
ARTICLE

Biomolecular NMR Assignments (2025) 19:133–145
https://doi.org/10.1007/s12104-025-10229-2

in these case numbers. The majority of these bacteria are 
gram positive, with S. aureus and S. pneumoniae being par-
ticularly notable examples. Macrolides, a widely employed 
class of antibiotics, inhibit bacterial protein biosynthesis 
by binding to the 23S rRNA of the 50 S ribosomal subunit 
(Vázquez-Laslop and Mankin 2018). The adenosine residue 
at position 2058 (numbering from Escherichia coli, E. coli) 
plays a pivotal role in this binding event (Vester and Douth-
waite 2001; Polacek and Mankin 2005; Rowe et al. 2020). 
Methylation of adenosine 2058 (A2058) by Erm (erythro-
mycin resistance methyltransferase) proteins, encoded by 
erm genes, results in the so-called MLS (macrolide-lincos-
amide-streptogramin) resistance (Maravić 2004).

A2058 is located in the unpaired region of the 3´ strand 
in helix 73 (domain V) of the 23S rRNA (Fig. 1A). N6 of 
this adenosine is methylated twice by ErmC in a two-step 
reaction (Denoya and Dubnau 1987). Most of the previous 
investigations focused on elucidating the molecular mecha-
nism and function of the Erm proteins, while the RNA is an 
essential part of this reaction and the chemical molecule that 

Biological context

Antibiotic resistance represents a grave threat to human 
health. In 2019, global death total attributed to antibiotic 
resistance was 1.27  million with the number of cases of 
associated death being almost four times higher (Murray et 
al. 2022). Multi-resistant bacteria, such vancomycin-resis-
tant Enterococcus (VRE), methicillin-resistant Staphylo-
coccus aureus (MRSA), and bacteria with high affinity to 
resistances like Streptococcus pneumoniae play a major role 
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Abstract
The increasing prevalence of antibiotic resistance represents a significant public health concern, underscoring the urgent 
need for the development of novel therapeutic strategies. The antibiotic effects of macrolides, the second most widely 
used class of antibiotics, are counteracted by Erm proteins through the methylation of adenosine 2058 of the 23S ribo-
somal RNA (rRNA) (~ 2900 nucleotides), yielding either monomethylated or dimethylated A2058. This methylation is the 
molecular basis for preventing macrolides from binding and leads to the development of resistance of bacteria including 
Staphylococcus, Streptococcus and Enterococcus. While the function of Erm proteins have been thoroughly investigated, 
the role of the ribosomal RNA in acquiring antibiotic resistance is frequently underestimated, given that the ribosomal 
RNA is the actual target for methylation. Here, we present the comprehensive 1H, 13C and 15N NMR resonance assign-
ment for the part of the 23S rRNA that serves as the Erm substrate in antimicrobial resistance. Furthermore, we compare 
the chemical shift signature of the unmethylated to the monomethylated and dimethylated RNA construct and show that 
changes in the RNA upon methylation are locally restricted. The resonance assignments provide a starting point for inves-
tigating and targeting the molecular mechanism of the resistance-conferring Erm proteins.
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is being methylated. Isolated RNA constructs representing 
the Erm substrate of domain V from E. coli and Bacillus 
subtilis (B. subtilis) have facilitated investigations of anti-
biotic resistance occurring through methylation (Vester et 
al. 1995; Schluckebier et al. 1999). The group of Schlucke-
bier investigated, based on previous design of minimal RNA 
substrates for 23S rRNA of E. coli (Vester et al. 1998), a 32 
nucleotide-construct for the 23S rRNA of B. subtilis, suit-
able for structural studies. Although B. subtilis is classified 
only as a facultative pathogen, the relevant RNA sequence 
is highly conserved in all pathogens with potential for MLS 
resistance. This highly conserved sequence is predicted to 
comprise an apical ​A​A​A​G​A​C​C-loop with two GC base 
pairs followed by a C2055-A2614/U2613 bulge, only the 
lower stem shows sequence differences between gram nega-
tive and gram positive bacteria. Helix and bulge each cor-
respond to the natural sequence, while the loop including 
the methylation side is the result of truncating helix 73 / 
domain V. The isolated, unmethylated RNA construct is 
methylated by Erm (Schluckebier et al. 1999). Deletion of 
A2051 resulted in a better methylation effect and was there-
fore used in the following studies (Maravić et al. 2003; Goh 
et al. 2022).

To facilitate NMR-based structural investigations of the 
RNA-protein complexes featuring RNAs with different 
degrees of methylation, we here present the nearly complete 
1H, 13C and 15N chemical shift resonance assignment for 
the unmethylated RNA construct. The unmethylated RNA 

construct contains 32 nucleotides, comprising a 12-nucle-
otide long stem with a C-AU bulge and a high GC con-
tent, highly conserved in all gram positive pathogens like 
Staphylococcus, Streptococcus and Enterococcus. The con-
structed apical hepta-loop consists of the sequence 5´-​A​A​
A​G​A​C​C-3´ and is notably rich in adenosines and cytidines 
followed by two GC closing base pairs (Fig. 1B).

Methods and experiments

Sample-preparation

The unmethylated RNA sample was prepared by in vitro 
transcription according to a protocol from our group (Wacker 
et al. 2020) and is described in the following. The methyl-
ated (m6A-construct) and dimethylated (DMA-construct) 
RNAs were purchased from Dharmacon. The NMR assign-
ment was based on implementing NMR methodologies as 
outlined by Ohlenschläger et al. 2003d rtig et al. 2003.

The unmethylated RNA construct with the sequence 
5´-gGCGACGGACGGAAAGACCCCUAUCCGU-
CGCc-3´ was prepared by T7 polymerase-based in vitro 
transcription from a linearized DNA plasmid template con-
taining a 3’-terminal Hepatitis Delta ribozyme (HDV). As 
T7-Polymerase, the P266L-mutant (Guillerez et al. 2005) 
was used and prepared as described in He et al. 1997. To 
maximize transcription efficiency, the terminal base pair 

Fig. 1  A) Schematic overview of the 3´half Domain V of the 23S ribo-
somal RNA and the relevant area below. In the presence of the co-factor 
S-adenosyl-methionine (SAM), erythromycin resistance methyltrans-
ferase (Erm) transfers a methyl group to the adenosine N6 in a first 
step (m6A-construct, middle) and with another SAM molecule sub-
sequently in a second step, resulting in the dimethylated RNA (DMA-
construct, right). The sequence position in the 23S rRNA Domain V is 

colored red and covered in grey. The position of A2058 is marked with 
an arrow. For the unmethylated RNA construct, A2051 was deleted, 
and the stem-loop was downsized (presented by the dashed lines). 
The sequence of S. pneumonia was used with the numbering of E.coli. 
B) Previous studies presented the secondary structure with an apical 
hepta-loop and C-AU bulge, while our results show a sequence shift 
resulting in a CA mismatch, GU base pair and an octa-loop
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was swapped from C/G to g-1/c + 1. A pHDV vector was 
used to insert the corresponding target sequence derived 
from annealed primers between the EcoRI and NcoI restric-
tion sites. The plasmid was transformed into competent E. 
coli DHα-cells, amplified in 2  L of bacterial culture, and 
isolated and purified using a large-scale DNA isolation kit 
(Mega Plasmid Kit, Qiagen). Plasmid DNA was linearized 
using HindIII enzyme overnight before performing in vitro 
transcription.

The transcription mix (20–30  ml) comprised an opti-
mized concentration of 10 mM magnesium acetate and 
10 mM rNTPs, together with further 200 mM transcrip-
tion buffer (Tris/Glutamate, pH 8.1), 2 mM spermidine, 20 
mM DTT and 50 ng/ul DNA template. Depending on the 
labelling scheme 13C, 15N-labelled nucleotides or unlabeled 
rNTPs were used. The transcription mix was centrifuged 
after 7 h at 8500 rpm for 5 min before adding EDTA (0.5 M, 
pH 8) to a final concentration of 80 mM and 1/10 NaOAc 
(3 M, pH 5.5), and precipitated with 1 Vol. ice-cold isopro-
panol at -20 °C overnight. The RNA Pellet was obtained by 
centrifugation at 8500 rpm for 1 h.

