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ABSTRACT Precursor molecules for biomass incorporation must be imported into cells and made available to the molecular
machines that build the cell. Sulfur-containing macromolecules require that sulfur be in its S2� oxidation state before assimilation
into amino acids, cofactors, and vitamins that are essential to organisms throughout the biosphere. In a-proteobacteria, NADPH-
dependent assimilatory sulfite reductase (SiR) performs the final six-electron reduction of sulfur. SiR is a dodecameric oxidore-
ductase composed of an octameric flavoprotein reductase (SiRFP) and four hemoprotein metalloenzyme oxidases (SiRHPs).
SiR performs the electron transfer reduction reaction to produce sulfide from sulfite through coordinated domain movements
and subunit interactions without release of partially reduced intermediates. Efforts to understand the electron transfer mecha-
nism responsible for SiR’s efficiency are confounded by structural heterogeneity arising from intrinsically disordered regions
throughout its complex, including the flexible linker joining SiRFP’s flavin-binding domains. As a result, high-resolution structures
of SiR dodecamer and its subcomplexes are unknown, leaving a gap in the fundamental understanding of how SiR performs this
uniquely large-volume electron transfer reaction. Here, we use deuterium labeling, in vitro reconstitution, analytical ultracentri-
fugation (AUC), small-angle neutron scattering (SANS), and neutron contrast variation (NCV) to observe the relative subunit
positions within SiR’s higher-order assembly. AUC and SANS reveal SiR to be a flexible dodecamer and confirm themismatched
SiRFP and SiRHP subunit stoichiometry. NCV shows that the complex is asymmetric, with SiRHP on the periphery of the com-
plex and the centers of mass between SiRFP and SiRHP components over 100 Å apart. SiRFP undergoes compaction upon
assembly into SiR’s dodecamer and SiRHP adopts multiple positions in the complex. The resulting map of SiR’s higher-order
structure supports a cis/transmechanism for electron transfer between domains of reductase subunits as well as between tightly
bound or transiently interacting reductase and oxidase subunits.
SIGNIFICANCE NADPH-dependent assimilatory sulfite reductase (SiR) is an essential metabolic enzyme that performs
reduction of environmental sulfur for biomass formation. SiR is a two-component oxidoreductase with an unusual,
asymmetric stoichiometry composed of an octameric reductase flavoprotein (SiRFP) and four independent oxidase he-
moproteins (SiRHPs). Although we know the structures of the individual subunits as monomers, we do not know how they
assemble into the dodecameric holoenzyme. Conventional studies by X-ray crystallography and cryoelectron microscopy
are frustrated by SiR’s large size and inherent flexibility. Presented here, small-angle neutron scattering has allowed us to
visualize the relative positioning of the two subunits and show that the SiRHP subunits are independent of one another at
the periphery of the complex, tethered by SiRFP.
INTRODUCTION

Multicomponent enzyme complexes play pivotal roles in
metabolic, electron transport, and signaling pathways where
quaternary protein complexes assemble to allow intra- and
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inter-subunit domain-domain interactions enabling catalysis
(1–4). In these complexes, subunits containing individual
catalytic domains oligomerize into macromolecular ma-
chines that integrate enzymatic functions into cohesive pro-
cesses. Multicomponent enzymes are potentially beneficial
because they can channel pathway intermediates to control
metabolic flux, allow for higher efficiency, and prevent
harmful intermediate release from active sites (4). In
the case of multicomponent oxidoreductases, combining
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oxidase and reductase subunits into a unified machinery en-
ables them to perform high-volume electron transfer reac-
tions. Isolated oxidase or reductase subunits are often well
characterized structurally; however, their assemblies can
be challenging to characterize because the domains within
individual subunits can be connected by flexible linkers
that change conformation based on assembly state (5,6).
NADPH-dependent assimilatory sulfite reductase (SiR) is
one such oxidoreductase (7).

SiR catalyzes the electron transfer reduction-oxidation
(redox) reaction prerequisite to sulfur’s incorporation into
biomolecules. Specifically, sulfite (SO3

2�) undergoes a
six-electron reduction to sulfide (S2�) through the coordi-
nated action of SiR’s flavoprotein (a, or SiRFP) subunits
and hemoprotein (b, or SiRHP) subunits (Fig. 1 A) (8).
SiR holoenzyme is a 792-kDa a8b4 hetero-dodecamer
composed of 67-kDa diflavin reductases that assemble
into a 536-kDa flavoprotein octamer with four 64-kDa he-
moprotein metalloenzymes that we will refer to as a dodeca-
mer for simplicity (Fig. 1 B) (9). Each SiRHP subunit binds
one of four separate SiRFP subunits (9,10). The mismatched
FIGURE 1 SiR is a modular oxidoreductase. (A) X-ray crystal structures

of SiRFP (blue, PDB: 6EFV) and SiRHP (green, PDB: 1AOP) subunits. (B)

Full-length SiRFP spontaneously forms a homo-octamer, whereas SiRHP is

a monomer. N-terminally truncated SiRFP is also a monomer that can bind

a single copy of SiRHP to form a minimal heterodimer. Octameric SiRFP

binds four independent SiRHPs in an unknown arrangement. Various sub-

unit arrangements are possible to account for SiR’s a8b4 stoichiometry.
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stoichiometry between reductase and oxidase subunits dif-
ferentiates SiR from similar oxidoreductases and is thought
to contribute to the efficiency of its high-volume electron
transfer reaction (3,11–13).

SiRFP shares similar flavin adenine dinucleotide (FAD)-
and flavin mononucleotide (FMN)-binding domains with
other diflavin reductases, whose FAD- and FMN-binding do-
mains are homologous to ferredoxin-NADPþ reductase
(FNR) domains and flavodoxins (Flds), respectively (Fig. 1
A) (14). SiRFP channels electrons from NADPH through
FAD and FMN cofactors before transferring them to the siro-
heme and Fe4S4 cluster cofactors of the SiRHP subunits
(Fig. 1 A) (15). This electron transfer sequence is enabled
by the nanomolar affinity between SiRFP and SiRHP sub-
units, with SiRHP binding to SiRFP’s FNR domain through
its N-terminal 80 amino acids (16,17).

SiRFP is hypothesized to transfer electrons between its
cofactors by a redox-sensitive domain motion enabled by
the flexible linker of 30 residues in length between its
FNR and Fld domains, similar to its well-characterized ho-
molog cytochrome P450 reductase (CPR) (18,19). In
oxidized CPR, the Fld domain is in a closed conformation
relative to the FNR domain, such that, when NADPH re-
duces the FNR-bound FAD, it is in close proximity to the
Fld-bound FMN (20–22). Upon subsequent FAD reduction
and NADþ release, the Fld domain extends to create the
transient cytochrome P450 binding site for electron transfer
(23,24). Electron transfer by SiRFP could behave in an anal-
ogous fashion; however, unlike CPR, oxidized SiRFP mono-
mer adopts an extended conformation between its domains
(7,14). Additionally, SiRFP’s Fld domain further extends
upon binding its SiRHP oxidase, whereas the CPR-cyto-
chrome c dimer is compact (5), with cytochrome c binding
in a cleft between the Fld and FNR domains (5,7).

