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two subunits.

itself when they were not.

(Background: Assimilatory NADPH-sulfite reductase (SiR) is an essential metalloenzyme for sulfur metabolism made from

Results: We defined how the subunits of SiR assemble, with or without cofactors.
Conclusion: One region of the metalloenzyme interacted either with its reductase partner when cofactors were formed or with

Significance: We propose a novel mechanism to regulate SiR assembly.
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Assimilatory NADPH-sulfite reductase (SiR) from Esche-
richia coli is a structurally complex oxidoreductase that cata-
lyzes the six-electron reduction of sulfite to sulfide. Two sub-
units, one a flavin-binding flavoprotein (SiRFP, the « subunit)
and the other an iron-containing hemoprotein (SiRHP, the
subunit), assemble to make a holoenzyme of about 800 kDa.
How the two subunits assemble is not known. The iron-rich
cofactors in SiRHP are unique because they are a covalent
arrangement of a Fe,S, cluster attached through a cysteine
ligand to an iron-containing porphyrinoid called siroheme. The
link between cofactor biogenesis and SiR stability is also ill-de-
fined. By use of hydrogen/deuterium exchange and biochemical
analysis, we show that the agf, SiR holoenzyme assembles
through the N terminus of SiRHP and the NADPH binding
domain of SiRFP. By use of small angle x-ray scattering, we
explore the structure of the SiRHP N-terminal oligomerization
domain. We also report a novel form of the hemoprotein that
occurs in the absence of its cofactors. Apo-SiRHP forms a homo-
tetramer, also dependent on its N terminus, that is unable to
assemble with SiRFP. From these results, we propose that
homotetramerization of apo-SiRHP serves as a quality control
mechanism to prevent formation of inactive holoenzyme in the
case of limiting cellular siroheme.
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Assimilatory NADPH-sulfite reductase (SiR)*> (NADPH-sul-
fite reductases other than EC 1.8.1.2 are indicated with other
abbreviations throughout) is an oligomeric oxidoreductase that
reduces sulfur to the biologically available form, SH™. In Esch-
erichia coli, the SiR holoenzyme is composed of two polypep-
tides (1). One is an « subunit that is a multimeric flavoprotein
(SiRFP) when it is dissociated from the holoenzyme. The other
is a B subunit that is a monomeric hemoprotein (SiRHP) when
it is dissociated from the holoenzyme. SiRFP is a homolog of
NADPH-cytochrome p450 reductase (CYPOR) and delivers
electrons to SiRHP through coupled NADPH, FAD, and FMN
cofactors (2). SiIRHP channels those electrons through an Fe,S,
cluster that is covalently attached through one of its four cys-
teine ligands to the iron of an iron-containing porphyrinoid
called siroheme (3). As assembled, SiR is believed to be an agf3,
oligomer on the basis of amino acid analysis mass measure-
ments from the early 1970s (1, 4). Recombinant «; 3; generated
through N-terminal truncation of SiRFP has reduced but mea-
surable activity and similar flavin content, bringing the 2:1
SiRFP/SiRHP stoichiometry into question (5).

SiR catalyzes the six-electron reduction of sulfite to sulfide.
The only other known six-electron reduction reaction is that of
nitrite to ammonia, which is catalyzed either by a homologous
siroheme-dependent, ferredoxin-nitrite reductase (NiR) or by a
multiheme NiR (6). In this way, SiR is a powerful enzyme that

3 The abbreviations used are: SiR, sulfite reductase; SiRHP, sulfite reductase
hemoprotein; SiRFP, sulfite reductase flavoprotein; CYPOR, NADPH-cyto-
chrome p450 reductase; NiR, nitrite reductase; DSR, dissimilatory sulfite
reductase; S/NIRR, sulfite/nitrite reductase repeat; HDX, hydrogen/deute-
rium exchange; BCA, bicinchoninic acid; IPTG, isopropyl 8-b-1-thiogalacto-
pyranoside; SEC, size-exclusion chromatography; SiRFPgy,, SiRFP FMN
domain (residues 1-208); SiRFP,;, SiRFP FAD/NADPH domains (residues
209-599); Ni-NTA, nickel-nitrilotriacetic acid; DLS, dynamic light scatter-
ing; FT, Fourier transform; ICR, ion cyclotron resonance; SAXS, small angle
x-ray scattering; CysG, siroheme synthase; BisTris, 2-[bis(2-hydro-
xyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; R, mean hydrody-
namic radius; Ry, radius of gyration.
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TABLE 1
SiR proteins and their expression plasmids
Protein Expression plasmid Strain Tag Oligomeric state

His,-SiRHP pBAD/myc/his A LMG194 N-terminal Hisg Monomer
SiRHP pBAD/myc A LMG194 N-terminal His, Monomer
A60-SiRHP pBAD/myc A LMG194 N-terminal Hisg Monomer
A80-SiRHP pBAD/myc A LMG194 N-terminal Hisg Monomer
Apo-wild type SiIRHP pBAD/myc/his A JW3331 (cVsG ™) N-terminal Hisg Tetramer
Apo-A60-SiRHP pBAD/myc/his A JW3331 (cVsG ™) C-terminal Hisg Monomer
Apo-A80-SiRHP pBAD/myc/his A JW3331 (cVsG ™) C-terminal Hisg Monomer
SiRFP pCDFDuet-1 BL21(DE3) Octomer
SiRFPpp g pCDFDuet-1 BL21(DE3) N-terminal Hisg Octomer
SiRFP,, pET-HTG BL21(DE3) N-terminal His,-GST/cleaved Monomer
SiR pBAD/myc/his A LMG194 N-terminal His, (SiRFP) Octomer/Tetramer

performs chemistry that is difficult to replicate synthetically.
Biologically, SiR is essential for preparing sulfur for incorpora-
tion into sulfur-containing amino acids and cofactors. SiRs are
found in diverse organisms from bacteria through plants and
use either SiRFP or ferredoxin as the source of their electrons
(6). SiRis not found in humans, in part explaining the indispens-
able nature of methionine in human diets (7).

Monomeric SiRHP is closely related to the heterodimeric
dissimilatory sulfite reductase (DSR) from sulfate-reducing
prokaryotes that relies on a ferredoxin domain for its reducing
equivalents (6). The two polypeptides of DSR are homologs,
suggesting that the heterodimer evolved through an early gene
duplication event (8). SiRHP has pseudo-2-fold symmetry
defined by two tandem sulfite/nitrite reductase repeats
(S/NIRRs (9)) that recalls the pseudosymmetry of the dimeric
DSR. SiRHP probably evolved through a gene fusion event of
the duplicated reading frames, potentially explaining the mis-
match in stoichiometry between the oxidase and reductase sub-
units (9). Each DSR subunit contains two siroheme active sites.
In contrast, SiIRHP contains only one, but side chains from a
linker mimic siroheme, filling the vestigial active site (9).

The multimeric nature of SiRFP suggests that it is distinct
from other CYPOR homologs that do not form such a large
complex. CYPOR itself is a monomer (10). The nitric-oxide
synthase reductase homolog is a dimer (11). Methionine syn-
thase reductase is also a monomer (12). Further, SiR also seems
to be unique, because if the disputed g3, stoichiometry is cor-
rect, then the SiRFP subunits are in 2-fold excess over the
SiRHP subunits. In other words, we cannot easily extrapolate
details about the mechanism by which these subunits work
together. Within SiRHP, the covalently coupled siroheme and
Fe,S, cluster are essential to the catalytic power of its six-elec-
tron reduction. The covalently bound cofactors work together
to push electrons while three positively charged amino acids
pull the charge onto the evolving substrate (13). A fourth basic
amino acid, Arg83, is not required for catalysis but is essential
for siroheme binding (13). Despite the intricate and essential
nature of the metal sites, we know very little about how the
active site is assembled in the apoprotein.