For RNA purification with PAGE (polyacrylamide gel 
electrophoresis), the RNA pellet was redissolved in 1:1 
H2O and formamide. Gel electrophoresis was performed at 
240 V with water cooling for 2.5 h. The RNA gel bands were 
visualised with UV-light and cut with a sterile scalpel. Gel 
pieces were eluted into 0.3 M NaOAc by freezing at -80 °C 
for 30 min, a subsequent heat shock at 65 °C and shaking at 
1300 rpm overnight. The supernatant of the elution mix was 
filtered through a sterile 0.45 μm cutoff membrane. For the 
gel granulate, the procedure was repeated once. The super-
natants were combined and precipitated with 4 Vol. ethanol 
for two hours at -80 °C. After centrifugation at 8500 rpm, 
0  °C for one hour, RNA pellets were dried and dissolved 
in water. HPLC was performed with Kromasil RP18 100 A 
5 μm 10 × 250 mm column and a gradient from pure 0.1 M 
triethylammonium acetate (pH 6.1) to 40% with acetonitrile 
with a flow rate of 2.5  ml/min. HPLC purified RNA was 
freeze-dried, dissolved in 500 uL H2O and precipitated with 
2.5 ul 2% LiOCL4 (lithium perchlorate) in acetone for 1 h at 
-80 °C. The precipitated RNA was pelleted by centrifugation 
at 8500 rpm at 4 °C for one hour. Afterwards the RNA was 
dissolved in water and folded (5 min at 95 °C) and prepared 
for NMR measurements. Thereafter, RNA was transferred 
into NMR buffer (95% H2O/5% D2O, 25 mM potassium 
phosphate, 50 mM potassium chloride, adjusted to pH 6.2) 
using centrifugal concentrators (Vivaspin, 3 kDa molecular 
weight cut-off). 12% PAA gel electrophoreses (native and 
denaturing) were performed to confirm the purity and the 
homogeneous folding of the RNA (SI Fig.  4). The 100% 
D2O sample for the 3D-NOESY-HSQC was prepared by 

lyophilization of the NMR sample and redissolving in 
99.99% D2O to keep the buffer salt concentration constant.

The mono methylated (m6A) and di methylated (DMA) 
RNA constructs were obtained from Dharmacon and puri-
fied via HPLC as described above. Subsequent sample 
preparation was conducted as outlined before. The concen-
trations of the samples were 400 µM for the m6A sample 
and 700 µM for the DMA sample.

NMR spectroscopy experiments

All NMR measurements were carried out at the BMRZ (Cen-
ter for Biomolecular Magnetic Resonance) using Bruker 
spectrometers equipped with following consoles/ probes: 
600 MHz (AVIII HD/ 5 mm Prodigy TCI 1H,19F[13C,15N]), 
700  MHz (AVIII HD/ 5  mm Cryo QCI 1H[13C,15N,31P]), 
800  MHz (AVIII HD/ 5  mm Cryo TCI 1H[13C,15N]), 
800 MHz (AVIII/ 5 mm Cryo TXO 13C[1H,15N]), 1200 MHz 
(AV NEO/ 3 mm Cryo TCI 1H[13C,15N]). Experiments were 
performed at 278  K and 298  K (see Table  1), except for 
temperature series for the experiments 1D1H-JR, 1H,15N-
TROSY and 1H,13C-HSQC temperatures between 278  K 
and 308 K were measured (SI Fig. 1). NMR spectra were 
processed using Topspin (versions 4.1.4 and 4.3.0), while 
the resonance assignment was performed using NMRFAM 
Sparky 1.470. Regarding calibration of the spectra DSS was 
used for referencing 1H chemical shifts, while 13C and 15N 
were indirectly referenced according to the publication of 
(Wishart et al. 1995).

For the methylated (m6A-construct) and dimethylated 
(DMA-construct) RNA-constructs Table  2 shows the cor-
responding parameter sets for the NMR measurements.

Spectra were recorded at 278 K and 298 K, after measur-
ing temperature series of 1Ds, TROSY and HSQC spectra 
(SI Fig. 1).

Numbering

For the sake of simplicity, the nucleotide annotation used in 
the assignment will correspond to the annotation of (#E. coli 
– 2000). For instance, the annotation A58 is used in place 
of A2058.

Chemical shift perturbations (CSP) were determined by 
the Euclidean distances d via following equation:

d =
√

1
2

(δ 2
H + α ∗ δ 2

C)

δ denotes the chemical shift change of 1H and 13C in ppm, 
α is a weighting factor (α = 0.25) for 13C based on the gyro-
magnetic ratio (Getz et al. 2007).
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NMR experiments Experimental parameters Characteristic 
parameters

1H,1H-NOESY
Water suppression:
(Hwang and Shaka 
1995; Sklenar 
1995)

a 600 MHz, ns: 192, sw(f2): 21.70 ppm, sw(f1): 12.00 ppm, aq(f2): 78.6 ms, aq(f1): 31.1 ms, o1(1H): 
4.7 ppm, o3(15N): 153 ppm, relax. delay: 1.0 s, time: 1 d 8 h 22 min
b 900 MHz, ns: 128, sw(f2): 21.05 ppm, sw(f1): 12.25 ppm, aq(f2): 79.0 ms, aq(f1): 44.0 ms, o1(1H): 
4.698 ppm, o3(15N): 117 ppm, relax. delay: 1.0 s, time: 1 d 22 h 54 min

NOE mixing 
time 250 ms,

1H,15N-best-
TROSY
(Solyom et al. 
2013)

a/b 600 MHz, ns: 16, sw(f2): 21.04 ppm, sw(f1): 24.66 ppm, aq(f2): 80 ms, aq(f1): 171 ms, o1(1H): 
4.7 ppm, o2(13C): 101 ppm, o3(15N): 153 ppm, relax. delay: 0.3 s, time: 1 h 8 min

HN transfer 
time: 2.7 ms 
1JNH: 10.8 Hz

1H,13C-HSQC
1 Aromatics
2 C1´-H1´
(Bobenhausen and 
Ruben 1980)

1 b 600 MHz, ns: 8, sw(f2): 8.33 ppm, sw(f1): 24.00 ppm, aq(f2): 102 ms, aq(f1): 53 ms, o1(1H): 4.7 ppm, 
o2(13C): 143 ppm, relax. delay: 1 s, time: 59 min
2 b 800 MHz, ns: 4, sw(f2): 8.35 ppm, sw(f1): 12.00 ppm, aq(f2): 77 ms, aq(f1): 80 ms, o1(1H): 
4.699 ppm, o2(13C): 90 ppm, relax. delay: 1 s, time: 29 min

INEPT 
transfer time 
1.25 ms (1JCH 
200 Hz)
C5 decou-
pling at 
98 ppm with 
40  ppm 
bandwidth

1H,13C-HSQCct
All CH, opti-
mized for ribose 
resonances

b 800 MHz, ns: 4, sw(f2): 8.33 ppm, sw(f1): 100 ppm, aq(f2): 77 ms, aq(f1): 13 ms, o1(1H): 4.7 ppm, 
o2(13C): 107 ppm, relax. delay: 1 s, time: 38 min

INEPT 
transfer time 
1.4 ms
1JCH 180 Hz

1H,1H-TOCSY b 600 MHz, ns: 16, sw(f2): 8.8 ppm, sw(f1): 6.3 ppm, aq(f2): 100 ms, aq(f1): 51 ms, o1(1H): 4.7 ppm, 
o2(13C): 101 ppm o3(15N): 86 ppm, relax. delay: 1 s, time: 2 h 45 min

C/C-TOCSY 
mixing time: 
30 ms

1H,15N-cpmgNO-
ESY

a 600 MHz, ns: 256, sw(f2): 21.0 ppm, sw(f1): 103 ppm, aq(f2): 81 ms, aq(f1): 20.5 ms, o1(1H): 
4.697 ppm, o3(15N): 116 ppm, relax. delay: 1 s, time: 23 h

