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Abstract 1 

The Escherichia coli sulfur starvation utilization (ssu) operon includes a two-component 2 

monooxygenase system made up of an NADPH-dependent FMN reductase, SsuE, and a 3 

monooxygenase, SsuD. SsuE is part of the flavodoxin-like superfamily, and we report here the 4 

crystal structures of its apo, FMN-bound and FMNH2-bound forms at ~2 Å resolution. In the 5 

crystals, SsuE forms a tetramer that is a dimer of dimers similar to those of seen for homologous 6 

FMN-reductases, quinone reductases, and the WrbA family of enzymes. A π-helix present at the 7 

tetramer building interface is unique to the reductases from two component monooxygenase 8 

systems. Analytical ultracentrifugation studies of SsuE confirm a dimer-tetramer equilibrium 9 

exists in solution with FMN binding favoring the dimer. As the active site includes residues from 10 

both subunits, at least a dimeric association is required for the function of SsuE. The structures 11 

show that one FMN binds tightly in a deeply held site which makes available a second binding 12 

site, in which either a second FMN or the nicotinamide of NADPH can bind. The FMNH2-bound 13 

structure shows subtle changes consistent with its weaker binding compared to FMN. Combining 14 

this information with published kinetics studies, we propose a general catalytic cycle for two-15 

component reductases of the flavodoxin-like superfamily, by which the enzyme can potentially 16 

provide FMNH2 to its partner monooxygenase by different routes depending on the FMN 17 

concentration and the presence of a partner monooxygenase.  18 

 19 

20 
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Introduction 1 

When starved for inorganic sulfur and cysteine, Escherichia coli can acquire sulfur from 2 

alkanesulfonates through the expression of the proteins of the ssuEADCB operon (1). This 3 

operon is transcriptionally induced (reviewed in 2), and encodes an ABC-type transporter 4 

specific for alkanesulfonates, an NADPH-dependent FMN-reductase (SsuE), and an FMNH2-5 

dependent alkanesulfonate monooxygenase (SsuD). The latter two enzymes make up a two-6 

component monooxygenase system (Fig. 1A) in which SsuE provides FMNH2 to SsuD so it can 7 

carry out an oxygen dependent cleavage of the sulfonate group from compounds, such as C-2 to 8 

C-10 unsubstituted linear alkanesulfonates, substituted ethanesulfonic acids, and even sulfonated 9 

buffers (3-5).  10 

Reports on Pseudomonas putida (6) and P. aeruginosa (7) have described sulfur-11 

starvation systems that are essentially the same as the E. coli SsuE/SsuD system, and species 12 

from at least 12 additional genus of bacteria (Shigella, Citrobacter, Enterobacter, Klebsiella, 13 

Yokenella, Cronobacter, Erwinia, Pantoea, Dickeya, Brenneria, Serratia, and Yersinia) have a 14 

close homolog (>60% sequence identity) to SsuE. For all such species with known genomes, the 15 

SsuE gene is clustered with that of an SsuD homolog.  In some bacteria, such as Bacillus subtilis 16 

(8), Burkholderia cenocepacia (9), and Corynebacterium glutamicum (10), an SsuD homolog is 17 

in an operon lacking an SsuE-like reductase. In these organisms, SsuD may not require a specific 18 

FMNH2 donor, and cases have been reported of flavin reductases associated with a particular 19 

two-component system being successfully used in an unrelated system (11, 12).  20 

Two component flavin-dependent monooxygenase systems perform a wide variety of 21 

reactions (13), and although the various FMN reductases involved are sometimes mistakenly 22 

described as being evolutionarily related (e.g. see Fig. 9 of 14), those identified to date actually 23 
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are of three distinct fold types which, according to the SCOP database, belong to the ferredoxin 1 

reductase, the nitroreductase, and the flavodoxin-like superfamilies. 2 

The reductases belonging to the ferredoxin-reductase and the nitroreductase super-3 

families each have a well-defined catalytic cycle characteristic of their superfamily (13, 15). 4 

However, for two-component FMN reductases in the flavodoxin-like superfamily, SsuE and 5 

EmoB, the reductase component of a two-component system in Mesorhizobium sp. BNC1, are 6 

the only characterized examples and they are reported to have distinct mechanisms (13, 15). For 7 

SsuE, as summarized in a recent review (5), NADP+ inhibition studies (16) together with 8 

stopped-flow kinetics (17) and the 1000-fold tighter binding of FMN compared with FMNH2, 9 

were taken to imply an ordered sequential reaction mechanism in which FMN is not a prosthetic 10 

group, but NADPH binds first, followed by FMN which is reduced and then released (Fig. 1B). 11 

In contrast, for EmoB (14), kinetics studies and crystal structures have revealed an FMN-bound 12 

enzyme that transfers a hydride from NADH to a second FMN in a ping-pong type reaction 13 

mechanism (Fig. 1C). 14 

To further investigate the mechanism and properties of E. coli SsuE, we have determined 15 

crystal structures of the recombinant enzyme with no ligand bound, with FMN bound, and with 16 

FMNH2 bound. These structures, together with comparisons with EmoB and other NAD(P)H-17 

dependent FMN reductases in the flavodoxin-like superfamily, lead us to propose a revised 18 

mechanism for SsuE that is similar to that of EmoB and the other FMN reductases in this 19 

superfamily. We also present a general catalytic cycle that provides a rationale for the difference 20 

in the observed kinetics of SsuE and EmoB. 21 

22 
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Materials and Methods 1 

Protein purification and crystallization 2 

Recombinant SsuE was purified as previously described (16) and stored in 25 mM 3 

potassium phosphate, pH 7.5, 10% glycerol, and 100 mM NaCl. For crystallization, SsuE was 4 

concentrated to ~10 mg/mL in 10 mM HEPES, pH 7.0. Building on previous work (18), crystals 5 

were grown at room temperature using hanging drops made with the 4 μl of protein stock mixed 6 

with 2 μl of a reservoir containing 7.5% (w/v) polyethylene glycol (PEG) 3350 and 0.1 M 7 

sodium citrate. For storage and soaks, crystals were transferred to an artificial mother liquor 8 

