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Abstract 

 This is the first resolved structure of the monomeric form of sulfite reductase 

flavoprotein (SiRFP-60) that shows all three domains: the FMN-binding domain, the 

FAD-binding domain, and the N-terminal octamerization domain. This structure reveals 

that SiRFP-60 has an extremely extended FMN-binding domain. This extension is 

unique to this diflavin reductase, and allows a novel electron transfer mechanism to be 

proposed.  

Introduction  

 Sulfur reduction is essential to the homeostasis of many microorganisms. Sulfite 

Reductase (SiR) is an enzyme that carries out sulfur reduction by a six electron transfer 

where sulfite is reduced to sulfide in proteobacteria (1). SiR is a holoenzyme composed 

of c flavoprotein subunits (SiRFP) and d hemoprotein subunits (SiRHP) (2). The d 

subunits make use of an iron-sulfur cluster to transport electrons. The c subunits utilize 

FAD and FMN prosthetic groups with a NADPH to transfer electrons to the hemoprotein 

subunit (3). SiRFP is an octamer composed of 66kDa monomers. Each monomer 

contains a 52 amino acid N-terminal octamerization domain, an FMN-binding domain 

and an FAD/NADPH binding domain. Electrons move from the NADPH to the FAD to 

the FMN and then on to hemoprotein (4). SiRFP participates in high volume electron 

transfer in which three NADPH molecules are consumed in each turnover event (1). 

SO3
2-+3 NADPH+3 H+ sS2-+3 H2O+3 NADP+

 

 The N-terminus of the wild-type SiRFP contains the necessary components for 

octamerization, and thus deletion of these residues results in a monomeric version of 
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SiRFP. SiRFP-60, the resulting 60 kDa monomer, contains both the FMN and FAD-

binding domains along with similar catalytic activity. It can therefore be considered an 

effective and accurate simplified version of SiRFP (5). SiRFP-60 can be further modified 

to SiRFP-60-FAAPSQS in order to be made more amenable to crystallization by 

truncating the linker region that connects the FMN-binding domain with the 

FAD/NADPH binding domain. This truncation, made by deleting amino acids 212-217, 

resulted in a more homogenous and less flexible sample. Previous crystal structures of 

SiRFP were unable to resolve all three domains of flavoprotein because of the flexibility 

of the linker region (6,7). 

Presented here is the first crystal structure of SiRFP-60 to show all three 

domains. The crystal structure indicated that SiRFP-60 FMN-binding domain was 

extremely extended in relation to the FAD-binding domain. This extended conformation 

is unique to this diflavin reductase and has not been previously seen in homologous 

structures. Further, the crystal packing structure gave insight into the conformations of 

SiRFP-60-FAAPSQS and the interactions of binding domains with each other and 

SiRHP. The crystal contacts simulated the closed conformation of the enzyme where an 

FMN-binding domain comes from a symmetry partner. Another FMN-binding domain 

interacts with the FAD-binding domain which positions the FMN cofactor towards the 

SiRHP binding site. This shows both the opened and the closed conformations of the 

enzyme. The ability of NADPH and dithionite to reduce octameric wild-type, octameric 

〉AAPSQS, SiRFP-60, and SiRFP-60-〉AAPSQS were analyzed. It was revealed that 

the 〉AAPSQS modification limits SiRFP’s ability to reduce SiRHP. This crystal structure 
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provides new insight into the way in which all three domains of flavoprotein interact and 

how flavoprotein acts together with its cofactors (1).  

 

Figure 1. SiRFP-60 is in an extended conformation. The FMN-binding domain (light blue) has a 

flavodoxin-like (Fld), conneceted by a long linker (green) to the FAD-binding domain (pink), which 

has a ferredoxin-NADP+-reductase (FNR) domain, which is interrupted by a connection domain 

(dark blue). 

