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This is the first X-ray crystal structure of the monomeric form of sulfite reductase (SiR) flavoprotein (SiRFP-60)
that shows the relationship between its major domains in an extended position not seen before in any homol-
ogous diflavin reductases. Small angle neutron scattering confirms this novel domain orientation also occurs in
solution. Activity measurements of SiR and SiRFP variants allow us to propose a novel mechanism for electron
transfer from the SiRFP reductase subunit to its oxidase metalloenzyme partner that, together, make up the SiR
holoenzyme. Specifically, we propose that SiR performs its 6-electron reduction via intramolecular or intermole-

cular electron transfer. Our model explains both the significance of the stoichiometric mismatch between reduc-
tase and oxidase subunits in the holoenzyme and how SiR can handle such a large volume electron reduction
reaction that is at the heart of the sulfur bio-geo cycle.

1. Introduction

Sulfur reduction is part of an ancient and essential bio-geo cycle that
maintains electrochemical homeostasis across diverse biological niches
(Barton et al., 2017; Huang et al., 2017; Singh and Lin, 2015; Wasmund
et al., 2017). In proteobacteria, a heteromeric NADPH-dependent ox-
idoreductase, sulfite reductase (SiR), serves in the sulfur assimilation
pathway to reduce sulfite (S05%7) by six electrons, generating sulfide
(S?7) for incorporation into sulfur-containing biomolecules (Siegel et al.,
1973). SiR has two subunits. The flavoprotein (SiRFP) is a cytochrome
p450 reductase (CPR) homolog that binds NADPH, FAD, and FMN co-
factors (Siegel and Davis, 1974). The hemoprotein (SiRHP) is an iron
metalloenzyme that houses the active site (Siegel et al., 1973).

The analogy to CPR is useful in thinking about SiRFP structure and
function because SiRFP and CPR have the same three domains (Fig.

1A). An N-terminal FMN-binding flavodoxin (Fld) domain is followed
by a linker to a FAD and NADPH binding domain that is homolo-
gous to flavodoxin reductase (FNR), interrupted by a connection do-
main (Eschenbrenner et al., 1995a,b). CPR undergoes a redox-depen-
dent two-state conformational change in which the Fld domain can be
closed (oxidized) or open (reduced) relative to the connection/FNR do-
mains, mediated by the hinge motion of an interdomain linker (Freeman
et al., 2017; Hamdane et al., 2009; Wang et al., 1997; Xia et al., 2011).
The closed conformation allows inter-flavin electron transfer whereas
the open conformation allows close approach of the oxidase partner
(Freeman et al., 2017, 2018; Hamdane et al., 2009; Huang et al., 2013;
Laursen et al., 2011; Sugishima et al., 2014; Wang et al., 1997; Xia et
al., 2011).

An internal truncation within the CPR linker constrains this do-
main movement and the resulting CPR variant functions if electrons are
donated directly to the FMN but not if they are supplied as NADPH
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Fig. 1. Sequence homology between SiRFP and its CPR homolog is high. A. Pairwise alignment of the E. coli SiRFP sequence (ecSiRFP) and Homo sapien CPR (hsCPR). The domains
are as follows: variable N-terminus (orange); Fld-like domain (light blue); flexible, inter-domain linker (green); FNR-like domain (violet); and the connection domain that interrupts the
FNR domain (blue). A loop insertion in CPR’s connection domain is highlighted in orange and the SiRHP binding site (FLYQVEW) is highlighted in green. B. The chemical reaction that

assimilatory, NADPH-dependent SiR performs. C. The overall, extended structure of SiRFP-60-AAAPSQS with the domains, minus the N-terminus, colored as in A. D. Superimposition of
SiRFP-60’s Fld domain with hsCPR (bright blue, PDB ID 3QE2 (Xia et al., 2011)). E. Superimposition of SiRFP-60’s connection/FNR domains with hsCPR (yellow, PDB ID 3QE2 (Xia et al.,

2011)).

(Hamdane et al., 2009). The effect of an analogous truncation on
oligomeric SiR was untested until this study. CPR homologs like the
nitric oxide synthase reductase module (NOS,.4), eukaryotic methio-
nine synthase reductase (MSR), and bacterial cytochrome p450 BM3
reductase module (BM3,.4) also function through a similar conforma-
tional change, albeit with isoform-specific conformational switching
rates (Haque et al., 2014; Yokom et al., 2014; Zhang et al., 2018). How
SiRFP fits into this paradigm has also not been formally tested until
now.

Three properties set SiRFP apart from CPR, NOS,.4, MSR, and BM3,4
beyond its high-volume electron transfer that requires consumption of
three NADPH equivalents per turnover event (Fig. 1B). First, when ex-
pressed as the full-length protein, SiRFP is an octamer whose oligomer-
ization is mediated by its first 52 amino acids (Siegel and Davis, 1974;
Siegel et al., 1973; Zeghouf et al., 2000), Fig. 1A). The protein is a
monomer if expressed as a 60kDa N-terminal truncation (SiRFP-60,
(Zeghouf et al., 1998)). In contrast, CPR is a monomer that is an-
chored to membrane by N-terminal hydrophobic amino acids (Kasper,
1971). Second, the linker between the Fld and FNR domains in SiRFP
is considerably longer (30 amino acids) than in CPR (12 amino acids)
(Fig. 1A). Third, SiRFP binds tightly to SiRHP (Askenasy et al., 2018;
Siegel et al., 1973; Zeghouf et al., 2000). The octamer binds 4 copies
of SiRHP (Askenasy et al., 2015; Siegel and Davis, 1974) but SiRHP
is a monomer if expressed alone (Smith and Stroupe, 2012; Wu et
al., 1991). In contrast, CPR binds transiently in a 1:1 fashion

