nature structural & molecular biology

Article

https://doi.org/10.1038/s41594-024-01348-w

Structural and mechanisticinsightsinto
Streptococcus pneumoniaeNADPH oxidase

Received: 12 October 2023

Accepted: 6 June 2024

Victor R. A. Dubach ®'?#, Pablo San Segundo-Acosta® %41 &
Bonnie J. Murphy ®'

Published online: 22 July 2024

% Check for updates

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs)
have amajor role in the physiology of eukaryotic cells by mediating reactive

oxygen species production. Evolutionarily distant proteins with the

NOX catalytic core have been found in bacteria, including Streptococcus
pneumoniae NOX (SpNOX), which is proposed as amodel for studying
NOXs because of its high activity and stability in detergent micelles.

We present here cryo-electron microscopy structures of substrate-free

and nicotinamide adenine dinucleotide (NADH)-bound SpNOX and of
NADPH-bound wild-type and F397A SpNOX under turnover conditions.
These high-resolution structures provide insights into the electron-transfer
pathway and reveal a hydride-transfer mechanism regulated by the
displacement of F397. We conducted structure-guided mutagenesis and
biochemical analyses that explain the absence of substrate specificity
toward NADPH and suggest the mechanism behind constitutive activity. Our
study presents the structural basis underlying SpNOX enzymatic activity
and shedslight onits potential in vivo function.

Reactive oxygen species (ROS), such as superoxide anionradical (0,")
and hydrogen peroxide (H,0,), are highly reactive chemical species
that have essential roles inimmunity, cell signaling, aging and cancer’.
The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) family of enzymes (enzyme class 1.6.3.1) generate ROS as their
primary product and, therefore, have amajor role in ROS homeostasis.
NOXsbelong to the ferric reductase transmembrane component-like
domain (FRD) superfamily and are composed of a catalytic core with
two conserved domains: a domain with six transmembrane helices
(TM domain) coordinating two hemes by four conserved histidine
residues and a C-terminal cytosolic dehydrogenase domain (DH
domain) containing the flavin adenine dinucleotide (FAD)-binding
and NADPH-binding sites (Fig.1a). The DH domain catalyzes a hydride
transfer to FAD, which subsequently transfers electrons stepwise to
the two transmembrane hemes. The outer heme reduces oxygen to
generate O, or H,0, (refs. 2,3).

Although NOXs were first thought to be exclusive to eukaryotic
genomes, genes encoding proteins sharing the same catalytic core

have more recently been found in bacteria*®. With the exception of
cyanobacterial NOX5, which seems to have arisen through horizontal
gene transfer from eukaryotic donors, bacterial NOX homologs are
evolutionarily distant from eukaryotic NOXs and consist of a single
polypeptide chain with DH and TM domains®. The best-characterized
member is the Streptococcus pneumoniae NOX (SpNOX). SpNOX is a
46-kDa protein that can be produced with correct heme incorpora-
tion in high yields and shows high stability and robust activity when
solubilized in lauryl maltose neopentyl glycol (LMNG)**.

Structural studies of NOX proteins are generally difficult because
of low yields after recombinant expression, loss of cofactors during
purification and flexibility. The first structure of a NOX protein was
the crystal structure of separate TM and DH domains from Cylin-
drospermum stagnale NOX5 (csNOXS5), which gave insight into the
catalytic core and the oxygen-reduction center’. However, despite
notable efforts, obtaining full-length NOX crystals diffracting to high
resolution has proven to be challenging®’. Nevertheless, the use of
cryo-electron microscopy (cryo-EM) has allowed the structures of
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Fig.1|SpNOX displays the canonical NOX structure and NOX activity. a,
SpNOXis composed of a TM domain (TMD) and a DH domain (DHD) subdivided
into an FAD-binding lobe (FBL) and an NADPH-binding lobe (NBL). Nt, N
terminus; Ct, C terminus. b, The activity of SpNOX under steady-state conditions
was measured using a cytochrome c reduction assay. Apparent Ky, and k.,

values were obtained by fitting the data to the Michaelis-Menten equation. The
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mean values of three technical replicates are plotted and the s.d. is indicated.

