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Supplementary Methods

Preparation of RNA stem-loops by in vitro transcription

Six RNAs were synthesized by run-off transcription using synthetic DNA templates (Price et al.
1998): two stem-loops of the small non-coding RNA RSMZ from Pseudomonas fluorescens, the 22 nt
stem-loop FZL2 with the sequence 5'-GGGCCAUCAAGGACGAUGGUCC-3', the 21 nt stem-loop FZL4
with the sequence 5'-GGGUCAUCAGGACGAUGACCC-3', the 20 nt stem-loop harboring the Shine-
Dalgarno sequence from the hcnA mRNA of Pseudomonas fluorescens with the sequence 5'-
GGGCUUCACGGAUGAAGCCC-3', the 22 nt artificial stem-loop TASL1 with the sequence 5'-
GGGAUUCAUUUCGAUGAAUCCC-3', the 26 nt artificial stem-loop TASL2 with sequence 5'-
GGGAUUCAUGCUUCGGCAUGAAUCCC-3" and the 30 nt artificial stem-loop TASL3 with sequence
5'-GGGAUUCAUGCACUUCGGAGCAUGAAUCCC-3". Secondary structures of these RNAs are shown
in Supplementary Fig. 1.

The DNA templates were obtained from Microsynth AG (Balgach, Switzerland). We engineered
GGG at the 5'-end, since purine-rich sequences result in high efficiency of transcription. RNA
transcription was accomplished using recombinantly expressed T7 RNA polymerase, IM MgCl, NTP
mixture with a concentration of 80 mM for each NTP, 20x TB-Buffer (800mM TrisHCI pH = 8.1, 20 mM
spermidine, 0.2 % Triton X-100, 100 mM DTT) and, in some cases, pyrophosphatase and GMP following
published protocols (Price et al. 1998). To find the optimal transcription conditions for all the constructs,
40 ul test reactions were performed with varying MgCl,, DNA template, NTP and T7 polymerase
concentration as well as in the presence and absence of GMP and pyrophosphatase. Transcription was
performed at 37°C for 4 hours, and stopped with 0.5 M EDTA in a slight excess over the MgCl
concentration. The best conditions were scaled up to 20 ml for large-scale transcriptions. After stopping
the reaction with EDTA, the RNA sample was passed through a 0.22 wm Millex GP filter. The RNA was
purified from the reaction mixture using a Dionex DNAPAC PA-100 anion exchange column 22*250 mm
combined with a Dionex DNAPAC PA-100 anion exchange column 22*50 mm at 84°C under denaturing
conditions. The running buffer was composed of 12.5 mM Tris-HCI1 (pH 7.4) and 6M urea, the elution
buffer contained 6M urea, 12.5 mM Tris-HCI (pH 7.4) and 500mM NaClO,. After injecting, a flow of 20
ml/min pure running buffer was used for six minutes, followed by a mixture of 90 % washing buffer and
10 % elution buffer (which results in a NaClO, concentration of 50mM) was applied for 5 minutes. For
elution, a ramp with increasing concentration of NaClOy4 (up to 400mM) was applied over 17 minutes. The
RNAs of 20-30 nts elute typically after 11-13 minutes.

The RNA was concentrated and purified by Butanol extraction (Sawadogo and Van Dyke 1991).
The RNA pellet was then dissolved with 1 ml D,0, heated to 95°C for five minutes, frozen in liquid
nitrogen, and lyophilized. The RNAs were dissolved in either D,O or H,0, with 5 % D,0 for NMR
measurements. In addition salt concentrations and pH values were varied for stem-loop TASL2

(Supplementary Table 1).