with various cytochrome oxidase partners (Im and Waskell, 2011). NOS
and BM3 are oxidase-reductase gene-fusion products in which electron
transfer is governed by a transient interaction across subunits, between
a reductase domain from one subunit and the oxidase domain of another
(Haque et al., 2012; Panda et al., 2001, 2002; Siddhanta et al., 1996,
1998; Zhang et al., 2018). Methionine synthase (MS) is a dimer that
forms a tetramer with two MSR subunits that form a dynamic oxidore-
ductase (Olteanu and Banerjee, 2001; Olteanu et al., 2004; Wolthers and
Scrutton, 2007; Wolthers et al., 2003, 2007).

The evolutionary advantage stemming from SiR’s subunit stoichio-
metric mismatch is not well understood. Ancestral sulfite reductases
that allow sulfate reducing organisms to use sulfite as the terminal elec-
tron acceptors in anaerobic respiration, called dissimilatory sulfite re-
ductases (DSRs), were either homodimers or heterodimers (Crane and
Getzoff, 1996). One hypothesis proposes that the mismatch recalls a
time when there were two, not one, SiRHP active sites for each glob-
ular unit (Crane and Getzoff, 1996). This hypothesis falls apart, how-
ever, because DSRs can use either transiently interacting ferredoxin re-
ductase partners or a fused ferredoxin-like domain as their reductase
partners (Hsieh et al., 2010; Oliveira et al., 2008; Parey et al., 2010;
Schiffer et al., 2008). DSR also differs from SiR because dissimilatory
homologs release partially-reduced thiosulfate (S,0427), an environmen-
tal pollutant (Hsieh et al., 2010). We recently showed that SiRHP binds
SiRFP at a position within the FNR domain that is far from where
electrons are transferred from the Fld domain (Askenasy et al., 2018,
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Table 1

Data collection and refinement statistics.

SiRFP-60-AAAPSQS

Data collection
Space group
Cell dimensions
a, b, c A
apy ()
Resolution (A)
Ropim
I/ol
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections

P 2(1) 2(1) 2(1)

60.5, 99.7, 103.5

90, 90, 90

45.95-2.34 (2.42-2.34)
0.034 (0.099)

23.94 (8.72)

99.7 (97.45)

7.3 (6.6)

45.9-2.34 (2.38-2.34)
26,979 (2595)

Ryork 0.168 (0.174)
Riree 0.234 (0.266)
No. atoms 4728
Protein 4230
Ligand/ion 144
Water 354
B-factors (A2)
Protein 38.0
Ligand/ion 44.4
Water 33.7
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 0.886

2015), which led to a new hypothesis: a structural interaction forms be-
tween SiRFP’s FNR domain and a tightly bound SiRHP whereas a func-
tional interaction forms between SiRFP’s Fld domain and a transiently
interacting SiRHP.

Environmental SO42~ hinders bioremediation efforts of other tox-
ins by sulfate reducing bacteria (Townsend et al., 1997). A recently-re-
ported synthetic sulfite reductase built into a cytochrome p450 (CYP)
scaffold mimics DSR’s incomplete conversion of SO42~ to S?~ (Mirts et
al., 2018), an exciting development in the effort to make a designed pro-
tein catalyst that reduces SO5>~ to enhance the potential for bioremedi-
ation by sulfate reducing bacteria. Designing an enzyme that captures
SiR’s ability to completely convert SO42~ to S?~ is the next challenge,
aided by a fuller understanding of the mechanistic details underlying
SiR’s electron transfer.

Here, we present the first X-ray crystal structure of SiRFP-60 to
show all three of its domains in a single structure. SiRFP-60’s Fld do-
main takes an extremely extended position relative to the FNR do-
main when trapped through the internal linker deletion of amino acids
212-217 (SiRFP-60-AAAPSQS). Even without the internal truncation,

CPR
“closed”
2R
G146 xlé
-l
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SiRFP-60 adopts this extended orientation in solution, measured by
small angle neutron scattering (SANS). Interestingly, crystal packing
of SiRFP-60-AAAPSQS simultaneously mimics the closed conformation
where a Fld domain comes from a nearby symmetry partner. Another
Fld domain from a symmetry-derived subunit interacts with the FNR do-
main, positioning the FMN cofactor towards the SiRHP binding site. We
analyzed the ability of NADPH or sodium dithionite to reduce four vari-
ants of SiRFP (octameric wild-type, octameric AAAPSQS, SiRFP-60, and
SiRFP-60-AAAPSQS). Each variant was reduced by either reductant but
the AAAPSQS deletion inhibits SiRFP-60’s ability to reduce SiRHP in the
heterodimer or a cytochrome c partner. The AAAPSQS deletion has no
impact on the function of the SiR holoenzyme. Together, these observa-
tions support the hypothesis that the long linker joining the Fld and FNR
domains is essential for intramolecular electron transfer and electron
transfer to either a tightly-bound SiRHP (in cis) or to a SiRHP bound to
an adjacent SiRFP (in trans). This new understanding has broad implica-
tions in explaining the stoichiometric mismatch between the SiRFP and
SiRHP subunit number in the holoenzyme because SiR needs six elec-
trons that come from 3 independent NADPH molecules to complete the
chemical transformation of sulfite into sulfide.