NOE mixing 
time: 150 ms

1H,15N-HSQC
2J-coupling

b 600 MHz, ns: 64, sw(f2): 10.0 ppm, sw(f1): 85.00 ppm, aq(f2): 85.2 ms, aq(f1): 24.8 ms, o1(1H): 
4.697 ppm, o2(15N): 201.5 ppm, relax. delay: 1 s, time: 5 h 12 min

HN transfer 
time 16.6 ms
2JHN 15 Hz

3D-trhcchco
Adenine C2 to C8
(Simon et al. 
2001)

b 800 MHz, ns: 16, sw(f3): 8.75 ppm, sw(f2): 22.00 ppm, sw(f1): 58.47 ppm, aq(f3): 73.1 ms, aq(f2): 
7.2 ms, aq(f1): 2.7 ms, o1(1H): 4.699 ppm, o2(13C): 142.5 ppm, o3(13C): 142.5 ppm, relax. delay: 1 s, 
time: 21 h 24 min

CC transfer 
time 14 ms

1H,13C-HCCNH
Iminos to 
aromatics

b 700 MHz, ns: 160, sw(f3): 23,0 ppm, sw(f2): 18.00 ppm, sw(f1): 30 ppm, aq(f3): 69.9 ms, aq(f2): 
20.2 ms, aq(f1): 0.2 ms, o1(1H): 4.7 ppm, o2(13C): 139 ppm, o3(15N): 154 ppm, relax. delay: 1 s, time: 
11 h 30 min

CC TOCSY 
mixing time 
28 ms

3D 1H,13C-
NOESY-HSQC

b 800 MHz, ns: 48, sw(f3): 8.75 ppm, sw(f2): 9.94 ppm, sw(f1): 6.63 ppm, aq(f3): 73.1 ms, aq(f2): 
20.0 ms, aq(f1): 20.0 ms, o1(1H): 4.7 ppm, o2(13C): 137 ppm, relax. delay: 1 s, time: 2 d 16 h 5 min, 
solvent: 100% D2O

NOE mixing 
time 200 ms,
CH transfer

3D 
HCCH-TOCSY
1 C1’-C2`
2 C1’-C5`
(Kay et al. 1993; 
Richter et al. 
2010)

1 b 800 MHz, ns: 4, sw(f3): 8.3 ppm, sw(f2): 13.3 ppm, sw(f1): 37.9 ppm, aq(f3): 76.8 ms, aq(f2): 
18.0 ms, aq(f1): 8.9 ms, o1(1H): 4.7 ppm, o2(13C): 91 ppm, relax. delay: 0.9 s, time: 15 h 14 min
2 b 800 MHz, ns: 4, sw(f3): 8.3 ppm, sw(f2): 13.3 ppm, sw(f1): 37.9 ppm, aq(f3): 76.8 ms, aq(f2): 
18.0 ms, aq(f1): 9.9 ms, o1(1H): 4.7 ppm, o2(13C): 91 ppm, relax. delay: 1 s, time: 18 h 53 min

1 C-C- 
TOCSY 
mixing time: 
4.7 ms
2 C-C- 
TOCSY 
mixing time: 
18.8 ms

3D-CNC b 800 MHz, ns: 16, sw(f3): 24,5 ppm, sw(f2): 34.7 ppm, sw(f1): 12.0 ppm, aq(f3): 67.5 ms, aq(f2): 
22.8 ms, aq(f1): 19.9 ms, o1(13C): 90 ppm, o3(15N): 157 ppm, relax. delay: 0.5 s, time: 1 d 12 h 30 min

CN transfer 
time ~ 40 ms

3D-HCN b 700 MHz ns: 16, sw(f3): 9.0 ppm, sw(f2): 71 ppm, sw(f1): 35 ppm, aq(f3): 81.1 ms, aq(f2): 15.3 ms, 
aq(f1): 25.6 ms, o1(1H): 4.7 ppm, o2(13C): 114 ppm, o3(15N): 158 ppm, relax. delay: 0.95 s, time: 2 d 14 h 
33 min

HC-transfer 
time: 2.8 ms
CN-transfer 
time: 17.5 ms

xf-NOESY
(Otting and Wüt-
hrich 1989)

b 600 MHz ns: 64, sw(f2): 20.8 ppm, sw(f1): 11.5 ppm, aq(f2): 70 ms, aq(f1): 27.8 ms, o1(1H): 4.7 ppm, 
o2(15N): 145 ppm, o3(15N): 201 ppm, relax. delay: 1.2 s, time: 1 d 18 h 10 min

NOE mixing 
time 200ms

Table 1  List of NMR experiments for the unmethylated construct at temperatures 278Ka and 298Kb at pH 6.2 at BMRZ. Samples are in NMR-
buffer in 95% H2O/5% D2O unless stated otherwise
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was observed. Moreover, all aromatic H6 resonances for 
the cytidines, except for C63-C66 (loop signals) and C55 
were assigned using a 1H,15N-CPMG-NOESY combined 
with the assignment of corresponding H42 and H41 amino 
proton resonances from the 1H,1H-NOESY. Only the H2 
resonances of A50 and A54 could be assigned by their NOE 
contacts to their base pairing uridines, as the other five aden-
osines are not involved in base pairs.

Aromatic and ribose assignment

For the aromatic and ribose resonance assignment, uni-
formly 13C, 15N-labelled samples of the 32 nucleotides long 
unmethylated construct in NMR-buffer (pH 6.2), either in 
90% H2O/10% D2O or in 100% D2O, were used. All 32 sig-
nals of the aromatic C6-H6/C8-H8 resonances were detected 
in the 1H,13C-HSQC. Using a 1H,13C-HCCNH (Fig. 3D) for 
uridine H3-C6 and guanosine H1-C8 correlations, C6-H6 
and C8-H8 resonances were assigned for the base paired 
nucleotides in the aromatic 1H,13C-HSQC (Fig.  3E). For 
cytidine and uridine, 1H,1H-TOCSY were used for the 
selective correlation between H5-H6 resonances leading 
to the corresponding carbon resonance assignments of C5 
(Fig. 3A) and C6 (Fig. 3E) in the 1H,13C-HSQC.

The assignment of the remaining cytidine and guano-
sine aromatic C6-H6/C8-H8 signals was achieved using 
3D-NOESY-HSQC and 1H,1H-NOESY spectra for sequen-
tial assignment. The latter experiments were also used to 
obtain the C1´-H1´ (Fig.  3D) resonances, supported by 
3D-HCN, 3D-CNC (Fig.  3F) spectra. All C1´-H1´ reso-
nances were successfully assigned, with the exception of 
C65, due to strong overlap of signals in both 1H,1H-NOESY 
and 1H,13C-HSQC (C1´-H1´) spectra. The remaining ribose 
resonances (C2´-H2´, C3´-H3´, C4´-H4´, C5´-H5´/-H5´´) 
were assigned in the 1H,13C-HSQC (all CH) with the assis-
tance of four 3D-HCCH-TOCSY spectra with two differ-
ent mixing times and detection on either 13C or 1H in F1 

Extent of assignments and data deposition

Imino-assignment of the unmethylated RNA reveals 
the correct secondary structure

The resonance assignment for the unmethylated RNA con-
struct was conducted using a uniformly 13C, 15N-labelled, a 
selectively 13C, 15N-A-labelled, a selectively 13C, 15N-A/U-
labelled, and an unlabelled RNA sample and is described in 
the following. The NMR experiments used for the assign-
ment of the unmethylated RNA construct are listed in 
Table 1.