¢, Schematic view of SpNOX domain boundaries. d, Side view of the cryo-EM
map of substrate-free SpNOX. The TMD and DHD are colored blue and coral,
respectively. The same coloring is used throughout the article unless otherwise
stated. e, Structure of substrate-free SpNOX in cartoon representation.
Membrane boundaries are represented as gray lines.

mouse and human dual oxidases (DUOX1)*” and the inactive human
core NOX2 complex'®"to be solved. These structures have provided
essential information about the subunit interactions and catalytic
regulation of eukaryotic NOXs but large questions remain regard-
ing the mechanism of activation and catalytic turnover. Moreover,
no structure of a NOX-like bacterial protein is currently available.
Because of the relatively simple expression and purification of SpNOX
and its homology to eukaryotic NOX proteins, a structural charac-
terization of SpNOX would be valuable for its application as amodel
system of NOXs.

Here, we present high-resolution cryo-EM structures of SpNOX
obtained under substrate-free conditions, under stably reducing con-
ditions with nicotinamide adenine dinucleotide (NADH) and under
turnover conditions with NADPH. Compared to csNOXS5, DUOX1 and
NOX2, SpNOX is smaller, has shorter extracellular loops and, like the
mammalianNOX4, is constitutively active. These structures character-
ize a bacterial NOX-like protein and, together with structure-based
mutagenesis, provide insights into the electron-transfer pathway,
catalytic mechanism and constitutive activity.

Results

SpNOX purification, analysis and structure determination

S. pneumoniae NOX was expressed in Escherichia coli and purified
as previously described with minor modifications (Methods)*®. The
protein was solubilized using LMNG and showed a single band in SDS-
PAGE and ahomogeneous single peak on size-exclusion chromatog-
raphy, corresponding to the monomeric protein (Supplementary
Fig.1a,b). Quick removal of imidazole after Ni-NTA purification was
crucial to avoid protein aggregation. The ultraviolet-visible light
(UV-vis) spectrum of the purified protein showed the characteristic
Soret peak at 414 nm, indicating correct heme incorporation (Sup-
plementary Fig.1c). Oxidation of NADPH could be directly followed by
monitoring absorbance at 340 nm under aerobic conditions. A similar
experimentin the absence of O,showed only initial activity because of
residual O, inthe buffer and/or reduction of SpNOX cofactors before
the oxidation activity ceased, confirming that O,canactasanelectron
acceptor for SpNOX (Supplementary Fig. 1d). NADPH oxidation was
also measured with a cytochrome c reduction assay* (Fig. 1b) and
Michaelis-Menten analysis gave an apparent Ky, value of 7.59 uM and
an apparent k_,, of 8.27 s™. The protein also exhibited NADH-driven

activity, with an apparent K, value of 3.41 uM and an apparent k,, of
3.33s™\. Cytochrome c reduction assays under anaerobic conditions
revealed direct electron transfer to cytochrome ¢ (Supplementary
Fig.1e), likely from the outer heme, and to superoxide dismutase
(SOD) (Supplementary Fig. 1f). Therefore, the rate of cytochrome c
reduction by the anion superoxide could not be estimated with SOD
inhibition. Our results, obtained under both aerobic and anaerobic
conditions, indicate that previous efforts to measure specific super-
oxide production using SOD inhibition may have been subject to
unforeseen artifacts. Theinitial rates of cytochrome c reduction under
aerobic and anaerobic conditions were very similar (Supplementary
Fig.1g), suggesting cytochrome c acts as the major direct electron
acceptorintheinvitro assay. Contrary to previous observations*, we
could observe ferric reductase activity under anaerobic conditions,
indicating direct electron transfer to ferrous iron (Supplementary
Fig. 1h). However, the direct transfer rate of SpNOX to ferrous iron
(3.6 min™) was much lower than to cytochrome c (124.7 min™) or
molecular oxygen (48 min™) at similar initial concentrations. Moreo-
ver, Michaelis—-Menten analysis of ferric reductase activity showed
apparent k., (0.05s™) and K\, (81.3 uM) values corresponding to a
catalytic efficiency of 0.0006 s pM ™ (Supplementary Fig. 1i). These
experiments suggest that the ferric reductase activity of SpNOX might
notbe physiologically relevant but rather an effect of the promiscuity
of SpNOX for the final electron acceptor in vitro.
Cryo-EMsingle-particle analysis of SpNOX was performed in LMNG
micelles and showed that the protein preparation was homogeneous
(Methods and Supplementary Figs. 2-5). In addition to a structure of
SpNOX in the absence of electron donor, we also determined struc-
tures of the stably reduced protein bound to NADH under anaerobic
conditions and of the wild-type (WT) protein and an F397A mutant
under turnover with NADPH and O, present. Despite the relatively
small size of the protein (46 kDa) for single-particle analysis, the final
maps reached nominal resolutions ranging from 2.2 to 2.6 A (Table 1
and Supplementary Figs. 6 and 7), allowing us to resolve essentially
all residues. The TM and DH domains reached similar overall local
resolutions, withonly small regions of the NADPH-binding lobe being
less well resolved (Supplementary Fig. 6). In contrast to previously
published small-angle neutron scattering data indicating potential
interdomain flexibility®, our resultsindicate that the DH domain inter-
acts rigidly with the TM domain, thus facilitating particle alignment.
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Table 1| Cryo-EM data collection, refinement and validation statistics