We have undertaken biochemical analysis of the complex to
understand the mechanism by which SiRFP and SiRHP assem-
ble to facilitate electron transfer. We present the first evidence
for how SiR assembles, based on interaction motifs identified by
means of hydrogen/deuterium exchange (HDX). Further, we
have characterized an apo-form of SiRHP that assembles into a
homotetramer but is unable to form a holoenzyme-like com-
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plex with SiRFP. Finally, we propose a novel mechanism by
which this tetrameric apo-SiRHP serves a quality control func-
tion by blocking inactive holoenzyme complex formation in the
absence of its metalloenzyme cofactors.

Experimental Procedures
Recombinant Protein Production

SiRHP—Full-length wild-type or R83S E.coli SiRHP was
expressed as an N-terminal six-histidine (Hisy) fusion from a
bicistronic construct with the SiRHP open reading frame (cysI)
and the siroheme synthase open reading frame (cysG) cloned
into the pBAD/myc/his A plasmid (Life Technologies, Inc.) in
LMG194 E. coli cells, as described previously (13). N-terminally
His,-tagged apo-full-length SiRHP (apo-SiRHP) or C-ter-
minally His,-tagged apo-A60 and -A80 truncations were
expressed without ¢ysG as a single cistron cloned into pBAD/
myc/his A or pBAD/myc A and in a ¢ysG~ strain (Keio collec-
tion strain JW3331 (14)), following the same induction/expres-
sion procedure. All His, SiRHP variants were purified by use of
nickel affinity and size exclusion chromatography (SEC) as
described previously (13). Untagged SiRHP or untagged SiRHP
A60 and A80 truncations were also independently overex-
pressed in LMG194 E. coli from cysG-containing bicistronic
pBAD/myc A plasmids and purified as described previously for
untagged SiRHP (15).

Throughout, cofactor state was monitored with UV-visible
spectroscopy, and the oligomeric state of the protein was mon-
itored with native gel and SEC analysis, described below. Pro-
tein concentration was determined for each sample by use of
the bicinchoninic acid (BCA) assay (Life Technologies), per the
manufacturer’s protocol. Table 1 summarizes all expression
details and protein oligomeric states.

SiRFP—Wild-type SiRFP (cys]) was recombinantly expressed
as an untagged construct in the pCDFDuetl plasmid (EMD
Millipore, Billerica, MA) in BL21(DE3) E. coli cells induced
with 1 mm isopropyl B-p-1-thiogalactopyranoside (IPTG) and
grown at 25 °C for 4 h. The purification protocol was modified
from Ref. 16. The pellet from 3 liters of cells was resuspended in
30 ml of 50 mm KH,PO,/K,HPO, (KP,), pH 7.8, 200 mm NaCl,
1 mMm EDTA and lysed by sonication. Cell lysate was clarified by
centrifugation at 16,000 X g for 35 min. All centrifugation steps
were performed in an Eppendorf AG (Hamburg, Germany)
F-34-6-38 fixed angle rotor in a 5810R centrifuge. The super-
natant was stirred with 0.1% polyethyleneimine (PEI) for 20
min and then centrifuged at 10,000 X g for 25 min. The super-
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natant was recovered and precipitated with 27% ammonium
sulfate, stirred for 1 h, and centrifuged for 30 min at 16,000 X g.
This second supernatant was recovered and brought to 45%
ammonium sulfate final concentration, stirred for 30 min, and
centrifuged for 40 min at 10,000 X g. The pellet was dissolved in
a small volume of 50 mm KP,, pH 7.8, and then passed through
a 60-ml G-25 column (GE Healthcare) equilibrated with the
same buffer (the top 10 ml of the column was equilibrated in 50
mM KP,;, 200 mm NaCl, pH 7.8) to eliminate excess PEL. The
protein was then incubated for 1 h with 10 ml of hydroxyapatite
Bio-Gel HT gel (Bio-Rad) equilibrated in 10 mm KP,, pH 7.8.
The resin was washed twice with 20 volumes of 100 mm KP; pH
7.8, before the protein was eluted with 60 volumes of 200 mm
KP, pH 7.8. Immediately following elution, EDT A was added to
1 mwm final concentration. The elution fraction was concen-
trated to 30 ml; dialyzed overnight in 10 mm KP,, pH 7.8, 1 mm
EDTA; loaded onto a 5-ml HiTrap Q-Sepharose Fast Flow col-
umn (GE Healthcare); and eluted with a gradient of KCI from
100 to 1,000 mm. SiRFP-containing fractions were concen-
trated, loaded onto a Superose 6 size exclusion column (GE
Healthcare), and eluted with 65 mm KP;, 200 mm KCI, 1 mm
EDTA, pH 7.8. All steps were performed at 4 °C.

SiRFP.,n—A gene fragment encoding SiRFPp,,, (amino
acids 1-208) was subcloned into the pCDFDuetl plasmid.
SiRFPpy . Was recombinantly expressed as an N-terminal His,
fusion in BL21(DE3) E. coli cells induced with 1 mm IPTG and
grown at 25 °C for 4 h. The pellet from a 1-liter culture of
SiRFP, -expressing cells was resuspended in 20 ml of 50 mm
KP,, pH 7.8, 200 mm NaCl and lysed by sonication. Cell lysate
was clarified by centrifugation at 16,000 X g for 35 min, and
SiRFPpy\ . Was purified by nickel affinity chromatography as
described previously (13). SiRFPyg,-containing fractions were
concentrated and loaded onto a Superose 6 column and eluted
with 65 mMm KP;, 200 mm KCI, 1 mm EDTA, pH 7.8. Peak frac-
tions were pooled and concentrated. All steps were performed
at4°C.

SiRFP,,—A gene fragment encoding SiRFP,; (amino acids
209 -599, named for its 43-kDa theoretical molecular mass)
was subcloned into the pET-HTG plasmid (17) for recombi-
nant expression as an N-terminal His/glutathione S-transfer-
ase (GST) fusion in BL21(DE3) E. coli cells, induced with 1 mm
IPTG. The pellet from a 1-liter culture of cells expressing His,-
GST-SiRFP,; was resuspended in 20 ml of 50 mm KP,, pH 7.8,
200 mM NaCl and lysed by sonication. Cell lysate was clarified
by centrifugation at 16,000 X g for 35 min. The supernatant was
purified by glutathione affinity chromatography over a 5-ml
GSTrap affinity column (GE Healthcare) as described by the
manufacturer. Fractions containing His,-GST-SiRFP,, were
concentrated and dialyzed in 65 mm KP,, pH 7.8, 200 mm NaCl,
before the His,-GST tag was cleaved with His-tagged tobacco
etch virus protease (Life Technologies) for 2 h at 30 °C. To
remove the His,-GST tag and residual tobacco etch virus, the
reaction mix was loaded onto a 5-ml nickel-nitrilotriacetic acid
(Ni-NTA) column (GE Healthcare). Unbound protein in the
flow-through and subsequent 30-ml wash with 65 mm KP,, pH
7.8, 200 mm NaCl was collected, concentrated, loaded onto a
Superose 6 column, and eluted with 65 mm KP;, 200 mm KCI, 1
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mwm EDTA, pH 7.8. All steps were performed at 4 °C unless
otherwise mentioned.

SiR—Recombinant SiR holoenzyme was generated from a
pBAD/myc/his A tricistronic ¢ys/IG construct as an N-terminal
His, SiRFP fusion. A pellet from a 3-liter culture of SiR-express-
ing LMG194 E. coli cells was resuspended in 30 ml of 50 mm
KP;, pH 7.8, 200 mm NaCl and lysed by sonication. Cell lysate
was clarified by centrifugation at 16,000 X g for 35 min. The
supernatant was stirred with 0.1% PEI for 20 min and then
centrifuged at 10,000 X g for 25 min. The supernatant was
purified by use of nickel-affinity chromatography as described
previously (13). Upon elution, 1 mm EDTA was immediately
added to the SiR-containing fractions, which were then con-
centrated and loaded onto a Superose 6 column and eluted with
65 mm KP,;, 200 mm KCl, 1 mm EDTA, pH 7.8. All steps were
performed at 4 °C.

