
 
 
Supplementary Table 1. Primer sequences used for generating the FrdAF116C/G392C disulfide-trapped variant. 
 

FrdAF116C/G392C 
F116C  
Forward Primer  TgCGGCGGCATGAAAATCGAG 
Reverse Primer GCGACGTACGTTGACG 
G392C  
Forward Primer  tGcTCTAACTCCCTGGCGG 
Reverse Primer CAGACGGTTTGCACCGTG 

 
  



Supplementary Figure 1. 

 
Supplementary Figure 1. Contacts between FrdA and SdhE. A schematic depiction of the contacts between 
FrdA and SdhE were analyzed using PDBsum server1; each of the two complexes in the asymmetric unit is 
shown in a different column. Salt bridges are shown as red lines (one per complex) hydrogen bonds are shown 
as blue lines (nine per complex), non-bonded contacts are shown as orange dashes (90 or 98, depending on 
the complex). There are no disulfide bonds. Contacts in the left column are for the complex containing the A and 
B chains, while those in the right column are for the complex containing the C and D chains. Neutral side chains 
are depicted as grey ovals, polar are green ovals, aromatic are magenta ovals, positively charged are blue ovals, 
and negatively charged are red ovals.  
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Supplementary Figure 2. Validation of the global structure. a. Comparison of the theoretical scattering curve 
(black line) of the FrdA-SdhE assembly intermediate with experimental scattering curves of SAXS data from two 
protein concentrations2. The c2 values of 2.14 and 2.91 suggest a reasonable correlation between the crystal 
structure and the structure in solution. b. The crystal structure of the FrdA-SdhE assembly intermediate 
superimposed onto the experimental SAXS envelope2. c. Positions of SdhE missense mutations that reduce 
covalent flavinylation of FrdA/SdhA subunits mapped onto the structure of the FrdA-SdhE assembly 
intermediate; a short region of FrdA that would obscure the binding interface in this view has been omitted for 
clarity. Mutagenesis of residues analogous to E. coli SdhER8, SdhEW11, SdhER15, SdhEE19, and SdhEP52 each 
reduce covalent flavinylation of their cognate flavoprotein3,4. These residues map to the interface of the FrdA-
SdhE complex, suggesting that these missense mutations disrupt complex formation. The binding mode 
observed in the crystal structure further explains how the reported SdhAF2G78R human missense mutation could 
result in Complex II deficiency and disease5, with analogous mutations in yeast and bacteria eliminating covalent 
flavinylation in those systems4,5. SdhAF2G78 is equivalent to E. coli, SdhEG16, which hydrogen-bonds and orients 
the side chain of the histidyl ligand, FrdAH44. d. Crystallographic temperature factors of the FrdA-SdhE assembly 
intermediate mapped onto the structure. The SdhE subunit has elevated temperature factors, likely reflecting 
mobility or a dynamic interface. 
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Supplementary Figure 3. Comparison of acetate-bound and malonate-bound FrdA-SdhE complexes. a. 
Active site of the malonate-bound FrdA-SdhE assembly intermediate superimposed onto 2Fo – Fc maps 
calculated following the removal of FAD and malonate from the PDB coordinates and contoured at 1 s. The 
panels at right show two views of malonate superimposed onto Fo – Fc omit maps calculated after removal of 
malonate from the PDB coordinates and contoured at 2.5 s.  b. Active site of the acetate-bound FrdA-SdhE 
assembly intermediate superimposed onto 2Fo – Fc omit maps and contoured at 1 s. The panels at right show 
two views of acetate superimposed onto Fo – Fc omit maps calculated after removal of acetate from the PDB 
coordinates and contoured at 2.5 s.  c. Comparisons of capping domain position between the acetate-bound 
FrdA-SdhE assembly intermediate (yellow/pink), fumarate-bound FrdABCD (grey; PDB entry 3P4P6) and the 
malonate-bound FrdA-SdhE assembly intermediate (cyan/green). d. Comparison of between the acetate-bound 
FrdA-SdhE assembly intermediate (yellow), fumarate-bound FrdABCD (grey; PDB entry 3P4P6) e. Comparison 
of the acetate-bound FrdA-SdhE assembly intermediate (yellow), and the malonate-bound FrdA-SdhE assembly 
intermediate (cyan). 
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Supplementary Figure 4. Capping domain analyses. a and b. Crystal packing contacts stabilize the position 
of the capping domain. a. Crystal packing contacts of the intact FrdABCD complex (PDB entry 3P4P6); FrdA 
(grey), FrdB (magenta), FrdC (yellow), FrdD (blue). b. Crystal packing contacts of the FrdA-SdhE assembly 
