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Supporting Information 
 
 
 
Original structure analysis 
The structure of MthNifB from Kang et al. (PDB 7JMB)1 features residues 13-276 in two chains A and B with Rwork 
and Rfree values of 0.262 and 0.314 respectively. The monomers of this crystallographic dimer were modeled 
nearly identically and had the same general ¾ b-barrel structure as MtNifB (PDB 6Y1X) common to radical SAM 
enzymes.2,3 The two chains were linked by a disulfide bond between C240 residues. An [Fe4S4] RS-cluster binds in 
the approximate center of the b-barrel via C38, C42 and C45 (Fig. S1, right). Two more [Fe4S4] clusters, K1 and K2, 
bind to the ‘bottom’ of the b-barrel and to a loop formed from N-terminus, respectively. The C-terminus was 
ordered in a series of loops that wrapped both K-clusters, bringing them into close proximity. K1 was modeled 
with C18, H31 and C115 as ligands and K2 with C260 and C263 as ligands (Fig. S1, left). 
All clusters were modeled as perfect cubes forcing Fe coordination out of the expected tetrahedral geometry 
and giving rise to unlikely bond angles (shown in Fig. S1 as black dotted lines). Furthermore, H24 and H31 proposed 
as K-cluster ligands from X-ray spectroscopy and density functional theory analysis were modeled too far from 
the iron atoms of the cluster for them to be actually bonded (Fig. S1, green dotted lines). 
 

 
Figure S1 – Proposed MthNifB iron sulfur cluster ligation in Kang et al. Clusters and ligands (as annotated) have a ball-and-
stick representation with atoms colored by element (Fe brown, S yellow, N blue, C white). Interatomic distances shown as 
dashed green lines, solid where bonds are modeled and selected angles shown as dotted black lines. A typical Fe-Cys bond 
length is 2.30 Å, Fe-His is 2.25 Å and Fe coordination should approach tetrahedral symmetry with bond angles of 109.5°. 
 
Improved processing of the crystallographic data for MthNifB 
For the present study, we obtained X-ray diffraction data and the initial MthNifB crystal structure initial model 
from the RSCB Protein Data Bank (PDB code: 7JMB).1 The structure was then refined using BUSTER software4 and 
manual modifications were performed using Coot.5 During the first refinement cycles, target structure reference 
restraints were applied using the crystal structure of MtNifB (PDB code: 6Y1X).6 Non-Crystallographic Symmetry 
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(NCS) restraints were also applied during refinement. [Fe4S4] and P-cluster ligand geometry restraints (SF4 and 
CLF, respectively) were obtained from the RCSB Protein Data Bank. Figures were prepared using PYMOL.7  
As a control, using the newly refined protein structure model (Table S1, Rwork = 20.19 %; Rfree = 23.95 %), we 
replaced the K-cluster with two independent [Fe4S4] clusters. After 5 cycles of such refinement and using the 
same parameters as before, the refinement statistics slightly increased (Rwork = 20.22 %; Rfree = 24.13 %). In 
addition to displaying bad ligand coordination geometry, the two [Fe4S4] clusters also exhibit lower correlation 
with the electron density when compared to that of the K-cluster. The original and corrected models for this 
region are presented in Figure 2. 
Our improved structure refinement also revealed two additional unexpected features. The first one is the 
presence of an extra density for residue A276 in both chains A and B (Fig. S4). The most likely interpretation of 
this electron density peak, considering its distance to the A276 Cb and its geometry, is that residue 276 would have 
been mutated to serine. However, we do not have access to the actual protein sample used for crystallization 
and we cannot conclude it with certainty. The second feature is the presence of an extra electron density bound 
to the NifB RS-cluster (Fig. S5). Our best interpretation for this peak in the electron density is a nitrate molecule 
from the buffer, establishing three hydrogen bonds with residues A87, G90 and S117. Even though this rationalizes 
the electron density, the presence of a nitrate molecule at this position is not entirely satisfactory, because no 
direct interactions are made with the RS-cluster. As the resolution is rather low, another interpretation cannot 
be excluded. 
 
Table S1. Refinement statistics 

Resolution range 60.84 – 3.0 (3.11 – 3.0) 
Reflections used in refinement 12029 (794) 
Reflections used for Rfree 1207 (76) 
Rwork 0.2019 (0.3471) 
Rfree 0.2395 (0.4316) 
Number of non-hydrogen atoms 4124 
      macromolecules 4054 
      ligands 59 
      solvent 11 
Protein residues 550 
RMSD (bonds) (Å) 0.049 
RMSD (angles) (°) 1.69 
Ramachandran favored (%) 91.76 
Ramachandran allowed (%) 6.23 
Ramachandran outliers (%) 2.01 
Rotamer outliers (%) 10.86 
Clashscore 13.95 
Average B-factor (Å2) 77.22 
      Macromolecules (Å2) 77.02 
      Ligands (Å2) 96.42 
      Solvent (Å2) 45.39 

 
 



 
Figure S2. Revised MthNifB model using X-ray diffraction data from Kang et al.1  A) N-terminal stretch of chain A molecule. 
B) M229-T234 loop in chain A. C) residue K192 and K-cluster from chain A. D) C-terminal stretch of chain A. The 2Fo-Fc Fourier 
and Fo-Fc difference Fourier electron density maps (blue and green meshes, respectively) were calculated using either PDB 
7JMB (upper part in A, B, D and left part in C) or our revised model (lower part in A, B, and D, and right part in C) and were 
contoured at 1 and 3 s, respectively. Here, we show only four representative examples of residual electron density that was 
either misinterpreted or not modeled in the 7JMB structure. Many others can be found throughout the structure. 
 