SiR, SiRFP 5, and A60/A80-SiRHP Activity Assays

SiR holoenzyme activity was measured by spectrophoto-
metrically following the oxidation of the electron donor
NADPH at 340 nm, according to methods described previously
(18). To measure the activity of recombinant SiR, an anaerobic
reaction mix containing 100 mm KP;, pH 7.7, 0.5 mm NaHSO,,
0.2 mm of NADPH, 10 units glucose oxidase (Sigma-Aldrich),
10 mM glucose, and 8 pg of enzyme, in 1-ml quartz cuvettes
with a 1-cm path length, was followed with an Agilent 8453
UV-visible spectrophotometer. We then tested SiRFP,; for
activity by mixing it with SIRHP at 1:1 and 2:1 ratios in the same
assay. Additionally, we measured the activity of A60- and A80-
SiRHP by chemical reduction with methyl viologen/Cr(II)-
EDTA activity assays, performed as described previously with
0.5 mm NH,OH substrate (13). All reactions were performed in
triplicate.

Free Cysteine Analysis

To determine the number of solvent-accessible thiols in
SiRHP, apo-SiRHP, and R83S SiRHP, 500 ul of 1 mg/ml protein
was reduced for 30 min with 5 mum tris(2-carboxyethyl)phos-
phine (per the Ellman’s reagent manufacturer’s recommenda-
tion) in 100 mm KP;, pH 7.8, 1 mM EDTA at 4 °C. Excess reduc-
tant was removed by passing the sample through two successive
PD MiniTrap G-25 columns (GE Healthcare). SiIRHP was then
concentrated to 15 um with a 30,000 molecular weight cut-off
spin concentrator before being mixed with a final concentra-
tion of 200 um 5-(3-carboxy-4-nitrophenyl)disulfanyl-2-nitro-
benzoic acid according to according to the manufacturer’s rec-
ommendations (Ellman’s reagent; Sigma-Aldrich). After a
15-min reaction time, the absorbance at 412 nm was recorded
on a Cary 300 UV-Vis Spectrophotometer. To account for the
excess of reagent to reactive protein, the samples were blanked
against 200 uM 5-(3-carboxy-4-nitrophenyl)disulfanyl-2-nitro-
benzoic acid and background-corrected for absorbance of the
SiRHP protein (the siroheme cofactor in the wild-type enzyme
absorbs strongly at 386 nm; Fig. 1A4). All reactions were per-
formed in triplicate.
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Blue Native PAGE

Blue native gel analysis was performed according to the man-
ufacturer’s recommendations on 4 —16% NativePAGE gels with
NativeMark size standards (Life Technologies). Briefly, 2 ug of
protein was added along with the Coomassie dye and electro-
phoresed for 3 h at 150 V. Gels were fixed and destained over-
night in a 40% methanol, 10% acetic acid solution. Masses of
SiRHP, apo-SiRHP, SiRFP, and SiR were determined from a
calibration curve generated from the known sizes of the Native-
Mark protein standards versus migration distance from the top
of the gel. Gel electrophoresis was performed in triplicate, and
the masses reported are an average of three independent
measurements.

Dynamic Light Scattering (DLS)

DLS experiments were carried out with a DynaPro-99 instru-
ment attached to a DynaPro-MSXTC temperature-controlled
microsampler (Wyatt/Protein Solutions, Santa Barbara, CA).
Each protein sample was centrifuged (14,000 X g for 30 min at
5°C) and then placed into a 45-ul DynaPro cuvette. The mean
hydrodynamic radius (R;;) and percentage of polydispersity
were derived from the autocorrelation curve of the scattered
light intensity based on the diffusion coefficient (D,) from
Stokes-Einstein’s equation,

Ry = kT/67mD, (Eq.1)
in which k is the Boltzmann constant, T is temperature in Kel-
vin, and 7 is the viscosity of water. Each 0.5 mg/ml protein
sample was measured at 5 °C and presented as an average of 10
measurements. All data were analyzed at optimal resolution
with Dynamics version 7.0.0.94 software.

Far UV Circular Dichroism Analysis

Circular dichroism (CD) experiments were carried out
with an AVIV, model 410, spectrometer (AVIV Biomedical,
Lakewood, NJ) attached to a CFT-33 circulating chiller
(NESLAB, Portsmouth, NH). All samples were dialyzed
overnight into 50 mm KP,, pH 7.8, and adjusted to 0.25
mg/ml. CD spectra were collected from 260-195 nm in a
1-mm path length quartz cuvette with a 1-nm bandwidth and
a 3-s averaging time. An average of three scans was baseline-
corrected, smoothed, and converted to mean residue ellip-
ticity for comparison.

In Vivo Complex Formation

BL21(DE3) E. coli cells were co-transformed with SiRFP
pcCDFDuetl plasmid and Hisg R83S pBAD plasmid; four inde-
pendent colonies were grown under ampicillin/streptomycin
selection. Expression of proteins was induced with 1 mm IPTG
and 0.05% L-arabinose. Cells were lysed by repetitive freeze-
thaw, and the His,-tagged SiRHP, along with bound SiRFP, was
captured on Ni-NTA affinity agarose. Recovered protein was
analyzed by SDS-PAGE and stained with colloidal Coomassie
stain (19).
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HDX and Liquid Chromatography (LC)-Electrospray lonization,
Fourier Transform lon Cyclotron Resonance (FT-ICR) Mass
Spectrometry Analysis

HDX experiments were optimized and automated with an
HTC PAL autosampler (Eksigent Technologies, Dublin, CA).
HDX samples were prepared in a 5-pl volume at 20 um (in
monomer SiRHP, octomer SiRFP, or SiR oligomer) in 65 mm
KP;, 200 mm NaCl, and 1 mm EDTA at pH 7.8. HDX was initi-
ated when this stock was diluted with 50 ul of HEPES buffer in
D,O at pH 7.5. Triplicate HDX incubation periods were per-
formed for0,0.5, 1, 2,4, 8, 15, 30, 60, 120, and 140 min. Quench-
ing by the addition of 25 ul of 200 mwm tris(2-carboxyethyl)
phosphine and 6 M urea in 1.0% formic acid was followed by the
addition of 25 ul of saturated protease type XIII (Sigma-Al-
drich) in 1.0% formic acid, yielding a final pH of 2.3. Digestion
proceeded for 3 min at 1 °C before injection for LC-MS analysis.

Peptide separation and desalting were performed over a Pro-
Zap Expedite MS C18 column (1.5-wm particle size, 500-A pore
size, 2.1 X 10 mm?; Grace Davidson, Deerfield, IL) with a Jasco
high performance liquid chromatography/supercritical fluid
chromatography system controlled by an HTC PAL autosam-
pler. Peptides were eluted at a flow rate of 300 ul/min over 2.5
min with a gradient from 2 to 95% Buffer B (Buffer A: acetoni-
trile/H,O/formic acid (4.5:95:0.5); Buffer B: acetonitrile/H,O/
formic acid (95:4.5:0.5)). A post-column splitter reduced the
flow rate by 1:1,000 for efficient electrospray ionization.