SiR’s subunits are modular, which allows them to be
examined as simplified monomers (i.e., isolated a or b com-
ponents) or a 1:1 heterodimer (ab), by expressing the a sub-
unit as an N-terminal truncation, the b subunit on its own, or
a mixture of the two, respectively (Fig. 1 B) (25–27). The
SiR heterodimer is active for SO3

2� reduction but with
reduced efficiency compared with the dodecamer (25,28).
Truncating SiRFP’s flexible linker further diminishes activ-
ity in the heterodimer but, importantly, not as significantly
in the dodecamer (14). This observation suggests a model
in which electron transfer occurs through both intramolecu-
lar and intermolecular pathways in the complex. For
example, electrons might pass from an NADPH to the
FAD of SiRFP before either passing to the FMN bound to
the same polypeptide, or to an FMN bound to another
SiRFP within the dodecamer. Additionally, electrons may
also pass between SiRFP and an SiRHP that is directly
bound to its FNR domain, or to a SiRHP that is its neighbor
in the complex. This model is supported by solution scat-
tering of the SiR heterodimer, which shows that SiRFP pos-
sesses sufficient conformational malleability to allow its Fld
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domain to move into the vicinity of neighboring subunits
(7). Further, anaerobically reduced SiRFP projects its Fld
domain toward the binding interface with SiRHP (7). Such
a cis/trans mechanism for electron transfer within SiR is
in analogy to nitric oxide synthase, whose reductase domain
is a SiRFP homolog, where the reductase domain of one
subunit approaches the oxidase domain of another in a
domain-swapping manner (3,29). Redundant electron
donor/acceptor pairing, enabled by its stoichiometry and
flexibility, may help explain how SiR performs its high-vol-
ume electron transfer without releasing partially reduced in-
termediates (30–33).

Ultimately, the lack of structural information for dodeca-
meric SiR leaves unanswered questions regarding how the
subunits position relative to one another, what interactions
support those positions, and how domain motions regulate
electron transfer (Fig. 1 B). Here, we use a combination
of deuterium labeling, in vitro reconstitution, analytical
ultracentrifugation (AUC), small-angle neutron scattering
(SANS), and neutron contrast variation (NCV) to discern
the nature and effects of higher-order assembly by SiR.
The ability to reconstitute native-like complexes from indi-
vidually purified subunits allows assembly between partially
deuterated SiRHP (D-SiRHP) and hydrogenated SiRFP to
form D-SiR. Molecular weights (MWs) and sedimentation
coefficients (Svedberg units [S]) determined by SANS and
AUC, respectively, support SiR’s hypothesized a8b4 stoichi-
ometry. SiR’s solution-state structure exhibited both globu-
larity and conformational malleability as a result of its large,
multicomponent structure containing flexible linkers in each
of its eight SiRFP subunits. Subsequently, an NCV series
measured on D-SiR isolated the scattering contributions of
each subunit. Structural insights obtained through NCV
reveal the asymmetric organization of SiR, including cen-
ters of mass and separation of each component, with
SiRHP subunits adopting multiple positions at the periphery
of the complex, tethered by a central SiRFP octamer that
compacts upon dodecamer assembly. Collectively, these
studies provide an initial mapping of SiR’s higher-order
structure with implications for its mode of electron transfer.
MATERIALS AND METHODS

SiR expression, purification, and reconstitution

Hydrogenated SiR proteins were expressed and purified as previously

described (14,16,17). In summary, pBAD vectors (Thermo Fisher Scienti-

fic, Waltham, MA, USA) containing genes encoding hexa-histidine tagged,

full-length Escherichia coli SiRFP octamer (cysJ), N-terminally truncated

monomer (SiRFP-60), or a tricistronic hexa-histidine tagged SiRFP/

SiRHP (cysI)/siroheme synthase (cysG) construct (SiR dodecamer) were

individually transformed into E. coli LMG194 cells (Invitrogen, Carlsbad,

CA, USA) and induced with 0.5% L-arabinose for expression in Luria Ber-

tani broth at 25�C. SiRFP, SiRFP-60, or SiR were purified to homogeneity

through a combination of nickel affinity, anion exchange, and size-exclu-

sion chromatography (SEC). Hydrogenated and partially deuterated

SiRHP (D-SiRHP) were also expressed and purified as previously described
(7). Briefly, a pBAD vector encoding bicistronic cysI and cysG was trans-

formed into E. coli BL21 (DE3) cells (New England Biolabs, Ipswich,

MA, USA) and protein was expressed in Enfors minimal media containing

either H2O (hydrogenated SiRHP) or 70% D2O (D-SiRHP), induced with

0.05% L-arabinose at 25�C (34). SiRHP and D-SiRHP were purified

through a series of ammonium sulfate precipitation, desalting, anion ex-

change, and SEC steps.

Purified SiRFP was mixed with 6 molar equivalents (Eq) D-SiRHP and

incubated for 2 h on ice to form the D-SiR dodecamer. SiRFP-60/D-

SiRHP heterodimer was assembled by mixing SiRFP-60 with 2 Eq

D-SiRHP followed by an identical incubation. Excess D-SiRHP was used

during reconstitution to saturate the binding capacity of SiRFP variants

and maximize complex recovery upon chromatographic separation of free

subunits. Reconstituted complexes were then loaded onto a 5-mL

HisTrap FF nickel affinity chromatography column (Cytiva, Marlborough,

MA, USA) that had been equilibrated with 50 mM KPi, pH 7.8, 100 mM

NaCl, and eluted with a gradient of the same buffer containing 500 mM

imidazole. Fractions containing the assembled complexes were loaded

onto a Superose 6 10/300 SEC column (Cytiva, Marlborough, MA, USA)

equilibrated with SANS buffer (50 mM KPi, pH 7.8, 100 mM NaCl,

1 mM EDTA) to isolate the specimen of interest. Final preparations were

analyzed with SDS-PAGE and compared to -visible (UV-vis) absorption

to ensure its purity and correct stoichiometry.
Sedimentation velocity AUC

Sedimentation velocity experiments were performed using a ProteomeLab

XL-1 analytical ultracentrifuge equipped with an AN60-Ti rotor and Epon

two-channel centerpieces (Beckman Coulter, Brea, CA, USA). SiR samples

were adjusted with SANS buffer to 0.3 mg/mL, yielding an absorbance of

approximately 0.5 at 280 nm as measured with an 8454 UV-vis spectropho-

tometer (Agilent Technologies, Santa Clara, CA, USA). Samples were

loaded into cell assemblies with sapphire windows appropriate for absor-

bance data. Rotor speeds of 40,000 or 25,000 rpm were used for monomeric

D-SiRHP or higher-order SiR samples, respectively. All samples were run

at 20�C for 7 h. Scan data were imported into UltraScan III software, where

they were edited and underwent 2D spectrum analyses (2D-SA) to obtain

MW (AUCMW) values and frictional ratios (f/f0) (35,36). In the same soft-

ware, sedimentation coefficient envelopes were obtained through enhanced

van Holde-Weischet analyses. S values were corrected for the density and

viscosity of SANS buffer at 20�C (S20,w).
SANS measurements

Hydrogenated SiR proteins were dialyzed into SANS buffer prepared with

100% D2O prior to SANS measurements, whereas partially deuterated

complexes were dialyzed into buffers with various H2O:D2O ratios to

perform an NCV series of measurements. The contrast match points

(CMPs) of the complex’s components were determined as previously

described (7). In brief, the CMP of hydrogenated SiRFP (41% D2O) was

determined from theoretical calculations of its scattering length density

based on protein sequence, isotopic content, and solvent conditions (37).

Alternatively, the CMP of D-SiRHP (86% D2O) was determined experi-

mentally by performing an NCV series of SANS measurements (7,38–

40). Knowing each component’s CMP, D-SiR was dialyzed into SANS

buffer containing 0%, 20%, 41%, 86%, or 100% D2O. SiRFP-60/D-

SiRHP was dialyzed into 0%, 41%, 86%, or 100% D2O. The concentration

of each protein sample was quantified post dialysis using a NanoDrop One

UV-vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)

prior to loading into cuvettes (Table S1).

