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Figure S1: Comparison of NMR spectra between the hcnA 20-mer and hcnA 12-mer RNA free 
and in complex with 15N labeled RsmE. (a) Overlay of the imino region in 1H spectra of the 
hcnA 20-mer free (in cyan) and in complex (red) at 40°C. (b) Overlay of the imino region in 1H 
spectra of the hcnA 12-mer free (in cyan at 30°C, in black at 3°C) and in complex (red) at 30°C. 
No 15N decoupling was employed resulting in a splitting of the HN signals of the protein. (c) 
Imino region of a 2D NOESY spectrum in H2O of the hcnA 20-mer in complex with RsmE at 
40°C. Prominent intermolecular NOEs to G14 and G11 are assigned. (d) Imino region of a 2D 
NOESY spectrum in H2O of the hcnA 12-mer in complex with RsmE at 30°C. Very similar 
intermolecular NOEs to G14 and G11 as in the hcnA 20-mer complex are observed. 
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Figure S2: Chemical shift differences upon complexation of RsmE. (a) Overlay of 15N-HSQC 
spectra of free RsmE (cyan) and RsmE bound to one equivalent of the hcnA 12-mer stem loop 
(red). (b) Overlay of 15N-HSQC spectra of RsmE bound to one equivalent of the hcnA 12-mer 
(red) and RsmE bound to one equivalent of the hcnA 20-mer (dark grey). The # denotes folded 
side chain resonances. (c) Plot of the chemical shift difference between amide groups of the free 
and bound form of RsmE- hcnA 20-mer ( � δ = [ � δHN

2 + ( � δN/Rscale)
2]1/2, Rscale = γH/γN = 9.85). An 

asterisk denotes residues not assigned in free RsmE due to the absence or very low intensity of 
signals. A P denotes prolines. 
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Figure S3: Structure ensemble of the RsmE-RNA complex. (a) 10 complex structures with the 
lowest energy in regard to violations of the distance constraints are superimposed. (b) Side view 
showing the ensemble for one RNA binding site. 
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Figure S4: Precision of the NMR structure at the RNA-protein interface. Shown is a typical 
structure on the left and the whole ensemble of 10 structures with the lowest energy in regard to 
violations of the distance constraints in the right. (a) Recognition site of the nucleotides C9, G10 
and G11. (b) Recognition of the nucleotides A8 and A12. (c) Recognition in the major groove of C7-
G14 and U6-A15 base-pairs. 
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Figure S5: The L4A and R44A mutations do not impair the overall fold of RsmE. 15N-HSQC 
spectra of free (a) Wild type (WT) RsmE in black, (b) L4A RsmE in red and (c) R44A RsmE in 
cyan.  
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Figure S6: Escherichia coli glgC 5´ leader mRNA. (A) Schematic presentation of the assumed 
secondary structure of the glgC 5´ leader mRNA based on the homology to the RsmE-hcnA 
complex structure. Residues that are identical to motifs in the hcnA 5´ UTR are marked in red. 
AUG (blue) denotes the start codon. (B) Model of the glgC 5´ leader mRNA bound to RsmE. 
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Figure S7: Two sets of chemical shifts are observed when RsmE is bound to one equivalent of 
the hcnA 50-mer (residues 58-104 plus GAG at 5´ end) indicating that two different GGA 
motifs of the same RNA are binding to one RsmE dimer. (a) Overlay of 15N-HSQC spectra of 
the complex of RsmE bound to one equivalent of the hcnA 12-mer stem-loop containing the S-D 
sequence (cyan); RsmE bound to one equivalent of the hcnA 26-mer stem loop containing two 
GGA motifs downstream of the S-D (red) and RsmE bound to one equivalent of the hcnA 50-mer 
stem loop containing the S-D and the two upstream GGA motifs (black) at 40°C. (b) Close up of 
the overlay for residues G54 and G24. The two G24 signals of RsmE in complex with the 50-mer 
(black) resemble the G24 signal from the 12-mer complex plus the G24 signal from the 26-mer 
complex. In the structure G24 is in proximity of U13, the looped out base after the GGA motif of 
the S-D sequence. The sequences of the two additional GGA motifs within the 26- and 50-mer are 
different leading to different chemical shifts of G24 in complex. (b) Close up of the overlay for 
residues L23, R31 and N35. In the complex structure these residues are also located in the 
proximity of U13. The spectrum of RsmE in complex with the 50-mer (black) approximately 
resembles the signals from the 12-mer complex plus the signals from the 26-mer complex. The 
signals of the 26-mer complex contain two sets of signals of which only one is also found in the 
50-mer complex.  
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 Table S1. Bacterial strains, plasmids, and oligonucleotides used in this study 
Strain, plasmid, or 
oligonucleotide Relevant characteristics or sequence  Source or reference 
   