After ionization, the sample was introduced into a custom-
built hybrid LTQ 14.5 T FT-ICR mass spectrometer (Thermo
Fisher Scientific) (20). Over a period of 6.5 min, 319 mass spec-
tra were collected from 71/z 400 to 1,300, at high mass resolving
power (m/Amgy,, = 200,000 at 71/z 400, in which Am,, is the
peak full width at half-maximum peak height). External ion
accumulation (21) was performed in the linear ion trap with a
target ion population of 3 million charges for each FT-ICR mea-
surement. LTQ-accumulated ions were transferred (~1-ms
transfer period) (22) through three octopole ion guides (2.2
MHz, 250V, ) to a capacitively coupled (23) closed cylindrical
ICR cell (55 mm inner diameter) (24) for analysis. The ion accu-
mulation period was typically less than 100 ms during pep-
tide elution, and the FT-ICR time domain signal acquisition
period was 767 ms (leading to an overall duty cycle of 1
Hz/acquisition). Automatic gain control (25) and high mag-
netic field (26) provided excellent external calibration (27,
28) for mass accuracy (typically less than 500 ppb root mean
square mass error).

After peptide masses were measured for the free and com-
plexed proteins, the measured deuterium uptake (D) at each
time point was calculated by dividing the measured deuteration
level at each time point by the calculated maximum uptake
(D0 @n n-amino acid-long peptide can take up n — 1 deute-
riums in the absence of prolines).

D = D {(A(t) — B(t))/Dpay) (Eq.2)

Deuterium uptake profiles were fitted by a well characterized
maximum entropy method algorithm (29). Although the max-
imum entropy method generally fits the experimental data well,
itislimited to three rate constants and can deviate for very rapid
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exchange if the initial time points are not accurate due to
incomplete mixing.

Small Angle X-ray Scattering (SAXS)

SAXS measurements on the full-length, monomeric SiRHP
were made at the BloCAT/18ID beamline at the Advanced Pho-
ton Source, Argonne National Laboratory (Chicago, IL) (30). A
photon-counting PILATUS 3 1M detector was used to record
the scattered x-rays at a wavelength of 1.03 A. The 3.5-m sam-
ple-to-detector distance yielded a range of 0.005—-0.33 A~* for
the momentum transfer (g = 47 sin6/A, where 20 is the angle of
scatter between the incident and scattered beam and A is the
x-ray wavelength). The SiIRHP sample was loaded onto a Super-
dex 200 column in 65 mm KP,, 200 mm KCl, 1 mm EDTA, pH
7.8, through a chromatography system (AKTA pure, GE
Healthcare). The standard data reduction procedure for biolog-
ical SAXS was performed with the programs in the ATSAS
package (31). The program CRYSOL was used to calculate the
theoretical x-ray scattering profile with the atomic model from
the crystal structure of spinach NiR (Protein Data Bank acces-
sion code 2AK] (9)) (32). Missing N-terminal amino acids were
represented by a chain of dummy residues and added to the
crystal structure with the program BUNCH to best fit the
experimental data from the full-length SiRHP (33). The ensem-
ble optimization method (34) was used to investigate the flexi-
bility of the 80 missing residues.

SiR Complementation Assays

SiRHP-deficient E. coli (cysI , Keio strain JW2733 (14)) cells
were transformed with one of the following: empty pBAD plas-
mid, A60/untagged SiRHP-expressing pBAD plasmid, A80/un-
tagged SiRHP-expressing pBAD plasmid, or full-length/un-
tagged wild-type SiRHP-expressing pBAD plasmid as a control.
All SiRHP-expressing plasmids were bicistronic cysI-cysG con-
structs. Cells were grown overnight in Luria-Bertani (LB)
medium (35) selected with 50 pg/ml kanamycin and 100 pg/ml
ampicillin. All cultures were then harvested, washed gently in
M9 medium, and plated through serial dilution onto either
M9-agar plates containing 50 ug/ml kanamycin, 100 ug/ml
ampicillin, and 0.05% L-arabinose or LB medium with the same
antibiotics and induction agent. The latter was used as a posi-
tive control for cell growth. Kanamycin and ampicillin main-
tained the cys/~ deficiency and the pBAD plasmid and L-
arabinose induced SiRHP expression. M9 medium provided
sulfur in the form of sulfate (SO37) (35), so cysI~ bacteria
were unable to sustain growth on this medium without
SiRHP activity. Cell growth was assessed after 48 h.

Analytical SEC

SiRFP and SiRHP variants were mixed in 65 mm KP; ata 1:2
ratio of subunit monomers before being applied to a Super-
ose 6 column in 65 mM KP,, 200 mMm KCl, 1 mm EDTA, pH 7.8.
All UV-visible traces of the protein elutions were normalized
to a maximum of 1 for the highest peak. Likewise, SiR,
SiRHP, A80-SiRHP, apo-SiRHP, and apo-A80-SiRHP were
applied individually to a Superose 6 column in 65 mm KP;,
200 mm KCI, 1 mm EDTA, pH 7.8, and compared to assess
their oligomeric state.
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Results

Recombinant SiRHP Assembles Like Native SiR—Spectroscopic
analysis of recombinant SiR agreed with the defining optical spec-
trum that derives from overlap of the protein signature (A,g,), the
siroheme (A ;4 and A.y,), and the flavin cofactors (A5, and A )
(4). The ratio of these signature peaks absolutely defines the stoi-
chiometry of the cofactors, showing that our recombinant enzyme
matched the native enzyme (Fig. 14).

Wild-type SiR holoenzyme dissociates as monomeric SiRHP
and octomeric SiRFP when treated with a high concentration of
urea (1). Similarly, when either component is expressed recom-
binantly in isolation, wild-type SiRHP is monomeric, and full-
length SiRFP is octomeric (36, 37). SiRHP has a calculated
molecular mass of 64 kDa, and our recombinant protein, with a
His, tag, ran at a slightly higher mass in native gel analysis,
corresponding to a protein of 71 * 3 kDa (Figs. 1B (lane 2) and
2B). Recombinantly expressed, untagged SiRFP ran as a broad
band, associated with a molecular mass of about 660 *+ 30 kDa
(Fig. 1B, lane 3).

To address the molecular mass and stoichiometry of the
holoenzyme, we showed that octomeric SiRFP shifted into SiR
holoenzyme when mixed with 4 molar eq of SiRHP (Fig. 1B,
lane 4). Additional SiRHP at 8 molar eq did not shift the com-
plex to a higher molecular mass, and excess monomeric SiIRHP
remained (Fig. 1B, lane 5). In addition to having the correct
distribution of protein, cofactors, and siroheme, purified
recombinant SiR ran at the expected molecular mass for an
agf3, oligomer at 800 * 13 kDa (Fig. 1B, lane 6) and showed
sulfite reduction activity similar to that originally reported,
2.6 = 0.1 pumol NADPH/min'mg SiR (4).

To assess the integrity of the proteins in solution, we per-
formed DLS on the individual subunits and the holoenzyme. As
expected from a sample that behaved similarly in the native gel
environment and in solution, there was a linear log-log relation-
ship between the mass determined from blue native PAGE and
the R,; determined by DLS (Fig. 1C).

Apo-SiRHP Binds neither Siroheme nor the Fe,S, Cluster and
Is Tetrameric—We recently showed that, despite predictions,
Arg-83 is not directly involved in catalysis but is rather more
important for siroheme binding (13). Further, we observed that
the R83S SiRHP point variant is more a-helical than the wild-type
enzyme (13). We wished to explore whether the altered CD spec-
trum was a consequence of the R83S amino acid alteration or the
absence of siroheme. Therefore, we endeavored to make a wild-
type but “apo” enzyme. Expression in a cysG~ strain (Keio collec-
tion strain JW3331 (14)) resulted in fully apo-SiRHP. The absence
of siroheme was clear from the UV-visible spectrum of the purified
protein, which lacked the characteristic absorbances at 386 and
590 nm (Fig. 2A). Ellman’s reagent did not react with reduced,
wild-type SiRHP but indicated the presence of four reduced sulfur
atoms for both apo-SiRHP and R83S variants; the sulfur atoms
correspond to the four cysteine residues that would otherwise
coordinate the Fe,S, cluster (Fig. 2B).