(AML) like the reservoir but with 20% (w/v) PEG 3350. For freezing crystals for data collection, 9 

an AML with 20% (w/v) glycerol (and any relevant ligands) was used as a cryoprotectant, and 10 

because the crystals were not fully stable in this solution, they were placed in it only briefly (<30 11 

s) before flash freezing in liquid nitrogen. 12 

 13 

Crystal soak and data collection 14 

For preparing an FMN-bound complex, crystals were soaked in an AML containing 1 15 

mM FMN. Crystals initially showed stress lines but re-annealed over ~12 h before being flash 16 

frozen. To obtain an FMNH2 complex, equilibrated FMN-soaked crystals were added to a 17 

degassed solution containing 1 mM FMN, 30 mM dithionite with 50 μM methyl viologen. The 18 

blue color of reduced methyl viologen showed that the solution remained reduced during the <10 19 

min soak before the crystals were flash frozen. NADP+ soaks used concentrations from 1 to 100 20 

mM NADP+ either with or without 5 μM to 1 mM FMN and with or without 30 mM dithionite 21 

with 50 μM methyl viologen; additional attempts included presoaking crystals in 1 mM FMN 22 

and adding varying amounts of either NADPH or NADP+. 23 
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Data were collected at beamlines 5.0.1 and 5.0.3 at the Advanced Light Source 1 

(Lawrence Berkeley National Laboratory) as well as using our laboratory Rigaku RU-H3R 2 

rotating anode (Cu-Kα) and an R-Axis IV++ image plate detector. Synchrotron data sets were 3 

processed and scaled using the HKL2000 suite of programs (19). The RAXIS IV++ data set was 4 

processed using imosflm (20) and scaled using Scala (21) from the CCP4 program suite.  5 

 6 

Structure determination and refinement 7 

Full refinements were initially done for each dataset using resolution cutoffs based on 8 

<I/σ> ≥2 and Rmeas ≤70%. Then, following recommendations showing the value of including 9 

weaker data (22), we reprocessed the data using a CC1/2 ~ 0.2 cutoff criterion, and extended the 10 

resolutions from 2.4 to 2.1 Å for the synchrotron apo-SsuE data, from 2.3 to 1.9 Å for the FMN-11 

bound data, and from 2.6 to 2.3 Å for the FMNH2-bound data (Table 1). For all refinements, the 12 

same random 5% of data were flagged for use in Rfree calculations.  13 

Using an initial 2.8 Å resolution laboratory based data set (data not shown), the crystal 14 

structure of apo-SsuE was solved by molecular replacement using Phaser (23); it placed four 15 

copies of a search model comprising chain A of the EmoB structure (PDB code 4LTD) with all 16 

waters removed. Model extension using the AutoBuild option in Phenix (24), led to an R/Rfree 17 

of 33%/40%. Further refinements used Coot (25) for manual modeling, Refmac (26) and Buster 18 

(27) for minimizations, and Molprobity (28) to monitor the stereochemical quality of the models. 19 

TLS refinement was done defining each chain as one TLS group. When synchrotron data 20 

extending to 2.4 Å resolution became available (Table 1), they were used. During iterative 21 

manual model building, 268 water molecules were added in places having 2Fo-Fc electron 22 

density ≥1 ρrms, and Fo-Fc density ≥3 ρrms, and that were within 3.7 Å from a potential hydrogen 23 
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bonding partner. The final model refined using the 2.4 Å high-resolution cutoff had R/Rfree 1 

19.0%/24.1%. After extending the data to 2.1 Å resolution based on the CC1/2 ~ 0.2 cutoff 2 

criteria (22), refinement was continued using Phenix. The improved electron density maps 3 

allowed further waters to be built, and led to a lower final R/Rfree of 18.0%/22.9% even at the 4 

higher 2.1 Å resolution limit (Table 1). 5 

For FMN-bound SsuE, refinement at 2.3 Å resolution began with a partially refined 6 

model of apo-SsuE that after rigid-body refinement yielded an R/Rfree of 27.3%/32.1%.  7 

Restrained refinement dropped the R/Rfree to 21.3/27.7%, and adding 1 TLS group per chain 8 

produced an R/Rfree of 19.3/24.7%. Further refinement, including B-factor, angle and distance 9 

restraint weight optimization (to 0.3, 1.5, and 3.0, respectively), dropped R/Rfree to 15.6/20.7%. 10 

Extending the data to the CC1/2-based 1.9 Å resolution limit, further refinement using Phenix 11 

improved the model and expanded it from 226 to 380 waters. The final R/Rfree were 12 

17.3%/20.8% at the extended 1.9 Å resolution limit (Table 1), indicating much less over-fitting 13 

compared to the 2.3 Å refinement. Refinement of the FMHN2-bound SsuE also began with a 14 

partially refined apo-SsuE model and using a similar process led to a 2.6 Å resolution model 15 

with 144 waters and R/Rfree 18.9%/23.2%. Upon resolution extension to the CC1/2-based 2.3 Å 16 

limit, the number of waters grew to 177, and the R/Rfree dropped to 17.4%/22.1% at the 2.3 Å 17 

limit (Table 1). Four, six and four total sidechains were stubbed in the final FMN-bound (residue 18 

number and chain:0D, 11C, 11A, 30D), the FMNH2-bound (0D, 1D, 25C, 44D, 57B, 97D) and 19 

the apo structures (0D, 45D, 174B, 174D), respectively. Also the default geometry restraints for 20 

the FMN forced the entire flavin ring to be in one planar group; before the final rounds of 21 

refinement these were edited to allow for butterfly bending by defining two planes in which the 22 

N5, N10 and C1’ atoms are in both planar groups. 23 
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 1 