E.coli   
BL21(DE3) F- ompT hsdSB(rB

- mB
-) gal dcm (λDE3) Novagen 

BL21(DE3) Codon+ 
RIL 

Strategene, E. coli B F- ompT hsdS (rB
- mB

-) dcm+ Tetr gal (λDE3) endA Hte (argU 
ileY leuW Camr) 

 

   
P. fluorescens   
CHA0 WT 1 
CHA89 gacA::Kmr 2 
CHA1027 rsmA::Km rsmE::Hg hcnA'-'lacZ, Kmr Hgr 3 
   
pET28b Expression vector, PT7, Kmr Novagen 
pME6001 Cloning vector, pBBR1MCS derivative, Gmr 4 
pME6032 lacIQ-Ptac expression vector 5 
pME6533 pME3219 with artificial restriction sites KpnI and SphI in hcnA leader sequence; 

template for in vitro transcription of hcnA leader 
4 

pME6624 pME6533 derivative with oligonucleotides 6624 and 6624rev between KpnI and 
SphI sites 

This study 

pME6629 pME6533 derivative with oligonucleotides 6629 and 6629rev between KpnI and 
SphI sites 

This study 

pME6638 pME6533 derivative with oligonucleotides 6638 and 6638rev between KpnI and 
SphI sites 

This study 

pME6919 Template for in vitro transcription of rsmY under PT7 6 
pME6920 Template for in vitro transcription of rsmZ under PT7 7 
pME6926 Template for in vitro transcription of carA leader under PT7 6 
pME7013 pET28a derivative carrying rsmE, Kmr 3 
pME7318 Template for in vitro transcription of rsmX under PT7 8 
pME7609 pET28b derivative carrying rsmE, Kmr This study 
pME7618 pME6032 derivative carrying rsmE-His6, Kmr This study 
pME7633 pME6533 derivative with oligonucleotide fragments 7633 and 7633rev between 

KpnI and SphI sites 
This study 

pME9502 pME7618 mutant obtained by directed mutagenesis using oligonucleotides 9502 
and 9502rev, RsmE L4A 

This study 

pME9503 pME7618 mutant obtained by directed mutagenesis using oligonucleotides 9503 
and 9503rev, RsmE R6A 

This study 

pME9504 pME7618 mutant obtained by directed mutagenesis using oligonucleotides 9504 
and 9504rev, RsmE R44A 

This study 

   
Oligonucleotides 
(5’→3’)  

 

