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Introduction Thermodynamics of electron transfer Kinetics of electron transfer in TsNfn 
in TsNfn Reaction conditions • Flavin-Based Electron Bifurcation (FBEB) is a 

Two-electron reduction potential of the bifurcating L-FAD determined by spectroelectrochemistry (SEC) of TsNfnL 
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Nernst fit 

Em,Ox/HQ = −406 ± 2 mV 

n = 2.00 ± 0.34 
pH 8.80, T = 20 ℃ 

[NADPH], [NAD+] (bif), 

Peaks observed by SWV at pH 8.80, T = 20 ℃, average of 3-6 scans in each direction 

mechanism of microbial energy conservation [TsFd] = ~51-54 μM Spectroelectrochemistry (SEC) of TsNfnL A450 vs Applied Potential 
Reaction tracked by reduction 
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0.8 (bif) or oxidation (conf) of TsFd 

• NADH-dependent reduced ferredoxin: NADP+ 0.7 

0.6 [NADP+], [NADH] (con), 
oxidoreductases (Nfn) are a class of FBEB 
enzymes carrying out the following reaction: 

0.5 = 400 μM 0.5 

0.4 [FAD] = 25 μM 
0.450.3 

[NfnSL] = 5.12 μM 
0.22 NADPH + NAD++ 2 Fdox ⇌ 2 NADP+ + H+ + NADH + 2 Fdred 0.1 Temperature = 22 ℃0.4 

0 

350 400 450 500 550 600 650 700 750 800 -500 -480 -460 -440 -420 -400 -380 -360 -340 -320 
Wavelength (nm) E (vs SHE) (mV) 

Reduction potentials of [4Fe-4S] clusters in TsNfnL and TsFd determined by protein-film square-wave voltammetry Average catalytic bias 
of Nfn 

pH 6.5 – 7.6: 5.4 ± 0.5 

TsNfn prefers 
confurcation over 
bifurcation by ~5-fold! 

Structural (A) and thermodynamic (B) perspectives of 
FBEB in Nfn as exemplified by the NfnSL enzyme from 
Pyrococcus furiosus (PDB ID: 5JCA) 

• Catalytic bias enzyme’s tendency to favor one FNOR activity of NfnL 
is essentially flat vs pHdirection of a reversible reaction over the other 
Average: 7.1 ± 0.5 !! μmol Fd • (mg NfnL × min)-1 e.g. 

!" Lower FNOR vs Nfn activities: 
consistent with in vivo ethanol Protein Peak E (vs SHE) (mV) Assignment 

  

 

   
     

 

 

                   
      

  

       

     
       

     

  

 

  

 

      

    
      

         

           

  
    
    
    

      
    
     

    

 
  

 
   

 
   

  

    

        

 
   

  

           

      

 

   
     

  
 

 

 

   

   
 

    

  
  
 

   
 

   
     

    
     
 

   
   

   
   

 

  

    

  
 

     
                

       
      
     

      
                   

                      
    

   
       

             
                      

             
                
                     
      

               

• Thermoanaerobacterium saccharolyticum (Ts) is a 
thermophilic, ethanologenic bacterium 

• Ethanol production >90% of theoretical yield 
from hemicellulose 

• Known involvement of TsNfnSL, partner 
ferredoxin (Fd), and pyruvate-ferredoxin 
oxidoreductase (Pfor) 

• TsNfn expected to work in the confurcating 
direction, but this has not been shown 

• Understanding the mechanism of electron transfer 
in Nfn would enable us to obtain a fuller picture of 
the molecular determinants of FBEB and the 
place of Nfn in native microbial metabolism 

1 −587 ± 5 [4Fe-4S] cluster 1 
TsFd 

2 −406 ± 3 [4Fe-4S] cluster 2 
1 −782 ± 3 Proximal [4Fe-4S] cluster 
2 −573 ± 22 Alternate form of proximal cluster? 

TsNfnL 3 −515 ± 4 Distal [4Fe-4S] cluster 
4 −406 ± 3 L-FAD bound to TsNfnL 
5 −285 to −237 Free FAD unbound from TsNfnL 

TsNfnS 

NfnS [2Fe-2S] 
Em = +80 mV* 

L-FAD 
L-FAD Em, ASQ/HQ ⩾ −30 mV 
Em, Ox/ASQ ⩽ −782 mV 

Proximal [4Fe-4S] 
Em = −782 ± 3 mV 

Distal [4Fe-4S] 
Em = −515 ± 4 mV 

Energetic landscape of electron transfer in TsNfn 
TsNfnL 

NADPH 
Em = −380 mV 

L-FAD 
Em, Ox/HQ = −418 ± 15 mV 

TsFd 
[4Fe-4S] clusters 
Em = −587 ± 5 mV, 

−406 ± 3 mV 

How does TsNfn integrate into the metabolism of Ts? 
• Electron transfer pathway in Ts to generate ethanol is an area of active investigation 

• Ts possesses PFOR to convert pyruvate to acetyl CoA and generate reduced Fd 

• Two equivalents of NAD(P)H needed to reduce acetyl CoA to ethanol 

• Glycolysis generates one equivalent of NADH per pyruvate 

• Where does the second equivalent come from? 

• Ts doesn’t seem to have FNORs 

• Two hydrogenases engaging in hydrogen cycling have been proposed as effectively functioning as one 
NADH-linked FNOR 

• TsNfn – especially one biased in the confurcating direction – can work together with the hydrogenases to 
function as one NADPH-linked FNOR 

• All three enzymes function to balance redox pools of Fd, NAD(H), and NADP(H) as required by Ts 

• TsNfn therefore especially important for the AdhA (NADPH-linked alcohol dehydrogenase), which is 
the only Adh active in some high ethanol-producing strains 

• Ts genome has 16 annotated ferredoxins and 3 flavodoxins 

• Do electron carrier proteins set the catalytic bias of Nfn? Would a different one change the bias? 

production results 
standalone NfnL FNOR 
activity can support some 
– but not maximal – 
ethanol production in a 
ΔnfnS strain 
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