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Supplementary Text 

 

Interactions of the common A(N)GGAX binding motif 

The two guanine bases of the common A(N)GGAX motif are specifically recognized by hydrogen 

bonds from the backbone atoms in the β5B-strand and the preceding β4B-β5B loop (Pro37B, Val40B, 

Val42B and Arg44B) and are packed against the hydrophobic side-chains of Leu2A, Leu4A and Val42B 

(Supplementary Figure S4a, b and reference (11)). The two adenines are coplanar but do not interact 

with each other and make specific hydrogen bonds via their Watson-Crick (the 5′-adenine) or their 

Hoogsteen (the 3′-adenine) edges to the backbone of Thr5A or Ile3A, respectively (see Supplementary 

Figure S4a, d). In addition, the base and sugar of the 3′-adenine (A29 in SL2) pack against the 

hydrophobic side-chain of isoleucine Ile3A. The looped-out nucleotide X is not specifically recognized 

but makes hydrophobic contacts to the side-chains of Met1A and Leu23B (Supplementary Figure S4c). 

The NH3
+ of the N-terminal methionine as well as the positively charged side chain of lysine Lys38B 

stabilize the phosphate backbone of the RNA by salt bridges (Supplementary Figure S4c). 

Differential RNA recognition by the arginine Arg31 side-chain 

In those SL’s containing CG-UA closing base-pairs (SL2, SL4 and 20nts-RBS), the side-chain of 

arginine Arg31 specifically recognizes the N7 of the adenine of the penultimate stem closing base-pair 

(CG-UA) but not the N7 of the guanine base of the ultimate stem closing base-pair (CG-UA) (see e.g. 

A15 in 20nts-RBS in Figure 4d). In SL1, the two additional inserted nucleotides G5 and A12 shift the 

CG-AU closing base-pair downwards by one base-pair, such that in SL1 the guanine base G13 of the 

ultimate CG-UA closing base-pair is placed at the equivalent position as the adenine A15 of the CG-

UA penultimate stem closing base-pair in 20nts-RBS (compare the secondary structures of SL1 and 

20nts-RBS in Figure 4). It would be expected that the Arg31 side-chain (which recognizes the N7 of 

the adenine A15 in 20nts-RBS, Figure 4d) recognizes the N7 of the guanine G13 in SL1. However, in 

SL1, the Arg31 side-chain makes a specific hydrogen bond to the N7 of the inserted adenine A12 

(Figure 4f). This adenine A12 stacks on the C4-G13 closing base-pair but is not base-paired to any 

nucleotide and therefore adopts a slightly different position than the equivalent G14 of the stem 

closing base-pair in 20nts-RBS (compare Figure 4d and f). This allows the side chain of Arg31 to 

make a specific hydrogen bond to the non-base-paired A12 of SL1 but not to the equivalent G14 in 

20nts-RBS. The re-positioning of the Arg31 side-chain in the SL1/RsmE complex allows the 

formation of salt-bridges to the phosphate of A12 but not to the phosphate of G13 in SL1 (Figure 4f). 

In contrast, the Arg31 side chain can contact both phosphates of G14 and A15 in 20nts-RBS (Figure 

4d). 



In SL3, the penultimate stem closing base-pair is not a U-A but a G-C (Figure 4e). Whereas in 20nts-

RBS (or SL2 and SL4) the adenine A69 is recognized by its N7 by the side-chain of Arg31 (Figure 

4d), the cytosine C54 of SL3 at the equivalent position cannot form a hydrogen bond with the Arg31 

side-chain (Figure 4e). It is expected that a guanine is as well tolerated as an adenine at this position. It 

can also be anticipated that a uracil base at the same position would be recognized by its O4 carbonyl 

acceptor group. Interestingly, the SELEX derived consensus sequence selects a uridine at this position 

(14). In conclusion, we suggest that any base except for a cytosine is tolerated at this position (3′-base 

of the penultimate stem closing base-pair).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figures 

 

  



 

 

 

Figure S1: Overview of the 1H-15N HSQC spectra of the complexes used in this study. Shown are the 
1H-15N HSQC spectra of the free (red) and bound (blue) RsmE protein. All the spectra were measured 
at 313 K. The RNA target of the bound RsmE protein is shown on the top left corner of the spectra. 
The RNA sequences of the RNA targets are presented in Supplementary Table S2. 

