
 

 



 

 

 

 



 

 



 

 

 Detailed interactions will be discussed in detail further below.  
Supplementary Fig. ) and 

not 



 

 

These results further support 
that, in solution a single c-di-GMP molecule does not cause SmbA  dimerization.
C-di-GMP-mediated dimer stabilization has been observed previously, involving dimeric, and 
tetrameric c-di-GMP in the case of VpsT32 and BldD19, respectively (for a review see ref. 27). 
Furthermore, c-di-GMP accommodation in the rigid dimer interface has been described for STING 
protein33. Notably, structure comparison shows that VpsT, STING, and SmbA involve symmetric 
stacking interactions (with W131, Tyr167, and R143, respectively) which cap two guanine bases of c-
di-GMP from both sides at the dimer interface (Supplementary Fig. S2). We anticipate that protein 
dimerization involved c-di-GMP with isologous interactions may be operational in more, hitherto 
unrecognized target 



 

 

Because the  the apo structure of SmbA s not known, we turned to a model of  apo wild-type SmbA 
generated by AlphaFold234 ( ) as deposited in Uniprot (Q9A5E6) to predict the protein conformation 
and more specifically loop 7 in an unliganded state. The AF2 model of SmbA agrees very well with 
our X-ray structure (Fig. 5d). Indeed, the core of the TIM-barrel fold shows very high confidence 
(pLDDT > 90) and represents the most stable region of the SmbA structure. Interestingly, loop 7 and 
helix 9 have low (70 > pLDDT > 50) and very low (pLDDT <50) scores. It has been shown that AF2 
correlated with the root mean square fluctuations (RMSF) calculated from MD (Molecular Dynamics) 
simulations experiments35. Thus the low AF2 scores of SmbAwt, suggest flexibility of loop 7 in the 
absence of c-di-GMP (Supplementary Fig. S 5a) which is most likely  is open in the unliganded state in 
contrast to  closed in SmbAwt/(c-di-GMP)2 structure (Figs. 5c and 5d). This prediction is in line with 
the functional model of SmbA action31 which posits that, in response to c-di-GMP binding, the protein 
switches form an on- to off on-state accompanied by structural changes in flexible loop 7 and helix 9, 
which ultimately controls the interaction with an unknown downstream partner possibly via 
heterodimerization (Supplementary Fig. S 5b). 

The SmbA c-di-GMP structure may represent the first step of consecutive c-di-GMP binding 
to form an intercalated dimer 
At very high (>1 mM) concentration, c-di-GMP can form dimers or even higher oligomers, such as 
tetramers or octamers. However, Gentner et al. (2012) clearly showed by NMR that c-di-GMP is 



 

 

monomeric at physiological concentrations38. 

. Intercalated c-di-GMP dimers have been observed in several protein complexes, 
such as when bound to the I-site of diguanylate cyclases, or in response regulators, PilZ receptors, and 
SmbA Based on our data shown here, we propose that at physiological concentrations c-di-GMP 
dimerization occurs only on the protein by consecutive binding of c-di-GMP monomers to form the 
intercalated dimer (Fig. 6e).  
This obviously implies the presence of a well formed, high-affinity protein binding site for the first c-
di-GMP molecule. Here, we have captured upon loop deletion for the first time a potential binding pose 
of the first c-di-GMP binding event to SmbA. Indeed, all interactions required to bind this first monomer 
(involving R143, E188, R78) are present in  (Fig. 3c) and the affinity turned out to be in the 
low M range (Fig. S1b). For the second binding event, in addition to a bound c-di-GMP molecule 
providing guanyl stacking sites, loop 7 providing the R xxD motif would then be required 
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For the apo protein crystals, three different protein concentrations (20, 15 and 5 mg/ml ) were used at 
room temperature. Crystals appeared within a week and continued growoing for a few additional days 
in a condition containing 200 mM NaCl and 10 % v/w PEG 6000. The crystals were flash-frozen in 
liquid N2 for data collection at 100 K. 