SANS data were collected on the extended Q-range small-angle neutron

scattering diffractometer (EQ-SANS, Beam Line 6) at the Spallation

Neutron Source (SNS), Oak Ridge National Laboratory (ORNL) (41). Sam-

ples were loaded into 1-mm pathlength circular quartz cuvettes (Hellma
Biophysical Journal 121, 1799–1812, May 17, 2022 1801
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USA, Plainville, NY, USA) and data collected at 8�C with the simultaneous

introduction of dry air to prevent condensation on the exterior of the

cuvettes. Three instrument configurations were used in 60-Hz operation

mode to obtain the relevant wavevector transfer, Q ¼ 4psin(q)/l, where

2q is the scattering angle and l is the neutron wavelength: 9-m sample-

to-detector distance with 15 Å wavelength band, 4-m sample-to-detector

distance with 6 Å wavelength band, and 1.3-m sample-to-detector distance

with 4 Åwavelength band (42). These configurations enabled acquisition of

datasets with a Q range (0.002–0.72 Å�1) that sufficiently captures the

specimen’s length scales. Scattering data were circularly averaged and

reduced to one-dimensional scattering profiles using Mantid Workbench

and Jupyter Notebooks (43,44). The measured scattering intensities were

corrected for detector sensitivity and scattering contributions from buffers

and empty cells, and then placed on an absolute scale using a calibrated Por-

asil B standard (45). Replicate measurements were summed and those from

each instrument configuration were merged. Initial scattering data were

compared with data from duplicate measurements at the end of each sam-

ple’s data collection to ensure sample integrity. Incoherent background sub-

tractions were also implemented in Mantid Workbench to correct for excess

incoherent scattering from hydrogen in the sample before the datasets were

exported for analysis.
SANS data analysis and modeling

Reduced, background-subtracted data were imported into BioXTAS RAW

for analysis (46). Within this software, P(r) calculations were performed us-

ing GNOM, which provided Dmax values as previously described (7,14), as

well as being used to provide Rg and I(0) values (7,47,48). Similarly, Guin-

ier analyses, dimensionless Kratky plots, and MW determinations from

SANS (SANS MW) were generated in BioXTAS RAW (49–51).

The intensity of the SANS signal from biological macromolecules in so-

lution depends on their contrast, which is the difference in scattering length

density (SLD, or r) between the macromolecule and its solvent (Dr ¼
rmacromolecule � rsolvent). Neutrons scatter from atomic nuclei, with differ-

ences arising from variations in atomic number and isotope. NCV series

are made possible by the difference in scattering between hydrogen and

deuterium, the abundance of the former in biomolecules, and the ability

to substitute the latter in macromolecules and solvents. Rg values for a com-

plex are related to contrast by Stuhrmann’s equation, Eq. (1) (52):

R2
g ¼ R2

m þ a
.
Dr � b

.
Dr2; (1)

where Dr is the mean contrast, Rm is the Rg of the complex at infinite

contrast, and the coefficients a and b are associated with SLD (52,53).

The a coefficient is related to the second moment of scattering density fluc-
TABLE 1 SANS parameters for sulfite reductase

Protein % D2O Oligomeric state Domain or protein com

SiR 100 dodecamer (⍺8b4) SiRFP/SiRHP

D-SiR (DSiR0) 0 dodecamer (⍺8b4) SiRFP/D-SiRHP

D-SiR (DSiR20) 20 dodecamer (⍺8b4) SiRFP/D-SiRHP

D-SiR (DSiR41) 41 dodecamer (⍺8b4) SiRFPa/D-SiRH

D-SiR (DSiR86) 86 dodecamer (⍺8b4) SiRFP/D-SiRHP

D-SiR (DSiR100) 100 dodecamer (⍺8b4) SiRFP/D-SiRHP

SiRFP-60/D-SiRHP 0 dimer (⍺b) Fld-linker-FNR/D-S

SiRFP-60/D-SiRHP 41 dimer (⍺b) Fld-linker-FNRa/D-S

SiRFP-60/D-SiRHP 86 dimer (⍺b) Fld-linker-FNR/D-Si

SiRFP-60/D-SiRHP 100 dimer (⍺b) Fld-linker-FNR/D-S

SiRFP 100 octamer (⍺8) Octamerization-Fld-link

SiRHP 100 monomer (b) SiRHP

aThe contrast-matched component.
bOnly data at full contrast were used to obtain SANS MW.
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tuations about the mean for a scattering particle, whereas the b coefficient

relates to the square of the first moment (54). The sign of a relates to a com-

ponent’s center of mass (COM) relative to that of the complex, and b is

proportional to the square of the distance between each component’s

COM (D). a and b can be determined from Stuhrmann’s equation by using

a polynomial least-squares fit of Rg
2 against Dr�1. Throughout the current

study, D-SiR’s components are referred to in the context of their respective

SLDs: hydrogenated SiRFP octamer as one component and four D-SiRHP

subunits collectively comprising another component within D-SiR’s two-

component complex. SLD, Dr, and the evaluation of the contrast depen-

dence of Rg using Stuhrmann analyses were carried out in the Contrast

and Rg modules of MULCh (37,52,55). SLD and Dr are calculated from

protein sequence, isotopic content, and solvent condition inputs using the

same software (37).

The parallel axis theorem (PAT), Eq. (2), can also be used to determine Rg

and D values for a complex’s components (54–56):

R2
obs ¼ �ðDr1V1=DrVÞR2

1

�þ �ðDr2V2=DrVÞR2
2

�

þ �ðDr1V1=DrVÞðDr2V2=DrVÞD2
�
;

(2)

where Robs is the measured Rg, V is molecular volume, and R1 and R2 are

the Rg of each component. The use of this approach was also performed us-

ing MULCh with the same input parameters used during Stuhrmann anal-

ysis (37).

GNOM P(r) output files were used as inputs for ab initio modeling using

DENSS or DENSS-Multiple to generate scattering envelopes, as previously

described (7,57,58). Briefly, 20 reconstructions were generated in DENSS

operating in ‘‘slow’’ mode, followed by their alignment, averaging, and

refinement without the use of symmetry constraints. DENSS-Multiple of

D-SiR was performed identically to DENSS modeling except with the use

of P(r) inputs from multiple SANS measurements: 0%, 20%, and 41%

D2O. Rigid body modeling of SiRHP’s known monomeric structure against

its scattering data was performed using SASREF (59). Where applicable,

high-resolution structures obtained from the Protein Data Bank (PDB)

were positioned into solution structures in UCSF ChimeraX (60,61). All

SANS data (Table 1) and their associated models were deposited in the

Small Angle Scattering Biological Data Bank (62) SASBDB: SASDMJ8

(SiR), SASDMK8 (SiRFP), SASDML8 (SiRHP), SASDMM8 (DSiR0),

SASDMN8 (DSiR20), SASDMP8 (DSiR41), SASDMQ8 (DSiR86),

SASDMR8 (DSiR100), SASDMS8 (SiRFP-60/D-SiRHP in 0% D2O),

SASDMT8 (SiRFP-60/D-SiRHP in 41% D2O), SASDMU8 (SiRFP-60/D-

SiRHP in 86% D2O), and SASDMV8 (SiRFP-60/D-SiRHP in 100% D2O).