The origin of the 2.66 ppm offset

Note that the default referencing on Bruker spectrometers is to TMS whereas biomolecules should
be referenced via the absolute 'H frequency of DSS multiplied by the ratio 0.251449530 yielding the
absolute "’C frequency of DSS that is set to 0 ppm (Markley et al. 1998). The difference of the *C
frequency in the internal Bruker nucleus table (Topspin or Xwinnmr: ../exp/stan/nmr/lists/nuclei.all) and
the °C DSS frequency calculated from 0.251449530 x the 'H frequency from the Bruker nucleus table
results in a 2.66 ppm difference in the °C chemical shifts. The nucleus table contains 100.000000 MHz for
'H and 25.145020 MHz for *C. The C DSS frequency is 25.1449530 (calculated as 0.251449530 x
100.000000 MHz) resulting in a difference to the value in the nucleus table of 67 Hz. This corresponds to
2.66 ppm (67 Hz/25.1449530 MHz). In conclusion the 2.66 ppm offset occurs when the default Bruker

referencing for °C is applied.

Step-by-step procedure for indirect *C referencing with the Bruker software Topspin

A small amount of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) is added to the sample
resulting in a concentration of 0.2-2 mM and a 'H-1D spectrum is recorded in order to determine the
absolute frequency of the DSS methyl resonance. If addition of DSS is undesirable for whatever reason,
DSS signal of the Bruker standard sample 2 mM Sucrose/0.5 mM DSS in H,O/D,0 can be used as external
reference. This is a reasonable alternative since RNA samples are typically measured without salt or at
very low buffer concentrations so that the conditions are comparable to the sucrose sample. The 1D
spectrum is referenced in Topspin by the command 'cal', selecting 'manual calibration' and setting the DSS
signal to 0 ppm. Topspin stores then the absolute frequency of the DSS signal under the parameter SF
displayed with the command 'edp'. This value should be the sum of the basis frequency BF1 and the
spectrum reference frequency SR. The absolute standard frequencies for the indirect dimensions are
calculated from the SF ('H) by multiplying with the recommended factors for indirect referencing
(Markley et al. 1998; Wishart et al. 1995). SF ("°C) is then SF ('H) multiplied by 0.251449530. Any
spectrum recorded under the same conditions can now be referenced by the command 'ls sf' which
displays the SF values of all dimensions that can now be edited. This way the spectrum reference
frequency SR is set automatically. Note that it is important that the external reference must be measured at

the same temperature and locked to the same solvent as the spectrum that is being calibrated.

Step-by-step procedure for indirect *C referencing with Varian software

A "H-1D spectrum containing a DSS methyl signal (see in the above Bruker section) is used to
extract the absolute 'H frequency of 0 ppm, u)o(lH). The cursor is set on the DSS signal and the transmitter
offset 'tof' is temporarily set to this position using the command 'movetof. The command 'spcfrq' gives
then the absolute 'H frequency corresponding to 0 ppm. In addition the absolute frequencies of the
decoupler channels are given corresponding to the decoupler offsets dof, dof2, dof3. The absolute *C
frequency corresponding to 0 ppm is calculated by the recommended factor for indirect referencing
(0o("*C) = we("H)-0.251449530) (Markley et al. 1998; Wishart et al. 1995). The correct chemical shift of
the center line of the "*C axis is then calculated by (wgor—o)/ Wgor. Agilent users who have installed the

free optional BioPack software package can automatically perform these calculations by placing the



graphical user interface cursor on the 'H DSS methyl resonance and selecting the 'Cursor on DSS' button
in the 'Setup' panel and 'Globals and Probefile' subpanel, or using the macro 'BPfindfrqs' directly from the
VNMRJ command line.
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Supplementary Figure 1: RNA stem-loops that were used to derive additional BC chemical shifts. A)
stem-loop 2 of the small non-coding RNA RsmZ from Pseudomonas fluorescens named FZL2. B) stem-
loop 4 of the small non-coding RNA RsmZ from Pseudomonas fluorescens named FZL4. C) Shine-
Dalgarno sequence from the henA mRNA of Pseudomonas fluorescens named RP1. D) 22 nt artificial
stem-loop TASLI1. E) 26 nt artificial stem-loop TASL2. F) 30 nt artificial stem-loop TASL3 containing an

A-A mismatch.