2. Materials and methods

Protein expression and purification: Escherichia coli cells were trans-
formed with a pBAD plasmid harboring the cysJ gene but with a 5’
deletion (nucleotides 1-156, corresponding to amino acids 1-52) for
SiRFP-60 expression and, for SiRFP-60-AAAPSQS expression, an ad-
ditional internal truncation of nucleotides 636-654, corresponding to
amino acids 212-217. Cells expressing either SiRFP variant as N-termi-
nal six-histidine fusions were grown in six liters of lysogeny broth sup-
plemented with ampicillin and induced with 0.05% L-arabinose. Fol-
lowing growth and induction of protein expression, cells were har-
vested by centrifugation and resuspended in 10 mL of 1X succinic acid,
sodium dihydrogen phosphate, and glycine buffer (SPG), pH 6.8, and
200mM NaCl supplemented with one EDTA-free UltraCruz protease
tablet (Santa Cruz Biotechnology, Dallas, TX USA) before cells were
lysed via micro-fluidizer (Microfluidics, Westwood, MA, USA). Lysate
was clarified by centrifugation at 16,000 x g for 30 min, after which 10%
polyethyleneimine (PEI) was added, with 30 min stirring, at 4°C. The
PEI-containing mixture was then centrifuged at 10,000 x g for 30 min.
The sample was injected onto a Ni-NTA column (GE Healthcare, Lit-
tle Chalfont, United Kingdom) using an AKTA FPLC (GE Healthcare).
SiRFP-60/SiRFP-60-AAAPSQS containing fractions were collected and
loaded onto an anion exchange HiTrap-Q column (GE Healthcare).
SiRFP-60/SiRFP-60-AAAPSQS containing fractions were concentrated
in a 10,000 MWCO Spin-X centrifugal concentrator

Fig. 2. SiRFP-60-AAAPSQS is in an extended conformation. A. In the closed CPR (PDB ID 3QE2 (Xia et al., 2011)), the N-terminal Fld domain, containing G146, is oriented to the connec-
tion/FNR domains, containing 1444 (connection domain) and W620 (FNR domain) at a 20° angle. B. In the open CPR (PDB ID 3ES9 (Hamdane et al., 2009)), the N-terminal Fld domain
is oriented to the connection/FNR domains at a 36° angle. C. In SiRFP-60-AAAPSQS, the N-terminal Fld domain, containing G122, is oriented to the connection/FNR domains, containing

A373 (connection domain) and W540 (FNR domain) at an 82° angle.
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Fig. 3. SiRFP-60-AAAPSQS’s Fld domain is nearly independent from the connection/FNR
domains. A. A linker with no defined secondary structure (green) joins the two indepen-
dent domains. A two-stranded p-sheet (bright blue) that is peripheral to the connection
domain points to, but does not interact with, the Fld domain. B. In the closed conforma-
tion of CPR, the equivalent region to the two-stranded p-sheet in A (orange) is longer and
does not form a perfect sheet. The loop forms salt bridges (*) with the Fld domain. The
linker between the Fld and connection/FNR domains (olive green) is partially disordered
(olive green dotted spring).
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Fig. 4. SANS measurements support that SiRFP-60 and SiRFP-60-AAAPSQS are in an
extended conformation in solution. A. Scattering curves of SiRFP-60 (left) and
SiRFP-60-AAAPSQS (right) show gradual decay over scattering angle. B. Both SiRFP-60
(left) and SiRFP-60-AAAPSQS (right) show distance distributions consistent with extended
molecules. C. Envelopes calculated from the scattering functions in A show extended
shapes consistent with the extended asymmetric unit: SiRFP-60 envelope function (gray,
left); SiRFP-60-AAAPSQS atomic model (middle); and SiRFP-60-AAAPSQS envelope func-
tion (light blue, right).

(Corning, Corning, NY, USA) at 4000 x g before being injected onto a
HiPrep 26/60 Sephacryl S100-HR column (GE Healthcare). SiRFP-60/
SiRFP-60-AAAPSQS containing fractions were concentrated with a
10,000 MWCO concentrator (Corning) at 5000 x g until the sample was
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Fig. 5. Crystal contacts in the P2,2,2;, SiRFP-60-AAAPSQS crystal. The central
SiRFP-60-AAAPSQS molecule (Fld domain, light pink; connection/FNR domains, dark
pink; and SiRHP binding site, green) interacts with a symmetry partner (bright/light blue)
to replicate the closed conformation (circled in black), bringing the FMN cofactor from
molecule 2 (dark blue) in close contact to the FAD cofactor from molecule 1 (dark pink).
A third Fld domain (dark green) places the FMN cofactor within 20A of the SiRHP bind-
ing site (circled in gold). The amino acids that mediate this symmetry interaction are in
purple, across the subunit-subunit interface of the molecules colored dark pink and dark
green.

at 20mg/mL. SiR, SiR-AAAPSQS, and SiRHP were expressed and puri-
fied as previously described (Askenasy et al., 2015).