DENSS models for D-SiRHP, SiRFP, and D-SiR were subsequently con-

verted to bead models using EM2DAM, in All That Small Angle Scattering

3.0 (ATSAS 3.0) [63], and then theoretical Rg, MW, and S values for the

models were calculated in UltraScan SOlution MOdeler (US-SOMO)
position Rg (Å) Dmax (Å) MW (kDa) SANS MW (kDa)b

101.5 5 0.9 325 802 830

105.0 5 1.2 315 826 839

110.4 5 3.2 315 826

P 96.7 5 7.9 285 826
a 73.0 5 0.7 220 826

82.9 5 0.8 245 826

iRHP 36.3 5 0.7 130 128 136

iRHP 24.1 5 0.6 66 128

RHPa 33.1 5 0.5 124 128

iRHP 41.3 5 0.6 139 128

er-FNR 80.8 5 0.8 260 571 578

23.3 5 0.1 72 64 64.7
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(64). Theoretical conditions used as inputs in US-SOMO mirrored those of

the AUC experiments (density, viscosity, pH, temperature).
RESULTS

SANS of dodecameric SiR

SiR’s a8b4 SANS profile exhibited separate plateaus at low
and middle Q regions that arose from the higher-order com-
plex and individual subunits, respectively, on length scales
relative to the larger dodecamer and smaller monomeric
components (Fig. 2 A). The Rg and Dmax for the complex
were 101.5 and 325 Å, respectively, whereas Guinier anal-
FIGURE 2 Solution scattering of the flexible SiR dodecamer. (A) SANS

profile of SiR with plateaus at low and middleQ regions and smooth waning

into high Q. Error bars represent the standard deviation of I(Q) which is

derived via propagating the square root of the total neutron counts through

the different data reduction steps. (B) SiR’s P(r) plot transformed from scat-

tering data in (A) shows an extended decay to Dmax. (C) Dimensionless

Kratky plot of the scattering data shows SiR’s globularity and a degree of

flexibility.
ysis indicated a monodisperse protein solution (Table 1
and Fig. S1 A). The P(r) function of SiR had an interatomic
vector length (r) peak around 128 Å and a shoulder at lower
values of r that indicated distinct intra-subunit distances of
differing scales within the complex (Figs. 2 B and S2 A).
The gradual decay of the complex’s P(r) to its Dmax indi-
cated that SiR is extended in solution. Dimensionless Kratky
analysis of SiR’s scattering data demonstrates a Gaussian
peak that then rises to a plateau, corresponding to a globular
complex with a degree of flexibility (Fig. 2 C) (49,65). The
absolute calibration of the SANS data was used to calculate
the SANS MWof the SiR complexes (50,66), and the calcu-
lated SANS MW for the co-expressed SiR of 830 kDa was
consistent with the theoretical MW of its his-tagged com-
plex, 802 kDa (3.5% difference; Table 1). These analyses
constitute the first solution-state characterization of SiR ma-
chinery to our knowledge, and provide an initial description
of the extended, flexible dodecamer.
Analysis of reconstituted D-SiR

In vitro reconstitution produced dodecameric D-SiR (a8b4)
from SiRFP (a8) and D-SiRHP (b) for analysis by
NCV. AUC, SEC, SDS-PAGE, and spectroscopic analyses
(Table S2; Figs. 3 and S3) confirm that reconstituted SiR as-
sembles with stoichiometry comparable with both SiR
formed by co-expression of SiRFP and SiRHP (16) and
SiR purified from source (10). The sedimentation velocity
scan data fit with low root-mean-square deviation (RMSD)
(Table S2 and Fig. S4). Further, each specimen sedimented
with a well-defined peak in their sedimentation envelopes
and with expected S values for their shape and size
(Fig. 3) (7). The individual components, D-SiRHP and
SiRFP, sedimented at 4.8 and 14.1 S, respectively. Reconsti-
tuted D-SiR sedimented at 17.5 S, in agreement with the
published value of the native complex purified from source
(10). AUC MW and f/f0 values for each specimen were
FIGURE 3 Sedimentation velocity AUC of reconstituted D-SiR and its

components. Sample envelopes exhibit single peaks, indicating the purity

of their preparations. Reconstituted D-SiR’s sedimentation value agrees

with published values for source-purified SiR (10).

Biophysical Journal 121, 1799–1812, May 17, 2022 1803
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as expected (Table S2). Therefore, samples prepared as
described above were used for SANS measurements.

Co-expressed SiR, reconstituted, hydrogenated SiR
(H-SiR), and D-SiR each scattered similarly (Fig. S5) and
were unaffected by concentration or structure factor effects
(Fig. S6). The calculated SANS MW for D-SiR of 839 kDa
agreed with its theoretical MW of 826 kDa (1.6% differ-
ence; Table 1). The theoretical MWs for co-expressed and
reconstituted specimens differ slightly due to varying his-
tag linker lengths on SiRFP in the different expression
constructs. SANS analyses of D-SiR and SiR describe a do-
decameric complex and agree with the long-hypothesized
a8b4 subunit stoichiometry (10).
Contrast variation offers insights on the positions
and centers of mass of SiR components

An NCV series was measured for D-SiR at five H2O:D2O
ratios (contrast points), including measurements at each
subunit’s CMP as well as full contrast: 0%, 20%, 41%,
86%, and 100% (Fig. 4 A). Rg and Dmax for the complex
at each contrast point vary depending on which component
is contributing more to the signal under those conditions,
with D-SiRHP scattering isolated at 41% D2O (DSiR41,
SiRFP contrast matched), SiRFP scattering isolated at
86% D2O (DSiR86, D-SiRHP contrast matched), and
D-SiR’s total scattering at 0% D2O (DSiR0, full contrast;
Table 1; Fig. 4 A). Guinier analyses confirmed each spec-
imen was free from aggregation (Fig. S1 B–F). A Stuhr-
mann plot derived from D-SiR’s NCV series showed
1804 Biophysical Journal 121, 1799–1812, May 17, 2022
the quadratic relationship between Rg
2 and inverse contrast

(Dr�1), suggesting an asymmetric dodecamer (Fig. 4 B)
(37). Further, the peak maximum of the fitted polynomial
(corresponding to the positive value of a; Table 2) suggested
that the component with higher SLD (D-SiRHP) is at the pe-
riphery of the complex (Fig. 4 B), whereas SiRFP is central
to the complex. Additionally, Stuhrmann analysis showed
the D between each component’s COM is 104 Å and calcu-
lated Rg values for SiRFP and D-SiRHP, which are 74 and
105 Å, respectively (Table 2). The Rm of D-SiR was
98.3 Å, consistent with its experimental Rg (Tables 1
and 2). Finally, the PATwas used to obtain D and Rg param-
eters that agreed with the Stuhrmann and experimental
values (Table 2).

Decomposition of D-SiR’s NCV data series revealed its
composite scattering functions, which, along with respec-
tive P(r) function calculations, matched those of the exper-
imental data (Table 2; Figs. S7 and S8) (37). Addition of the
composite scattering profiles yielded a scattering function,
P(r), and associated Rg and Dmax values that reflected those
of the whole complex (Table 2; Figs. S7 B and S8 A). The
cross-term’s P(r) function represents the interatomic dis-
tances between atoms in SiRFP and D-SiRHP, which had
a peak at r ¼ 146 Å and a shoulder centered over r at
approximately 70 Å (Fig. S8 A). These values agree with
each component’s D value, further supporting the interpre-
tation that SiR is an asymmetric complex (Table 2).

Following NCV analysis of D-SiR, a similar NCV series
was measured on a 1:1 ab complex of monomeric SiRFP
(SiRFP-60) and D-SiRHP (SiRFP-60/D-SiRHP) to
FIGURE 4 NCV analysis of D-SiR reveals sub-

unit COM and positions in the complex. (A) NCV

series of D-SiR in buffers with varying percentages

of D2O. Error bars are defined as in Fig. 2 A.

(B) Stuhrmann plot obtained from the scattering

in (A). (C) Contrast series on SiRFP-60/D-SiRHP

with varying percentages of D2O. (D) Stuhrmann

plot obtained from the scattering in (C). Data in

(A) and (C) were rescaled for clarity.