   
hcn TGTAATACGACTCACTATAGGGGCTCGGTTCTGACAAACAGCTTGGG This study 
hcnrev CGGAATTCTGCAGCGGCTGAATATCGAAG This study 
hcn15 TGTAATACGACTCACTATAGGGTTCACGGATGAA This study 
hcn15rev TTCATCCGTGAACCCTATAGTGAGTCGTATTACA This study 
hcn20 TGTAATACGACTCACTATAGGGGGGCTTCACGGATGAAGCCC This study 
hcn20rev GGGCTTCATCCGTGAAGCCCCCCTATAGTGAGTCGTATTACA This study 
PTZ TCTAATACGACTCACTATAGGG This study 
PTZeco ATGCGAATTCAAAAAAAACCCGCCGAAGCG 8 
PTZrev GGATCCTCTAGAGTCGACCTGC This study 
6624 CCCATTCATTTTTAACGGATGAACCCAGCATG This study 
6624rev CTGGGTTCATCCGTTAAAAATGAATGGGGTAC This study 
6629 CCCATTCATTTTTCTCGGATGAACCCAGCATG This study 
6629rev CTGGGTTCATCCGAGAAAAATGAATGGGGTAC This study 
6638 CCCATTCATTTTTCACGGCTGAACCCAGCATG This study 
6638rev CTGGGTTCAGCCGTGAAAAATGAATGGGGTAC This study 
7633 CCCATTCATTTTTCACACATGAACCCAGCATG This study 
7633rev CTGGGTTCATGTGTGAAAAATGAATGGGGTAC This study 
9502 GATATACCATGCTGATAGCCACCCGCAAAGTCGGTG This study 
9502rev CACCGACTTTGCGGGTGGCTATCAGCATGGTATATC This study 
9503 CCATGCTGATACTCACCGCCAAAGTCGGTGAAAGC This study 
9503rev GCTTTCACCGACTTTGGCGGTGAGTATCAGCATGG This study 
9504 GACGTCGCGGTACACGCGGAAGAAATCTATCAAC This study 
9504rev GTTGATAGATTTCTTCCGCGTGTACCGCGACGTC This study 
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Table S2: Intermolecular protein–RNA hydrogen bond constraints. Note that these 

constraints were only used in the final calculations. The orientations and positions of the bases 

are already defined without these hydrogen bond constraints.  

Hydrogen bond constraints  

(per one protein–RNA subunit) 

supporting chemical shift and hydrogen exchange data 

   I3A N - A12C N7 I3 HN is protected from hydrogen exchange,  

large chemical shift change, see Fig. S2   

   I3A O – A12C N6 δ (C´)free = 175.6 ppm; δ (C´)bound = 174.3 ppm   

   T5A N - A8C N1 T5 HN is protected from hydrogen exchange,  

large chemical shift change, see Fig. S2   

   T5A O - A8C N6 δ (C´)free = 175.7 ppm; δ (C´)bound = 177.2 ppm   

   V42B N – G11C O6 V42 HN is protected from hydrogen exchange,  

large chemical shift change, see Fig. S2   

   V42B O – G10C N2 δ (C´)free = 175.4 ppm; δ (C´)bound = 173.0 ppm   
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Supplementary Methods 

 

Bacterial strains and growth conditions. The bacterial strains, plasmids and oligonucleotides 

used in this study are listed in Table S1. P. fluorescens strains were routinely grown in nutrient 

yeast broth (NYB; 2.5% (w/v) nutrient broth, 0.5% (w/v) yeast extract) with shaking (180 rpm) 

at 30°C. Triton X-100 at 0.05% (w/v) was added to the liquid cultures to avoid cell aggregation. 

Antibiotics when required were added to the final concentrations: kanamycin, 50 mg ml-1, for E. 

coli and P. fluorescens; tetracycline, 125 � g ml-1, and gentamicin, 10 � g ml-1, for P. fluorescens.  

 

DNA manipulations. They were carried out with standard protocols (Sambrook and Russel 

2001). Plasmid inserts were generated by restriction digestion or PCR using Taq DNA 

polymerase (Eppendorf) and gene-specific primers containing restriction sites. Mutagenesis was 

carried out using the QuikChange site-directed mutagenesis kit (Stratagene). Chromosomal 

DNA was prepared as previously described9. Mutations were confirmed by nucleotide 

sequencing (Microsynth). 

 

RsmE-hcnA RNA complex formation (12-mer and 20-mer). The His-tagged RsmE 

(RsmE6H) protein was overexpressed in E. coli BL21(DE3)+RIL/pME7013 at 37°C in 

minimal medium M9 containing 1 g l-1 15NH4Cl and 4 g l-1 glucose (for 15N-labeled proteins) or 

1 g l-1 15NH4Cl and 2 g l-1 13C-glucose (for 13C/15N labeled proteins) and 50 mg l-1 kanamycin. 