Crystallization, X-ray diffraction, and refinement: SiRFP-60-AAAPSQS
was subjected to a sparse matrix crystallization screen. An initial con-
dition, 2M ammonium sulfate, 100mM N-cyclohexyl-3-aminopropane
sulfonic acid (CAPS) at a pH of 10.5, and 200 mM lithium sulfate, was
identified (Wizard screen, Rigaku, Bainbridge Island, WA, USA). In each
drop, 1.2pL of 20mg/mL protein was added to 1.2uL of precipitant.
To obtain single, large protein crystals, smaller crystals were crushed
and used to micro-seed in 1.8 M ammonium sulfate 0.1 M lithium sul-
fate and 0.1 M CAPS pH 10.5. Single crystals were frozen 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 1.0A wavelength beam from 46 to 2.3A resolution
at 100K. Initial phases were calculated with molecular replacement
against the X-ray structure of the FNR domain (PDB ID 1DDG (Gruez et
al., 2000)) with PHASER, implemented in Phenix (Adams et al., 2010)
and the Fld domain (PDB ID 1YKG (Sibille et al., 2005)) 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 fit-
ting and energy minimization in Coot (Emsley et al., 2010) and Phenix
(Adams et al., 2010) 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.

Small-angle neutron scattering: SANS experiments were performed on
the extended Q-range small-angle neutron scattering (EQ-SANS, BL-6)
beam line at the Spallation Neutron Source (SNS) located at Oak Ridge
National Laboratory (ORNL). In 60 Hz operation mode, two configura-
tions were used: 4m sample-to-detector distance with 2.5-6.1 A wave-
length band and 1.3 m sample-to-detector distance with 4.0-7.7 A wave-
length band (Zhao et al., 2010) to obtain the relevant wave-vector trans-
fer, Q = 4x sin(0)/A, where 26 is the scattering angle. Samples were
loaded into 1mm pathlength circular-shaped quartz cuvettes (Hellma
USA, Plainville, NY) and SANS measurements performed at 8°C. Data
reduction followed standard procedures using MantidPlot (Arnold et al.,
2014). The measured scattering intensity was corrected for the detector
sensitivity and scattering contribution from the solvent and empty cells,
and then placed on absolute scale using a calibrated standard (Wignell
and Bates, 1987).
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and then to a tightly-bound SiRHP (in cis) or to a SiRHP bound to an adjacent SiRFP (in trans).

Reduced data were imported into the ATSAS suite, managed in
PRIMUS (Konarev et al., 2003; Petoukhov et al., 2012). Ry, Diaxs and
the distance distribution functions were calculated in GNOM (Svergun,
1992). Ten ab initio models were calculated and averaged to model
the envelope function in DAMMIN (Svergun, 1999). Theoretical scatter-
ing curves of SiRFP-60-AAAPSQS and the open/closed conformations of
CPR were calculated in CRYSON (Svergun et al., 1998).

Activity assays: We measured the specific activity of electron transfer
from SiRFP to SiRHP either in the purified dodecameric SiR holoenzyme
with wild-type SiRFP or SiRFP-AAAPSQS, or by mixing the SiRFP-60
variants and SiRHP at a 2:1 ratio. Activity was monitored spectropho-
tometrically at 340nm to measure SO5;>"-dependent NADPH oxidation.
Reactions contained 1 mM potassium phosphate pH 7.7, 0.2 mM NADPH
(Sigma-Aldrich, St. Louis, MO, USA), 10 units of glucose oxidase
(Sigma-Aldrich, St. Louis, MO, USA), and 10mM glucose, prepared in
an anaerobic glove box (UNIlab, mBRAUN, Stratham, NH) and were
initiated by injection of 5pL of the enzyme to anaerobic cu-

vettes. Spectroscopic measurements were made on a 8454 UV-Vis diode
array instrument (Agilent, Santa Clara, CA, USA).

Reduction of cytochrome ¢ by SiRFP-60 or SiRFP-60-AAAPSQS was
followed spectrophotometrically at 550nm (e = 28 mM~'cm™!). The
1mL reaction mixture was prepared anaerobically and contained
0.2mM NADPH (Sigma-Aldrich, St. Louis, MO, USA), 0.05mM oxidized
cytochrome c from equine heart (Sigma-Aldrich), 10 units of glucose ox-
idase (Sigma-Aldrich), and 10 mM glucose in 50 mM Tris pH 7.5 buffer.
The reactions were initiated by injection of 5pL of 2.4nM SiRFP-60 or
SiRFP-60-AAAPSQS.

All enzymatic activities were background corrected for non-specific
activity due to oxygen introduced during protein injection in a control
reaction that did not include SO5?" in the SiRHP experiments or NADPH
in the cytochrome c experiments.

Reduction assays: We measured the ability of NADPH or sodium
dithionite to reduce SiRFP, SiRFP-AAAPSQS, SiRFP-60, or
SiRFP-60-AAAPSQS by monitoring the absorbance at 458nm. 0, 1,
5, or 10M equivalents of each reductant was prepared in an anaer-
obic glove box
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(UNIlab, mBRAUN) and incubated on ice for 30 min with 15uM SiRFP
variant that was previously passed over an anaerobically-equilibrated
desalting column. All solutions were degassed using freeze-pumpthaw
cycling and substitution by inert gas. Then, the solution was concen-
trated in a 30 kDa cutoff concentration device to harvest buffer to use as
a spectroscopic blank that contained the same concentration of reduc-
tant. Samples and blanks were transferred to septa-sealed cuvettes and
spectra were recorded on an 8454 spectrophotometer (Agilent).

Data and software availability: Coordinates and supporting experi-
mental data were deposited in the Protein Data Bank under the acces-
sion ID 6EFV.