Substrate-free

NADPH-bound

NADH-bound

F397A(EMD-18647),

(EMD-18644), (PDB38QT6) (EMD-18645), (PDB 8QT7) (EMD-18646), (PDB 8QT9) (PDB 8QTA)

Data collection and processing

Magnification x215,000 %215,000 x215,000 x215,000

Voltage (kV) 300 300 300 300

Electron exposure (" perA?) 70 70 70 70

Defocus range (um) -0.7to0-21 -0.7t0-21 -0.7to0-21 -0.7t0-21

Pixel size (A) 0573 0573 0573 0573

Symmetry imposed C1 C1 C1 C1

Initial particle images (no.) 3,376,347 (Topaz) 6,641,288 (Topaz) 5,571,895 (Topaz) 5,003,252 (Topaz)
3,115,826 (Topaz) 4,948,429 (Topaz) 5,183,375 (Topaz) 4,668,309 (Topaz)
2,273,739 (crYOLO) 2,868,991 (crYOLO) 3,583,885 (crYOLO) 4,145,972 (crYOLO)

Final particle images (no.) 397,972 591,137 697,21 546,234

Map resolution (A) 2.29 2.20 2.36 2.64

FSC threshold 0.143 0.143 0.143 0143
Map resolution range (A) 2.25-26.65 2.05-32.20 211-36.46 2.50-9.30

Refinement

Initial model used

AF model (AF-Q8CZ28)

Substrate-free model

Substrate-free model

NADPH-bound model

Model resolution (A) 2.44 2.33 2.44 275
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B factor (A -801 -74.8 -79.9 -105.4

Model composition
Nonhydrogen atoms 3,466 3,516 3,51 3,472
Protein residues 399 399 399 399
Ligands
HEM 2 2 2 2
FAD 1 1 1 1
NDP - 1 - 1
NAI - - 1 -
Waters 63 65 64 27
B factors (A%
Protein 34.55 41.92 3717 49.30
Ligand 22.74 34.50 28.78 46.19
Water 31.09 40.97 35.05 40.24
Root-mean-square deviations
Bond lengths (A) 0.004 0.009 0.003 0.009
Bond angles (°) 0.940 0.931 0.578 0.940
Validation
MolProbity score 176 1.27 1.26 1.56
Clashscore 472 4.96 5.55 7.45
Poor rotamers (%) 0.86 0.86 0.58 116
Ramachandran plot
Favored (%) 98.24 98.24 98.74 97.48
Allowed (%) 1.76 1.76 1.26 2.52
Disallowed (%) 0 0] 0 0
Q-score 0.82 0.83 0.82 0.77

PDB, Protein Data Bank; FSC, Fourier shell correlation; HEM, heme group; NDP, NADPH; NAI, NADH.

While this paper was under review for publication, a study describing
high-resolution crystal structures of the substrate-free WT and F397W
DH domains and alow-resolution F397W full-length inactive structure

of SpNOX became available as a preprint®.

The architecture of SpNOX
The structure of SpNOX corresponds to the canonical NOX structure,
with an N-terminal TM domain that coordinates two hemes and a

C-terminal DH domain bound to FAD (Fig. 1c-e). Despite sharing an
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Fig.2|Heme-binding and FAD-binding sites and interactions between the TM
and DH domains. a, Cartoon representation of the structure of NADPH-bound
SpNOX. Areas of interest are highlighted with colored dashed boxes. b, The two
B-type hemes are coordinated by two histidine pairs H83 + H142 (outer heme)
and H69 + H129 (inner heme) of the transmembrane helices TM3 and TM5. The
edge-to-edge distance isindicated with a dashed line. TM1and TM2 are omitted

assticks. d, Closer look into the interface interactions between the TMand the
DH domains. In ¢,d, water molecules are shown as red spheres and atoms within
H-bond distance are marked with cyan dashed lines. e, The C-terminal tail of
SpNOX lies at the interface of the TM and DH domains, is oriented orthogonal to
the membrane plane and interacts by H-bonds between K70 at TM3 and F399.

overall sequence identity between 10% and 14% with human and cyano-
bacterial NOXs (Supplementary Fig. 8a), the SpNOX structure strongly
resembles the structures of eukaryotic NOXs and csNOX5 TM and DH
domains (Supplementary Fig. 9).