Spectroscopic studies of crystals 2 

 UV/VIS spectra of crystals prepared identically with the crystals giving the FMN-bound 3 

and the FMNH2 bound structures were collected at the National Synchrotron Light Source 4 

beamline X26C. To test for dichroic absorption bands, spectra were taken for all crystal 5 

orientations around a 360˚ rotation axis with kappa=0 and using a kappa offset of 90˚ (i.e. a 6 

crystal tilt of 45˚).  7 

 8 

Structure-based analyses 9 

 Crystal packing interactions were analyzed using PISA (29). Structural comparisons and 10 

structure based sequence alignments were carried out on July 03, 2013 using a Dali search (30) 11 

of the Protein Data Bank (31). For generation of the phylogenetic tree, all proteins were selected 12 

that had a Z-score ≥15 and that were ≤90% identical to any other selected protein. Gaps were 13 

removed from the SsuE sequence in the Dali alignment and the format was converted to fasta by 14 

Jalview (32). The phylogenic tree was generated using Phyml (33). The names of the families 15 

within the flavodoxin-like superfamily are from the SCOP database (34). For the sequence 16 

alignment shown in figure 2, gaps in the SsuE sequence were not removed. 17 

 18 

Analytical ultracentrifugation  19 

The oligomeric state of SsuE in the absence and presence of flavin was evaluated by 20 

sedimentation velocity on an Optima XL-A analytical ultracentrifuge (Beckman Instrument, Palo 21 

Alto, CA). Samples of SsuE were exchanged into 25 mM phosphate buffer, 1 mM EDTA, 0.15 22 

M NaCl at pH 7.0 with an Amicon Ultra-4 with a 10 K molecular weight cutoff (Millipore). 23 
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Three different concentrations of SsuE (12.5, 25 and 37 µM) with and without the addition of an 1 

equimolar amount of FMN were loaded into double-sectored cells and equilibrated to 20 ˚C. 2 

Sedimentation data at 280 nm were collected at a rotor speed of 40,000 rpm and a radial step size 3 

of 0.003 cm. The partial specific volume of 0.7465 cm3/g was calculated based on the amino acid 4 

composition. The buffer density of 1.005235 g/mL was determined using a DA-310M precision 5 

density meter (Mettler Toledo, Hightstown, NF) at 20 ˚C. Plots and fits of the data were 6 

generated with DCDT+ software using 12-18 consecutive scans for the analysis (version 2.40 7 

from J.S. Philo). Normalized sedimentation coefficient distributions g(s*) were calculated using 8 

DCDT+ that utilizes a time derivative approach for sedimentation velocity analysis that includes 9 

Lamm equation models of the boundaries (35, 36). The g(s*) function was fit to a Gaussian 10 

curve to determine the concentration, sedimentation coefficients, and diffusion coefficients of a 11 

particular species. The curves were best fit to a single species model. 12 

 13 

Results 14 

Overall structure 15 

Recombinant SsuE crystallized readily in space group P6122 as previously reported (18) 16 

and we solved its structure by molecular replacement using the EmoB crystal structure (37% 17 

sequence identity). Structures with reasonable R-factors and at resolutions near 2 Å (Table 1) 18 

were determined in three states: apo-SsuE as grown, an FMN-bound form resulting from a 1 mM 19 

FMN soak, and an FMNH2-bound form resulting from dithionite treatment of FMN-soaked 20 

crystals. In all of these structures, there are four chains in the asymmetric unit (ASU) and the 21 

protein forms tetramers with 222 symmetry, with chains A and B and chains C and D 22 

constituting pairs that make two different kinds of half tetramers (Fig. 2A). In both cases, the full 23 
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tetramer is created by a crystallographic 2-fold. The packing of the unit cell is such that the 1 

chains A and C are better fixed in the lattice, having for the FMN-bound structure, average B-2 

factors of 44 and 48 Å2 compared with 64 and 77 Å2 for chains B and D.  The models for chains 3 

A through D, include the N-terminal Met (residue 0) through residue 172, 172, 173, and 173, 4 

respectively, with reasonably well defined electron density. The remaining 18 or 19 residues to 5 

the C-terminus (residue 191) had no clear electron density and were not modeled. A few 6 

sidechains without associated electron density were not modeled beyond Cβ (see methods). 7 

Unless otherwise specified, descriptions provided are based on chain A, but are representative of 8 

all the chains.  9 

In describing the overall structure, we will use the FMN-bound form as it is both the 10 

highest resolution structure (1.9 Å), and the one that is most informative about function. As 11 

expected, in this complex all chains have strong 2Fo-Fc electron density for one bound FMN 12 

(Fig. 2B) that is well-ordered and nestled deeply in the protein at the same site that is occupied 13 

by FMN in flavodoxins. Also, a second less ordered FMN with interpretable electron density 14 

only for the flavin and possibly the phosphate is bound in chains A, B, and C (further discussed 15 

below). SsuE has the typical flavodoxin fold with five central parallel β-strands in the order β2-16 

β1-β3-β4-β5 flanked by α-helices, with two helices (α2A and α2B) occurring between β1 and β2 17 

(Fig. 2C, D). Another notable secondary structure feature of SsuE is a π-helix (37), 2 hydrogen 18 

bonds in length, present in helix α4 (Fig. 2C, D).  19 

 20 

Evolutionary relationships 21 

 In a Dali structural similarity search (30), all top hits were members of the flavodoxin-22 

like superfamily. The two closest relatives were EmoB (pdb entry 4ltm, 37% sequence identity; 23 
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1.6 Å rmsd for 168 Cα-atoms) (14), and an uncharacterized oxidoreductase from 1 

Corynebacterium dipththeriae “3k1y” (pdb entry 3k1y; 29% identity; 2.7 Å rmsd for 160 Cα-2 

atoms). In their respective crystals, both of these enzymes form equivalent tetramers to that 3 

formed by SsuE (Fig. 3a). The 3k1y protein is apparently a reductase in a two component system 4 

as its gene is in a gene cluster encoding an ABC transporter homolog and an SsuD homolog. 5 