3. Results
3.1. Overall structure

SiRFP is modular like its homologs CPR, NOS .4, MSR, and BM3,4
(Fig. 1A). Unlike those monomeric or dimeric diflavin reductases, how-
ever, full length SiRFP is an octamer that can be made monomeric by
removing the first 52 amino acids (Zeghouf et al., 1998). Even with this
simplification, previous structure determination of SiRFP-60 failed to
show the structural relationship between the domains because the ex-
treme mobility of the Fld domain relative to the FNR domain left its den-
sity unresolved in the final model (Gruez et al., 2000). To overcome this
limitation, we further synthesized an internal deletion of amino acids
212-217 (SiRFP-60-AAAPSQS) that enabled us to resolve both SiRFP
domains in a single structure (Fig. 1C) that we refined to a resolution of
2.3A (Table 1).

As expected, both the N-terminal Fld domain and the C-terminal
connection/FNR domains are highly similar to the prototypical diflavin
reductase CPR. The Fld domain superimposes with an RMSD of 2.5A
across all 144 atom pairs that are shared between SiRFP and human CPR
(Fig. 1D). The connection/FNR domains superimpose with an RMSD of
4.4 A across all 380 atom pairs that comprise that region (Fig. 1E). The
two structures differ in the position of the connection domain, which is
rotated towards the FAD cofactor and is far from the inter-subunit linker
in SiRFP-60-AAAPSQS (Fig. 1E). The tightly-bound FMN and FAD co-
factors bind as expected, with their isoalloxazine rings stacked against
conserved hydrophobic amino acids (V188/Y158/F161 for FMN and
Y388/Y599 for FAD) and their negative charged phosphate groups mak-
ing ionic and hydrogen bonds with positively charged or polar amino
acids (T72, D187, and Y388 for FMN and T332, R386, and S422 for
FAD) (Fig. S1). The structure was determined without added NADPH
but the pre-formed binding site remains virtually unchanged from the
NADP *-bound form seen in multiple CPR structures. The C-terminus of
SiRFP is one amino acid shorter than CPR (Figs. 1A and S1), lacking the
terminal serine that has been implicated in establishing the equilibrium
of closed to open CPR conformations (Freeman et al., 2017; Hubbard et
al., 2001).

3.2. SiRFP-60 is an extended reductase

Despite the shared folds of the individual domains, SiRFP-60-AAAP-
SQS adopts an extended conformation compared to oxidized (closed)
or reduced (open) CPR. The relative orientation of the domains can
be described by measuring the angle between two vectors, one drawn
through the Fld domain connecting G146 to 1444 (human CPR num-
bering) and the other drawn through the connection/FNR domains con-
necting 1444 to W620. In the closed CPR conformation, the domains sit
at a 20° angle relative to one another (Fig. 2A (Xia et al., 2011)). In
the open CPR conformation, the domains are more extended and sit at
a 36° angle relative to one another (Fig. 2B (Hamdane et al., 2009)).
In SiRFP-60-AAAPSQS, the domains are nearly independent, sitting at
an 82° angle relative to one another, in this case defined by connecting
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the homologous amino acids G122 to A373 and A373 to W540 (Fig.
2C). In this extended conformation, SiRFP’s Fld domain projects away
from the connection domain (Figs. 1C and 2C) in a distinct position from
another extended CPR molecule, a yeast-human hybrid whose linker
wraps around the connection domain to position the Fld domain to-
wards the FNR domain (Fig. S2A (Aigrain et al., 2009)). In the original
crystal structure of SiRFP-60, which only resolved the connection/FNR
domains, there is a large channel where the Fld domain was present but
disordered (Gruez et al., 2000). The Fld domain of SiRFP-60-AAAPSQS
projects into the channel when the connection/FNR domains are super-
imposed (Fig. S2B). This extreme position of the Fld domain would not
be possible in CPR because CPR’s linker is only 12 amino acids long,
compared to 24 amino acids in SiRFP-60-AAAPSQS (30 amino acids in
SiRFP without the internal truncation).

3.3. The Fld domain is essentially free from its FNR domain

In addition to the additional amino acids present in the linker that
connects the Fld and FNR domains (Fig. 1A), that stretch of protein is
predicted to share characteristics associated with internal intrinsically
disordered peptides (Askenasy et al., 2018). As expected, the 24 amino
acid stretch in the AAAPSQS truncation does not adopt defined sec-
ondary structure, suggesting the linker does not rigidly constrain the
domains with few, if any, interactions between the Fld domain and
the connection/FNR domains (Fig. 1C). The independence of the Fld
and connection/FNR domains in SiRFP-60-AAAPSQS arises from one of
the major differences in the overall folds of SiRFP and CPR. In SiRFP,
a two-stranded, anti-parallel beta sheet joined by a tight turn sits at
the periphery of the connection domain that interrupts the FNR do-
main (Fig. 3). The solvent-exposed beta sheet is only four amino acids
long and sits above the six short alpha helices that make up the body
of the connection domain. In CPR, the analogous structural element is
five amino acids long and an eight amino acid long loop links the two
strands (Figs. 1A and 3). The loop connecting the beta strands is impor-
tant for determining whether or not CPR is closed or open because salt
bridges between loop amino acids and Fld domain amino acids in the
closed conformation are broken when the Fld domain opens, governed
by the reduction state of the FMN (Huang et al., 2013). Additionally,
in CPR the linker between the domains acts as a third strand, wrapping
around the connection domain to maintain contact between the Fld do-
main and the connection domain even in the open conformation. No
such contacts exist in the extended conformation of SiRFP-60-AAAPSQS
and the Fld domain is essentially free from the connection/FNR domains
derived from the same polypeptide, projecting the FMN cofactor away
from the FAD binding pocket.