Supplementary Table 1. Reference "°C values of the 26 nt stem-loop TASL2 under different sample conditions. Spectra were
recorded at different temperatures ranging from 10 ° to 40 °C, at different pH values ranging from 5 to 8, at different NaCl

concentrations ranging from 0 to 200 mM and in the presence of potassium and phosphate. Values in red indicate the largest

deviations.
8 TC 8 TC G TC e T3 TC
TASL2 Spectrometer Temperature chemical chemical shift chemical shift chemical shift chemical shift
P [°C] shift of the of the 5'GG of the 3'C of the 3'C of the 3'C
5'G [ppm] [ppm] [ppm] [ppm] [ppm]
low salt 1.3mM 600 10 139.2 136.8 98.0 92.9 69.6
pHS.0
low salt 1.3mM 600 20 139.2 136.9 98.1 92.9 69.8
pHS.0
low salt 1.3mM 600 30 139.1 136.9 98.1 92.9 69.9
pHS.0
low salt 2.7mM 900 30 139.2 136.9 98.1 92,9 69.8
pHS.0
low salt 1.3mM 600 40 1392 137.0 98.2 92.9 70.0
pHS.0
low salt 1.3mM 600 30 139.2 136.9 98.1 92.9 69.9
pH7.0
low salt 1.3mM 600 30 139.1 136.9 98.1 92.9 69.9
pH6.0
low salt 1.3mM 600 30 139.1 136.9 98.1 92.9 69.8
pHS5.0
50mM NaCl
3w pHE.S 600 30 139.2 136.9 98.1 92.9 69.8
100mM NaCl
L M 6.5 600 30 139.2 136.8 98.1 92.9 69.8
200mM NaCl
LA pHe 8 600 30 139.3 136.8 98.1 93.0 69.8
50mM KH2PO4
D SmM pi1 60 600 30 139.1 136.9 98.1 92.9 69.8




Supplementary Table 2. List of all available °C chemical shift datasets: 58 from BMRB entries (excluding complexes and two pseudoknots), 6

from RNAs obtained from shifts published only in the literature and 6 RNAs of the Allain lab (unpublished). The chemical shifts are color coded:

the value was in the expected range (green), shifted by 2.7 ppm (blue) or outside those two ranges (red).