TABLE 2 Structural parameters for the components of D-SiR

complexes

Components SiRFP D-SiRHP Complex

Contrast Dr (1010

cm�2)

2.42–5.67fD2O
b 4.87–5.60fD2O

Experimental Rg (Å) 73.0 5 0.7 96.7 5 7.9 105 5 1.2

Dmax (Å) 220 285 315

Stuhrmann

analysis

Rg (Å) 74.0 5 0.8 105.2 5 8.6

Rm (Å) 98.3 5 1.4

D (Å)a 104 5 17

A 5186 5 441

B 3326 5 1079

Parallel axis

theorem

Rg (Å) 73.9 5 0.9 104.9 5 8.9

D (Å) 105.3 5 17

Composite

scattering

functions

Rg (Å) 73.0 5 0.6 93.9 5 9.7 101.3 5 2.6

Dmax (Å) 210 285 315

aD is the separation of the centers of mass.
bfD2O is the D2O fraction in the solvent.
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determine the separation between the heterodimer compo-
nents’ COMs (Fig. 4 C; Tables 1 and 3). Guinier analyses
showed the heterodimer was free of aggregation throughout
the NCV series (Fig. S1 G–J). A Stuhrmann plot from
SiRFP-60/D-SiRHP’s NCV series revealed the fitted poly-
nomial had a peak maximum at negative a, indicating that
the component with lower SLD (SiRFP-60) is extended
away from the component with the higher SLD (SiRHP), to-
ward the outside of the complex (Table 3; Fig. 4 D). Stuhr-
mann analysis showed the complex’s D value was 56.9 Å,
with associated Rg calculations yielding 34.7 and 21.4 Å
for SiRFP-60 and D-SiRHP, respectively (Table 3). The Rg

values agreed with experimentally determined values and
the distance between COM agreed with those calculated
from the subunit assignments in SiRFP-60/SiRHP’s solution
structure (7). The Rm of the heterodimer was 40.6 Å, which
agrees with the Rg of both its own experimental data and that
of the previously published, hydrogenated heterodimer
(Table 3) (7). Further, the SANS MW of reconstituted
SiRFP-60/D-SiRHP was 136 kDa, close to the expected
value (Table 1). Again, PAT was used to obtain D and Rg
TABLE 3 Structural parameters for the components of SiRFP-

60/D-SiRHP complexes

Components SiRFP-60 D-SiRHP Complex

Contrast Dr (1010

cm�2)

2.42–5.67fD2O
b 4.87–5.60fD2O

Experimental Rg (Å) 33.1 5 0.5 24.1 5 0.6 36.3 5 0.7

Dmax (Å) 124 66 134

Stuhrmann

analysis

Rg (Å) 34.7 5 1.9 21.4 5 2.9

Rm (Å) 40.6 5 2.4

D (Å)a 56.9 5 8.1

A �436 5 114

B 1290 5 367

Parallel axis

theorem

Rg (Å) 34.7 5 2.0 20.6 5 3.2

D (Å) 57.5 5 8.2

aD is the separation of the centers of mass.
bfD2O is the D2O fraction in the solvent.
parameters that were similar to both Stuhrmann and exper-
imental values (Table 3).
SiRFP compacts upon SiR assembly

To investigate the effects of dodecamer assembly on SiRFP’s
solution structure, SANS of SiRFP was measured at full
contrast (100% D2O) for comparison with SiRFP in the
context of reconstituted D-SiR (DSiR86; Table 1; Fig. 5 A).
Each dataset was free from aggregation, as shown through
Guinier analyses (Fig. S1 E and K). Compared with octa-
meric SiRFP alone, DSiR86 appeared to compact within
the dodecamer, measured by a reduction in Rg from 80.8 to
73.0 Å. Further, the P(r) functions were similar in shape
except that DSiR86’s Dmax contracted from 260 to 220 Å
when bound to D-SiRHPs (Figs. 5 B and S2 B andC). Kratky
analyses showed that SiRFP possesses flexibility that does
not diminish upon dodecamer assembly (Fig. S9A) and likely
arises from the disordered regions of its N-terminal octame-
rization domain and flexible linkers (7,17). Kratky analysis
of SiRFP-60 monomer and its heterodimer with SiRHP
also exhibited features consistent with flexibility, likely
arising from the linker connecting flavin-binding domains,
whereas the plot of the heterodimer possessed an additional
peak at low QRg due to its bilobed structure (Fig. S9 B).
The SANSMW for SiRFPwas 578 kDa, close to the theoret-
ical MW of the his-tagged protein, 571 kDa (1.2% differ-
ence), confirming its oligomeric state as an octamer of
flavoprotein subunits (Table 1). Additionally, the composite
scattering function for the SiRFP component of D-SiR and
its associated P(r) overlapped with that of DSiR86 (Figs.
S7 C and S8 B). Ab initio envelopes describing the low-res-
olution structures of SiRFP octamer and DSiR86 reflect
compaction of the octamer upon binding SiRHP (Fig. 5
B–D), echoing the change in structure of SiRFP-60 upon
binding SiRHP in the minimal dimer (7). DSiR86 further
showed individual lobes extending outward from a central-
ized domain (Fig. 5 D). The theoretical scattering of these
low-resolution envelopes agreed with their experimental
data (Fig. S10 A and B). Additionally, the theoretical S and
Rg values of SiRFP’s model were determined to be 14.4 S
and 83.9 Å by US-SOMO, respectively, compared with the
sedimentation velocity AUC- and SANS-determined values
of 14.1 S and 80.8 Å (Tables 1 and S2; Fig. 3).
SiRHP positioning in the SiR dodecamer

In the absence of a structure for the whole SiR dodecamer,
we do not know the impact of SiRFP’s oligomerization or
other inter-subunit interactions on how SiRHP is positioned
within the complex, given that SiRHP does not oligomerize
when isolated from the dodecameric complex or when ex-
pressed independently (10,25,67). To assess the location
of SiR’s SiRHP subunits, we measured SANS of D-SiR at
SiRFP’s CMP (41% D2O, DSiR41) as well as monomeric
Biophysical Journal 121, 1799–1812, May 17, 2022 1805



FIGURE 5 SiRFP shows compaction upon bind-

ing SiRHP. (A) Scattering profiles of SiRFP and

DSiR86. Data were rescaled for clarity. Error bars

are defined as in Fig. 2 A. (B) P(r) plots calculated

from the scattering in (A) showing a reduced Dmax

of DSiR86 compared with SiRFP. (C) Envelope of

SiRFP with a Dmax of 260 Å, scale bar in solid

black. (D) Envelope of DSiR86’s overall structure

with a Dmax of 220 Å, scale bar in solid black.
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SiRHP at full contrast (100% D2O; Fig. 6 A). These scat-
tering data were free from aggregation, according to Guinier
analyses (Fig. S1 D and L). Analysis of SiRHP’s scattering
1806 Biophysical Journal 121, 1799–1812, May 17, 2022
data yielded an Rg and Dmax of 23.3 and 72 Å, respectively,
as expected from this well-characterized metalloenzyme
(Table 1) (7,16,26). Alternatively, analysis of DSiR41
FIGURE 6 Scattering of monomeric and com-

plexed SiRHP. (A) SANS profiles of SiRHP and

DSiR41. Data were rescaled for clarity. Error bars

are defined as in Fig. 2 A. (B) P(r) plot showing

peaks of monomeric SiRHP and of DSiR41’s

SiRHPs within the dodecamer. (C) Ab initio enve-

lope (green density map) of the isolated SiRHP

monomer (Dmax ¼ 72 Å) with its crystal structure

docked (green ribbon, PDB: 1AOP). (D) Ab initio

envelope (green density map) calculated for

DSiR41 (Dmax ¼ 285 Å) with four SiRHPs docked,

as calculated by rigid body modeling (green rib-

bons). The measured distances between each sub-

unit’s COM agree with the distance distributions

shown in (B). Scale bars are solid (Dmax) or dotted

(COM D values).