Including representative more distant relatives found in the Dali search, we created a 6 

phylogenetic tree of the flavodoxin-like superfamily (Fig. 3B). The tree shows four major 7 

groupings which are the NAD(P)H:FMN reductases, the quinone reductases, the WrbA-like 8 

proteins and the flavodoxin-related proteins. In this tree, SsuE, EmoB and the 3k1y protein form 9 

a sub-branch of the NADPH:FMN reductase group. We note that the π-helix associated with 10 

helix α4 and centered on Tyr 118 is only found in the proteins in the SsuE sub branch and is 11 

conserved among them. As is common for π-helices (37), this is consistent with it being 12 

evolutionarily derived by a single residue insertion that was associated with a gain of function 13 

related to the differentiation of the two-component reductase subgroup (see Fig. 2D and highlight 14 

in Fig. 3B).  15 

Although no functionally characterized members of the NADPH:FMN reductase family 16 

outside of the SsuE sub-branch are part of a two-component system, all of them catalyze similar 17 

chemistry in that they have an FMN prosthetic group that, via a ping-pong type mechanism like 18 

that proposed for EmoB (Fig. 1C), can be reduced by NAD(P)H and then reduce a variety of 19 

substrates such as quinones, azo dyes, chromate and cyanide (38-44). Also, all of them are 20 

dimers, tetramers, or proteins having a dimer-tetramer equilibrium and their geometries of 21 

association match the AB dimer and the tetramer of SsuE. As has been described (44), for 22 

tetramer formation there is some variation in the twist between the associating dimer pairs.  23 
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 1 

Quaternary structure 2 

The association in the crystal of SsuE into a tetramer that matches the physiologically 3 

relevant tetramers of related enzymes (Fig. 3B) led us to suspect that it is a physiologically 4 

relevant association. This was surprising because we had previously observed that SsuE was a 5 

dimer in solution (1, 16). For this reason, we reinvestigated the oligomerization state of SsuE in 6 

solution using analytical ultracentrifugation. The data from 12-18 consecutive scans were used to 7 

obtain the g*(s) distribution at different SsuE concentrations. The data were best fit to a single 8 

species model as there was no other oligomeric species observed at the concentrations utilized in 9 

the analysis. The SsuE enzyme in the absence of flavin exhibited sedimentation coefficients of 10 

4.6 S to give an average molecular mass of 73.1 ± 6.2 kDa (Fig. 4). Given that the monomeric 11 

molecular weight of SsuE is 21.3 kDa, the SsuE enzyme exists primarily as a tetramer in the 12 

absence of flavin. The SsuE enzyme used in the crystallization trials would predominately exist 13 

as a tetramer even before adding the crystallization reagents that might promote further 14 

association. However, in the presence of one equivalent of FMN, SsuE gave a sedimentation 15 

coefficient of 3.9 S and behaved as a pure dimer with an average molecular mass of 40.9 ± 1.7 16 

kDa (Fig. 4).  17 

The dimer interface between chains A and B buries 1160 Å2, and the additional surface 18 

buried when two dimer pairs come together to form a tetramer is ~2200 Å2. In contrast, the 19 

largest crystal packing interfaces bury ~650 Å2. One interesting feature at the tetramer interface 20 

is helix α4 and the π-helix common to SsuE, EmoB, and 3k1y (Fig. 3B). This π-helix is located 21 

near the center of the tetramer forming interface (Fig. 2A) where the hydroxyl of Tyr118, the 22 

conserved residue central to the π-helix, hydrogen bonds across the interface to Ala78-O in the 23 
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β3-α3 loop. Because Ala78-N hydrogen bonds to O4 of the deeply-nestled FMN (Fig. 5D) this 1 

provides a mechanism for how tetramer formation could be influenced by FMN binding. The 2 

loop just prior to this helix further links FMN binding with the tetramer interface, as the His112 3 

sidechain and the backbone nitrogens of Thr109 and Gly108 hydrogen bond to the N3, O2 and 4 

N1 atoms of the tightly-bound flavin in the same subunit (Fig. 5D).  5 

 6 

Active site 7 

When apo SsuE crystals are soaked in FMN, the c-axis increases by ~2% (Table 1), 8 

suggesting some conformational changes occur. All chains have a deeply nestled FMN bound in 9 

strong density (Fig. 2B, 5A) and chains A, B, and C also have a second FMN bound which is 10 

highly exposed with its flavin in rather weak electron density (Fig. 5A) stacking on top of the 11 

flavin of the first FMN. For chain D, in which only the first FMN is present, the side chain of 12 

His149 from chain B of another tetramer in the crystal rearranges upon FMN binding and stacks 13 

above the first flavin blocking the second FMN binding site. This rearrangement of 147-152 loop 14 

in chain B appears to be the main cause of the unit cell change. 15 

The interactions of the well-ordered FMN involve the whole ligand (Fig. 5D). The 16 

phosphate is coordinated by Ser8, Ser13, Ser15, Arg10, an ordered water molecule which is 17 

hydrogen bonded to Tyr76 and Arg14-N. The ribityl is interacting with Thr106, Asp140, Arg14, 18 

Val75-O, and an ordered water molecule, and the flavin ring hydrogen bonds with the side chain 19 

of His112 (to N3), as well as the backbone atoms Lys77-N (to N5), Ala78-N (to O4), Gly108-N 20 

(to N1), and Thr109-N (to O2). Additionally, the binding of the deeply held flavin is influenced 21 

by interactions across the dimer interface, with the C7 methyl group just 3.2 Å away from 22 

Asp89’-O (the prime indicates a residue from the other subunit of the dimer), and with Lys85’ 23 
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hydrogen bonding to Tyr76-O and also to the Asp89’ sidechain (Fig. 5D). The flavin ring is not 1 

perfectly planar, having a butterfly bend ranging from 3˚ to 8.5˚ among the different chains. 2 