The imino proton resonances were initially assigned using 
1H,1H-NOESY (Fig.  2B) and 1H,15N-TROSY (Fig.  2A) 
spectra. Base pairing was confirmed by 1H,15NHNNCOSY 
(Fig. 2C) spectra. Almost all imino protons were assigned 
based on sequential NOE contacts at 278 K (pH 6.2), except 
for G56, U67 and U69. The signals observed at 10.65 and 
11.84 ppm were assigned to the wobble base pair G56-U67. 
The imino proton signal for U69, located adjacent to the 
C55-A68 mismatch, was not observed at 278 K (pH 6.2). 
Furthermore, we observed an isolated guanosine imino pro-
ton signal, which was assigned as the loop-closing G57, 
implying an octa-loop instead of the hepta-loop (Fig. 1B). 
The imino proton exchange rate is known to decrease at 
moderately lower pH values (Nonin et al. 1997; Snoussi and 
Leroy 2001). In order to confirm the tentative assignments 
and observe all imino proton resonances anticipated for our 
revised secondary structure model, the pH was adjusted 
from pH 6.2 to 5.2.

Consequently, at pH 5.2, we were able to detect the NOE 
signals between G56 and U67 missing at pH 6.2, and also 
detected the previously missing imino proton signal of U69 
at 14.55 ppm, consistent with canonical base pairing to A54 
(Fig. 2C). In summary, 100% of the imino resonances were 
assigned. With regard to the CA mismatch, no imino signal 
for either a protonated adenosine or a protonated cytidine 

Table 2  List of NMR experiments for m6A/DMA construct at 1.2 ghz spectrometer at 298 K at BMRZ
NMR experiments Experimental Parameter Characteristic 

parameters
1H,1H-NOESY
Excitations sculpting
(Hwang and Shaka 1995)

ns: 128, sw(f2): 20.8 ppm, sw(f1): 14.1 ppm, aq(f2): 164 ms, aq(f1): 49 ms, o1(1H): 
4.7 ppm, o3(15N): 117 ppm, relax. delay: 1.0 s, time: 1 d 18 h 7 min

NOE mixing 
time 200 ms, JR-
delay: 200 µs

1H,1H-TOCSY
(Shaka et al. 1988; Hwang and 
Shaka 1995)

ns: 32, sw(f2): 8.3 ppm, sw(f1): 6.9 ppm, aq(f2): 102 ms, aq(f1): 61 ms, o1(1H): 
4.7 ppm, o2(13C): 120 ppm o3(15N): 100 ppm, relax. delay: 1.5 s, time: 8 h 5 min

C/C-TOCSY 
mixing time 
30 ms

1H,13C-sfHMQC
Aromatics
(Schanda et al. 2005)

ns: 512, sw(f2): 9.1 ppm, sw(f1): 24.0 ppm, aq(f2): 71 ms, aq(f1): 18 ms, o1(1H): 
4.7 ppm, o2(13C): 143 ppm relax. delay: 0.5 s, time: 21 h 29 min

HC transfer 
time: 2.6 ms

1H,13C-HSQC
All CH

m6A ns: 256, sw(f2): 8.33 ppm, sw(f1): 100.00 ppm, aq(f2): 51.2 ms, aq(f1): 4.2 ms, 
o1(1H): 4.7 ppm, o2(13C): 107 ppm, relax. delay: 1 s, time: 1 d 17 h 4 min
DMA ns: 400, sw(f2): 8.33 ppm, sw(f1): 100.00 ppm, aq(f2): 51.2 ms, aq(f1): 4.2 ms, 
o1(1H): 4.7 ppm, o2(13C): 107 ppm, relax. delay: 1 s, time: 1 d 6 h 22 min

INEPT transfer 
time 2.8 ms
1JCH 180 Hz
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The AC-rich octa-loop

Our resonance assignment implies that the unmethylated 
construct contains a 5`-​A​A​A​G​A​C​C​C-3`octa-loop, which is 
rich in adenosines and cytidines. The first adenosine (A58) 
is dimethylated by Erm proteins in a two-step reaction. 
This methylation induces antibiotic resistance. Thus, the 
chemical shift assignment of A58 is of particular interest. 

(see Table  1). Additionally, 1H,15N-HSQC was used for 
the assignment of the resonances for N1-/N3-H2 and N7-/
N9-H8 of adenosine and guanosine. The assignment of the 
amino signals was limited to the canonical cytidines.

Fig. 2  Imino region assignment using (A)1H,15N-TROSY, (B)1H,1H-
NOESY, (C)1H,15N-HNN-COSY for imino-proton correlation of the 
unmethylated RNA construct (right) at pH 6.2 (black) and pH 5.2 
(pink) to obtain all imino proton signals at 278 K. Imino proton cor-

relations in B are illustrated with the black lines for pH 5.2 (pink). 
Negative contours in C are colored for pH 6.2 grey and for pH 5.2 light 
pink. Experimental information can be taken from Table 1
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The stem and the AC mismatch

Interestingly, C2-H2 of A68 (Fig. 4B), located in the mis-
match, displays a strong upfield shift in the carbon dimen-
sion and is only visible at temperatures above 298 K. This 
behavior is characteristic for transient protonation at posi-
tion N1 (Wolter et al. 2017; Toews et al. 2024; Zhu et al. 
2024). The filtered NOESY experiments (Fig. 4D, E) with 
13C,13C- and 12C,13C -filter were used to support the assign-
ment within the loop. 1H,15N-HSQC (Fig. 4C) of the selec-
tively labelled sample confirmed the correlation signals 
between N7/9 to H8 and N1/3 to H2 via 2JH, N couplings for 
the adenosines. In the latter experiment A68 did only show 

To facilitate the assignment of the four loop adenosines, a 
selective 13C, 15N- adenosine labeled sample was prepared 
and measured. All C8-H8 resonances were identified by 
sequential assignment. For each C8-H8 the corresponding 
C2-H2 resonance was assigned by using the 3D-TROSY-
HCCH-COSY experiment (Fig. 4A) as well as most of the 
adenosine C4 (86%), C5 (86%) and C6 (71%).

The resonances of the stem-loop cytidines C63 and C64 
were obtained by sequential assignment using a 1H,1H-
NOESY, supported by 3D-HCN and 1H,1H-TOCSY. The 
H5, H6 resonances of C65 were identified by NOE signals 
between H5 of C65 to H6 of C64 and H5 of C66 to H6 of 
C65.

Fig. 3  Spectra of the unmethylated RNA (32 nt) construct at pH 6.2 
and 298 K A)1H,13C-HSQC (H5-C5 region), B)1H,1H-NOESY (H1’/
H5-H2/H6/H8 region), C)1H,13C-HSQC (H1´-C1´ region), D)1H,13C-
HCCNH (C6/C8-H1/H3 region), E)1H,13C-HSQC (C6/C8-H6/H8 
region), E1/E2)1H,13C-HSQC (C2-H2 region), F)13C,13C-HCNC (C6/

C8-C1´region). The arrangement of the spectra is chosen in such a way 
as to facilitate the visual recognition of the resonance correlations. As 
examples, A62 and U73 are highlighted, and their corresponding peak 
assignment is visualized by dotted lines
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the correct transfer of the assignment and proved the prior 
assignment of the unmethylated construct to be correct. Fur-
thermore, the strongly overlapping signals of the uridines 
and cytidines at around 142 ppm showed better resolu-
tion in the m6A58 RNA (see Fig. 5B). Finally, all aromatic 
C8-H8, C6-H6, C2-H2 as C5-H5 and all observable imino 
resonances of the m6A58 RNA were successfully assigned. 
Using the 1H,1H-NOESY and 1H,13C-HSQC spectra, all 
C1´-H1´ resonances, except C65 were assigned.

The methyl group of the m6A construct resonates at 2.49 
ppm. Interestingly, the methyl group at position N6 of A58 
exhibits NOE contacts not only to H2 of A58, but also to 
H2 of A59 and A60. This observation provides a plausible 
explanation for the resulting strong CSPs for A59 and A60 
and the reason why G57 remains unaffected.

Resonance assignment of the DMA (dimethylated 
RNA)

The next step was to compare the dimethylated construct 
to the m6A- and the unmethylated construct. As the CSPs 
of the first methylation step (m6A-construct) showed negli-
gible impact on the stem, we decided to subsequently use a 
truncated stem for the DMA-construct with focus on mini-
mizing the severe overlap.