FIGURE 7 Overall map of SiR. (A) Superimposed ab initio models of

DSiR41 (green), DSiR86 (blue), and DSiR0 (transparent gray). The overall

complex is asymmetric, with a Dmax of 315 Å, and each component’s COM

separated by 104 Å. Scale bars are black (Dmax) or yellow (COM D value).

(B) Ab initio modeling of the density based on the combined scatter from

DSiR0, DSiR20, and DSiR41. (C) Based on SANS and AUC parameters,

models of the scattering functions, and analysis the NCV series, we propose

a sided subunit arrangement in SiR; however, other arrangements could also

explain this asymmetric complex (Fig. 1 B).
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gave an Rg and Dmax of 96.7 and 285 Å, respectively, indi-
cating that SiRHP scatters as a large structure within the do-
decamer. The P(r) function of DSiR41 exhibited four peaks,
with the peak at lowest r values (approximately 25 Å) over-
lapping with the single peak of the P(r) for monomeric
SiRHP’s intra-subunit distances (Figs. 6 B and S2 D and
E). The three other peaks in the P(r) function center over
r values of 115, 167, and 223 Å. These distance distributions
are suggestive of inter-subunit distances between the four
SiRHP subunits in the complex. Additionally, the composite
scattering function for the SiRHP component of D-SiR and
its associated P(r) overlapped with those from DSiR41’s
experimental data (Table 2; Figs. S7 D and S8 C).
Ab initio modeling of monomeric SiRHP’s scattering

yielded an envelope function of the subunit’s monomeric so-
lution structure (Fig. 6 C) whose theoretical scattering
matched the experimental data (Fig. S10 C). The theoretical
S and Rg values of this model were determined to be 4.9 S
and 24.9 Å, respectively, compared with the sedimentation
velocity AUC- and SANS-determined values for monomeric
hemoprotein of 4.8 S and 25.9 Å (Table S2). Alternatively,
the ab initio envelope function for DSiR41 contained
disjointed densities that are the shape of four separate
SiRHP subunits, with the maximal spacing of densities
aligned with the calculated P(r) and Dmax (Fig. 6 B and
D). Together, each independent density or pair of densities
readily accommodates four SiRHP subunits, with two iso-
lated densities that are the approximate size of individual
subunits and one larger envelope that fits two proximal
SiRHPs. The theoretical scattering of the low-resolution en-
velope fit the experimental data (Fig. S10D). To support this
model, rigid body fitting of DSiR41’s scattering data placed
four SiRHPs with inter-subunit distances and relative posi-
tioning that guided their docking into DSiR41’s ab initio en-
velope function (Fig. 6 D) (59). The resulting theoretical
scattering, calculated during rigid body modeling, fit the
experimental data with c2 ¼ 1.04 (Fig. S11). Distance mea-
surements between each of the SiRHPs’ COMs as placed
from rigid body modeling of DSiR41, calculated in Chi-
meraX (61), agreed with the distance distribution peaks in
the P(r) plot of DSiR41 (Fig. 6 B and D).
An overall map of the complex

The full-contrast measurement of D-SiR in hydrogenated
buffer (0% D2O, DSiR0) was modeled to obtain a low-reso-
lution map of the entire complex (Fig. 7 A). The resulting en-
velope resembled a combination of those obtained from
modeling DSiR86 and DSiR41, with a centralized SiRFP oc-
tamer and peripheral SiRHP subunits that make up an asym-
metric complex. Placing the SiRFP and SiRHP components
with their COMs separated by 104 Å, as calculated from
Stuhrmann analysis, combined to complete a complexwhose
structure aligned with the model of the dodecameric com-
plex. Validation statistics showed convergence of the enve-
lope’s features and theoretical scattering that fit the
experimental data (Figs. S2 F and S10 E). The theoretical
S and Rg values of this model were determined to be 16.8 S
and 108 Å, respectively, compared with the experimentally
determined values of 17.5 S and 105 Å (Table 1 and S2).

We tested this proposed assignment of densities by then
calculating an ab initio model combining the information
from three scattering experiments measured at different con-
trasts (DSiR0, DSiR20 [Fig. S2G], and DSiR41) using a new
implementation of DENSS, DENSS-Multiple (58). After
refinement against the total scatter, the resulting map closely
resembled the model calculated from DSiR0 as well as our
assignment of the densities to each subunit (Fig. 7 B).
DISCUSSION

Initial structural characterization of solution-
state SiR

Structures of SiR’s monomeric subunits were determined
by X-ray crystallography, and their 1:1 heterodimer solu-
tion structure was visualized at low resolution by SANS
(7,14,26,28). However, structural characterization of higher-
order assemblies of SiR is lacking, so we do not know the
arrangement of SiR’s subunits to shed light on possible
Biophysical Journal 121, 1799–1812, May 17, 2022 1807



Murray et al.
pathways for its cis/trans electron transfer (16,17). Specif-
ically, questions about whether the complex is distributed
symmetrically or not, whether SiRHP is centrally or peripher-
ally located, and the impact of dodecamer assembly on the or-
ganization and conformation of SiRFP are unresolved. To
address these questions, we measured the neutron scattering
of higher-order SiR complexes and its components, including
co-expressed SiR, reconstituted D-SiR, octameric SiRFP, and
monomeric SiRHP.

The structural parameters of SiR determined from SANS
show that the extended dodecamer has an Rg and Dmax of
101.5 and 325 Å, respectively (Table 1). SiR’s large size
sets it apart from similar oxidoreductases that do not have
excess reductase subunits and only catalyze one or two elec-
tron transfer reactions, and therefore do not need a high local
density of electron donors (3,21,68). In SiR, three NADPH
molecules are needed to deliver six electrons through
SiRFP to the active site in SiRHP, which potentially explains
the stoichiometric mismatch of oxidase and reductase sub-
units in the dodecameric holoenzyme. MW determination
based on SANS and sedimentation velocity AUC indicate
the complex adopts the a8b4 stoichiometry, confirming the
original designation of the complex as a dodecamer (10)
and without equal subunit stoichiometry as others have
posited (25) (Tables 1 and S2; Fig. 3). Further, comparing
Kratky analyses of octameric SiRFP (Fig. S9 A) with mono-
meric SiRFP-60 (7,14) (Fig. S9 B) or Kratky analyses of do-
decameric SiR (Fig. 2C)with that of the heterodimer (Fig. S9
B) suggests that the N-terminal octamerization domain im-
parts additional flexibility beyond that stemming from the
linker between the Fld and FNR domains. The flexibility
identified in the Kratky analysis of SiR’s solution scattering
(Fig. 2 C), as predicted by sequence analysis (17), suggests
a role for large-scale conformational changes in delivering
three independent electron transfer interactions between a
reduced SiRFP and SiRHP.
Contributions of each subunit to the dodecameric
structure

Reconstituted D-SiR was characterized with AUC and
SANS to obtain a sedimentation envelope whose peak S
value is consistent with published values and an MW that
agrees with theoretical values, confirming that the assem-
bled complex was formed properly and is a dodecamer
(Tables 1 and S2; Figs. 3 and 4 A) (10). Additionally,
SANS of reconstituted D-SiR yielded structural parameters
that agree with the co-expressed form’s SANS MW, Rg,
and Dmax (Table 1). The SANS contrast points for D-SiR
included measurements at full contrast (DSiR0; Fig. 4 A),
at the CMPs of both subunits (DSiR86 and DSiR41;
Figs. 5 A and 6 A), as well as measurements on either
side of their respective CMPs (DSiR20 and DSiR100;
Table 1; Fig. 4 A). From analyzing these measurements,
the scattering shows that the COMs for SiRFP and
1808 Biophysical Journal 121, 1799–1812, May 17, 2022
SiRHP components are separated by 104 Å in the dodeca-
mer and demonstrate that the complex is not symmetric,
despite the potential for at least four-fold symmetry
(Table 2; Figs. 1, 4 B, and 7). The four SiRHP subunits
are at the periphery of the complex where they bind inde-
pendently of one another.