The second FMN is rather loosely bound and the placements of the ribityl and phosphate 3 

should not be considered reliable as they have very weak electron density (Fig. 5A). The only 4 

interactions of the putative phosphate and ribityl are with the Arg10 and Arg14 sidechains, and 5 

with the first FMN. The flavin moiety of the second FMN is interacting with the Lys77 amino 6 

group (H bond to O4) and is nicely stacked on the flavin from the first FMN with the N5 atoms 7 

just ~3.5 Å apart. Cross-dimer interactions are fairly extensive with Glu93’ sitting above the 8 

flavin and residues 89’-91’ stabilizing the Lys77 side chain position and a network of waters 9 

interacting with flavin atoms N3 and N5 (Fig. 5D).    10 

In apo SsuE, the FMN-binding site is occupied by about 10 ordered waters (Fig. 5C). 11 

These waters roughly follow the positions to be filled by the FMN ribityl and phosphate groups, 12 

with two waters in place of the flavin moiety. The conformational changes associated with FMN 13 

binding include small movements of the backbone at residues 9-18, 74-79, 106-111, and 138-14 

158. The biggest change is at residues 10-12, where the backbone shifts ~2 Å, and the sidechain 15 

of Arg10 moves ~ 8 Å to an ‘in’ position and becomes much better ordered.  16 

FMN-soaked crystals were treated with dithionite to obtain an FMNH2 complex. During 17 

this soak the crystals changed color to pale yellow indicating a successful reduction of the flavin. 18 

In addition, correlated UV/VIS spectra collected on oxidized and reduced SsuE crystals 19 

confirmed the presence of the targeted oxidation states (Fig. 6). The major change upon FMN 20 

reduction is that only the deeply-seated FMN site is occupied in chains A, C, and D (Fig. 5B), 21 

and no FMNH2 is bound to chain B. Furthermore, the electron density for the bound FMNH2 22 

molecules is weaker, reflecting either lower occupancy or less rigidity. The lack of FMNH2 23 
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binding in chain B may be explained in that Arg10 makes a crystal contact (with Ser141 of chain 1 

C’) and this stabilizes the “out” conformation of Arg10 as seen in its lower temperature factors 2 

compared with the other chains. Apparently the weaker binding of FMNH2 (Kd=15.5 vs. 0.015 3 

μM for FMN) (18, 45) is not strong enough to cause Arg10 to shift as happens upon FMN-4 

binding. Interestingly, in chains A and C, Arg10 has partial occupancy of the ‘in’ and ‘out’ 5 

conformations modeled at 0.67 and 0.33, respectively. Based on the assumption that the ‘in’ 6 

conformation of Arg10 is tied to FMN-binding, we modeled these two FMNH2 ligands at 7 

occupancies of 0.67. In chain D, the crystal contact placing His148 above the flavin apparently 8 

provides additional stabilization of FMNH2 binding, as it has higher occupancy (modeled at 1.0 9 

to match the “Arg10-in” conformation of that chain). The butterfly bend of the flavin ring does 10 

not increase much upon treatment with dithionite, ranging from 6˚ to 11˚ bent among the 11 

subunits. 12 

Our attempts to obtain an NADP(H) complex (see methods) were not successful. 13 

NADP(H) soaks alone resulted in an apo structure and soaks with FMN and NADP(H) resulted 14 

in complexes looking like the FMN-complex. A NADP(H) complex was difficult to obtain 15 

because the second site is not made available until the first site is occupied, but FMN also 16 

competes with NADPH for the second binding site. The shared second binding site provides a 17 

structural explanation for the substrate inhibition effect on kinetics observed at high FMN 18 

concentrations (16). Interestingly, a published complex of EmoB with FMN and NADP (pdb 19 

entry 2vzj) which was originally interpreted to place the nicotinamide next to the flavin (14), has 20 

been reinterpreted to show NADP binding in a non-productive mode with the adenine stacking 21 

on top of the first flavin (15; pdb entry 4ltn). An overlay of this structure with the dual FMN 22 

bound structures of EmoB and SsuE (Fig. 7) shows that the plane of the adenine matches well 23 
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the positions of the second FMN flavin. The NAD pyrophosphate group and nicotinamide extend 1 

in a different direction than the ribityl and phosphate of FMN. The only apparent hydrogen bond 2 

to this part of the NAD+ is between the proximal phosphate of NAD, and the C3’ ribityl hydroxyl 3 

of the first FMN (Fig. 7). The minimal interactions with the NMP half of the NAD are consistent 4 

with its high temperature factors (~60 Å2 for the nicotinamide vs. ~30 Å2 for the adenine) and 5 

weaker density. No crystal contacts appear to be influencing the NAD binding mode in that 6 

crystal. 7 

 8 

Discussion 9 

A prominent theme of these studies on E.coli SsuE is that this enzyme has tertiary and 10 

quaternary structural properties that are highly similar to EmoB and are also quite similar to the 11 

other reductase branches of the flavodoxin-like superfamily. All members of the flavodoxin-like 12 

superfamily bind FMN (or FAD for some quinone reductases) at a common site, which is the 13 

deeply nestled first site in SsuE. The flavodoxins themselves are largely monomeric, and for the 14 

one flavodoxin known to form a dimer in solution, the dimer is different than that of SsuE and 15 

the other flavodoxins (46). Flavodoxins only bind a single FMN, but bind it tightly whether it is 16 

in the reduced, semiquinone, or oxidized state. This relates to their function as pure electron 17 

transferases that cycle between the oxidized and semiquinone states (47), and is enabled by a 18 

conformational change in which the Gly57-Asp58 (numbering for Clostridium beijernickii (PDB 19 

1fla; Fig. 3B)) peptide bond flips upon flavin reduction, allowing Gly57-O to receive a hydrogen 20 

bond from the protonated N5 atom of the semiquinone or hydroquinone flavin, while Asp58-N 21 

donates a hydrogen bond to the lone pair of atom N5 of the oxidized flavin (e.g. 48). Also, the 22 
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flavodoxin flavin is protected from hydride transfer (i.e. 2 electron) reactions by having its upper 1 