All imino proton signals expected at 298  K were 
obtained. While G52 and G53 swapped positions, G57 
showed a higher signal intensity than in the unmethylated- 
and m6A-RNA. (Fig. 6A). At 278 K, also the imino proton 
signals of G72 (g + 1), U69, G56 and U67 were observed (SI 
Fig.  2). 1H,1H-NOESY, 1H,1H-TOCSY, 1H,13C-sfHMQC 
and 1H,13C-HSQC spectra were measured (see Table 2). The 
assignment was transferred from the m6A-construct, and for 
the stronger signal shifts, the sequential assignment in the 
1H,1H-NOESY was used to obtain both aromatic (C6-H6/
C8-H8) and ribose (C1´-H1´) resonances. Consequently, the 
assignment of all aromatic C8-H8, C6-H6, C2-H2 as C5-H5 
of the DMA RNA-construct was successfully achieved. 
With regard to the ribose CH1´ resonances, the assignment 
of the C1´-H1´ resonances was successful for all residues 
except C65 and C66.

The CSPs of the aromatic region (C6-H6/C8-H8) were 
larger for the terminal base pairs, as expected, due to the trunca-
tion of the stem. Figure 6 shows the comparison between both 
unmethylated and methylated constructs and the dimethylated 

a signal for N3-H2, but not for the N1-H2, supporting its 
assumed transient protonation state.

The C55-A68 mismatch is separated from the loop by 
only two base pairs, the GC closing base pair and a G56-
U67 wobble base pair. The stem contains two canonical 
AU base pairs, one directly adjacent to the CA mismatch 
(A54-U69) and A50-U73 in the lower stem. Interestingly, 
the C6-H6 and C1´-H1´ resonances of U67 and U73 over-
lap with the cytidine resonances C65 and C64. Therefore, 
a 13C,15N-A/U -labelled sample was prepared and used to 
identify the uridines. Signal overlap of the resonances was 
greatly reduced. U67 and U73 resonances are very close to 
each other and difficult to distinguish for the ribose reso-
nances, especially since U67 signals are weaker. However, 
the ribose resonance assignment for all uridines except for 
U67 was achieved.

Comparison of the unmethylated RNA with the m6A 
methylated RNA

In the first step towards MLS resistance, N6 of the A58 is 
monomethylated. To capture the changes of chemical shifts 
caused by methylation, an RNA construct (32 nt) with m6A58 
synthesized by Dharmacon was used. The 1H-1D spectra 
(Fig. 5A) show a nearly identical imino proton signal pat-
tern compared to the unmethylated RNA. 1H,1H-NOESY, 
1H,1H-TOCSY, 1H,13C-sfHMQC and 1H,13C-HSQC spec-
tra were measured (see Table 2). As the resonances of the 
m6A construct predominantly display minor shifts, most 
of the assignment could be directly transferred from the 
unmethylated construct. As the CSPs (see Fig. 5C) of the 
aromatic region demonstrate, there are only small changes 
in the chemical shift of almost all stem resonances, includ-
ing G49 to G57 and U69 to G75, and even the loop closing 
base pairs. The CSPs of the terminal base pair (g-1/c + 1) are 
larger due to the difference in the phosphorylation state of 
c + 1 (the 3´-terminal residue). This difference results from 
in vitro transcription and HDV cleavage (2’3’-cyclic phos-
phate) as compared to solid-phase synthesis (3’-OH). These 
CSPs slightly extend to neighbouring base pairs. The loop 
nucleotides surrounding A58 demonstrate a divergent pat-
tern, with stronger shifts being observed for the 5’-half of 
the octaloop, including A58/59/60 and G61. Interestingly, 
the 3’-half (A62-C65), exhibits no significant effect from 
the methyl group, similar to the stem. M6A modifications 
can have diverse effects on RNA structure and stability, 
depending on their precise structural context (Zhou et al. 
2016; Liu et al. 2018, 2021; Jones et al. 2022; Becker et al. 
2024). Here, the m6A modification in the loop appears to 
have a more limited effect. Assignment of the stronger shift-
ing resonances (A58/59/60 and G61) was conducted using 
the 1H,1HNOESY. The sequential assignment confirmed 

Fig. 4  Spectra of the selective 13C,15N-adenosine unmethylated RNA 
(32 nt) construct A) 3D 1H,13C-TROSY-HCCH-COSY B) 1H,13C-
HSQC (aromatic region) with purple colored adenosine C) 1H,15N-
HSQC (N1-/N3-H2 and N7-/N9-H8) with purple colored adenosines 
1H,1H-NOESY with D) 13C,13C-xfilter, E) 12C,13C-xfilter F) 1H,1H-
NOESY with D) in purple and F) in light purple marked, all remain-
ing signals are colored in soft beige and G) 1H,13C-HSQC (C1´-H1´ 
region) with purple colored adenosines
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differs from the previously reported one. The correct secondary 
structure of the 32-nucleotide long unmethylated RNA con-
struct features a pH-sensitive C-A-mismatch replacing the sug-
gested C/AU bulge, resulting in a G56-U67 and G57-C66 base 
pair instead of two GC base pairs as previously described. This 
“register shift” of the sequence leads to the formation of an 
octaloop. Since the Erm-RNA complex is an attractive subject 
for simulations and 3D structure predictions, this new infor-
mation should prove beneficial. Furthermore, A68 forming 
the C-A mismatch was found to be protonated. However, no 
additional imino signal is observable, even at lower pH values. 
Remarkably, at a pH of 5.2, the previously absent imino proton 
signal of U69, and the NOE contact between G56 and U67 are 
observable. Both base pairs are located directly adjacent to the 
C55-A68 mismatch.

All imino resonances were assigned for the unmethylated 
construct, as well as 100% of the aromatic resonances (C6-
H6, C8-H8, C5-H5, and C2-H2). A 3D TROSY-HCCH-
COSY was used to correlate all C8-H8 resonances with 
their corresponding C2-H2 and revealed the resonances of 
the quaternary carbon resonances for C4, C5 and C6. A total 
of 97% of the C1´-H1´ resonances were assigned, except 

construct (see Fig. 6C, D). Interestingly, the second methyla-
tion has no effect on A59 and a small effect on G57, while the 
first methylation has a significant effect on A59.

For both methyl groups NOE signals to H2 of A60 and 
A59 were obtained, as well as weak NOE signals to H8 of 
C64, A58 and G57 suggesting the positioning of the adenos-
ine into the stem-loop.

Conclusion

Antibiotic resistance represents a major concern that is growing 
increasingly more significant. MLS-resistance occurs when the 
adenosine 2058 (E. coli numbering) is dimethylated in position 
N6 in a two-step reaction with SAM as cofactor. Shorter con-
structs derived from the relevant sequence have been shown 
to be methylated by proteins of the Erm family, thus facilitat-
ing the investigation of the complex process. Here we report 
the nearly complete 1H, 13C, 15N chemical resonance assign-
ment of this relevant unmethylated RNA construct by solution 
NMR. The complete assignment of the imino proton signals 
allowed us to present the correct secondary structure, which 

Fig. 5  A) 1D 1H-Spectra overlay showing nearly identical imino pro-
ton signals for the unmethylated RNA construct (bottom) and m6A-
construct (upper). G57 is marked by a grey background, indicating 
a minor shift. B) 1H,1H-NOESY (methyl region to aromatic region) 
for the correlations to the H2 and H8 resonances to the 1H,13C-HSQC 

(unmethylated RNA (yellow), m6A-construct (orange)), C) CSP cal-
culations for the aromatic chemical shifts from the methylated m6A-
construct to the unmethylated construct. All spectra were recorded at 
298 K in NMR-buffer in H2O/D2O 19:1 at pH 6.2
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stem resonances exhibit only negligible CSPs. These minor 
changes allowed transfer of the NMR assignment from the 
unmethylated to the m6A construct. At all temperatures 
measured, the imino proton resonance patterns remain con-
sistent. The truncated DMA-construct provides spectra with 
less severe overlap in the pyrimidine region. However, most 
assignments are directly transferrable between the different 
constructs. The second methylation event has less structural 
impact on A59, as evidenced by globally small CSPs, while 
the methyl groups exhibit NOE contact to H2 of A59.