intermediate; FrdA (cyan), SdhE (green).  c. Locations of missense mutations of FrdA that result in loss of 
covalent flavinylation. We propose that FrdAE245, FrdAR287, FrdAH355, and FrdAR390 are directly involved in the 
chemistry of covalent flavinylation, as described in the main text. In contrast, the remaining mutations may effect 
capping domain position. These additional mutations that affect covalent flavinylation were identified in yeast 
and include yeast Sdh1C630/Sdh1R638 (equivalent to E. coli FrdAI570/FrdAR578), which are located in the distal C-
terminus. Residues equivalent to FrdAR578 (flavin-binding domain) and FrdAD288 (capping domain) interact in 
crystal structures of FrdABCD and SdhABCD from multiple organisms7-12, identifying this as a conserved 
interdomain contact. While FrdAR578 is disordered in most structures of E. coli FrdABCD and the FrdA-SdhE 
structure presented here, truncation of this region in E. coli FrdA (FrdADC576) results in loss of detectable assembly 
of FrdABCD under the conditions we tested (Iverson, unpublished). Similarly anticipated to control domain 
orientation in a substrate-independent manner, the conserved yeast Sdh1R582 (E. coli FrdAR529) is located near 
the interface of the flavin-binding domain and capping domain, where perturbation of the local structure via 
mutation may alter domain position. Missense mutation of the analogous residue in humans (SdhAR589) is 
associated with abdominal paraganglioma13.  
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Supplementary Figure 5. Effect of SdhE on FrdA a. LigPlot14 analysis of the contacts between FAD and 
protein. Contact between FrdA and FAD that are observed in both the FrdA-SdhE assembly intermediate and 
the FrdABCD complex are not circled; contacts found in FrdABCD but absent in FrdA-SdhE assembly are circled 
in red (hydrogen bonds) and blue (non-banded contacts). b. Analysis of hydrogen-bonding contacts for the loops 
(50-58 and 103-129) of FrdA in the context of the mature FrdABCD complex. Interacting residues from the loop 
regions are highlighted in green, and the destination interactions are shown as black (FrdA subunit) or magenta 
(FrdB subunit). Interactions are indicated with dashed lines (cyan). Rotation of the capping domain is anticipated 
to remove one hydrogen-bonding interaction, and lack of the FrdB Fe:S subunit is anticipated to remove two 
hydrogen-bonding interactions. Hydrophobic interactions also stabilize the position of these loops. 
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Supplementary Figure 6. Full gels showing the assessment of covalent flavinylation in wild-type FrdA 
and its variants. FAD fluorescence was monitored by running equivalent amounts of wild type FrdA, 
FrdAF116C/G392C and FrdAH44S (negative control) proteins on SDS-PAGE. Reduced levels of covalent flavinylation 
was observed for FrdAF116C/G392C variant as compared to wild type FrdA. 
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Supplementary Figure 7. Mechanism. a. Based upon the model of FrdA-SdhE assembly intermediate with 
malonate, fumarate is modeled into the active site (transparent bonds). This modeled position is nominally 
rotated 54° from the position in the experimental structure of FrdABCD with fumarate (PDB entry 3P4P, solid 
bonds), but additionally flips the molecule based upon the malonate alignment. In this mode, the C2=C3 bond is 
no longer near the N5 of FAD, preventing facile transfer of hydride from FAD N5. b. The Kd

SdhE for the FrdA 
subunit, as measured by optical difference spectroscopy. The FrdA-SdhE structure suggests that SdhE promotes 
changes the environment of the isoalloxazine ring of FAD, as a result we measured Kd

SdhE using optical 



spectroscopy, which informs on isoalloxazine environment. The spectrum of isolated FrdA subunits (black line) 
exhibit a typical spectrum for FAD bound to Complex II. We find that the addition of SdhE (red line) promotes a 
red spectral shift in the high-energy 370 nm peak of FAD, while isolated SdhE (blue line) exhibits no detectable 
signal. We used this method of monitoring the interactions between FrdA or SdhA subunits and SdhE to measure 
the Kd

SdhE values, as reported in Table 1. c. Superposition of FAD and FrdAH44 onto 2Fo – Fc maps contoured at 
2 s. The orientation of the FrdAH44 imidazole ring from the FrdA-SdhE assembly intermediate (cyan) explains the 
electron density while the orientation of the FrdAH44 imidazole ring from the assembled FrdABCD complex (grey) 
is inconsistent with this electron density. 
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