 

 



 

Figure S2: Overview of a representative ITC binding curve of each construct used in this study. The 
concentrations of the RNA and the RsmE protein homo-dimer (two binding sites) are indicated. The 
higher concentrated component (in the syringe) was titrated into the lower concentrated component 
(cell). All measurements were performed at 298 K in 300 mM NaCl and 50 mM potassium-phosphate 
at pH 8.0. The errors were calculated from at least two independent measurements (standard 
deviations indicated). SL2 and 20nts-RBS were fitted using a 2-site binding model while all the other 
binding curves were fitted using a 1-site binding model. The sequences of all the RNA constructs are 
presented in Supplementary Table S2. 



 

 

 

Figure S3: NMR structural ensembles of all 5 complex structures. The second RNA molecule binding 
to the homo-dimeric RsmE protein is not shown for simplicity. For the 9nts-GGA39-41 RNA in 
complex, the nucleotides U36, C37, A43 and U44 are unstructured and shown in blue line 
representation. 

 

 



 

 

Figure S4: The common binding mode of the A(N)GGAX motif demonstrated by SL2. (a) Schematic 
representation of intermolecular RNA-protein interactions, blue residues are involved in 
hydrophobic/stacking interactions, yellow residues in potential hydrogen bond contacts. (b-d): 
Structural details of interactions important for recognition. The nucleotide N (A26 in SL2) is only 
shown in thin line representation in (b) for simplicity. 

 

 

 

 

 

 



 

 

Figure S5: Thermodynamic enthalpy/entropy compensation for SL2, SL4 and the 20nts-RBS RNA 
binding to RsmE. (a) Bar representation of thermodynamic changes for SL2, SL4 and the 20nts-RBS 
RNA. (b) Overview of binding affinity, enthalpy and entropy for SL2, SL4 and the 20nts-RBS RNA 
binding to RsmE. All measurements were performed at 298 K in 300 mM NaCl and 50 mM 
potassium-phosphate at pH 8.0. The errors were calculated from at least two independent 
measurements (standard deviations indicated). Note that SL4 has been fitted with a 1-site binding 
model, while SL2 and 20nts-RBS could only be fitted with a 2-site binding model. 

 

 

 

 

 



 
 

Figure S6: Comparison of the binding mode of the orthologous RsmN and RsmE proteins. Despite the 
distinct protein folds, the binding of SL2 of the RsmZ sRNA from Pseudomonas aeruginosa and P. 
fluorescens, respectively, is almost identical. The only difference is the recognition of the looped-out 
nucleotide N of the A(N)GGAX motif. This difference can be explained by the missing α-helix at the 
C-terminus in RsmN (see boxed adenine 26).  
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Table S1: NMR and structure statistics.  
*δ-angles in the loop residues: 50˚-110˚ for C3′-endo conformation and 130˚-190˚ for C2′-endo 
conformation.  
†Protein backbone angles: the φ- and ψ-angles were determined using TALOS+ (26), RNA backbone 
angles: based on A-form geometry derived from high-resolution crystal structures: α=270˚-330˚, 
β=150˚-210˚, γ=30˚-60˚, δ=50˚-110˚, ε=180˚-240˚, ζ=260˚-320˚. The restraints were only used for 
double-stranded regions, which were identified by the presence of a protected imino resonance and 
confirmed by NOEs. 
‡ Pairwise r.m.s.d was calculated among the ten lowest energy structures.  

 

 

 



Table S2: All the RNA constructs used in this study are shown (from 5′ to 3′). The GGA binding 
motifs are highlighted in red. 

 
Constructs from RsmZ RNA: 
 
SL1: GG GUGUCGACGG AUAGACACCC 
 
SL2: GG GCCA UCAA GGAC GAUG GU CC 
 
SL3: GGG AUCGCAGGAA GCGAUCCC 
 
SL4: GGGUCAUCAGG ACGAUGACCC 
 
9nts-GGA39-41: UCAGGAC AU 
 
23nts-GGA76-78: GAGAAAGGAACACAGAGACUAGG 
 
GGAterm: GAGCUAGGGAAAAAUGUGGGCGGGUCAUACCGCCCCUUUUUUU 
 
Constructs from hcnA mRNA 5′-UTR: 
 
hcnA-GGA#1: GAGGGACCGGGUCGUUGCCCGGUCCC 
 
hcnA-GGA#2: GAGACCGGGACGUUGCCCGGUCUC 
 
hcnA-GGA#3: GAGCAUGGACGGCGAGACGCCGGGUA 
 
hcnA-GGA#4: GAGCAUAGACGGCGGGACGC CGGGUA 
 
20nts-RBS: GGGCUUCACG GAUGAAGCCC 
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