Experimental Methods 

Protein Expression and Purification 
 

SiRFP-60-FAAPSQS-expressing Escherichia coli cells were grown in six liters of 

Lysogeny Broth (LB). Following growth and expression cells were harvested by 

centrifugation and resuspended in 10 mL of 1x SPG and 200mM sodium chloride. A 

protease tablet was added before the cells were lysed via micro-fluidizer. Next, the 

lysate was clarified by centrifugation at 16,000 x g for 35 minutes. Then 10% 

polyethyleneimine (PEI) was added to the lysate while stirring at 4flC. The PEI-
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containing mixture stirred for 30 minutes and the lysate was then centrifuged at 10,000 

x g for 30 minutes. Next, the sample was purified by affinity purification. The sample 

was injected onto the Ni-NTA column and SiRFP-60-FAAPSQS containing fractions 

were collected, diluted with water and loaded onto an anion exchange HiTrap QHP 

column. The fractions from the HiTrap QHP column were concentrated in a 6 mL 10k 

concentrator at 4,000 x g until the sample was reduced to 2 mL. This was then injected 

onto a Sephacryl S300 column. SiRFP-60-FAAPSQS containing fractions from the 

S300 were concentrated using a 20 mL 10k concentrator at 4,000 x g until the sample 

was at 20 mg/mL.  

Crystallization and Optimization 

A sparse matrix Wizard crystal screen (Rigaku, Bainbridge Island, WA, USA) was 

set up with purified SiRFP-60-FAAPSQS. In each drop, 1.2 oL of 20 mg/mL protein was 

added to 1.2 oL of precipitant. From this screen an initial condition for crystals of 2 M 

Ammonium Sulfate, 100mM N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) at a pH 

of 10.5, and 200mM lithium sulfate was identified. This condition was then optimized in 

order to obtain single, large protein crystals. One aspect of precipitate was changed at a 

time. The concentration of lithium sulfate was altered, the effect of different molarities of 

ammonium sulfate was assessed, and the results of different pH values of CAPS were 

screened. Further, an additive screen, a collection of different molecules that may alter 

protein crystallization, was prepared, and crystal trays were left in a 4flC cold room to 

test the effects of temperature. Ultimately, to produce single, large crystals smaller 

crystals were crushed up and used to micro-seed in 1.8 M ammonium sulfate, 0.1 M 

lithium sulfate and 0.1 M CAPS pH 10.5.  
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Data Collection and Refinement  

Crystals were collected, frozen in liquid nitrogen, and shipped to SER-CAT 

beamline 22-BM at Argonne National Laboratory. Diffraction was collected on a 

MARMOSAIC-225 CCD detector (Rayonix, Evanston, IL USA) with a 1.0̊ wavelength 

beam from 46 to 2.3̊ resolution at 100K. Initial phases were calculated with molecular 

replacement against the X-ray structure of the FAD-binding domain (PDB ID 1DDG (8)) 

with PHASER, implemented in Phenix (9) and the FMN-binding domain (PDB ID 1YKG 

(10)) was rigid-body fit into its corresponding density in Chimera (Pettersen et al., 2004). 

The structure was refined by phenix.refine using iterations of manual fitting and energy 

minimization in Coot and Phenix resulting in a structure with 95.53% of the residues 

falling in the preferred region of the Ramachandran plot; 3.50% falling in allowed 

regions, and 0.97% as outliers (1).  

Reduction Assays 

Reduction assays were used to determine the ability of sodium dithionite or 

NADPH to reduce SiRFP, SiRFP-〉AAPSQS, SiRFP-60, or SiRFP-60-〉AAPSQS.  In an 

anaerobic glove box SiRFP variants were passed over an anaerobically equilibrated 

PD-10 desalting column and diluted to 15 oM with degassed, anaerobic buffer. Next, 0, 

1, 5 or 10 M equivalents of reductant (dithionite or NADPH) were prepared and added to 

each SiRFP variant. The samples were then allowed to incubate on ice for 30 minutes 

followed by centrifugation in a 30 kDa cutoff concentration device. The flow-through 

buffer was collected and used a spectroscopic blank. This ensured that both the sample 

and the blank contain the same concentration of reductant. Samples and blanks were 

transferred to septa-sealed cuvettes and spectra were recorded on an 8454 
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spectrophotometer (Agilent). The absorption at 458 nm was monitored to determine the 

reduction levels of the samples.  

 

Results 

Overall Structure 

 Refinement of the x-ray crystallography data resulted in a structure in which all 

three domains of SiRFP-60 are resolved. The structure indicates that the FMN-binding 

domain is extended relative to the FAD-binding domain. The truncation of the linker 

region of SiRFP-60 greatly reduced the flexibility of the protein. This made it possible to 

obtain single, large crystals that were suitable for diffraction.  