13
BMRB or cs e e8¢ cs e crc c3'c PDB code of
. chemical . . . Temper
PDB code chemical shift of the chemical chemical chemical ature nts structures used Reference
/internal shift of the Jpip shift of the shift of the shift of the o to analyze the
G 5'GG P P P [°C]
name 5'G [ppm] 3'C [ppm] 3'C [ppm] 3'C [ppm] sugar
[ppm] conformation
part of part of
tertiary tertiary , , 3'Anot3'C 3’Anot3'C
4120 structure structure 3’Anot3'C (89.5) (72.0) 30 44 (Kolk et al. 1998)
(142.1) (141.4)
4226 139.4 not 5'GG 97.8 93.1 69.9 25 30 1LDZ (Legault et al. 1998)
ssRNA 5'G not 5'GG ssRNA 3'C ssRNA 3'C ssRNA 3'C
4253 (139.4) but GC (94.35) (89.39) (66.96) 25 36 (Holland et al. 1999)
4346 139.4 137.6 98.7 93.1 70.2 15 33 (Mao et al. 1999)
4780" 107.8 136.7 98.2 92.9 69.7 25 19 1ESY (Amarasinghe et al. 2000)
4816 notS'G/ | not SGG/ | FUnot3C f 3Unot3C | 3'Unot 3C 5 31 (Bac etal. 2001)
missing missing / missing /(89.8) / missing
before GU
5007" 136.3 wobble missing 913 missing 1 30 (Flinders and Dieckmann 2001)
(134.3)
5170° 139.3 137.4 99.5 933 73.0 7 28 (DeJong et al. 2002)
5256 list 1 139.1 136.6 97.9 92.9 69.8 25 17 1KKA (Cabello-Villegas et al. 2002)
5259 list 1 missing 136.8 98.0 93.0 69.6 25 17 (Cabello-Villegas et al. 2002)
5278 sSRNA S'Gf ssRNA | pyp 34 | SSRNA J'A [ ssRNA 3'A 10 33 (Nixon et al. 2002)
/ missing 5'GA / missing / missing
5371 138.7 missing 97.6 missing missing 30 24 1LC6 (Huppler et al. 2002)
5553 not5'G not 5'GG missing missing missing 21 31 (Lee etal. 2003)
, not 5'GG
5559 sSRNA S'G ) 'Ga) 3G 3G (909) | 3G (71.0) 30 20 (Comolli et al. 2002)
/ missing .
missing
d N DA ssRNA 3'C ssRNA 3'C ssRNA 3'C .
5632 136.4 134.2 (95.3) (90.28) (73.2) 5 30 (Theimer et al. 2003b)
5655 139.2 137.1 98.3 93.1 70.2 30 24 INCO (Sashital et al. 2003)
5703° 138.1 136.3 97.5 92.0 missing 20 24 (Reiter et al. 2003)
5705 139.0 137.0 98.4 93.0 69.7 25 14 2KOC (Furtig et al. 2004)
5773" 136.9 135.1 92.1 86.7 59.8 35 36 (Lawrence et al. 2003)
5834% 139.0 137.0 98.1 92.7 missing 10 22 1PJY (Staple and Butcher 2003)
5852 138.8 not 5'GG 97.8 92.7 70.0 25 23 10W9 (Hoffmann et al. 2003)
5919" 1394 137.0 98.4 92.4 missing 25 42 (Vallurupalli and Moore 2003)
5932 139.1 136.8 98.3 90.6 67.1 10 15 (Theimer et al. 2003a)
5962 139.1 137.0 97.5 missing missing 30 36 1R2P (Sigel et al. 2004)
60621 139.2 136.9 98.0 92.9 99.6 25 23 1834 (Cabello-Villegas et al. 2004)
6076 list 1 139.2 137.0 98.3 93.2 70.1 25 34 1IR7W (Du et al. 2004)
6077 list 1 139.2 137.1 98.1 missing 69.9 25 34 1R7Z (Du et al. 2004)
ssSRNA
ssRNA 5'G , ssRNA 3'U ssRNA 3'U ssRNA 3'U |
6094 (138.1) 5'GG / /(89.7) 1(68.8) 35 101 (D'Souza et al. 2004)
(136.5)
before GU
6239% 133.8 wobble 94.5 89.9 67.6 20 22 (Flinders and Dieckmann 2004)
(131.5)
6320' missing not 5'GG missing 90.4 68.0 10 32 (Sashital et al. 2004)
part of part of parF of parF of parF of
tertiary tertiary tertiary tertiary tertiary
6477 truchy truchy structure structure structure 10/20 47 (Theimer et al. 2005)
S(T;% Or)e S(T;cé 436 3’Anot3'C 3’Anot3'C 3’Anot3'C
) ) (90.6) (71.2)
6485™ 135.3 133.0 96.5 92.6 69.6 30 27 (Stefl and Allain 2005)
C"(";;zted 139.3 137.0 98.2 93.0 70.0 30 27 1YSV (Stefl and Allain 2005)