3.4. SiRFP-60 is significantly more extended than CPR in solution

We wanted to assess whether the extended structure found in the
crystal also occurred in solution and to test if it was a consequence
of the internal AAAPSQS truncation. Therefore, we measured small-an-
gle neutron scattering (SANS) from SiRFP-60 and SiRFP-60-AAAPSQS.
From the one-dimensional scattering curves, we calculated a radius of
gyration (Ry) for SiRFP-60 of 34.2 * 0.4A (D oof 1134) and an R, for
SiRFP-60-AAAPSQS of 33.2 = 0.3 A (D,,, of 112A) (Fig. 4A and B). We
next calculated the envelope function of SiRFP-60 and SiRFP-60-AAAP-
SQS from their one-dimensional scattering curves. The resulting en-
velopes derived from either SiRFP-60 variant compares well with the
conformation seen in the X-ray crystal structure (Fig. 4C).

To compare these results with what we know about conforma-
tional variability of CPR, we calculated a series of theoretical scatter-
ing curves and R from crystal structures of different conformations.
Scattering curves calculated from crystal structures of either the open or
closed CPR structure do not agree with the experimental data we mea-
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sured on SiRFP-60-AAAPSQS (Fig. S3A). The R, calculated from CPR’s
open posiEion is 25A and the R, calculated from the closed conforma-
tion is 24 A (Fig. S3B and C), close to SANS measurements made on CPR
(Freeman et al., 2017). In contrast, a theoretical scattering curve calcu-
lated from our crystal structure compares well with our experimental
SANS measurements (liig. S3A). The theoretical R, calculated from our
crystal structure is 32A, also similar to those determined from the ex-
perimental scattering measurements (Figs. 4 and S3D). Taken together,
the SANS data shows that SiRFP-60 with or without the internal linker
deletion exists in solution in a significantly more extended conformation
than its CPR counterpart.

3.5. A single connection-FNR domain is associated with two other Fld
domains via symmetry contacts

One of the three symmetry partners generated by applying P2,2,2,;
symmetry projects its Fld domain into the central cavity between the
connection and FNR domains in a similar position to the closed position
seen in some crystal forms of CPR (Figs. 2A, 5, and S4A). As in CPR,
the two domains in this mock-closed conformation sit at an angle of
20° relative to one another. SiRFP-60-AAAPSQS buries 850 A2 whereas
CPR buries about half that surface area, 420A2. In this way, both an
open and closed conformation exist in the same crystal structure. An ex-
tensive array of well-ordered water-mediated hydrogen bonds between
backbone amides and carbonyls also line the interface (Fig. S4B). Addi-
tionally, three salt bridges are important in maintaining this interaction
(Fig. S4C). On one side of the Fld domain, pairing of D155 and R381
holds it to the connection domain. On the other side, salt bridges pair
E121 with K560 and E126 with R596, holding the Fld domain to the
FNR domain. These interactions are not conserved with CPR and are sig-
nificantly different than the interactions that hold CPR in a closed con-
formation (Fig. S4B, C, and D). In this position, C7 from the FMN cofac-
tor is about 4.4 A away from C8 of the FAD cofactor (Fig. S1A), suggest-
ing that although this alignment is not optimal for electron transfer, sub-
tle changes to the positioning of the water-mediated interface, perhaps
upon NADPH binding, could align the cofactors for productive electron
transfer whether the Fld domain comes from the same polypeptide or an
adjacent molecule in octameric, full length SiRFP.

A second symmetry partner from the P2,2,2; operation also inter-
acts with the central connection/FNR domains, held by a salt bridge
between D182 and R250, a hydrogen bond linking R200 to N251, and
a water-mediated hydrogen bind between E196 to H491 and, and ex-
tensive water-mediated side-chain to backbone hydrogen bonds (Figs. 5
and S5). These amino acids are found in non-conserved regions of the
protein (Fig. 1A). The FMN cofactor from this symmetry partner points
towards the FNR domain of the molecule within the asymmetric unit
(Fig. 5). Interestingly, F496 and V500, which are involved in SiRHP
binding (Askenasy et al., 2018), are within 20A of the FMN cofactor
from this symmetry partner. The third symmetry partner binds through
charge-charge interactions between its connection domain and the FNR
domain of the opposing molecule.

3.6. Effect of the AAAPSQS linker truncation on SiR/SiRFP-60-SiRHP
dimer activity

We further characterized the impact of the AAAPSQS truncation on
SiRFP function, as either full-length octamer or SiRFP-60 monomer.
We purified the holoenzyme complex containing either WT SiRFP or
SiRFP-AAAPSQS to homogeneity (Fig. S6A). The holoenzyme variants
have overlapping UV-Vis spectra, showing that the truncation vari-
ant does not affect subunit-subunit binding or cofactor occupancy (Fig.
S6B). The significant mass difference between the holoenzyme
(800kDa) and its subunits (the SiRFP octamer is 540kDa and the
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SiRHP monomer is 64kDa) allows isolation of stoichiometric complex
via size exclusion chromatography (SEC) (Askenasy et al., 2015). WT
SiR showed specific activity of 1500 + 190 NADPH/min*siroheme, sim-
ilar to the rate we measured for SiR-AAAPSQS of 1300 + 30 NADPH/
min*siroheme (Fig. 6A). Both activities agreed with specific activities of
holoenzyme purified from source (Siegel et al., 1973).