 
 
 



 
Figure S3. MthNifB models colored by residue B-factor. Crystal structure from Kang et al. (left – 7JMB) and this work (right) 
with polypeptide chains shown as a cartoon tube with the size and color indicating the B-factor of the residues. Spatial 
spreading of the B-factor is a common criterion to assess the validity of a crystal structure, usually highlighting that the core 
structure is less agitated than the surface residues. Narrow, blue tubes represent low values, wide red tubes represent high 
values. The structure from Kang et al. (PDB 7JMB) displays B-factors ranging from 21.8 to 182.5 Å with an average B-factor = 
70.8 Å. The reinvestigated structure (this work) displays B-factors ranging from 27.6 to 152.6 Å with an average B-factor = 
74.9 Å. The B-factor determined from the Wilson-plot is 78.8 Å. Iron-sulfur clusters have a ball-and-stick representation. The 
structure from this work has low B-factors in the core and the surrounding of the K-cluster binding site, where the structure is 
expected to be rigid, progressing to higher factors in solvent exposed loops, which are expected to be flexible. B-factors in 
Kang et al. vary considerably between neighboring residues in a way that is hard to rationalize. 

 
Figure S4. Electron density of the residue 276. Stereo representation of the 2Fo-Fc (blue, 1 s) and Fo-Fc (green, 3 s) electron 
density map for residue A276 for (A) chain A and (B) chain B. 

 



 
Figure S5. Stereoview of the residual electron density around the RS-cluster. Fo-Fc difference Fourier electron density map 
(omit map) around the RS-cluster contoured at 3 s. Hydrogen bonds are shown as dashed black lines. Only chain A is 
represented because no extra electron density peak is visible for chain B. 

 
Figure S6. Stereoview of the belt-sulfide environment. 
 

 
Figure S7. Stereoview of the Fig. 2 panel A. 
 



 
Figure S8. Stereoview of the Fig. 2 panel B. 
 
 
 

 
Figure S9. Stereoview of the Fig. 2 panel C. 
 
 
 

 
Figure S10. Stereoview of the Fig. 2 panel D. 
 
 
 

 
Figure S11. Stereoview of the Fig. 3. 
 
 
 



Molecular docking 
Method 
The calculations to find alternative SAM-binding modes to NifB using molecular docking were performed with 
the Schrödinger suite8 using the OPLS3e force field.9 Starting from our revised crystallographic MthNifB model, 
hydrogen atoms were built and protonation states were optimized with the Protein preparation wizard. Given 
the relatively low-resolution structure, only hydrogen atoms were geometry-optimized and formal charges were 
employed for the iron-sulfur cluster ions. The RS-cluster was given a total charge of +2 (a +1 reduced cluster gives 
essentially the same results, not shown) and the K-cluster was assumed to be fully reduced (total charge of 0 
including the belt-sulfide ion). Water molecules were removed from the final model. We calculated a receptor 
grid centered at the centroid of residues F44, T141, T227 and the RS-cluster. The SAM ligand was prepared using 
Ligprep; the standard protonation state of the methionine fragment (NH2, CO2

-) observed in radical SAM enzymes 
(i.e. when bound to the RS-cluster for SAM cleavage) was chosen. To enhance sampling, 300 conformers were 
obtained with Macromodel. Then, all conformations were docked on the receptor grid using the SP and XP 
procedures in Glide.10 Only poses where the methionine fragment was bound to the RS-cluster unique Fe ion 
were retained. These poses were sorted according to the XP docking score (from -16.0 to -10.9). 
 
Results 
The SAM-binding mode observed in radical SAM enzymes for SAM cleavage was not found in the docked poses; 
this could be due to the low structure resolution or, most probably, to a missing ion and structural water 
molecules present in the SAM-bound 22.3%-homologous radical SAM PFL-AE.11 
Out of 6450 poses, 3100 had the methionine carboxylate group bound to the unique Fe ion, out of which only 
80 poses had the methionine NH2 group bound too. The majority of the poses had the adenine bound as radical 
SAM enzymes do (Fig. S12) and all of them had the hydrogen bond between the ribose O3' and the conserved 
T141 residue as observed with the conserved Ser126 in MoaA (see main text).12 In contrast, the ribose O2’ does 
not establish any hydrogen bonds with the receptor. This most probably explains the ribose moiety flexibility 
(see main text). In half of the poses, the belt-sulfide ion is located between 3.3 and 3.8 Å from the SAM methyl 
group (Fig. S12B).  



 
Figure S12. A) The 20 poses of SAM docked in our MthNifB model with the highest score are represented as sticks. Key residues 
for SAM binding and both the K- and the RS- clusters are represented as ball-and-sticks. The hydroxyl-group oxygen atoms of 
the ribose moiety are labeled in bold. B) Representation of SAM-binding mode to MthNifB with hydrogen bonds shown as 
dashed lines. Heavy atom distances are given in Å. This pose corresponds to the highest docking score with the criteria we 
have chosen (see text). C, N, O, S, Fe and H atoms are colored in grey (dark grey for SAM), blue, red, yellow, orange and white, 
respectively. 
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