In general, the resonance assignment presented here 
establishes the foundation for subsequent NMR investiga-
tions, particularly with regard to the RNA-protein com-
plex studies. It also serves integrative approaches, which 
are used with increasing prevalence in structural biology 
(Schwalbe et al. 2024). We map here the methylation effects 
with atomic resolution. This work demonstrates the impact 

for C65, which was not unambiguously assignable due to 
significant signal overlap. 94% of the ribose assignment 
was completed for C2´-H2, 91% for C3´-H3´, C4´-H4´and 
C5´-H5´and 53% for the H5´´ resonances. Furthermore, 
62% of the G-N1/U-N3 resonances were assigned by 1H, 
13C-HCCNH at 298 K. The assignment of all N1, N3, N7 
and N9 resonances of the adenosines and N7 and N9 reso-
nances of the guanosines was achieved by 1H, 15N-HSQC 
via 2Jcouplings, except for the resonances for N1 of A68 
and N9 for g-1. A total of 93% of the N1 resonances for 
cytidine and uridine were assigned by using 3D HCN.

In addition, a comparison revealed only local differences 
between the unmethylated RNA construct and the meth-
ylated m6A-construct. The 1H-1D spectra display nearly 
identical imino proton resonances. The CSPs (Fig. 5C) of 
the aromatic resonances indicate that methylation exerts 
a significant influence on the 5’-region of the loop, while 

Fig. 6  A) 1D 1H-Spectra overlay of the unmethylated RNA construct 
(yellow), m6A-construct (orange) and DMA-construct (red), B) 1H,1H-
NOESY (methyl region to aromatic region) for the correlations to the 
H2 and H8 resonances to the 1H,13C-HSQC for all three constructs 
(unmethylated RNA (yellow), m6A-construct (orange) and DMA-con-
struct (red), CSP calculations for C) unmethylated-/DMA-construct 

and D) m6A-/DMA-construct. All spectra were recorded at 298  K. 
DMA construct was truncated compared to the unmethylated-/m6A 
construct. Consequently, the corresponding grey colored sequence was 
not taken into consideration when determing the CSPs. NOE contacts 
from the methyl groups are demonstrated by dotted lines. Grey num-
bers belong to the truncated sequence

 

1 3

143



C. Muhs et al.

Bodenhausen G, Ruben DJ (1980) Natural abundance nitrogen-15 
NMR enhanced heteronuclear spectroscopy. Chem Phys Lett 
69:185–189. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​9​-​2​6​1​4​(​8​0​)​8​0​0​4​1​-​8

Denoya CD, Dubnau D (1987) Site and substrate specificity of the 
ErmC 23S rRNA methyltransferase. J Bacteriol 169:3857–3860. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​8​​/​j​b​​.​1​6​​9​.​8​​.​3​8​5​​7​-​​3​8​6​0​.​1​9​8​7

Fürtig B, Richter C, Wöhnert J, Schwalbe H (2003) NMR spectros-
copy of RNA. ChemBioChem 4:936–962. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
0​2​​/​c​b​​i​c​.​2​0​0​3​0​0​7​0​0

Getz MM, Andrews AJ, Fierke CA, Al-Hashimi HM (2007) Structural 
plasticity and Mg2 + binding properties of RNase P P4 from com-
bined analysis of NMR residual dipolar couplings and motionally 
decoupled spin relaxation. RNA 13:251–266. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
2​6​1​​/​r​n​​a​.​2​6​4​2​0​7

Goh BC, Xiang X, Lescar J, Dedon PC (2022) Crystal structure and 
functional analysis of mycobacterial erythromycin resistance 
methyltransferase Erm38 reveals its RNA-binding site. J Biol 
Chem 298:101571. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​b​c​.​2​0​2​2​.​1​0​1​5​7​1

Guillerez J, Lopez PJ, Proux F, Lè Ne Launay H, Dreyfus M (2005) A 
mutation in T7 RNA polymerase that facilitates promoter clear-
ance. PNAS 102:5958–5963. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​0​4​0​7​1​
4​1​1​0​2

He B, Rong M, Lyakhov D, Gartenstein H, Diaz G, Castagna R, Mcal-
lister WT, Durbin RK (1997) Rapid mutagenesis and purification 
of phage RNA polymerases. Protein Expr Purif 9:142–151. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​p​r​​e​p​.​1​9​9​6​.​0​6​6​3

Hwang T-L, Shaka AJ (1995) Water supression that works. Excitation 
sculpting using arbitrary waveforms and pulsed field gradients. 
J Magn Reson 112:275–279. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​r​a​.​1​9​9​5​.​
1​0​4​7

Jones AN, Tikhaia E, Mourão A, Sattler M (2022) Structural effects of 
m6A modification of the Xist A-repeat AUCG tetraloop and its 
recognition by YTHDC1. Nucleic Acids Res 50:2350–2362. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​n​a​​r​/​g​k​a​c​0​8​0

Kay LE, Xu G, Singer A, Muhandiram DR, Forman-Kay JD (1993) 
A gradient-enhanced HCCH-TOCSY experiment for recording 
side-chain 1H and 13 C correlations in H2O samples of proteins. 
J Magn Reson 101:333–337. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​r​b​.​1​9​9​3​.​
1​0​5​3

Liu B, Merriman DK, Choi SH, Schumacher MA, Plangger R, Kreutz 
C, Horner SM, Meyer KD, Al-Hashimi HM (2018) A potentially 
abundant junctional RNA motif stabilized by m6A and Mg2+. 
Nat Commun 9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​1​8​-​0​5​2​4​3​-​z

Liu B, Shi H, Rangadurai A, Nussbaumer F, Chu CC, Erharter KA, 
Case DA, Kreutz C, Al-Hashimi HM (2021) A quantitative model 
predicts how m6A reshapes the kinetic landscape of nucleic acid 
hybridization and conformational transitions. Nat Commun 12. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​1​-​2​5​2​5​3​-​8

Maravić G (2004) Macrolide resistance based on the Erm-mediated 
rRNA methylation. Curr Drug Targets-Infectious Disorders 
4:193–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​7​4​​/​1​5​​6​8​0​0​5​0​4​3​3​4​0​7​7​7

Maravić G, Bujnicki JM, Feder M, Pongor S, Flögel M (2003) Alanine-
scanning mutagenesis of the predicted rRNA-binding domain of 
ErmC′ redefines the substrate-binding site and suggests a model 
for protein-RNA interactions. Nucleic Acids Res 31:4941–4949. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​n​a​​r​/​g​k​g​6​6​6

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar 
G, Gray A, Han C, Bisignano C, Rao P, Wool E, Johnson SC, 
Browne AJ, Chipeta MG, Fell F, Hackett S, Haines-Woodhouse 
G, Kashef Hamadani BH, Kumaran EAP, McManigal B, Agar-
wal R, Akech S, Albertson S, Amuasi J, Andrews J, Aravkin A, 
Ashley E, Bailey F, Baker S, Basnyat B, Bekker A, Bender R, 
Bethou A, Bielicki J, Boonkasidecha S, Bukosia J, Carvalheiro 
C, Castañeda-Orjuela C, Chansamouth V, Chaurasia S, Chiurchiù 
S, Chowdhury F, Cook AJ, Cooper B, Cressey TR, Criollo-Mora 
E, Cunningham M, Darboe S, Day NPJ, De Luca M, Dokova K, 

of methylation on the Erm target RNA and provides impor-
tant reporter signals for future work.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​1​0​4​-​0​
2​5​-​1​0​2​2​9​-​2.

Acknowledgements  We want to thank Elke Stirnal and Kerstin Witt 
for the excellent support in RNA sample purification. In addition, we 
want to thank Matthias Becker for the inspiring and supportive discus-
sions at any time.