As expected from CD analysis of R83S (13), apo-SiRHP also
had different secondary structure than wild-type SiRHP (Fig.
2C). Further, apo-SiRHP, generated either by purification of the
wild-type enzyme in the absence of siroheme synthase (CysG)
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FIGURE 1. UV-visible spectroscopy, native PAGE, and DLS analysis of SiR. A,
the UV-visible spectrum of recombinant SiR shows the expected peaks at 386,
455, and 590 nm at the expected ratios, characteristic of the overlapping siro-
heme and flavin cofactors of the SiR holoenzyme (4) (inset). B, 4-16% BisTris
NativePAGE gel. Lane 1, NativeMark size standards (in kDa; Life Technologies).
SiRHP (HP) and SiRFP (FP) controls are shown in lanes 2 and 3, respectively. Mix-
tures of SiIRFP and SiRHP in a ratio of 8:4 subunits, (lane 4) shift the band to corre-
spond to recombinant SiR (lane 6). Mixing SiRFP and SiRHP in a ratio of 8:8 sub-
units results in an excess of unbound SiRHP (lane 5). Apo-SiRHP (lane 7) and R83S
(lane 8) are significantly larger than WT SiRHP. Neither apo-SiRHP nor R83S binds
to SIRFP (lanes 9 and 10). C, log/log plot of hydrodynamic radius of SiR, SiRFP,
SiRHP, apo-SiRHP, and R83S determined by DLS versus molecular weight (69) as
determined by blue native PAGE.
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or through the R83S mutation was also higher in apparent
molecular mass than wild-type SiRHP (Fig. 1B, lanes 7 and 8).
From its position in native gel electrophoresis, apo-SiRHP ran
at about 240 kDa, consistent with a tetrameric assembly of
64-kDa monomers.

Only Wild-type SiRHP and SiRFP Assemble into the Holoen-
zyme Complex—Next, we wanted to know if the apo, tetrameric
form of SiRHP could form a complex with SiRFP. In contrast to
wild-type SiRHP, neither apo-SiRHP nor R83S SiRHP formed a
complex with SiRFP when purified subunits were mixed, regard-
less of their stoichiometry (Fig. 1B, lanes 9 and 10). We then tested
for in vivo assembly by co-expressing either wild-type or His,-
tagged R83S SiRHP with untagged SiRFP in BL21(DE3) E. coli and
capturing the resulting complex by Ni-NTA affinity purification.
We then compared the efficiency of SiRFP capture for each SiIRHP
variant with SDS-PAGE analysis (Fig. 2D). When the two wild-
type SiR components were expressed in the presence of CysG,
SiRFP co-eluted with SiRHP at the same stoichiometry as it did for
the purified holoenzyme. In contrast, SIRFP co-eluted with R83S at
significantly lower efficiency. What residual SiRFP co-precipitated
is probably due to the small amount of R83S that remained bound
to siroheme (Fig. 24) (13).

The N terminus of SiRHP Is Buried in the Holoenzyme—To
gain insight into the nature of the holoenzyme, we measured
the hydrogen/deuterium exchange rate for free SiRHP com-
pared with that for the SiR holoenzyme. We discovered that
SiRHP has a solid core composed of amino acids 81-570, cor-
responding to the region of the structure that is resolved in
the x-ray crystallographic structure (9). The accessibility of
these amino acids changed little upon complex formation,
marked by low or no change in the exchange rate of these
hydrogens for deuteriums for SiRHP relative to SiR (Fig. 3).
In contrast, the hydrogen-deuterium exchange rates for the
N-terminal 80 amino acids of SIRHP decreased upon assem-
bly with SiRFP, indicative of protection (Figs. 3 and 4). These
amino acids are not resolved in the x-ray crystallographic
structure because they are either missing from the construct
(amino acids 1-60) or disordered (amino acids 61—80) (9).
This result was observed both with N-terminally His-tagged
or untagged protein with >98% sequence coverage and
>99% without the His, tag.

The SiRHP N Terminus Is Not Flexible and Sits near the
Active Site—We next wanted to learn more about the nature of
the missing or disordered SiRHP amino acids that were identi-
fied as important for complex formation. We performed SAXS
on full-length, monomeric SiRHP to test the N-terminal 80
amino acids’ flexibility and position relative to its core S/NiRR
domains. Ensemble optimization method analysis showed a
broad distribution of radius of gyration (R,), ranging from 22 to
39 A, for a random pool that was generated by assuming highly
flexible N-terminal residues as a random chain (Fig. 54). In
contrast, after optimizing the ensemble to fit the experimental
data, the R, peak was narrow (Fig. 54). Although the N terminus of
SiRHP is easily cleaved by proteolysis (9, 13), this SAXS analysis
shows that it is not disordered in solution. Further, the peak was
centered at the theoretical R, of 23.8 A, estimated from the x-ray
crystal structure of the homologous siroheme-containing spinach
NiR (Protein Data Bank accession code 2AK] (38)), suggesting that
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FIGURE 2. Analysis of apo-SiRHP. A, UV-visible spectra of wild-type SiRHP (solid line), A60-SiRHP (short dashed/dotted line), and A80-SiRHP (long dashed/dotted
line) showing siroheme’s characteristic absorbances at 386 and 590 nm, absent in the apo-SiRHP (dotted line) and R83S (dashed line) spectra. B, Ellman’s reagent
test showing the absence of the Fe,S, cluster in apo-SiRHP and R83S via detection of solvent-accessible thiols. The Fe,S, cluster is coordinated by four cysteine
residues, which, when absent, interact with Ellman’s reagent to produce a signal of four reduced sulfur equivalents. C, CD spectra of wild-type SiRHP (solid line),
AB80-SiRHP (M-dash/dot), apo-SiRHP (dotted line) and apo-A80-SiRHP (dashed line). Apo-SiRHP and apo-A80-SiRHP have a similar change in secondary structure
compared with SiRHP and A80-SiRHP upon the loss of siroheme cofactor. D, apo-SiRHP does not bind SiRFP in vivo. PageRuler protein markers (in kDa; Thermo
Scientific) are shown in lanes T and 4. SiRFP (*) co-elutes with wild-type SiRHP (#) (lane 1) but s significantly reduced when co-precipitated with the R83S variant
(lane 2). SIRFP is expressed strongly in both, shown by residual SiRFP in the unbound fractions (lanes 3 and 4). Residual SiRFP that co-elutes in the R83S variant
probably corresponds to the small amount of R83S that is able to bind siroheme. Error bars, S.D.
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FIGURE 3. SiRHP HDX. Representative absolute deuterium uptake profiles show deuterium incorporation versus exchange time (in h) for the SiRHP monomer
(blue) versus SiRHP in the holoenzyme complex (red). The peptide is indicated for each.

full-length SiRHP was compact, as in NiR, where the full-length
protein is ordered in the crystal structure.