Cell cultures were induced at OD600~0.6 by 1 mM isopropyl β-D-thiogalactoside at 37°C. Cells 

were harvested after 4 h by centrifugation. For purification, Ni-NTA metal-affinity 

chromatography was used following the manufacturer’s instructions (Qiagen Inc.) except that 

an additional washing step with a high salt buffer (1 M NaCl, 50 mM Na2HPO4, pH 8.0, 10 

mM imidazole) was added. After elution, the protein was dialyzed against NMR buffer (300 

mM NaCl, 50 mM K2HPO4 pH 8.0) and concentrated to ~0.5 mM by centrifugation at 4°C 

using a 3 kDa molecular mass cut-off membrane (Vivascience). Identity and purity were 

verified by SDS-Tricine-PAGE and the absence of RNases was confirmed by the RNase Alert 

Lab Kit (Ambion).  

For binding studies unlabeled hncA 12-mer (5´-UUCACGGAUGAA-3´) was purchased from 

Dharmacon Research, deprotected according to the instructions of the manufacturer, desalted 

using a G-15 size exclusion column (Amersham), adjusted to pH 7.2, lyophilized and dissolved 

in water. For structure determination, hncA 20-mer (5´-GGGCUUCACGGAUGAAGCCC-3´) 

was used with three different labeling schemes. Unlabeled RNA samples and two 13C/15N-

labeled RNA samples (with only G and U or with only C and A labeled) were produced by in 
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vitro run-off transcription with T7 polymerase and purified by anion-exchange high-pressure 

liquid chromatography under denaturing conditions. The oligonucleotides were annealed at low 

salt and pH 7.2 by heating to 95°C and snap-cooling on liquid nitrogen to favor a stem-loop 

conformation.  

The complexes were prepared by titrating the concentrated RNA solution of typically 10 mM 

into a ~0.5 mM solution of RsmE in 300 mM NaCl, 50 mM K2HPO4 (pH 8.0) buffer until a 

1:1 stoichiometry was reached. Subsequently, the buffer was exchanged to 30 mM NaCl and 50 

mM K2HPO4 (pH 7.2) with a Centricon (5 kDa molecular mass cut-off membrane, 

Vivascience) device. Concentrations were determined by UV spectroscopy (εProtein,280 = 1490 M-

1 cm-1; εRNA,260 (20-mer) = 191,300 M-1 cm-1; εRNA,260 (12-mer) = 125,100 M-1 cm-1) and 

Bradford protein assay (Bio-Rad). 

 

Preparation of RsmE mutants. The His-tagged RsmE containing either a L4A or R44A 

mutation was overexpressed in E. coli BL21(DE3)+RIL (plasmids pME9502 and pME9504, 

respectively) at 37°C in minimal medium M9 containing 1 g l-1 15NH4Cl and 4 g l-1 glucose and 

50 mg l-1 kanamycin. The proteins were purified in the same way as the wild type protein.   

 

RsmE-hcnA RNA complex formation (26-mer and 50-mer). Unlabeled hncA 26-mer (5´-

GAGCAUGGACGGCGGGACGCCGGGUA-3´) and 50-mer (5´-

GAGCAUGGACGGCGGGACGCCGGGUACCCCAUUCAUUUUUCACGGAUGAA-

3´) were produced by in vitro run-off transcription with T7 polymerase and purified by anion-

exchange high-pressure liquid chromatography under denaturing conditions. The complexes 

were prepared by mixing the concentrated RNA solution of typically 2 mM with a ~0.5 mM 

solution of RsmE in 300 mM NaCl, 50 mM K2HPO4 (pH 8.0) buffer in a 1:1 stoichiometry. 

Subsequently, the buffer was exchanged to 30 mM NaCl and 50 mM K2HPO4 (pH 7.2) with a 

Centricon (5 kDa molecular mass cut-off membrane, Vivascience) device. Concentrations of the 

RNA were determined by UV spectroscopy (εRNA,260 (26-mer) = 258,000 M-1 cm-1; εRNA,260 (50-

mer) = 490,700 M-1 cm-1).  

 

NMR spectroscopy. NMR spectra were acquired on DRX-500, DRX-600 and Avance 900 

Bruker spectrometers equipped with inverse triple resonance probes and pulse field gradient 

accessory. Unless indicated otherwise data were measured at 40°C. NMR data were processed 

using XWINNMR and NMRPipe10 and analyzed with Sparky11. The 1H,13C,15N chemical 

shifts of the protein, free and in complex, were assigned by standard methods12.  