The SpNOX TM domain encompasses six transmembrane helices
(TM1-TM6) with an overall pyramidal shape, triangular on the inner
membrane side and narrower toward the extracellular space. This
folding strongly resembles the ferric reductase domain of eukaryotic
NOXs, with TMs 2-5 adopting an hourglass-shaped conformation
that binds two B-type hemes orthogonal to the membrane plane, one
located closer to the cytosolic side (inner heme) and the other closer
tothe outerside (outer heme). Both are hexacoordinated by two pairs
of histidines (H69 and H129, inner heme; H83 and H142, outer heme)
belonging to TM3 and TMS5 (Fig. 2a,b and Supplementary Fig. 8b).
The iron-to-iron distance is 21.47 A, while the edge-to-edge distance
is9.84 A. Interestingly, the outer heme of SpNOX is flipped ~180° with
respect to eukaryotic NOXs (Supplementary Fig. 9) and this seems to
be determined by theresiduesinteracting with the propionate groups
inthe structure (Supplementary Fig. 8a).

The C-terminal DH domain is connected to TM6 by a short linker
and shows the canonical ferredoxin-NADP* reductase (FNR) fold:
an FAD-binding lobe consisting of six antiparallel 3-strands form-
ing a B-barrel flanked by an a-helix and an NADPH-binding lobe with
a Rossman-like topology formed by a parallel -sheet sandwiched
between a-helices (Fig. 2a and Supplementary Fig. 10a). When com-
pared to eukaryotic NOXs and csNOXS5 (Supplementary Figs. 8cand 9),

the DH domain of SpNOX shows up to19% sequence identity with a sim-
plified overall architecture. The mainstructural differences accumulate
at the NADPH-binding lobe (Supplementary Fig. 9), where SpNOX
shows an unstructured long linker connecting the parallel 3-strands.
In eukaryotic NOXs, insertions and rearrangements at this site serve
important regulatory functions (for example, the calmodulin-binding
region of NOX5).

SpNOX displays high affinity for FAD (-60 nM) and lower affinity
for other smaller flavins such as flavin mononucleotide'. A clear density
for FAD was well resolved in all maps (Supplementary Fig. 7) inside a
positively charged pocket at the interface of the FAD-binding lobe and
the TM domain (Supplementary Fig. 10b). The DH domain residues
H233,5236,K250,5252,T256 and T297 interact with FAD by hydrogen
bonds (H-bonds), whereas F397 interacts by m-tt stacking with the isoal-
loxazine ring (Fig. 2c and Supplementary Fig.10c). Residues H233 and
S236belongto thestrictly conserved ‘HPF(S/T) motif (Supplementary
Fig.8¢). Theonly directinteractionbetween FAD and the TM domainis
throughmi-ttstacking between the adenine and Y122 (Fig. 2c and Sup-
plementary Fig.10d), whichisstrictly conserved inbacterial NOX-like
proteins (Supplementary Fig. 11). A Y122A mutant was characterized
in the literature and showed a reduced apparent affinity for FAD
and areduced k,,, confirming the importance of this residue in FAD
binding. The adopted geometry of FAD is the same as in NOX2, which
achieves this interaction through the Y122-equivalent residue F202
(Supplementary Fig.10e). Interestingly, this FAD conformationis also
presentinhuman DUOX]I, inspite of the fact that different interactions
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Fig.3| The NADPH-binding site and the SpNOX electron-transfer pathway.

