect *N-dimension. With 48 scans per increment and an inter-scan delay of 0.5 s the final
measurement time was 1.5 h.

K) "N-detected BEST-TROSY spectrum of a 700 uM '3C-"N labeled 329 nt CUG repeat RNA. It was
recorded with a spectral width of 4.15 ppm in the indirect 'H-dimension, while the corresponding carrier
frequency was set to 11.6 ppm. Hard pulses were applied with field strength of 7.3 kHz ("°N), and 20.3 kHz
("H). The acquisition time was 0.03 s in the indirect 'H-dimension. With 64 scans per increment and an inter-
scan delay of 0.2 s the final measurement time was 20 h.

Simulations of relaxation rates
Relaxation rates were simulated using equations for transverse relaxation in TROSY -experiments (1-12).
Some of the parameters used for predicting the relaxation rates differ for GC and AU base pairs (Suppl.

Suppl. Table 1), which results in a different relaxation behavior (Fig 4 main text) for the Watson-Crick type

base pairs. Further "HN-'H distances were measured for GC and AU base pairs, respectively from the
structure of the 14nt RNA with UUCG tetraloop (2KOC)' for U11-H3 and G12-H3 (5-
pppG'G2C3A*COUSU’CEG°G'UMG'2C'3C™4-3"). Those differences in distances lead to proton-proton
relaxation contributions to the dipole-dipole relaxation. Distances were as follows: U11: 2.2 A, 3.8 A, 2.9 A,
42A 48A 39A 45A 46A 45A,49AandG12:22A,24A, 3.9A, 35A,49A, 47A, 48A,49A,
45 A, 3.8A, 4.1 A. Relaxation rates were calculated for a magnetic field strength of 18.8 T corresponding to
an 800 MHz NMR spectrometer.

REROSY = R + RS + RYY — R (1)
d' .
REROSY = REY + RS + R — R @
di pfs
1
Ror” = 5 [41(0) +3J(0) +J(lor = wsl) + 3](w) + 6](w; + 05)] ©)

Rauip = transverse relaxation of spin | due to dipolar interactions, J(w) = spectral density, wys = Larmor frequency of spins I/'S

i = 2 410) + 33(p] + 2 )
2 = ¢ D]+ > J(ws)

Raicsa = transverse relaxation of spin | due to chemical shift anisotropy



2
RU = 28 [5)(0) + 9 (o) + 6)2eop) |

Rann = transverse relaxation of H due to remote protons

HH _ pﬁH (6)
RiN = 5 [J(0) + 3]J(wy) + 6] 2wy) ]
Rinn = relaxation of N due to remote protons
Rint — Cpis61[4J(0) + 3](w)] (7)
21 \/g . \/E
Raiint = relaxation due to cross correlation of CSA and dipole-dipole interactions
Ho\ YIYsh
Pis = (E) 3 (8)

r
IS
pis = dipole-dipole relaxation, o = vacuum permeability, y, = gyromagnetic ratio of spin |, ys = gyromagnetic ratio of spin S, h = planck constant
divided by 2, s = distance between spins | and S

—_— (E)YHYHFL

4/ riy (9)
ZTC
@) = s T reay®) (10)
Tc = rotational correlation time, w = spectrometer frequency
1
6 = (—) BoAc
I 73 Y1BoA0] (11)

O, = relaxation caused by CSA, B, = magnetic field strength, Ag, = chemical shift anisotropy

C = (3cos’6—1) (12)

C = angular dependence of cross correlation, 8 = angle between the tensor axis of dipole-dipole and CSA interactions

Suppl. Table 1: Overview of parameters for GC and AU base pairs, respectively.

GC base pair | AU base pair
Aon?® | -116.85 ppm | -102.75 ppm
Aox* | 19.65 ppm 20.45 ppm
e 1.043 A 1.057 A
On® 13.1° 11.4°
Or° 1.9° 2.3°
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Suppl. Fig 5: Simulation of the "°N-line width for AU (blue) and GC (red) base pairs in dependence of the magnetic field
strength using equations 1-12. The field strength optima are marked, respectively. Simulations have been conducted
with a rotational correlation time of 60 ns.
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