We then independently purified SiRFP-60, SiRFP-60-AAAPSQS, and
SiRHP. SDS-PAGE analysis of SiRP-60 and SiRFP-60-AAAPSQS (Fig.
S6A) and UV-Vis spectroscopic analysis of SiRFP-60 and
SiRFP-60-AAAPSQS show that the proteins are purified to homogeneity
with good cofactor occupancy (Fig. S6B). The SiRFP-60/SiRHP dimer is
140kDa, whereas each individual subunit is about 60kDa, so there is
significant overlap in SEC analysis from tightly-bound and free subunits.
Therefore, we used a mixture of SiRHP with 2-fold excess SiRFP-60 or
SiRFP-60-AAAPSQS to assess the impact of the internal truncation on
SiRFP-60 function. Specific activities were calculated in terms of siro-
heme concentration because SiRHP was limiting in dimer formation
(siroheme is SiRHP’s heme-like cofactor (Murphy and Siegel, 1973)).
The SiFRP-60/SiRHP mixture has a specific activity of 120 + 7 NADPH/
min*siroheme whereas the SiRFP-60-AAAPSQS/SiRHP mixture has a
specific activity of 40 = 2 NADPH/min*siroheme (Fig. 6B).

As a control, we tested whether electron transfer between SiRFP-60
and SiRHP occurred only between two tightly bound subunits or if elec-
tron transfer between pre-formed SiRFP-60-AAAPSQS/SiRHP dimer and
free SiRFP-60 was possible. We generated the dimer SiRFP-60-AAAPSQS
and SiRHP with a 2:1 ratio, as before. Then, we added 2.5-fold excess
free SiRFP-60 that was active for electron transfer to SiRHP. Additional
reductase does not significantly recover the specific activity of the reac-
tion (Fig. 6B).

We also measured the ability of SiRFP-60 or SiRFP-60-AAAPSQS to
reduce cytochrome ¢, which does not bind SiRFP-60 to form a stable
complex, to test if the reduced activity of SiRFP-60-AAAPSQS was due
to the nature of the interactions between SiRFP and SiRHP or a general
defect in function. SiRFP-60 reduces cytochrome c with a specific ac-
tivity of 2500 = 190 heme/min*flavin but SiRFP-60-AAAPSQS reduces
cytochrome c with a specific activity of 370 = 35 heme/min*flavin (Fig.
6C).

We further wanted to assess if SiRFP-60-AAAPSQS’s reduced activ-
ity was due to a defect in intra-molecular flavin electron transfer, so we
chemically reduced SiRFP variants with NADPH or sodium dithionite in
the absence of oxidase partner. Reduction of the flavins bleaches their
characteristic 458 nm absorbance (Zeghouf et al., 1998) and for NADPH
to reduce the flavins, the Fld domain must dock at the connection/FNR
domain in the closed conformation so that the FAD and FMN cofactors
make close contact (Figs. 2 and S1) (Hamdane et al., 2009). The anal-
ogous linker truncation in CPR inhibits the ability of NADPH to fully
reduce its flavins (Hamdane et al., 2009). Dithionite reduction does not
need the conformational change because it reduces the flavins directly.
All SiRFP variants were reduced by both NADPH and sodium dithionite
(Figs. 7 and S7).

4. Discussion
4.1. SiRFP is more extended than CPR

SiR is a multi-subunit oxidoreductase that funnels electrons from
cellular NADPH pools to the SO;2~ substrate through an octameric di-
flavin reductase, SiRFP. Homology between SiRFP and CPR predicts that
SiRFP functions through a redox-dependant conformational change de-
scribed in the cytochrome system. When CPR is oxidized, the Fld do-
main closes to bring the FMN cofactor close to the FAD cofactor. When
NADPH binds, two electrons move onto the flavin cofactors and the re-
duced Fld domain swings open by about 15° to allow a transient in-
teraction with a cytochrome oxidase that takes the electrons one-by-
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one from the FMN to the substrates, bound at the heme active site (Fig.
2A and B). Other chemistries catalyzed by similar oxidoreductases are
one or two electron reductions (Haque et al., 2014). SiR catalyzes a
six-electron reduction so each turnover consumes three NADPH equiva-
lents (Fig. 1B).

In SiRFP, the Fld domain adopts an extended position relative to the
connection-FNR domains allowed by the extended linker, more extreme
than seen in CPR (Figs. 1A and 2). Importantly, solution scattering mea-
sured on SiRFP-60 and SiRFP-60-AAAPSQS reveals an R, of about 30A
for both, consistent with the extended position of the Fld domain and
about 10A larger than the compact, closed form seen in oxidized CPR
(Figs. 4 and S3). A symmetry partner recapitulates the CPR closed form,
drawing the redox cofactors together from separate polypeptides (Figs.
5 and S4). The theoretical R, calculation from this domain pairing is
similar to that measured on oxidized CPR (Freeman et al., 2017) but
does not agree with our SANS measurements (Fig. S3), suggesting this
is not the primary conformation that SiRFP-60 or SiRFP-60-AAAPSQS
adopts in solution.