To further obtain information about the position of the miss-
ing N-terminal amino acids, we added the residues to the exist-

JULY 31,2015-VOLUME 200-NUMBER 31 SASBMB

ing structure to fit the experimental data by use of rigid body
and ab initio modeling. Six independent runs yielded models
that fit the data equally well (goodness of fit, x> ~0.7) (Fig. 4B).
Despite the non-uniqueness and low resolution (~25 A) of
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DRKNAKTKYTLERVGVETFKAEVERRAGIKFEPIRPYEFTGRGDRIGWVKGIDDNWHLTL
FIENGRILDYPARPLKTGLLEIAKIHKGDFRITANQNLIIAGVPESEKAKIEKIAKESGL
MNAVTPQRENSMACVSFPTCPLAMAEAERFLPSFIDNIDNLMAKHGVSDEHIVMRVTGCP
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EREAGEGFGDFTVRAGIIRPVLDPARDLWD
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FIGURE 4. Heat map for SiRHP HDX and SAXS modeling. HDX shows that the N terminus of SiRHP is buried in the SiR complex. A, sequence of SiRHP in which
light-to-dark blue shows increasingly buried residues and pink-to-red shows increasingly exposed residues, measured by the absolute deuterium uptake. Leu-80 is in
boldface type. B, six independent models of the N terminus in E. coli SIRHP built from a SAXS curve, superimposed, show that the compact N-terminal 80 amino acids

(vellow, displayed as pseudochain models), which are missing in the x-ray crystallographic structure (9), sit over the active site, as in the NiR homolog (C). Colors are as
in A, modeled from Protein Data Bank files 2AKJ (38) (yellow, N-terminal amino acids 1-80, as in B) and 2GEP (46) (gray, amino acids 80-570).
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FIGURE 5. SAXS on SiRHP. A, ensemble optimization method analysis showing the R, distributions from a pool of 10,000 models generated by adding 80
N-terminal residues as a random loop of a native-like chain (black) and for the optimized ensemble of which the averaged theoretical scattering profiles fit the
experimental data (red). The blue line corresponds to R, =238 A estimated from the x-ray crystal structure of spinach NiR (Protein Data Bank accession code
2AKJ (38)). B, comparison of experimental data (black circles) with the theoretical x-ray scattering profile calculated from the x-ray crystal structure of NiR (red)
by use of the program CRYSOL (32).
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FIGURE 6. Functional analysis SiRHP truncations. A, schematic of the SiRHP domains showing the variable N terminus, the first S/NiRR (9), and a short linker
followed by a second S/NiRR. B, SiRHP complementation assay of cys/~ E. coli (14) transformed with SiRHP-expressing pBAD, empty pBAD, A60-SiRHP-
expressing pBAD, or A80-expressing pBAD vectors grown on minimal M9 (35) or complete LB medium as a positive control. Only wild-type SiRHP expression
can complement for growth. C, SEC analysis of SiRHP (red), SiRFP (blue), and SiR (green) show the relative sizes of the complex and its components. D, when SiRFP
and excess SiRHP are mixed to ensure complete complex formation, all SiRFP shifts into a higher molecular weight complex, consistent with the size of SiR
(purple, solid line). When SiRFP and excess A60 SiRHP are mixed, the peaks remain consistent with SiRFP and a slightly smaller SiRHP (purple, dashed lines). When
SiRFP and A80 are mixed, the peaks remain consistent with SiRFP and an even smaller SiRHP (purple, dotted lines). mAU, milliabsorbance units.

SAXS models, which precludes absolute positioning of the res-
idues in question, the 80 N-terminal residues were clearly held
tightly near the active site. Moreover, the experimental SAXS
curve agreed perfectly with a theoretical curve calculated from
the crystal structure of NiR (38) (Figs. 4C and 5B). These N-ter-
minal amino acids are the most variable in what is otherwise a
strongly conserved protein. Overall, the sequences are 26%
identical. The C-terminal S/NiRR domains are 27% identical,
whereas the first 80 amino acids are only 17% identical, and the
NiR has long insertions in this region.

The N-terminal 80 Amino Acids of SIRHP Are Required for
Complex Formation and in Vivo Function—HDX measures the
rate at which hydrogens exchange to deuteriums in proteins. By
comparing the identical protein in two different states, such as
with or without a binding partner, one can infer details about
how the two components change upon interaction. We per-
formed biochemical analysis of SIRHP truncations to show that
the region we identified in HDX experiments is the true inter-
action interface and not the result of a conformational change
upon assembly that is far from the interface. We generated
N-terminal truncation constructs of SIRHP missing either the
first 60 amino acids or the first 80 amino acids (Fig. 6A). Next,
we tested both truncated proteins for the presence of cofactor
by use of UV-visible spectroscopy and for reductase activity by
use of a chemical assay. Both truncations have a spectroscopic
signal indicating formed siroheme-Fe,S, clusters (Fig. 2A).
A60-SiRHP showed 3-fold higher activity, and A80-SiRHP
showed 6-fold higher activity than full-length SiRHP with
NH,OH substrate when supplied with electrons from reduced

SASBMB
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methyl viologen. Nonetheless, neither truncated construct was
able to complement SiRHP deficiency in a cysI™ E. coli strain
(Fig. 6B). Similarly, neither A60- nor A80-SiRHP was able to
assemble with SiRFP in vitro, measured by SEC (Fig. 6, Cand D).

Two Patches of SiRFP Alter Their Accessibility upon Holoen-
zyme Complex Formation but Only One Forms a Stable Inter-
face with SiIRHP—W e also measured the hydrogen/deuterium
exchange rates for SiRFP compared with SiR holoenzyme (Fig.
7), with 97% sequence coverage. In full-length SiRFP, two dis-
tinct peptides were protected upon complex formation, one
within the N-terminal FMN domain (amino acids 94—112) and
another within the C-terminal NADPH domain (amino acids
496 -502) (Fig. 8, A and B). No other regions changed signifi-
cantly upon complex assembly.

Given that HDX reports only on regions that change upon
complex formation and not directly about specific interface
regions, we generated SiRFP truncations that have previously
been shown to fold independently (39 —42). To ensure that each
SiRFP construct presented proper cofactor binding, we mea-
sured their UV-visible spectra (Fig. 9, insets). Next, we mixed
SiRFPp, . (amino acids 1-208) and SiRHP and measured for-
mation of complex with SEC (Fig. 94). This domain of SiRFP
was unable to form a complex with SiRHP. Although the
exchange rate of this peptide changes upon formation of the
holoenzyme, it does not make a sufficiently strong interaction
with SiRHP to persist on its own. In contrast, SiRFP,; formed a
complex with SiRHP that shows spectroscopic features similar
to the holoenzyme (Figs. 1A and 9B (inset)). SiRFP,,; mixed with
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FIGURE 7. SiRFP HDX. Representative absolute deuterium uptake profiles showing deuterium incorporation versus exchange period (in h) for the SiRFP
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octomer (blue) and SiRFP in the holoenzyme complex (red). The peptide is indicated for each.
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MATQVPPSALLPLNPEQLARLQAATTDLTPTQLAWVSGYFWGVLNQQPAALAATPAPAAE
MPGITIISASQTGNARRVAEALRDDLLAAKLNVKLVNAGDYKFKQIASEKLLIVVTSTQG
EGEPPEEAVALHKFLFSKKAPKLENTAFAVFSLGDSSYEFFCQSGKDFDSKLAELGGERL
IBBRYIBADVEYQAAAIEWRARVVDALKSRAPVAAPSQSVATGAVNEIHTSPYSKDAPLVAS
LSVNQKITGRNSEKDVRHIEIDLGDSGLRYQPGDALGVWYQNDPALVKELVELLWLKGDE
TVTVDGKTLTLSEALQWHFELTVNTANIVENYATLTRSETLLPLVGDKAKLQHYAATTPI
VDMVRFSPAQLDAEALINLLRPLTPRLYSIASSQAEVENEVHVTVGVVRYDVEGRARAGG
ASSFLADRVEEEGEVRVFIEHNDNFRLPANPETPVIMIGPGTGIAPFRAFMQQRAADEAP
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FIGURE 8. HDX of SiRFP. A, sequence of SiRFP, in which light-to-dark blue shows increasingly buried residues and pink-to-red shows increasingly exposed
residues. Alternating italicand Roman type denotes domains (@amino acids 1-60 make up the N-terminal octomerization domain, amino acids 61-207 make up
the FMN domain, amino acids 208 -443 make up the FAD domain, and amino acids 444 -599 make up the C-terminal NADPH domain). B, SiRFP, modeled by
combining the two partial structures of its FMN (SiRFPgy,) (42) or FAD and NADPH (SiRFP,;) (40) domains in the “closed” conformation defined by the human
CYPOR (48). The mapped sequences that are buried upon complex formation are far from one another, colored as in A. C, charged surface of SiRFP, in which red
is negatively charged and blue is positively charged, determined by the Coulomic potential defined by Chimera (70). D, charged surface of SiRHP with its

modeled N terminus, represented as in C.