(si) surface covered by a Tyr residue.  2 

 In contrast, for all of the other branches of the flavodoxin-like superfamily (the WrbA-3 

like proteins, the quinone reductases, and the NAD(P)H-dependent FMN reductases; Fig. 3B), 4 

neither the Gly that allows the peptide flip, nor the Tyr that covers the si-face of the flavin is 5 

present, making the second site above the flavin available for binding substrates for hydride 6 

transfer reactions. All of these enzymes that have been characterized have NAD(P)H:acceptor 7 

oxidoreductase activity, where the acceptor may be quinones or FMN or assorted other substrates 8 

(38, 40, 44, 49-52). Also, for all characterized members of these families except SsuE, the deeply 9 

held FMN binds as a prosthetic group and the catalytic cycle proceeds via the ping-pong type 10 

mechanism reported for EmoB (Fig. 1C), with the nicotinamide reductant and the FMN, 11 

quinone, or other oxidant sequentially occupying the same second binding site. 12 

Interestingly, the basic AB dimer structure seen in SsuE is conserved in all three 13 

superfamily branches that are reductases and in many cases the tetramer is also conserved. The 14 

dimer conservation appears related to function because the binding of the nicotinamide, flavin, or 15 

quinones in the second site is actually facilitated by the dimer mate. The WrbA-like members all 16 

form the same kind of tetramer in their crystals (Fig. 3A), and either a tetramer or a dimer-17 

tetramer equilibrium is reported to exist in solution (49, 53, 54). In one case FMN binding is 18 

reported to enhance tetramer formation (54), and in another case it has no effect (53). The 19 

quinone reductase members are dimers in the crystal, and those that have been characterized are 20 

also dimers in solution (50, 51). 21 

The members of the NAD(P)H-dependent FMN reductase family are also dimers, 22 

tetramers or in a dimer-tetramer equilibrium, with one exception being an uncharacterized 23 



19 
 

protein (PDB 3fvw; see results). For the enzymes which exist in a dimer-tetramer equilibrium, in 1 

some cases tetramer formation is reported to be facilitated by FMN binding (50, 51), but in 2 

others FMN binding has no effect on quaternary structure (42, 43). SsuE was shown to exist as a 3 

tetramer in solution in the absence of flavin and a dimer in the presence of FMN, making it the 4 

only known case where FMN binding weakens tetramer formation. We do not have a good 5 

explanation for why earlier gel filtration studies done at pH=8 in the absence of flavin showed 6 

SsuE to be a dimer (3). We simply note that the conditions under which the quaternary structure 7 

is examined can, of course, influence behavior. For instance, a study at pH=4.0 using ESI-MS 8 

showed that the E. coli WrbA apoenzyme, has a dimer-tetramer equilibrium constant of  >30 9 

μM, and that concentrations of FMN higher than 25 μM promoted nearly complete tetramer 10 

formation (55). In contrast, studies on the same enzyme using analytical ultra-centrifugation at 11 

pH=7.9 showed a dimer-tetramer equilibrium constant of 1.4 μM with no change in the presence 12 

of FMN (43).   13 

That FMN weakens the tetramer of SsuE may relate to the unique features of SsuE, 14 

EmoB and 3k1y which all have the π-helix involving Tyr118 at the tetramer interface. Because 15 

the loop preceding it and the π-helix are close to the FMN binding site, it could link FMN-16 

binding with tetramer dissociation. As these three enzymes represent a branch of the FMN-17 

reductase family that interface with monooxygenases, it may be that the dissociation to dimers 18 

facilitates interaction with the partner monooxygenase. 19 

 20 

Origins of lower affinity for FMNH2 21 

Another important question relates to the explanation for the 1000-fold higher affinity for 22 

oxidized FMN then for reduced FMNH2 (16, 45). We find the most directly visible contribution 23 
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for this is that SsuE does not undergo the peptide flip as seen for flavodoxins. Lys77 is the 1 

equivalent residue to the Gly in flavodoxin and is well held in place by hydrogen bonding by 2 

backbone and sidechains across the dimer interface (Fig. 5D). In both oxidized and reduced 3 

FMNH2, its backbone amide donates a hydrogen bond to the N5 of the oxidized flavin, and 4 

presumably upon flavin reduction forms an unfavorable electrostatic interaction with the 5 

protonated N5 atom. Although other specific interactions that disfavor FMNH2 binding are not 6 

visible, the lower occupancy of the FMNH2 in the crystal compared with FMN is consistent with 7 

it having much weaker binding.  8 

Lys77 is conserved only in the sub-branch that includes EmoB and 3k1y (Fig. 3B), but in 9 

every single member of the WrbA-like, quinone reductase like, and NAD(P)H dependent FMN 10 

reductase-like families, the residue is not a Gly, and structural studies suggest that none of these 11 

enzymes undergo the peptide flip seen in flavodoxins.  12 

 13 

Mechanistic implications 14 

The high levels of similarity of SsuE with EmoB and with the broader reductases in the 15 

flavodoxin family make it surprising that SsuE would have a mechanism so distinct from them as 16 

is the proposed mechanism (seen in Fig. 1B) with NADPH binding first and FMN binding 17 

second to make a ternary complex. Furthermore, given the structural features seen here, it is not 18 

plausible that NADPH binds before FMN, because the NADPH binding site seen in SsuE (and 19 

all of these enzymes) is not present until the first FMN is bound. The question then becomes, 20 

how can our earlier kinetics results supporting the mechanism shown in figure 1B be reconciled 21 

with this?  22 
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In seeking an explanation, we compared the EmoB kinetics work (14), and our kinetics 1 

studies on SsuE (16), and discovered that an important difference in these studies is the 2 

concentration of FMN under which the studies were carried out. Although our previous 3 

inhibition studies were designed to be at “fixed non-saturating levels of FMN” (16), the studies 4 

were carried out at 0.01 μM SsuE and 0.10 μM FMN (16). These conditions would indeed be 5 

non-saturating for FMNH2 (<1% bound), but given the Kd for FMN, actually ~85% of SsuE 6 

would have FMN bound. Taking into consideration that the resting enzyme was not apo but 7 