Analysis of the structure shows that SiRFP-60 domains share similarity in 

structure and folding to the homolog cytochrome p450 reductase (CPR). However, 

SiRFP-60 adopts a more elongated overall structure. The FMN-binding domain of 

SiRFP-60 is greatly extended compared to the FMN-binding domain of CPR. This 

extended conformation would be impossible for CPR to achieve because the linker 

region of CPR is only 12 amino acids long while SiRFP-60-FAAPSQS’s linker region is 

24 amino acids in length. This extra length allows the extremely extended conformation 

of the FMN-binding domain that is seen after the refinement of SiRFP-60-FAAPSQS.  

B. C. 
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Figure 2. A. SiRFP-60 alone (light blue) B. Homo Sapiens CPR (hsCPR) alone (magenta, FMN-
binding domain grey PDB ID 3QE2 (11)) C. hsCPR overlapped on SiRFP-60 to show the extended 
position of SiRFP-60’s FMN-binding S 
 
Table 1. Data collection and refinement statistics (initial phases determined by molecular 
replacement) 

 
SiRFP-60-FAAPSQS  
Data collection  
Space group P212121 
Cell dimensions    
    a, b, c (Å) 68.398, 77.223, 87.214 

    c. d. i  (fl)  90.00, 90.00, 90.00 

Resolution (Å) 35.31 ʹ 1.54  (1.60 ʹ 1.54) 

Rpim 0.1208 (1.648) 

I / uI 15.20 (1.54) 
Completeness (%) 99.42 (95.80) 
Redundancy 9.7 (3.8) 
!  
Refinement  
Resolution (Å) 35.31 ʹ 1.54 

(1.60 ʹ 1.54) 
No. reflections 68383 (6514) 
Rwork 
Rfree 

0.155 (0.251) 
0.177 (0.283) 

No. atoms 4292 
    Protein 3671 
    Ligand/ion 77 
    Water 544 
B-factors (Å2)  

    Protein 22.42 
    Ligand/ion 14.98 
    Water 38.02 
R.m.s. deviations  

A. 
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Reduction Assays 

In order to test SiRFP-60’s capacity for intramolecular electron transfer, reduction 

experiments were performed on the different sulfite reductase variants: octameric wild-

type, octameric 〉AAPSQS, SiRFP-60, and SiRFP-60-〉AAPSQS. For NADPH to reduce 

sulfite reductase flavins, a conformational change is required for the FMN and FAD 

cofactors to come into close contact (12). This is not true for reduction by dithionite 

because it is a strong enough reducing agent to directly reduce the flavins. Reduction of 

SiRFP decreases the absorption at 458 nm, which allowed it to be monitored. These 

reduction assays showed that all variants could be reduced by NADPH and dithionite. 

This result is in contrast to that observed in an analogous internal linker of CPR, which 

can be reduced by dithionite but not NADPH (12). 

 

 
Figure 3 A. Reduction of different variants by NADPH B. Reduction of different variants by sodium 
dithionite (1).  
 

    Bond lengths (Å) 0.008 
    Bond angles (fl) 1.51 
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Figure 4. Absorbance data showing the bleaching at absorbance 458 nm as each variant is 
reduced. 

 

Discussion 

Crystal contacts in the P212121 SiRFP-60-FAAPSQS crystal 

 The crystal contacts of the SiRFP-60-FAAPSQS crystal give insight to three 

different structural relationships between the FMN-binding domain and the FAD-binding 

domain (figure 5). First, the open conformation reveals the FMN cofactor to the 

surrounding solution allowing electrons to move to SiRHP. Second, the closed 

confirmation can be seen in the crystal contact. A symmetry partner inserts its FMN-

binding domain into the space left open by the extended FMN-binding domain of 

another molecule. This closely resembles the closed confirmation of CPR. Third, the 
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FMN-binding domain from a symmetry partner is in close proximity to the NADPH 

binding site of the FAD-binding domain and the SiRHP binding site (F496/V500). This 

structural relationship gives rise to the hypothesis that there are multiple pathways by 

which SiRFP can transfer electrons. Sulfite reductase catalyzes a high-volume electron 

transfer. In order to complete the full, six electron reduction of S2- from SO3
2-

, three 

SiRHP-SiRFP/NADPH interactions are required because each NADPH molecule only 

donates two electrons. The structural relationship between the FMN-binding domain 

and the NADPH and SiRHP binding sites suggests that FMN could be reduced 

intramolecularly by the FAD-binding domain, or intermolecularly from an adjacent 

subunit (figure 6).  