SiRHP showed NADPH-catalyzed sulfite reduction activity
similar to the protein-free control, which was unmeasurable.
The N Terminus of SIRHP Also Modulates Oligomerization of
the Apo-SiRHP Tetramer—W'e next tested whether the N-ter-
minal 80 amino acids of SiRHP also played a role in the
altered structure and assembly state of apo-SiRHP with CD
and SEC. Wild-type SiRHP and A80-SiRHP were monomeric
with largely a- 3 secondary structure (Figs. 1, 2C, and 9C). In
contrast, apo-SiRHP formed a 240-kDa complex with a
broad SEC peak and had a higher a-helical content than the
metallated form (Figs. 1B, 2C, and 9D). Apo-A80-SiRHP

19328 JOURNAL OF BIOLOGICAL CHEMISTRY

shared the altered CD spectrum with apo-SiRHP (Fig. 2C).
Like apo-SiRHP, apo-A80-SiRHP had a broad, shouldered
SEC peak; unlike apo-SiRHP, the position of the N-termi-
nally truncated peak corresponded to the position of mono-
meric SiRHP (Fig. 9, C and D).

Discussion

Despite 50 years of study of SiR structure and enzyme activity
(4,9, 13, 40, 42— 46), we do not know how its subunits assemble
and, therefore, how they work to catalyze electron transfer.
Siroheme-dependent assimilatory NADPH-SIR is not a partic-

SASBMB

VOLUME 290-NUMBER 31-JULY 31,2015

LT0T 1 (MY U 1T PAJl ATU() JJEIS BPLIOL] 18 /310°0q[ Mmay//: A1y WO papeo[umocy


http://www.jbc.org/

IA.1 1. _SiRFPFMN
0.8 1 g" — SiRHP
Iy —SiRFP,
06l " —SiRHP + SIRFP,,
2 e
E0.4 1
0.2 1
0
B.,] 1y —srFp,
|| —SiRHP + SIRFP,,
ks —SiRHP
081 —SIRFP,,
o —SiRHP + SIRFP,,
LR TETTTT)
<
£

0 5

10 15 20 25 30
Volume (mL)

Quality Control in Sulfite Reductase Assembly

C.1
o — SiRHP
....... A8O-SIRHP
06
0.4
0.2
0
D., A
08 — apo SiRHP
o | N — apo A80-SiRHP
04
0.2
0

0 5 10 15 20 25 30
Volume (mL)

FIGURE 9. SEC analysis of SiRFP truncations and Apo-SiRHP. A, SiRHP was mixed with C-terminally truncated SiRFP, an octomer of the FMN domains
(SiRFPmn)- No higher-order structure was formed, indicating that the patch of amino acids 93-110is not sufficient for forming a tight complex with SiRHP. Inset,
UV-visible spectroscopy shows that SiRFPg,, binds flavin cofactor. B, SiRHP was mixed with N-terminally truncated SiRFP, a monomer of the FAD and NADPH
domains (SiRFP,5). A larger complex of higher molecular weight appears, indicating that the patch of amino acids 496-502 is sufficient for forming a tight
complex. Inset, UV-visible spectroscopy shows that SiRFP, binds flavin cofactor, and SiRHP/SIiRFP,5 shows a spectrum similar to that of SiR holoenzyme (Fig.
1A). G, wild-type SiRHP and A80-SiRHP run on SEC as tight peaks, corresponding to monomers of ~64 kDa that differ slightly in size because of the N-terminal
80-amino acid truncation in A80-SiRHP. D, apo-SiRHP and apo-A80-SiRHP run at positions significantly different from those of their metallated counterparts
because apo-SiRHP is a homotetramer, whereas apo-A80-SiRHP is a monomer. Both are broad, shouldered peaks indicative of loosely packed protein.

ularly efficient enzyme and does not discriminate strongly
between sulfite and nitrite substrates (18). Recent discovery of a
non-siroheme SiR that is both more efficient and better able to
discriminate between sulfite and nitrite (47) suggests that there
is perhaps something unique about the architecture of this SiR
holoenzyme that constrained its evolutionary progress in
becoming an ideal enzyme. Here, we report the structural ele-
ments of each subunit that are important for assimilatory
NADPH-SIR assembly and propose a model that invokes four
structural SiRFP molecules for each functional SiRFP-SiRHP
dimer. Further, we have shown that the N terminus of SiRHP
playsimportant roles in mediating both the SiRFP-SiRHP inter-
action and oligomerization of apo-form, non-functional SiRHP
proteins that cannot make a complex with SiRFP. Taken
together, these observations suggest a model for quality control
of SiR assembly in organisms that use this combination of
reductase/oxidase subunits.

SiR Asymmetry and Conformational Dynamics—SiR is
unique in the octomeric state of its reductase subunit, a CYPOR
homolog that uses NADPH, FAD, and FMN to transfer elec-
trons to the active site of the accompanying SiRHP metalloen-
zyme. All other known examples of this type of flavoprotein
exist in a conformationally dynamic, 1:1 partnership with its
oxidase, either «;8; (CYP (10) and methionine synthase (12))
or a,f3, (nitric-oxide synthase (11)). Significant modification to
their protein architecture was necessary to constrain the mol-
ecules for structure determination (10, 48). Monomeric SiRFP,
formed by removing its N-terminal 60 amino acids, is also
dynamic, evidenced by the disordered FMN-binding domain in
multiple crystal forms (40); likewise, octomeric SiRFP is con-
formationally complex, evidenced by its broad band in native
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gel analysis, even when it is part of the holoenzyme (Fig. 1B). In
SiR, early cofactor and amino acid analysis pointed to an asym-
metric stoichiometry between the « (SiRFP) and B (SiRHP)
subunits, where the holoenzyme is an agf3, oligomer (1) but
monomeric SiRFP can form an active a; 3; oligomer (5). Bind-
ing assays reported here indicate that the asymmetric stoichi-
ometry of SiR is real; there is an extra reductase unit per oxidase
(Figs. 1 and 6C).

Importance of the SiRHP N Terminus in SiR Formation—The
N-terminal 80 amino acids from SiRHP are required for com-
plex formation with SiRFP, measured either for residual tran-
sient interactions iz vivo by complementation of a SIRHP defect
(Fig. 6B) or directly by SEC (Fig. 6D). N-terminally truncated
SiRHP variants cannot complement the SiRHP defect, but they
have intact active sites (Fig. 24) and are active for catalysis when
they are chemically reduced (see “Results”). Taken together,
these results suggest that the growth deficiency in complemen-
tation assays is due to the truncations’ inability to form holoen-
zyme in the cell, even transiently, rather than a catalytic defect.
In fact, N-terminal truncations are more active than full-length
SiRHP, akin to the N149W active site loop variant (13), suggest-
ing an interaction between these functionally important struc-
tural elements. Interestingly, SiR and NiR seem to share a sim-
ilar N-terminal architecture in that the N terminus of SiR is also
packed tightly against its core despite those amino acids being
disordered in the x-ray crystal structure (Fig. 4, B and C) (9).
Spinach NiR relies on a single ferredoxin for its reducing equiv-
alents, with which it interacts only transiently (49); clearly, fur-
ther experimentation is needed to learn whether the N termi-
nus of NiR plays a similar role in electron transfer from the
different oxidase.
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+ CysG/
siroheme

FIGURE 10. Oligomerization of Apo-SiRHP plays a role in quality control of SiR assembly. A proposed model for the role of the N-terminal 80 amino acids
of SiRHP (blue) in blocking apo-SiRHP (gray) from assembling with the octomeric SiRFP and in modulating the interaction with four structural SiRFP molecules
(yellow). Four functional SiRFP molecules interact transiently through their FMN domains to pass electrons to SiRHP.