SiR’s P(r), with a peak around 128 Å and a small shoulder
at low r, is indicative of a non-spherical particle that has two
components, one with long-scale interatomic distances and
a secondary component that is considerably smaller. In
our model, the longest-scale distances correspond to vectors
spanning the whole complex, whereas the smaller distances
stem from the independent subunits. Decomposition of
D-SiR’s scattering into its composite scattering functions
further revealed the scattering of each subunit (Fig. S7),
which agreed with measurements at the contrast points
isolating their scattering contributions (Figs. 5 A, 6 A, S7,
and S8). The cross-term function, whose P(r) shows the
distance distributions between SiRFP and SiRHP, had an
r value peak at 146 Å and a shoulder at approximately
70 Å (Fig. S8 A), skewing larger than the P(r) for the whole
complex (Figs. 2 B and S2 A) because it only captures those
distances between the peripheral SiRHP subunits and the
larger octameric SiRFP, not those within the individual
SiRHP subunits. Importantly, Dmax values determined
from orthogonal experiments agree, putting the maximum
dimension of the complex at approximately 315 Å (Tables 1
and 2).
SiRHP binding affects SiRFP’s structure

An NCV series was measured on a SiRFP-60/D-SiRHP het-
erodimer in the oxidized state, whose subsequent analysis
showed each subunit’s COM to be separated by 56.9 Å
and that SiRFP-60’s extended structure, rather than
SiRHP, is toward the complex’s periphery (Table 3; Fig. 4
C andD). These observations show that SiRFP’s Fld domain
is distally located relative to the complex’s overall COM and
is positioned to enable either intermolecular, or trans, elec-
tron transfer to another FNR domain or oxidase partner
within the dodecamer, and agrees with the domain assign-
ments within the heterodimer’s previously published solu-
tion structure (7).

Similar to DSiR86, purified octameric SiRFP possesses
an extended structure with a degree of flexibility stemming
from the intrinsic disorder of its octamerization domain and
the eight flexible, 30-residue-long linkers that tether do-
mains within its subunits (Figs. 5 B and S9 A). SANS
MW and sedimentation coefficient values for SiRFP are
consistent with an a8 complex (Table 1; Fig. 3). Here, we
show that binding of SiRHP to octameric SiRFP imparts a
rearrangement in SiRFP’s structure to a more compact state,
possibly as a result of the same interactions that affect
SiRFP’s conformation in its heterodimer form (Table 1;
Fig. 5 B–D) (7). A compact SiRFP may lend itself to a cis
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electron transfer between neighboring SiRFP subunits.
Further modeling SiRFP monomers into the envelope of
the octameric scattering profile proved challenging because
of the unresolved structure of the N-terminal octamerization
domain.
SiRHP adopts asymmetric positions in the
dodecamer

SiR is not a symmetric oligomer, as shown by the 104 Å sep-
aration between the COMs of SiRFP and SiRHP. Further,
the f/f0 values for SiRFP and SiR, which deviate from the
expected value of 1.2 for a hydrated sphere (69), support
that these are elongated, asymmetric complexes unlike the
more globular SiRHP (Table S2). When expressed in isola-
tion or when dissociated from the dodecamer, SiRHP is
monomeric (Table 1; Figs. 3 and 6) (10,67). Nevertheless,
SiRHP within the dodecamer scatters with significantly
larger structural values than expected for a particle with
the size and contrast of monomeric SiRHP (Tables 1
and 2; Fig. 6). Thus, SiRHP’s uneven distribution around
the COM of the dodecamer and its position at the periphery
of the complex is feasible because assembly does not
depend on SiRHP oligomerization. Interestingly, a Guinier
fit in the middle Q region (0.02 < Q < 0.06) of DSiR41’s
scattering profile, reflecting the reciprocal space length
scales of individual SiRHP subunits, satisfies QRg limits
and yields an Rg of 21 Å (Fig. 6 A), similar to the compact
form of SiRHP observed in the SiRFP-60/D-SiRHP hetero-
dimer (7) but in contrast to the less compact, free SiRHP
monomer (Tables 1 and 3; Figs. 4 C and 6 B and C).
SiRHP’s compaction upon binding SiRFP is likely due to
its intrinsically disordered, extended N terminus rearranging
to mediate inter-subunit contacts (7,17).

Two competing models could explain the asymmetric dis-
tribution of SiRHP across the dodecamer. In one, the mono-
mers bind to the same side of the SiRFP octamer at adjacent
SiRFP subunits (Fig. 1 B). The close proximity of two of the
four SiRHP monomers does not preclude their transient as-
sociation playing a role in their positioning within the com-
plex (Fig. 6). Further, higher-order structures of SiRHP form
when the protein is expressed in its apo form, supporting the
possibility of a transient interaction in the complex (16).
Finally, this arrangement seems to describe the positions
of the four SiRHP monomers when visualized down the
long axis of the elongated complex (Fig. 7).

In the other model, SiRHP could evenly distribute on
some subset of SiRFP subunits, for example on every other
subunit or every other pair of two, perhaps driven by steric
clashes between too-close SiRHPs and with the asymmetry
derived from SiRFP’s well-characterized conformational
flexibility (Fig. 1 B) (7,17,28). In this model, close prox-
imity of two of the SiRHP subunits suggests that they are
being brought together through their interactions with an
asymmetric SiRFP. However, modeling of the complex
with a 104 Å separation between COMs indicates the former
model as more likely, with SiRHP binding to the same side
of SiRFP at adjacent positions (Fig. 7 C). Given the flexi-
bility of the complex, however, we cannot preclude the other
options.
CONCLUSIONS

The studies described here deliver an initial structural char-
acterization of SiR’s higher-order complex that informs its
behavior in solution as a result of assembly into native do-
decamer. We systematically probed the components of
SiR alone, as assembled through co-expression, and as a re-
constituted specimen using SANS. Analysis of SiR’s struc-
tural parameters, an NCV series, and modeling support
several conclusions that inform our understanding of its do-
decameric structure. First, the posited a8b4 stoichiometry of
co-expressed or reconstituted SiR was confirmed through
both solution scattering and AUC (Tables 1 and S2;
Fig. 3). Second, NCV revealed the complex to be asym-
metric because the COMs of each subunit are separated
by over 100 Å with SiRHP at the periphery (Table 2;
Fig. 4). Third, SiRFP compacts upon dodecamer assembly,
bringing SiRFP and SiRHP subunits closer to enable access
of reductases with each other or with their oxidase partners
(Fig. 5). Finally, SiRHP adopts multiple positions with vary-
ing distances from each other, in contrast to an even inter-
subunit distancing suggestive of a symmetric arrangement
about the complex (Figs. 6 B and S8). Ab initio and rigid
body modeling converge on the same placement of
SiRHPs in the complex, which also agree with distance dis-
tribution calculations (Fig. 6 B and D). To our knowledge,
these observations enable the first mapping of SiR’s overall
structure and are informed upon by its low-resolution enve-
lope (Fig. 7). In summary, the insights presented here show
that dodecamer assembly brings a stoichiometric excess of
SiRFP to SiRHP subunits to increase the local density of
reducing equivalents that are candidates for transfer to
SiRHP. With SiRHP peripherally located in an asymmetric
complex with compacted SiRFP, there is ample potential
for redundant electron transfer pathways between reductase
and oxidase subunits. These insights will also aid in the
design of future structure-function studies of SiR, as well
as other multicomponent complexes possessing flexibility
and recalcitrance to static structural techniques.
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Table S1: Concentrations of protein samples during SANS measurements. 
 