 

 
 

Figure 5. The crystal contacts for P212121 SiRFP-60-FAAPSQS crystal. The middle SiRFP-60-

FAAPSQS molecule is colored to show the FMN-binding domain in light pink, the connection/FAD-

binding domain in magenta, and the SiRHP binding site in dark green on the magenta subunit. 

Circled in black is the interaction with a symmetry partner (blue) that mimics the closed 

conformation. Circled in gold is the interaction that shows the FMN cofactor of the FMN-binding 

domain (dark green) near the SiRHP binding site (1).  
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Figure 6. Model that shows the proposed methods FAD to FMN electron transfer: either 

intramolecular or intermolecular (1).  

SiRFP is more extended than CPR 

 Sulfite reductase catalyzes a six electron transfer where sulfite is reduced to 

sulfide. The SiRFP subunit of sulfite reductase participates in a high-volume electron 

transfer. It contains an octamerization domain, an FAD-binding domain, and an FMN-

binding domain. The crystal structure presented here shows that the FMN-binding 

domain is greatly extended relative to the rest of the molecule, and in comparison, to its 

homolog cytochrome p450 reductase (CPR). This is possible because SiRFP has a 30 

amino acid long connection region while CPR’s linker is only 12 amino acids long. This 

extension has implications on sulfite reductase function.  

 The extended position of the FMN-domain suggestions that this domain passes 

electrons to its oxidase partner in a different position than is seen in CPR. Biochemical 

analysis of CPR demonstrates that it binds heme oxidase and cytochrome c in between 

the FMN and FAD-binding domains transiently for electron transfer (13). Biochemical 

analysis of SiRFP shows that it binds SiRHP on the other side of the FAD-binding 

domain, far from the FMN-binding domain from which the electrons pass (3,14). This is 



 12 

supported by the structure presented here, as an extended confirmation would require 

that SiRHP be accessed from a different position.  

Truncation does not affect intramolecular electron transfer 

 SiRFP transfers electrons intramolecularly by passing them from NADPH to FAD 

to FMN. In SiRFP-60-FAAPSQS a truncation was made to the linker region by deleting 

amino acids 212-217. Reduction experiments were performed in order to test if this 

truncation inhibited intramolecular electron transfer. In order for NADPH to reduce 

SiRFP-60-FAAPSQS electrons must be passes internally. Reduction assays showed 

that NADPH reduced SiRFP-60-FAAPSQS and SiRFP-〉AAPSQS. Therefore, it can be 

concluded that truncation does not block intramolecular electron transfer.  

 Specific assay measurement performed by Isabel Askenasy showed that the 

truncation of the linker in the FAAPSQS mutation reduces the activity of the dimer, as 

well as diminishing SiRFP-60’s ability to reduce a cytochrome c partner, but does not 

affect the activity of the SiR holoenzyme (1). These activity assay results paired with the 

conclusion drawn from the reduction assays gives merit to the hypothesis that the 

longer connection domain in SiRFP in important for positioning the FMN-binding domain 

relative to SiRHP in order to achieve a productive interaction that results in electron 

transfer.  

Conclusion 

 Crystallization of SiRFP-60-FAAPSQS  was made possible due to the truncation 

of the linker region of SiRFP-60 to make a less flexible molecule. This crystal structure 

showed all three domains of SiRFP-60 for the first time and revealed that the FMN-

binding domain is greatly extended. This extension is unique to this diflavin reductase 
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and it shows that electrons can be passed intermolecularly from an adjacent subunit, 

and then passed to SiRHP. This circumvents the need for purely intramolecular electron 

transfer.  

Future Directions 

 While this crystal structure resolves all three domains of SiRFP and gives insight 

into how all three domains interact, some things about sulfite reductase as a whole 

remain unknown. Undetermined aspects of SiR lie in the interactions between SiRFP 

and SiRHP. It has been shown that SiRFP binds SiRHP on the backside of the FAD-

binding domain (3,14). Yet it uncertain was to how the reduced FMN-binding domain 

gets to SiRHP in this position.  

 One way to resolve the mysteries surrounding SiRHP and SiRFP interaction 

would be to successfully crystalize them as a dimer. This would provide structural 

insights into their interaction.  
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