Apo-SiRHP Is a Tetramer—The SiRHP N-terminal 80 amino
acids are also implicated in oligomerization of the apo-form of
SiRHP, which has significant structural differences, beyond the
absence of the cofactors, from the metallated form. Other apo-
metalloenzymes, like ferredoxin (50-52) or carbonic anhy-
drase (53, 54), take on altered structures that are consistent
with a molten globule state, marked by disruption of tertiary
structure, maintenance of secondary structure, and a slight
(~20%) increase in size (55). Still other apo-metalloenzymes
like copper-zinc superoxide dismutase take on amyloid struc-
ture (56).

Apo-SiRHP has some properties consistent with a molten
globule state but others that are somewhat unique. As in a mol-
ten globule, apo-SiRHP maintains secondary structure, mea-
sured by CD, although it is different from (more a-helical than)
the wild-type form (Fig. 2C). The apparent molecular mass of
apo-SiRHP shifts from 64 to 240 kDa (Fig. 1), a larger increase
than would be expected simply from loss of tertiary structure
but consistent with formation of a homotetramer. The increase
in apparent molecular mass disappears when the N terminus is
removed (Fig. 9D), supporting the idea that oligomerization,
not only loss of tertiary structure, is the cause. Nonetheless,
apo-A80-SiRHP is slightly larger than its tightly packed metal-
lated counterparts, judging by SEC (Fig. 9, Cand D), as would be
expected in a molten globule state.

The altered protein secondary structure seen in the absence
of cofactors could arise from two non-exclusive sources. First, it
might come from structural elements that make up the active
site itself, suggesting that the active site is not preformed but
reorganizes upon assembly with its cofactors. Second, altered
secondary structure might directly come from changes to the N
terminus, which modulates oligomerization with the SiRFP
subunit (Figs. 3, 4, and 6) and into the apo-SiRHP homote-
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tramer (Fig. 9D). Apo-A80-SiRHP shares its CD spectrum with
apo-SiRHP (Fig. 2C), suggesting that the conformation of those
80 amino acids does not explain the altered secondary struc-
ture. Rather, altered secondary structure at the active site may
serve as a signal to attract the bacterial chaperone and co-chap-
erone HscA and HscB that play a role in ISC-mediated iron-
sulfur cluster biogenesis (57-59). Perhaps these chaperones
additionally help to refold the active site for cofactor assembly
and/or the SiRHP N terminus for SiRFP assembly.
Apo-SiRHP Is SiR Assembly-deficient—W e propose that for-
mation of an apo-SiRHP homotetramer through the same
N-terminal SiRHP interaction domain that is required for
SiRFP assembly blocks inactive apo-SiRHP from joining
with SiRFP in the case of insufficient cellular siroheme (Fig. 10).
SiRFP and SiRHP are encoded by cys/ and cysI as part of the
cysteine regulon. Transcription of the cys/IH region of the
operon is enhanced in response to N-acetyl-L-serine, the cys-
teine precursor, by the LysR-like transcription factor CysB (60).
Despite its name, siroheme synthase (CysG) is part of the
nitrate regulon, expressed constitutively at low levels but not
overexpressed in response to sulfite starvation (61, 62). Tran-
scription of the nirBDCG-cysG region of the operon is
enhanced in response to NarL and NarP, which sense nitrite/
nitrate, or the Fnr transcription factor, which senses oxygen
(63). We propose that the apo-SiRHP homotetramer is a quality
control check so that the cell does not expend energy in assem-
bling inactive complexes that might arise because of differential
transcriptional regulation of SiIRHP and the enzyme that makes
its cofactor. Perhaps there is a further mechanism in cofactor
biogenesis by which siroheme insertion is regulated, either to
prevent tetramerization of apo-SiRHP or reform active, mono-
meric SiRHP that can go on to assemble with SiRFP. Prece-
dence for this type of metalloenzyme-chaperone partnering
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exists, for example in the role of MeaB in cofactor insertion into
the coenzyme B,,-dependent methylmalonyl-CoA mutase
(64), in the role of Nar] in assembling the molybdenum cofactor
in respiratory nitrate reductase (65), and in chaperoning copper
to Cu-Zn superoxide dismutase (66).

SiR Holoenzyme Stoichiometry—Why is SiR composed of an
asymmetric assembly of subunits? At first glance, the answer
could lie in the apparent gene duplication-gene fusion event
that ultimately resulted in the monomeric, rather than het-
erodimeric, SiIRHP found in the assimilatory SiR enzyme. Most
of the progenitors of this enzyme, the hetero-oligomeric, respi-
ratory DSR, depend on a membrane-associated cytochrome c,
hydrogenase and a fused ferredoxin rather than the CYPOR
homolog (67). Assimilatory plant SiRs and NiRs use a single
copy of NADPH ferredoxin (6). If the asymmetry stems from a
phylogenetic one, then the ancestor used an uncommon com-
bination of hemoprotein/flavoprotein subunits. Another possi-
bility is that the excess of reductase to oxidase subunits has a
functional role in making SiR an efficient electron transfer
enzyme, perhaps by allowing two different SiRFPs to provide
electrons to a single SiRHP. Alternatively, four of the SiRFP
molecules could serve as a scaffold for four active SiRFP-SiRHP
heterodimers.

We show that two different interfaces on SiRFP become less
accessible when it is bound to SiRHP. One surface is part of the
N-terminal FMN-binding domain, and the other is part of the
C-terminal NADPH-binding domain, far from the final FMN
cofactor that ultimately passes electrons to SiRHP (18) (Fig. 8).
Given this, we anticipated that there would be a strong interac-
tion between the FMN-binding domain and SiRHP that would
be the contact point for electron transfer; however, SiIRFP¢y
does not bind SiRHP (Fig. 9A4). In contrast, SiRFP 5, which con-
tains the NADPH-binding domain but is missing the FMN-
binding domain, does bind SiRHP (Fig. 9B). The NADPH bind-
ing domain is largely negatively charged, and the N terminus of
SiRHP is predicted to be predominantly positively charged (Fig.
8, C and D), supporting the feasibility of their interaction.

A strong electrostatic interaction between SiRFP and SiRHP
could be mediated by SiRFP amino acids Glu-495, Asp-496, and
Glu-501 and SiRHP amino acids Arg-66, Arg-69, Gln-72, and
Lys-73. This interaction would form a structural, rather than
functional, interface, demonstrated by the catalytically inactive
SiRFP,;-SiRHP complex (see “Results”). We propose that only
four of the eight SiRFP molecules bind to the four SiIRHP mol-
ecules at this position. The N-terminal SiRFP octomerization
domain would then scaffold the remaining four functional
SiRFP molecules, akin to the multimeric metabolic enzyme
pyruvate dehydrogenase, which has a solid core that tethers
flexible enzymes at its periphery (68). Our model does not
exclude the possibility that the structural SiRFP molecules
could also serve as electron donors, but if so, there would be
additional steric constraints to an already highly complex
assembly. Further, all other known CYPOR homologs work as
1:1 complexes with their oxidase subunits. Likewise, all other
known SiR/NiR hemoproteins work as 1:1 complexes with their
reductase subunits, so a functional asymmetry would be incon-
sistent with what we know about the evolutionary history of
SiR.
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The second SiRFP-SiRHP contact point, on the FMN
domain, is not sufficient to reconstitute a minimal subcomplex
and is not strongly negatively charged (Figs. 8C and 94). None-
theless, this interface could form transiently on the functional
SiRFP molecules and modulate electron transfer between the
subunits. This model suggests that the active SiRFP molecules
are highly dynamic, held in contact with the other SiRFPs
through their N-terminal octomerization domain but free to
come on and off SiIRHP as NADPH/NAD* cycle on and off the
protein, passing electrons two at a time to the FAD and FMN
cofactors (Fig. 10).
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