Analytical ultracentrifugation (AUC) 
Sedimentation velocity (SV) centrifugation was performed on a ProteomLab™ XL-A analytical 
ultracentrifuge (Beckman-Coulter, Brea, CA, USA) using an AN60 Ti rotor with standard aluminum 2-
channel centerpieces with quartz windows. The samples were spun at speeds ranging from 35000 to 
50000 rpm depending on the protein size at 4°C. The SmbA 38.9 µM ) and  SmbA 39.0 µM ) in 
SEC buffer was subjected to ultracentrifugation in the absence and in presence of a 5 fold molar excess 
of c-di-GMP. Radial scans were recorded with 30 µm radial resolution at ~3 min intervals. The software 
packages SEDFIT v 14.14 was used for data evaluation. After transformation of the recorded 
sedimentation velocity data taken in the intensity mode to interference data in the respective data 
evaluation software, time- as well as radially-invariant noise were calculated and subtracted. In SEDFIT 
(http://www.analyticalultracentrifugation.com), continuous sedimentation coefficient distributions c(s) 
were determined with 0.05 S resolution and an F-ratio = 0.95. Suitable s-value ranges between 0 and 
30 S and for GA f/f0 between 1 and 4 were chosen. Buffer density (1.0136 g/ml) and viscosity (1.591 
cP) were calculated with SEDNTERP v 20111201 beta (http://bitcwiki.sr.unh.edu/index.php). The 



 

 

partial specific volumes of the studied proteins were calculated according to the method of Cohn and 
Edsall as implemented in SEDNTERP. From the peak in the c(s) distribution, the frictional ratio f/f0 
and the meolecular weight were obtained by SEDFIT based on the Stokes-Einstein and Svedberg 
equations50 (REF. Braun and Schuck 2006). Data were plotted using program ProFit (Quansoft, Zurich, 
Switzerland). 
AlphaFold modeling 
The SmbAwt AphaFold model was retrieved from Uniprot (https://www.uniprot.org) with accession 
code Q9A5E6. The X-ray structures were visualized using Pymol (https://pymol.org/2/) and compared 
to the AlphaFold model. 



 

 

 



 

 



 

 



 

 

 



 

 



 

 



 

 



 

 

 

(a) SV-AUC absorbance c(s) distributions of SmbA , SmbA /(c-di-GMP)  and 
.  s and f/fO values of SmbA , SmbA /(c-di-GMP) , 

and . 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 





 

 



 

 

Data collection    SmbA loop/c-di-GMP                  SmbA loop 
Synchrotron source SLS, PXIII SLS, PXI 
Wavelength ( ) 1.00004 1.00004 
Space group P 43 21 2 P 21 
a, b, c ( ) 56.0, 56.0, 205.1  61.4, 208.1, 64.2 

, ,  (°) 90, 90, 90 90, 117.6, 90 
Resolution ( )    21.5-1.4 (1.45-1.4) * 56.9-1.8 (1.87-1.8) 
Unique reflections 65577 (6381) 128620 (12871) 
Completeness 99.93 (99.87) 98.7 (97.9) 
I/  (I) 20.6 (2.6) 12.06 (2.9) 
Redundancy 22.9 (22.9) 3.3 (3.3) 
Rmerge (%) 9.8 (164) 7.4 (55.5) 
Rpim (%) 2.1 (352) 4.9 (36.1) 
CC (1/2) % 99.9 (86.4) 99.6 (73.3) 
Refinement   
Rwork/Rfree (%) 14.8/17.7 16.8/20.3 
RMSD 

 
 

Bond lengths ( ) 0.006 0.009 
Bond angles (°) 0.9 1.05 
Molecules/asymmetric unit 1 4 
No. of atoms   

Protein 2081 8952 
Ligand 99 0 
Water 299 1265 
Average B-factor ( 2) 20.4 24.0 
Protein 18.5 22.7 
Ligand 21.4  
Water 33.3 33.6 
Ramachandran statistics (%)   
Favored regions 99.25 98.26 
Allowed regions 0.75 1.74 
Disallowed regions 0.0 0.0 
Deposition 

 
 

PDB codes 7B0E 8BVB 