ssSRNA
ssSRNA ssSRNA ssSRNA ssRNA .
5 ! ( .
6509 5 %ll;gt;)g 1ot 5'GG 3'A not 3'C 3'A not 3'C 3'A not 3'C 10 31 (Cornish et al. 2005)
6543 139.3 136.79 97.9 missing missing 30 45 122] (Staple and Butcher 2005)
before GU part of GU after GU after GU after GU
6562 list 1 wobble wobble wobble wobble wobble 25 18 (Ihle et al. 2005)
(138.0) (135.7) (97.4) (90.1) (76.5)
before GU part of GU after GU after GU after GU
6562 list 2 wobble wobble wobble wobble wobble 10 18 (Ihle et al. 2005)
missing missing (97.3) missing (76.1)
6633" 137.1 135.0 95.9 90.7 67.4 10 41 (Gaudin et al. 2005)
6652 GU after GU U not C at U not C at U not C at
(din;er) wobble/ wobble 3"end/ 3"end/ 3"end/ 30 43 (Davis et al. 2005)
missing (135.9) (102.8) (91.3) missing
6756° 136.7 134.7 97.3 89.0 73.8 30 27 (Erat et al. 2007)
70907 missing not 5'GG missing 92.6 73.5 25 18 (Joli et al. 2006)
7098 139.3 not 5'GG 98.1 92.7 70.0 30 35 2GMO (Ulyanov et al. 2006)
7403 136. 134.5 95.5 90.4 67.1 10 24 2QH2 (Theimer et al. 2007)
7404 136.5 1344 missing 90.2 missing 10 23 2QH3 (Theimer et al. 2007)
7405 136. 134.5 95.8 90.5 67.1 10 18 2QH4 (Theimer et al. 2007)
15080 139.2 137.2 98.7 93.0 70.0 30 20 2033 (Sashital et al. 2007)
15081 Six modified bascs, also at (Sashital et al. 2007)
5'-end
15417 1394 137.3 missing 92.9 69.7 4 34 2JTP (Marcheschi et al. 2007)
155381 139.2 not 5'GG 95.8 92.2 70.2 25 29 (Reiter et al. 2008)
15571 138.8 not 5'GG g?;‘sf 4? 927 69.7 25 100” 2XJQ (Popenda ct al. 2008)
15572 138.8 not 5'GG ?;‘?5? 92.8 69.5 25 e 2XS (Popenda ct al. 2008)
llfs(g? 139.0 136.8 99.96 92.86 69.8 15 29 2K5Z (Ampt et al. 2008)
before GU part of GU after GU after GU after GU
15745 wobble wobble wobble wobble wobble 20 22 (Schwalbe et al. 2008)
(137.6) (135.7) (97.3) (89.9) (76.3)
15780 missing not 5'GG 97.7 92.7 69.9 25 9+8 2K3Z (Popenda et al. 2009)
15781 139.0 not 5'GG 97.7 92.7 69.8 25 9+8 2K41 (Popenda et al. 2009)
15786 - A - . .
list1® missing 136.2 97.9 missing missing 15 37 (van der Werf et al. 2008)
15786 list2 missing missing missing 92.8 70.0 25 37 (van der Werf et al. 2008)
15856 136.2 137.9 953 90.0 missing 20 29 unpublished
15858 before GU part of GU after GU after GU
- wobble wobble wobble wobble missing 15 7+7 unpublished
(137.41) (134.17) (94.7) (90.2)
15859 136.31 136.72 953 90.4 missing 20 22 unpublished
15869 136.5 1343 missing 90.4 67.1 25 30 (Carlomagno et al. 2008)
17RA 139.3 136.93 98.3 93.2 69.8 25 21 17RA (Smith and Nikonowicz 1998)
1AFX' 143.4 1453 99.1 92.8 70 20 12 1AFX (Butcher et al. 1997)
before GU part of GU after GU after GU after GU
1RNG wobble wobble wobble wobble wobble 20 12 (Jucker and Pardi 1995)
(140.6) (138.6) (98.0) (92.2 (70.1)
1SCL 136.4 1342 95.5 90.3 missing 30 29 1SCL (Szewczak and Moore 1995)
1uuut 139.0 136.9 98.1 92.8 69.6 28 19 1Uuu (Sich et al. 1997)
1YFV' 138.2 135.2 97.2 91.9 68.7 35 8+8 (SantaLucia and Turmer 1993)
20 nt .
38.9 36.8 97.9 92.8 9.7
henA 138.9 136 97.9 9 69 30 20 unpublished
TASL1 139.2 136.9 98.0 92.8 69.8 30 22 unpublished
TASL2 139.2 136.9 98.1 92.9 69.8 30 26 unpublished
TASL3 139.1 136.9 98.0 92.8 69.9 30 30 unpublished
before GU
FZ12 139.2 wobble 98.2 92.8 69.8 30 22 unpublished
(137.1)
FZL4 139.1 136.8 98.1 92.8 69.8 30 21 unpublished