~85% saturated with FMN, the kinetics results showing that NADPH bound “first” would mean 8 

that the NADPH was actually binding to the FMN-bound enzyme rather than the apo enzyme. 9 

Thus the binding of FMN prior to NADPH is perfectly consistent with the steady-state kinetics 10 

data for SsuE (16). It is also perfectly consistent with our later rapid reaction kinetics studies to 11 

determine the rate constants for individual steps in flavin reduction. These studies gave an initial 12 

fast phase associated with a charge-transfer complex between NADPH and FMN (17), with the 13 

NADPH- and FMN-dependence of the rates indicating a rapid equilibrium binding of the two 14 

substrates. This rapid equilibrium binding of NADPH and FMN prior to the generation of charge 15 

transfer complex is fully consistent with pathways involving FMN binding first or NADPH 16 

binding first or a random order of binding. Thus it is fully consistent with our structural results 17 

which imply that the formation of the FMN-bound SsuE complex enables the binding of 18 

NADPH. 19 

This new interpretation, with NADPH associating with the FMN-bound form of the 20 

enzyme is now similar to the behavior of EmoB, with the main open question being whether the 21 

SsuE-bound FMNH2 produced by hydride transfer of NADPH to FMN dissociates from the 22 

enzyme, or transfers the reducing equivalents to a second “substrate” FMN. In figure 8, we show 23 
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a scheme for a general catalytic cycle that allows it to be seen that these two possibilities are 1 

simply special cases of a general mechanism that involves four possible steps: (1) FMN binds to 2 

the apo-enzyme; (2) NADPH binds to the FMN-bound enzyme, transfers a hydride to FMN, and 3 

dissociates as NADP+; (3) a second FMN binds, is reduced by the first FMNH2 and dissociates 4 

(or is transferred to the partner monooxygenase); (4) the first FMNH2 dissociates (before a 5 

second FMN binds) and reforms the apoenzyme. The two possible steady state paths around the 6 

cycle are 1-2-4 if a single FMN is involved, or 2-3 if two FMNs are involved, one as a prosthetic 7 

group and the other as substrate. In the context of this model, the new interpretation is that SsuE 8 

follows the 1-2-4 route under conditions like those of our previous in-vitro studies (16) (Fig. 8). 9 

However, in general which pathway is followed could vary depending on the affinities of a given 10 

enzyme for FMN and FMNH2 as well as their concentrations. 11 

Under the conditions of the EmoB kinetics studies (14), the enzyme ranges from 54% to 12 

92% saturated with FMN, and we would suggest that some of the enzyme is following the 1-2-4 13 

route while most of the enzyme follows the proposed 2-3 route. Such a mixture of paths could 14 

explain the relatively poor fit seen at low FMN concentrations (see Fig. 6A of 14) when fitting 15 

the data to the strictly 2-3 mechanistic model. We suggest that in vitro SsuE and EmoB can 16 

proceed though either the 1-2-4 route or the 2-3 route depending on the solution conditions, and 17 

that what mixture of paths actually occurs in the bacteria is unknown. It might be even that the 18 

enzymes proceed through a different path at different times. Because the total concentration of 19 

FMN(H2) for E. coli growing exponentially was ca. 50 μM (56), it seems likely that pathway 2-3 20 

would be taken under these favorable growth conditions where FMN is abundant. However, 21 

under the starvation conditions that induce the expression of the SsuE/SsuD system, it is 22 

plausible that the enzyme typically proceeds through routes 1-2-4. Furthermore, this scheme also 23 
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makes it clear how the preferred mechanism could easily be influenced by an association with a 1 

partner protein like SsuD.  2 

 3 

Accession Numbers. Coordinates and structure factors for the SsuE models have been deposited 4 

in the Protein Data Bank with accession numbers as follows: SsuE in apo form (PDB code 5 

4PTY); SsuE in oxidized FMN-bound form (PDB code 4PTZ); SsuE in reduced FMNH2-bound 6 

form (PDB code 4PU0). 7 
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Table 1. Data collection and Refinement Statistics for SsuEa 

 Apo FMN-bound FMNH2-bound 
Data collection    
Unit Cell (Å) a=b=185.8, c=91.6 a=b=186.7, c=93.4 a=b=187.0, c=91.3 
Resolution (Å) 50-2.10 

(2.14-2.10) 
50-1.90 
(1.93-1.90) 

50-2.30 
(2.34-2.30) 

Unique Obs. 52483 (1922) 75282 (3711) 42033 (2051) 
Multiplicity 9.5 (3.2) 30.6 (11.7) 19.4 (9.0) 
Completeness 96.1 (71.1) 100 (100) 100 (98.5) 
Average I/σ 18.2 (0.36) 46.1 (0.60) 30.7 (0.65) 
Rmeas

b
  (%) 0.061 (>0.99) 0.087 (>0.99) 0.10 (>0.99) 

Rpim (%) 0.021 (>0.99) 0.018 (0.998) 0.026 (0.644) 
CC1/2

c
 (%) 1.00 (0.20) 1.0 (0.32) 1.00 (0.59) 

Res <I/σ>~2 (Å)d 2.4 2.3 2.6 
    
Refinement    
Rcryst / Rfree (%) 18.0/22.9 17.3/20.8 17.4/22.1 
No. residues 695 694 692 
No. waters 275 380 177 
No. atoms 5781 6124 5758 
rmsd angles (o) 1.41 1.39 1.39 
rmsd lengths (Å) 0.014 0.012 0.013 
φ,ψ favored (%)e 96.7 98.1 95.6 
φ,ψ outliers (%)e 0.15 0 0 
<B> protein (Å2) 61 58 71 
<B> FMN 1/2(Å2) - 43/77 67 
<B> waters (Å2) 55 56 67 
 PDB code 4PTY 4PTZ 4PU0 

a All crystals had space group P6122; Numbers in parentheses refer to highest resolution bin. 
b Rmeas is the multiplicity-weighted merging R-factor (58). 
cCC1/2 is the correlation between two datasets each based on half of the data as defined in 
Karplus & Diederichs (22). 
dThe resolution at which <I/σ> ~ 2 is given to allow comparison with previous standards for 
selecting high resolution limits. 
eRamachandran statistics as defined by Molprobity (28). 