Author contributions  C.M. conducted, analysed the experiments and 
prepared all figures, L.K. conducted and analysed experiments, F.L. 
and M.W. discussed the project design, C.R. conducted experiments, 
C.M. prepared the first draft of the manuscript, C.M., A.W. and H.S. 
worked on the final manuscript, A.W. and H.S. supervised the project, 
all authors reviewed the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.
This work was supported by Instruct-ERIC. This research was sup-
ported in part by LOEWE FCI (Frankfurt Cancer Institute) funded by 
the Hessian Ministry of Higher Education, Research and the Arts [III L 
5-519/03/03.001-(0015)] and DKTK (German Consortium for Trans-
lational Cancer Research). The work at BMRZ was supported by the 
state of Hesse.

Data availability  The Data Deposition for all three constructs was 
uploaded to BMRB. Data can be found for the unmethylated construct 
in BMRB with the code 52938, for the mono-methylated (m6A) con-
struct with the code 52937 and for the dimethylated (DMA) construct 
with the code 52936.Experimental raw have been deposited under ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​5​7​1​​6​/​g​​u​d​e​.​0​w​v​1​-​r​4​p​4.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Becker MA, Meiser N, Schmidt-Dengler M, Richter C, Wacker A, 
Schwalbe H, Hengesbach M (2024) m6A methylation of tran-
scription leader sequence of SARS-CoV-2 impacts discontinuous 
transcription of subgenomic mRNAs. Chem---Eur J 30. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​c​h​​e​m​.​2​0​2​4​0​1​8​9​7

1 3

144

https://doi.org/10.1016/0009-2614(80)80041-8
https://doi.org/10.1128/jb.169.8.3857-3860.1987
https://doi.org/10.1128/jb.169.8.3857-3860.1987
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1261/rna.264207
https://doi.org/10.1261/rna.264207
https://doi.org/10.1016/j.jbc.2022.101571
https://doi.org/10.1073/pnas.0407141102
https://doi.org/10.1073/pnas.0407141102
https://doi.org/10.1006/prep.1996.0663
https://doi.org/10.1006/prep.1996.0663
https://doi.org/10.1006/jmra.1995.1047
https://doi.org/10.1006/jmra.1995.1047
https://doi.org/10.1093/nar/gkac080
https://doi.org/10.1093/nar/gkac080
https://doi.org/10.1006/jmrb.1993.1053
https://doi.org/10.1006/jmrb.1993.1053
https://doi.org/10.1038/s41467-018-05243-z
https://doi.org/10.1038/s41467-021-25253-8
https://doi.org/10.1038/s41467-021-25253-8
https://doi.org/10.2174/1568005043340777
https://doi.org/10.1093/nar/gkg666
https://doi.org/10.1093/nar/gkg666
https://doi.org/10.1007/s12104-025-10229-2
https://doi.org/10.1007/s12104-025-10229-2
https://doi.org/10.25716/gude.0wv1-r4p4
https://doi.org/10.25716/gude.0wv1-r4p4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/chem.202401897
https://doi.org/10.1002/chem.202401897


NMR characterisation of the antibiotic resistance-mediating 32mer RNA from the 23S ribosomal RNA

uniformly 13 C-labeled RNA molecules. J Biomol NMR 20:173–
176. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​3​​/​a​:​​1​0​1​1​2​1​4​9​1​4​4​5​2

Sklenar V (1995) Supression of radiation damping in multidimentional 
NMR experiments using magnetic field gradients. J Magn Reson 
114:132–135. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​r​a​.​1​9​9​5​.​1​1​1​9

Snoussi K, Leroy JL (2001) Imino proton exchange and base-pair 
kinetics in RNA duplexes. Biochemistry 40:8898–8904. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​b​i​​0​1​0​3​8​5​d

Solyom Z, Schwarten M, Geist L, Konrat R, Willbold D, Brutscher 
B (2013) BEST-TROSY experiments for time-efficient sequen-
tial resonance assignment of large disordered proteins. J Biomol 
NMR 55:311–321. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​8​5​8​-​0​1​3​-​9​7​1​5​-​0

Toews S, Wacker A, Faison EM, Duchardt-Ferner E, Richter C, 
Mathieu D, Bottaro S, Zhang Q, Schwalbe H (2024) The 5′-ter-
minal stem–loop RNA element of SARS-CoV-2 features highly 
dynamic structural elements that are sensitive to differences in 
cellular pH. Nucleic Acids Res 1–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​n​a​​
r​/​g​k​a​e​4​7​7

Vázquez-Laslop N, Mankin AS (2018) How macrolide antibiotics 
work. Trends Biochem Sci 43:668–684. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​t​i​b​s​.​2​0​1​8​.​0​6​.​0​1​1

Vester B, Douthwaite S (2001) Macrolide resistance conferred by base 
substitutions in 23S rRNA. Antimicrob Agents Chemother 45:1–
12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​8​​/​A​A​​C​.​4​5​.​1​.​1​-​1​2​.​2​0​0​1

Vester B, Haastrup Hansen L, Douthwaite S (1995) The conformation 
of 23S rRNA nucleotide A2058 determines its recognition by the 
erme methyltransferase. RNA 1:501–509

Vester B, Nielsen AK, Hansen LH, Douthwaite S (1998) ErmE meth-
yltransferase recognition elements in RNA substrates. J Mol Biol 
282:255–264. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​b​i​.​1​9​9​8​.​2​0​2​4

Wacker A, Weigand JE, Akabayov SR, Altincekic N, Bains JK, Bani-
jamali E, Binas O, Castillo-Martinez J, Cetiner E, Ceylan B, Chiu 
LY, Davila-Calderon J, Dhamotharan K, Duchardt-Ferner E, 
Ferner J, Frydman L, Fürtig B, Gallego J, Tassilo Grün J, Hacker 
C, Haddad C, Hähnke M, Hengesbach M, Hiller F, Hohmann KF, 
Hymon D, de Jesus V, Jonker H, Keller H, Knezic B, Landgraf 
T, Löhr F, Luo L, Mertinkus KR, Muhs C, Novakovic M, Oxen-
farth A, Palomino-Schätzlein M, Petzold K, Peter SA, Pyper DJ, 
Qureshi NS, Riad M, Richter C, Saxena K, Schamber T, Scherf T, 
Schlagnitweit J, Schlundt A, Schnieders R, Schwalbe H, Simba-
Lahuasi A, Sreeramulu S, Stirnal E, Sudakov A, Tants JN, Tolbert 
BS, Vögele J, Weiß L, Wirmer-Bartoschek J, Wirtz Martin MA, 
Wöhnert J, Zetzsche H (2020) Secondary structure determination 
of conserved SARS-CoV-2 RNA elements by NMR spectros-
copy. Nucleic Acids Res 48:12415–12435. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​n​a​​r​/​g​k​a​a​1​0​1​3

Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfield E, 
Markley JL, Sykes BD (1995) 1H, 13 C and 15 N chemical shift 
referencing in biomolecular NMR. J Biomol NMR 6:135–140. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​1​1​7​7​7

Wolter AC, Weickhmann AK, Nasiri AH, Hantke K, Ohlenschläger O, 
Wunderlich CH, Kreutz C, Duchardt-Ferner E, Wöhnert J (2017) 
A stably protonated adenine nucleotide with a highly shifted 
pKaValue stabilizes the tertiary structure of a GTP-Binding RNA 
aptamer. Angewandte Chemie - Int Ed 56:401–404. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​2​​/​a​n​​i​e​.​2​0​1​6​0​9​1​8​4

Zhou KI, Parisien M, Dai Q, Liu N, Diatchenko L, Sachleben JR, Pan 
T (2016) N6-Methyladenosine modification in a long noncoding 
RNA hairpin predisposes its conformation to protein binding. J 
Mol Biol 428:822–833. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​m​b​.​2​0​1​5​.​0​8​.​0​2​1