a) One reference value is shifted by more than 30 ppm. No other errors were detected.




b) C8 and C1' chemical shifts are systematically shifted.

¢) C5 chemical shifts systematically too high. C3' could be wrongly assigned or it is not the 3’end.

d) The C8 reference values are shifted by 2.7 ppm. C5 values seem to be less shifted and C1’ values are in the expected ranges.

e) Recalibration by 0.7 ppm, shifts all reference values in the expected regions.

) C8 shifts seem to be ~ -2ppm off, C3’ by ~ -10 ppm, C1" and C5' by ~ 6 ppm.

g) C6 shifts of uridines and C8 shifts of adenosines are shifted by around 2.7 ppm whereas C8 chemical shifts of guanosines or C6 chemical shifts of uridines are in the
expected regions. Since two labeled samples were used for recording the NMR data, an AU and a GC 13C/15N-labeled sample, we suspect that the spectrum of the AU
labeled RNA was not calibrated properly. It is likely that as well the C2 shifts of adenosines are not properly referenced. For our database we removed these shifts.

h) C1' reference value only slightly out of the expected range. Other C1’ values are as well only slightly low.

i) C1" and C3’ chemical shifts are off by ~ 2.7 ppm.

j) One reference value is shifted by more than 30 ppm. No other errors were detected.

k) C6 and C8 are ~ -Sppm off, sugars ~ -2 ppm, C5 3 ppm.

1) Sugars reference values are off by 2-3 ppm. Also the other values seem to be off by 2—3 ppm.

m) By reprocessing and analyzing the original data it turned out that the °C assignments of the bases (including C5) were derived from a *C-HSQC spectrum
optimized for the aromatic region (offset 145 ppm, spectral width 30 ppm) which was mis-calibrated by 4.0 ppm. The ribose "*C assignments originated from a 3D “*C-
edited NOESY which was mis-calibrated by 0.4 ppm. The °C C5 assignments were mis-calibrated by 1.7 ppm. Interestingly after calibrating the chemical shifts to
DSS, all the reference values lie in the very narrow ranges that we received by measuring the RNA stem-loop TASL2 under different conditions.

n) Chemical shifts shifted by ~ 2.2 ppm.

0) C8 resonances are shifted by ~ 2.7 ppm. No clear systematic offsets detected for the other atom types.

p) Origin off the unexpected C3' reference value not clear. C5, C6 and C8 resonances are not assigned. Therefore we cannot validate the reliability of the data.

q) All C5 shifts are systematically shifted by around 2.7 ppm. Here we assume improper calibration of the °C spectrum of the C5 chemical shifts. The C1’ reference
value is only 0.3 ppm out of the expected range and other C1’ seem as well to have only a slight tendency towards too small values.

r) All C5 shifts are shifted by around 2.0 ppm (Fig. 5).

s) One reference value slightly too low.

t) Sugar shifts seem to be correct. The origin of the inconsistency of the other reference values is unclear.

u) "°C chemical shifts were originally referenced to external 1 % dioxane at 67.8 ppm. Since 1 % dioxane was reported to resonate at 69.3 ppm in regard to DSS as
reference, we shifted the values by the difference of 1.5 ppm.

v) Resonances shifted by ~ 1 ppm.
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