4.2. Potential for inter-subunit reciprocity

Our crystal structure reveals three different structural relationships
between the Fld and connection/FNR domains. First, the open confor-
mation exposes to solution the FMN cofactor from which electrons move
to SiRHP (Fig. 1C). Second, a symmetry-related molecule inserts its Fld
domain into the large cavity allowed by the open Fld domain, mimick-
ing the closed conformation seen in CPR (Figs. 5 and S4). Third, a sym-
metry-related Fld domain sits near the NADPH and the SiRHP binding
sites at F496,/V500 (Figs. 5 and S5). Siroheme-dependent sulfite reduc-
tase, whether dodecameric or dimeric, catalyzes a high-volume electron
transfer that necessitates three productive SiRFP-SiRHP interactions per
turnover event in the six-electron reduction of SO;>~ to S~ (Fig. 1B).
Recapitulation of the closed, electron-transfer competent conformation
in the crystal structure suggests that there could be flexibility in how
SiRFP passes electrons. The NADPH-FAD from one FNR domain could
reduce the Fld domain intra-molecularly from the same protein, as it
does in CPR, or inter-molecularly, from a neighboring subunit, allow-
ing electron transfer to SiRHP (Fig. 8). There is precedence for such in-
tra-molecular electron transfer in NOS (Haque et al., 2012).

The implications of the extended Fld domain position on SiR func-
tion are threefold. First, SiRFP’s Fld domain likely takes on a different
position than CPR when passing off electrons to its oxidase partner. CPR
binds heme oxidase and cytochrome c in the open cleft between the Fld
and FNR domains (Freeman et al., 2018; Sugishima et al., 2014). Our
biochemical analysis of SiR shows that SiRHP binds SiRFP on the other
side of the FNR domain from this position (Askenasy et al., 2018, 2015),
which means SiRFP must access alternative conformations for electron
transfer to its partner. Second, SiRFP-60 exists in an extended confor-
mation even when it is oxidized (Figs. 4 and S3). Perhaps SiRFP samples
different Fld positions more readily than CPR, allowed because of the
added flexibility afforded by the 30 amino acid linker found in SiRFP
(Fig. 1A), significantly longer than the 12 amino acid linker in CPR. Al-
ternatively, in the absence of its octameric partners, SIRFP-60 could be
more conformationally dynamic than it is in the oligomer. Certainly,
these possibilities are not mutually exclusive.

4.3. Electron transfer in an oligomeric oxidoreductase

The minimal dimer between SiRFP-60 and SiRHP is active for SO5>~
reduction, albeit with reduced activity over SiR (compare Fig. 6A and
B). Shortening the linker through the AAAPSQS truncation further re-
duces the activity of the dimer and additional, free SiRFP-60 does not
rescue its activity (Fig. 6B). Similarly, shortening the linker reduces
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SiRFP-60’s ability to reduce a non-endogenous, transiently-bound cy-
tochrome c partner (Fig. 6C). In contrast, the internal AAAPSQS trunca-
tion does not affect the activity of the dodecameric SiR holoenzyme.

These observations could be explained by several non-exclusive pos-
sibilities. First, the AAAPSQS linker truncation could hinder SiRFP’s
ability to perform intra-molecular electron transfer by preventing the
FMN from being reduced by the NADPH-reduced FAD. Second, the
AAAPSQS linker truncation could hinder the conformational changes
needed to pass the electrons to the SiRHP or cytochrome c oxidase part-
ner. Third, the oligomeric nature of the dodecameric SiR holoenzyme
could bypass either requirement. We directly tested the first by mea-
suring whether the SiRFP variations in this study could be reduced by
NADPH or sodium dithionite. Each variation was reduced, eliminating
the first possibility and supporting the hypothesis that the long linker
plays a role in repositioning the Fld domain for productive electron
transfer to its oxidase partner.

One mystery that remains about SiR is how the Fld domain, once
reduced, makes its way to SiRHP that is bound at the back side of the
FNR domain (Askenasy et al., 2018, 2015). Our results suggest that
in addition to performing the opening/closing that allows FAD-to-FMN
electron transfer, the Fld domain performs electron transfer to a tightly
bound SiRHP by repositioning to the interface formed by D182/R250,
E196/H491, and R200/N251. The 30 amino acid linker, if extended, is
long enough to make the ~50 A-long trip around the connection/FNR
domain if it were in an extended conformation. In monomeric SiRFP-60,
this interaction must occur in cis because there is only one copy of each
subunit. The conformational change from the closed conformation to
the SiRHP-adjacent conformation must occur three times to pass all six
electrons, in part explaining why the dimer has a lower specific activ-
ity than SiR holoenzyme (Fig. 6). In contrast, the dodecamer supplies a
higher local concentration of Fld domains relative to SiRHP because of
the g, stoichiometry.

5. Conclusions

Despite obvious similarities amongst various diflavin reductase ho-
mologs, we show in this study that the mechanism of inter-cofactor elec-
tron transfer differs in a homolog-specific way. Specifically, we report
that SiRFP operates under a new paradigm, in which the oxidized form
of the multidomain structure is in an extended conformation that places
the Fld domain far from the FAD cofactor, joined by a long linker. Fur-
ther, there are differential effects on dimeric or dodecameric forms of
SiR from shortening the linker or altering amino acids that may help
position the Fld domain for productive electron transfer. These observa-
tions suggest that in the dodecameric SiR holoenzyme electron transfer
occurs via multiple pathways, bypassing the need for electrons to move
intra-molecularly from the NADH to the FAD to the FMN and then in cis
to SiRHP. In this way, SiR effectively raises the local concentration of
electrons relative to SiRHP active sites to facilitate the full six electron
reduction of SO42~ to S%".
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