 
 
Table S2: Sedimentation velocity AUC parameters for SiR samples. 

 
 

Protein % D2O Concentration (mg/mL) Oligomeric state Domain/protein composition
SiR 100 2.9 Dodecamer (⍺8β4) SiRFP/SiRHP
D-SiR (DSiR0) 0 4.5 Dodecamer (⍺8β4) SiRFP/D-SiRHP
D-SiR (DSiR20) 20 4.1 Dodecamer (⍺8β4) SiRFP/D-SiRHP
D-SiR (DSiR41) 41 11.3 Dodecamer (⍺8β4) SiRFP*/D-SiRHP
D-SiR (DSiR86) 86 11.2 Dodecamer (⍺8β4) SiRFP/D-SiRHP*
D-SiR (DSiR100) 100 4.2 Dodecamer (⍺8β4) SiRFP/D-SiRHP
SiRFP-60/D-SiRHP 0 5.5 Dimer (⍺β) Fld-linker-FNR/D-SiRHP
SiRFP-60/D-SiRHP 41 3.0 Dimer (⍺β) Fld-linker-FNR*/D-SiRHP
SiRFP-60/D-SiRHP 86 3.0 Dimer (⍺β) Fld-linker-FNR/D-SiRHP*
SiRFP-60/D-SiRHP 100 4.7 Dimer (⍺β) Fld-linker-FNR/D-SiRHP
SiRFP 100 3.0 Octamer (⍺8) Octamerization-Fld-linker-FNR
SiRHP 100 5.0 Monomer (β) SiRHP
* An asterisk indicates the contrast-matched component

Protein D-SiRHP SiRFP D-SiR
Oligomeric state Monomer (β) Octamer (⍺8) Dodecamer (⍺8β4)
Theoretical MW (kDa) 64 571 802
Experimental

AUC MW (kDa) 72 613 838
S20,w 4.8 14.1 17.5
f/f0 1.14 1.93 1.90

2D-SA RMSD 0.0077 0.0067 0.0056
US-SOMO

S20,w 4.9 14.4 16.8
f/f0 1.16 1.71 1.87

R g  (Å) 24.9 83.9 108.0
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Figure S1: Guinier fits of the scattering data presented throughout the manuscript show each 
specimen to be monodisperse under all D2O buffer conditions. Qmax * Rg values are < 1.3 for all 
analyses. 
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Figure S2: P(r) fits for the scattering data presented throughout the manuscript as calculated in 
GNOM, along with their quality-of-fit assessment as provided by the same software (1,2).  
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Figure S3: Reconstituted SiR resembles co-expressed SiR as seen by SEC, SDS-PAGE, and UV-
Vis spectroscopy. Each SEC elution profile was obtained from a HiPrep 26/60 Sephacryl S-300 
HR column (Cytiva, Marlborough, MA, USA). 12% SDS-PAGE gels were used for 
electrophoresis where the higher band (~70 kDa) represents SiRFP and the lower band (~60 kDa) 
represents SiRHP. UV-Vis spectra were obtained with an 8454 UV–Vis spectrophotometer 
(Agilent Technologies, Santa Clara, CA, USA). A. Co-expressed SiR; peak retention volume: 112 
mL. B. Reconstituted D-SiR; peak retention volume: 112 mL. C. SiRFP; peak retention volume: 
121 mL. D. SiRHP; peak retention volume: 197 mL. 
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Figure S4: Sedimentation velocity scan data (yellow) with fits (red) from UltraScan III. A. D-
SiRHP; B. SiRFP; C. D-SiR. 
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Figure S5: Reconstituted H-SiR and D-SiR scatter like their recombinantly-expressed counterpart, 
SiR. These experiments were performed at full contrast to measure the scattering of the entire 
complex, with SiR and H-SiR in 100% D2O and D-SiR in 0% D2O (DSiR0). 
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Figure S6: D-SiR is free from concentration and structure factor effects in the conditions used in 
this study. A. Scattering profiles of D-SiR at low and high concentrations yield similar Rg values. 
B. Effective structure factor analysis shows the absence of protein interactions during the 
experiment. The effective structure factor (Seff(Q)) was obtained from the ratio of the experimental 
scattering intensity (Iexp(Q)) at a high concentration (c) to that measured (I(Q)) at a low 
concentration (c0) where it is assumed interparticle interactions are negligible (1). If Seff(Q) < 1, 
the net interactions are repulsive. If Seff(Q) > 1, the net interactions are attractive. If Seff(Q) = 1, the 
interparticle interactions are negligible. 
  



	 9 

 
 
Figure S7: Composite scattering functions of the two-component D-SiR obtained from its NCV 
series. The scattering, I(Q), of a two-component system with differing component contrasts can be 
approximated by (Equation S1): 

I(Q) = Dr1
2I1(Q) + Dr1Dr2I12(Q) + Dr2

2I2(Q), 
 
where I1(Q) and I2(Q) are the scattering intensities of components 1 and 2, respectively, and I12(Q) 
is the scattering intensity from interference between the two components because of their differing 
SLD (3). I1(Q) and I2(Q) describe the shapes of each component and I12(Q), or the “cross-term”, 
describes the spatial distribution between them. Given a measured NCV series and calculated 
contrasts, I1(Q), I2(Q), and I12(Q) may be solved to obtain the composite scattering functions for a 
two-component system (4). This analysis may be used to aid modeling of protein subunit positions 
within a complex (3,5). The decomposition of an NCV series into approximated scattering 
functions for each component, along with the determination of a cross-term, were performed in 
the Compost module of MULCh (4). A. Decomposition of D-SiR’s NCV series provides the 
composite scattering functions (log-log scale) and cross-term (semi-log scale) of the complex. B. 
SiR’s scattering profile superimposed on the summed composite scattering functions. C. DSiR86’s 
scattering profile superimposed on that of the composite scattering function of SiRFP within the 
reconstituted D-SiR dodecamer. D. DSiR41’s scattering profile superimposed on that of D-SiRHP 
in the context of D-SiR.  
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Figure S8: P(r) functions of the raw scattering data agree with that of the composite scattering 
functions. A. The P(r) plots of SiR, summed composite scattering functions, and cross-term. The 
cross-term’s P(r) reveals the spatial distribution of SiRFP and D-SiRHP in complex. B. DSiR86 
and composite scattering function of SiRFP. C. DSiR41 and composite scattering function of D-
SiRHP.   
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Figure S9: Dimensionless Kratky plots demonstrating the effect of intrinsically disordered regions 
in SiR proteins on their respective flexibilities. A. Complex formation does not diminish flexibility 
in SiRFP as exhibited by plateaus persisting into higher QRg regions for both SiRFP and DSiR86. 
B. Flexibility due to the linker connecting the Fld and FNR domains in SiRFP-60 is present in its 
monomer as well as its heterodimer complex with SiRHP, whose plot contains features of a multi-
lobed, globular particle with a flexible linker (6,7). 
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Figure S10: Theoretical scattering profiles calculated from ab initio models fit their experimental 
data (8). For each panel, the top left plot shows scattering from the modeled density fit to its 
experimental data and the bottom left plot shows the residuals of the fit. Plots to the right in each 
panel show c2 (top), Rg (middle), and support volume (bottom) converging through the course of 
modeling steps. A. SiRFP; B. DSiR86; C. SiRHP; D. DSiR41; E. DSiR0. 
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Figure S11: A fit between the theoretical scattering of four SiRHP subunits placed by rigid body 
modeling and DSiR41’s experimental scattering shows suitable agreement. 
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