RNA resonance assignments of the complex was achieved using 2D 1H-1H TOCSY, 2D 1H-1H 

NOESY and 2D 1H-1H double-half-filtered NOESY13 spectra collected on a 13C,15N-labeled 



 13 

protein, in complex with unlabeled RNA, in 100% 2H2O. Additionally, 3D 13C-edited NOESY 

and 3D HCCH-TOCSY experiments collected on complexes of 15N-labeled RsmE in complex 

with either 13C/15N-GU labeled or 13C/15N-CA labeled hncA 20-mer in 100% 2H2O was used in 

order to unambiguously assign the sugar resonances.  

The assignments of intermolecular NOEs were based on 3D 13C F1-edited, F3-filtered 

NOESY-HSQC14 and a 2D 1H-1H F1-
13C-filtered F2-

13C-edited NOESY13 spectra of the 

protein-RNA complex with either the protein 13C/15N labeled and the RNA unlabeled or the 

protein 15N-labeled and the RNA 13C/15N labeled.  

Amide 15N T1, T2 and steady-state heteronuclear 1H{15N}NOE relaxation experiments15 for 15N 

labeled RsmE-hncA 20-mer were recorded on a DRX-600 Bruker spectrometer. The correlation 

time τC was estimated from an average T1/T2 ratio of the rigid amides according to Gryk et al16.  

 

Structure calculation and refinement. Preliminary structures of the RsmE-RNA complex 

were obtained by a simulated annealing protocol using the DYANA package17 and manually 

assigned NOE distance constraints. 100 structures were generated by DYANA starting from 

random RNA and protein starting structures and 30,000 simulated annealing steps. Initial 

calculations with an RsmE monomer and one RNA did not converge. Over 100 NOE distance 

restraints can only be satisfied by a RsmE dimer with a CsrA fold and were thus classified as 

intermolecular restraints. This is supported by amide signals protected from hydrogen exchange 

at the dimerization interface (between strands β1A and β4B; β2A and β5B and vice versa). At 

later stages of the refinement, hydrogen-bond restraints including six intermolecular one 

(three from slowly exchanging amides and three from significant chemical shift perturbations 

in the carbonyl, see Table S2) were added. To impose better convergence of the ensemble, 

Watson-Crick hydrogen-bonds and some artificial torsion angle restraints for the A-form RNA 

double-helical range were used. This set of torsion angles was derived from the high-resolution 

crystal structures as described earlier18. An ensemble of 20 structures, selected based on the 

lowest target function, served for the refinement in AMBER 7.019.  

The complex was refined in implicit solvent using NOE-derived distances, torsion angles and 

hydrogen bond restraints as summarized in Table 1. In all AMBER calculations, the force-field 

98 based on the Cornell et al20. force-field was used along with the generalized Born model21 to 

mimic solvent. A 20-ps simulated annealing protocol consisting of 20,000 steps was used. 

Square-well penalty functions were used for all NMR restraints with the force constants 50 kcal 

mol-1 Å-2 and 200 kcal mol-1 rad-2 for distance constraints and torsion angles, respectively. The 

relative weights of the valence-angle energy, torsion energy and 'improper' torsional terms were 

gradually increased during the simulated annealing to maintain the planarity of aromatic rings 

and proper local geometries. The simulated annealing protocol was followed by a short energy 
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minimization of 400 cycles (a combination of steepest-descents minimization followed by 

conjugate gradient technique). Ten conformers with the lowest distance violations were selected 

to obtain the final ensemble of structures. The quality of the complex was analyzed by 

PROCHECK22 and NUCHECK23. 

Figures of the complex structure were prepared using MOLMOL24 and PYMOL25. 

 

Modelling of a RsmE-glgC complex. Model structures of the RsmE-glgC complex (Fig. S6) 

were obtained by a simulated annealing protocol using the DYANA package identical to the one 

described above. For stem-loop residues identical to the hncA 20-mer, distance restraints from 

the RsmE-hncA complex were used. Additionally, Watson-Crick hydrogen-bonds and artificial 

torsion angle restraints for the A-form RNA double-helical range were used.   
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