   

 1 
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Figure Legends 1 

 2 

Figure 1. Reactions catalyzed by SsuE and other oxidoreductases of the flavodoxin-like 3 

superfamily. (A) The paired reactions catalyzed by the SsuE/SsuD two component system. (B) A 4 

sequential reaction mechanism proposed for SsuE (16). (C) Ping-pong bi-substrate bi-product 5 

reaction mechanism common to EmoB and other NAD(P)H-dependent FMN reductases of the 6 

flavodoxin-like superfamily.  7 

 8 

Figure 2. SsuE structure and structure-based sequence alignment with representative homologs. 9 

(A) SsuE tetramer made from the A/B chains (light/dark green) and the A’/B’ chains (light/dark 10 

blue) created by the crystallographic two-fold. Also indicated are the deeply nestled FMN (sticks 11 

with yellow carbons), and the π-helix (orange). The half tetramer formed by chains C/D is 12 

represented by the light green/light blue pair, and the basic dimer is represented by either the 13 

green A/B or the blue C/D pair. (B) A simulated annealing omit 2Fo-Fc electron density map 14 

contoured at 2.0 ρrms for the deeply-nestled FMN of chain A. (C) Ribbon drawing of the SsuE 15 

monomer with colored and labeled secondary structures (β-strands –blue; α-helices –green; π-16 

helix –orange). This view is rotated ~90˚ relative to the light-blue chain of panel A. (D) 17 

Structure-based sequence alignment with SsuE secondary structure segments annotated and 18 

colored as in panel C. Lower-case letters are for residues not built because of uninterpretable 19 

density. Shown are the sequences for SsuE, EmoB, an uncharacterized reductase from 20 

Corynebacterium diphtheria (3k1y), an NADPH-dependent FMN reductase from 21 

Shigella flexneri (2fzv; (52)), the chromate reductase from E. coli (3svl; (39)), and the G57D 22 

mutant flavodoxin from Clostridium beijerinckii but with wild-type sequence shown (1fla; (48)). 23 
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 1 

Figure 3.  Comparisons of SsuE with its homologs.  (A) Overlay of the SsuE (blue), EmoB 2 

(green) and 3k1y (purple) tetramers with the deeply nestled FMN from SsuE shown (yellow 3 

carbons). The π-helix (orange) is located near the center of the tetramer in all three enzymes. (B) 4 

Phylogenic tree of the flavodoxin superfamily including proteins of known structure that aligned 5 

with SsuE with a Dali Z-score ≥15 and were ≤90% identical to all other hits (30). The 6 

phylogenic tree was generated using Phyml (33). The four families making up the flavodoxin-7 

like superfamily are labeled using their SCOP classification (34). One gene product crystallized 8 

without FMN bound by a structural genomics group (pdb entry 3fvw), is unique among the 9 

NAD(P)H:FMN reductases in that it does not form a similar dimer or tetramer in the crystal.  10 

 11 

Figure 4. Sedimentation velocity studies of SsuE. Representative g(s*) distributions based on a 12 

single-species model are shown for SsuE (25 µM) in the absence (open circles) and presence of 13 

25 µM FMN (closed circles). 14 

 15 

Figure 5. Three forms of the active site of SsuE. (A) FMN-bound SsuE is shown with chain A 16 

(light blue) and chain B (dark blue) and simulated annealing omit 2Fo-Fc electron density for the 17 

bound FMNs and associated water molecules contoured at 1.0 ρrms. (B) FMNH2-bound SsuE 18 

shown as in panel A.  (C) Apo SsuE with ordered waters in the active site shown as in panel A. 19 

(D) Stereoview of the environment and hydrogen bonding interactions of FMN-bound SsuE. 20 

Residues from the dimer mate (chain B) are marked with a prime symbol. 21 

 22 
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Figure 6. Spectra of SsuE crystals. UV/VIS spectra of an FMN-bound (blue) and an FMNH2-1 

bound (red) SsuE crystal before data collection. Multiple crystals soaked in the same condition 2 

showed similar spectra. A constant (0.12) was subtracted from all of the values for the red 3 

spectrum, so that the two spectra had matching baselines. A small peak at 607 nm not 4 

characteristic of FMNH2 can be attributed to reduced methyl viologen present in the soak that 5 

produced the reduced crystal.  6 

 7 

Figure 7. Comparing substrate binding in SsuE and EmoB. Overlay of the active site regions of 8 

dual FMN-bound SsuE (yellow carbons for FMN; light blue carbons for protein), dual FMN 9 

bound EmoB (light-green carbons for FMN; dark-green carbons for protein; PDB 4LTM), and 10 

the NAD and FMN bound EmoB models (orange carbons for FMN; brown carbons for NAD and 11 

protein; PDB 4LTN). Proteins were aligned using the CEalign feature implemented in Pymol 12 

(57).  13 

 14 

Figure 8. A general reaction cycle for the NADPH-dependent FMN reductases in the 15 

flavodoxin-like superfamily. When one FMN stays bound and acts as a prosthetic group, once 16 

primed by reaction 1, the enzyme cycles repeatedly though steps 2 and 3, and the second FMN 17 

acts as a substrate. When the first FMN is weakly bound in its FMNH2 form, and/or FMN is at 18 

relatively low concentrations, the first FMNH2 may dissociate before an FMN substrate can bind, 19 

leading the enzyme to cycle through steps 1, 2 and then 4. 20 

  21 
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