Zhu Y, Chaubey B, Olsen GL, Varani G (2024) Structure of essential 
RNA regulatory elements in the West nile virus 3′-Terminal stem 
loop. J Mol Biol 436. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​​j​m​b​.​​2​0​2​4​.​1​6​8​7​6​7

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Dramowski A, Dunachie SJ, Eckmanns T, Eibach D, Emami A, 
Feasey N, Fisher-Pearson N, Forrest K, Garrett D, Gastmeier P, 
Giref AZ, Greer RC, Gupta V, Haller S, Haselbeck A, Hay SI, 
Holm M, Hopkins S, Iregbu KC, Jacobs J, Jarovsky D, Javan-
mardi F, Khorana M, Kissoon N, Kobeissi E, Kostyanev T, Krapp 
F, Krumkamp R, Kumar A, Kyu HH, Lim C, Limmathurotsakul 
D, Loftus MJ, Lunn M, Ma J, Mturi N, Munera-Huertas T, Musi-
cha P, Mussi-Pinhata MM, Nakamura T, Nanavati R, Nangia S, 
Newton P, Ngoun C, Novotney A, Nwakanma D, Obiero CW, 
Olivas-Martinez A, Olliaro P, Ooko E, Ortiz-Brizuela E, Peleg 
AY, Perrone C, Plakkal N, Ponce-de-Leon A, Raad M, Ramdin T, 
Riddell A, Roberts T, Robotham JV, Roca A, Rudd KE, Russell 
N, Schnall J, Scott JAG, Shivamallappa M, Sifuentes-Osornio J, 
Steenkeste N, Stewardson AJ, Stoeva T, Tasak N, Thaiprakong 
A, Thwaites G, Turner C, Turner P, van Doorn HR, Velaphi S, 
Vongpradith A, Vu H, Walsh T, Waner S, Wangrangsimakul T, 
Wozniak T, Zheng P, Sartorius B, Lopez AD, Stergachis A, Moore 
C, Dolecek C, Naghavi M (2022) Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. Lancet 
399:629–655. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​4​0​-​6​7​3​6​(​2​1​)​0​2​7​2​4​-​0

Nonin S, Jiang F, Patel DJ (1997) Imino proton exchange and Base-
pair kinetics in the AMP ± RNA aptamer complex. J Mol Biol 
268:359–374. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​b​i​.​1​9​9​7​.​0​9​8​6

Ohlenschläger O, Wöhnert J, Ramachandran R, Sich C, Görlach M 
(2003) Nuclear magnetic resonance studies of ribonucleic acids. 
Spectroscopy 17:537–547. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​0​3​/​3​7​8​4​3​4

Otting G, Wüthrich K (1989) Extended heteronuclear editing of 2D 
1H NMR spectra of isotope-labeled proteins, using the X(w1,w2) 
double half filter. J Magn Reson 85:586–594. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​4​2​​/​9​7​​8​9​8​1​2​7​9​5​8​3​0​_​0​0​3​2

Polacek N, Mankin AS (2005) The ribosomal peptidyl transferase cen-
ter: structure, function, evolution, Inhibition. Crit Rev Biochem 
Mol Biol 40:285–311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​0​​4​0​9​2​3​0​5​0​0​3​2​6​
3​3​4

Richter C, Kovacs H, Buck J, Wacker A, Fürtig B, Bermel W, 
Schwalbe H (2010) 13 C-direct detected NMR experiments for 
the sequential J-based resonance assignment of RNA oligonucle-
otides. J Biomol NMR 47:259–269. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​8​
5​8​-​0​1​0​-​9​4​2​9​-​5

Rowe SJ, Mecaskey RJ, Nasef M, Talton RC, Sharkey RE, Halliday 
JC, Dunkle JA (2020) Shared requirements for key residues in the 
antibiotic resistance enzymes ErmC and erme suggest a common 
mode of RNA recognition. J Biol Chem 295:17476–17485. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​4​​/​j​b​​c​.​R​A​1​2​0​.​0​1​4​2​8​0

Schanda P, Kupĉe E, Brutscher B (2005) SOFAST-HMQC experi-
ments for recording two-dimensional deteronuclear correlation 
spectra of proteins within a few seconds. J Biomol NMR 33:199–
211. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​8​5​8​-​0​0​5​-​4​4​2​5​-​x

Schluckebier G, Zhong P, Stewart KD, Kavanaugh TJ, Abad-Zapatero 
C (1999) The 2.2 A Ê structure of the rRNA methyltransferase 
ErmC H and its complexes with cofactor and cofactor analogs: 
implications for the reaction mechanism. J Mol BIo 289:277–291. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​/​j​m​​b​i​.​1​9​9​9​.​2​7​8​8

Schwalbe H, Audergon P, Haley N, Amaro CA, Agirre J, Baldus M, 
Banci L, Baumeister W, Blackledge M, Carazo JM, Carugo 
KD, Celie P, Felli I, Hart DJ, Hauß T, Lehtiö L, Lindorff-Larsen 
K, Márquez J, Matagne A, Pierattelli R, Rosato A, Sobott F, 
Sreeramulu S, Steyaert J, Sussman JL, Trantirek L, Weiss MS, 
Wilmanns M (2024) The future of integrated structural biology. 
Structure. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​t​r​.​2​0​2​4​.​0​8​.​0​1​4

Shaka AJ, Lee J, Pines A (1988) Iterative schemes for bilinear opera-
tors; application to spin decoupling. J Magn Reonance 77:274–
293. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​2​2​-​2​3​6​4​(​8​8​)​9​0​1​7​8​-​3

Simon B, Zanier K, Sattler M (2001) A TROSY relayed HCCH-
COSY experiment for correlating adenine H2/H8 resonances in 

1 3

145

https://doi.org/10.1023/a:1011214914452
https://doi.org/10.1006/jmra.1995.1119
https://doi.org/10.1021/bi010385d
https://doi.org/10.1021/bi010385d
https://doi.org/10.1007/s10858-013-9715-0
https://doi.org/10.1093/nar/gkae477
https://doi.org/10.1093/nar/gkae477
https://doi.org/10.1016/j.tibs.2018.06.011
https://doi.org/10.1016/j.tibs.2018.06.011
https://doi.org/10.1128/AAC.45.1.1-12.2001
https://doi.org/10.1006/jmbi.1998.2024
https://doi.org/10.1093/nar/gkaa1013
https://doi.org/10.1093/nar/gkaa1013
https://doi.org/10.1007/BF00211777
https://doi.org/10.1007/BF00211777
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1016/j.jmb.2015.08.021
https://doi.org/10.1016/j.jmb.2024.168767
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1006/jmbi.1997.0986
https://doi.org/10.1155/2003/378434
https://doi.org/10.1142/9789812795830_0032
https://doi.org/10.1142/9789812795830_0032
https://doi.org/10.1080/10409230500326334
https://doi.org/10.1080/10409230500326334
https://doi.org/10.1007/s10858-010-9429-5
https://doi.org/10.1007/s10858-010-9429-5
https://doi.org/10.1074/jbc.RA120.014280
https://doi.org/10.1074/jbc.RA120.014280
https://doi.org/10.1007/s10858-005-4425-x
https://doi.org/10.1006/jmbi.1999.2788
https://doi.org/10.1006/jmbi.1999.2788
https://doi.org/10.1016/j.str.2024.08.014
https://doi.org/10.1016/0022-2364(88)90178-3

	﻿NMR characterisation of the antibiotic resistance-mediating 32mer RNA from the 23S ribosomal RNA
	﻿Abstract
	﻿Biological context
	﻿Methods and experiments
	﻿Sample-preparation
	﻿NMR spectroscopy experiments
	﻿Numbering

	﻿Extent of assignments and data deposition
	﻿Imino-assignment of the unmethylated RNA reveals the correct secondary structure
	﻿Aromatic and ribose assignment
	﻿The AC-rich octa-loop
	﻿The stem and the AC mismatch
	﻿Comparison of the unmethylated RNA with the m6A methylated RNA
	﻿Resonance assignment of the DMA (dimethylated RNA)

	﻿Conclusion
	﻿References