a, Detailed view of the NADPH-binding site at the DH domain of SpNOX. Atoms
within H-bond distance are marked with cyan dashed lines. FAD (gray) and amino
acid side chains (coral) are shown as sticks. b, The lack of specificity toward
NADPH in SpNOX can be explained by the absence of ionicinteractions with the
2’-phosphate, unlike in eukaryotic NOXs including human DUOX1 (PDB 7D3F)°,
inwhich R1424 and R1495 interact with the 2’-phosphate. ¢, The proposed
electron-transfer path within SpNOX. Hemes, FAD, NADPH and the inter-heme
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hydrophobic residues are shown as sticks on the surface of SpNOX. Distances
between the redox cofactors are represented as dashed black lines and were
measured between the nicotinamide and the isoalloxazine ring (7.2 A), between
theisoalloxazine ring and the inner heme lower edge (9.9 A) and between the
edges of the inner and outer hemes (9.8 A).d, F397 sits between the isoalloxazine
ring of FAD and the nicotinamide ring of NADPH, impeding hydride transfer.

e, The nicotinamide ring of NADPH moves closer to the isoalloxazine group of
FAD in the F397A SpNOX mutant.

(mainly salt bridges linking the phosphate from adenine monophos-
phate (AMP) with R1214 and R1131 of the TM domain) are responsible
for forming the interaction with FAD (Supplementary Fig. 10f).

The DHdomainis docked through direct polarinteractions of resi-
duesatthe FAD-bindinglobe, mainly withresidueslocated at the B-loop
and TM6 of the TM domain (Fig. 2d). Moreover, K70 at TM3 interacts
by H-bonds with F399, which, together with K398 and K400, is part of
the C-terminal tail of SpNOX (Fig. 2e). A A398-400 mutant showed an
increased Ky, for NADPH and a reduced k., (Supplementary Fig. 14a),
indicating that these residues might be relevant for the docking of the
TMand DH domains and for NADPH binding.

SpNOX NADPH-binding site and electron-transfer pathway
NADPH-bound (2.2-A resolution) and anaerobic NADH-bound (2.4-A
resolution) SpNOX maps showed well-resolved densities for the sub-
strate (Fig. 3 and Supplementary Fig. 7). Aside from the bound sub-
strate, all three structures appear largely the same with only minor
side chain rearrangements (Supplementary Fig. 12a-c,e-g,i-k).
The nicotinamide moiety of NADPH and NADH is accommodated
by H-bonds and hydrophobic interactions inside a cavity generated
by F397 at the C-terminal tail and the strictly conserved ‘XGXGX’ and
‘CG(S/P)’ motifs located at the loop connecting a2 and 38 and at the
loop connecting 310 and a3, respectively (Fig. 3a and Supplementary
Figs. 8¢, 12d,h,l and 13a). A C370A mutant showed an increase in Ky,
confirming the relevance of the ‘CG(S/P)’ motif for substrate binding
(Supplementary Fig. 14b).

Overall, the AMP-binding site of both substrates shows the high-
est number of interactions with SpNOX. Previous structural studies
of NADPH-specific FNR superfamily members, such as DUOXI1 (ref.9),
Anabaena PCC 7119 FNR" and human neuronal nitric oxide synthase
(nNOS)™, showed that the AMP-binding region is critical for coenzyme
specificity because of the presence of at least one arginine residue that
establishes charge-to-charge interactions with the 2’-phosphate group

of NADPH. InSpNOX, this group is coordinated by H-bonds with S348
and Y353 (Fig. 3a), whichis remarkably different to the NADPH-binding
mode of eukaryotic NOXs and other members of the NADPH-specific
FNR superfamily. In human DUOX1, two arginine residues, one analo-
gous to R320 of SpNOX (R1424) and another analogous to Y353 (R1495),
both coordinate the 2’-phosphate by salt bridges (Fig. 3b). In human
NOX2,R513 also occupies the position of Y353 (Supplementary Fig. 8c).
InAnabaena FNR, atyrosine residue analogous to Y353 interacts with
the adenine moiety; however, asin eukaryotic NOXs, the 2’-phosphate
is also coordinated by salt bridges with two arginine residues (Sup-
plementary Fig. 13b). Therefore, NADPH specificity results, at least
partially, from ionic interactions that are absent in SpNOX, which
would explain the lack of substrate specificity. Supporting this, a Y353R
mutant increased the specificity of SpNOX for NADPH fourfold (Sup-
plementary Fig.14c,d). Additionally, the 5’phosphate interacts by a salt
bridge with R320, the adenine moiety is sandwiched between the M375
side chain and the aromatic ring of Y353 and the 3’-OH of the ribose
performs H-bonding with S318 and S348. The nicotinamide-bound
ribose is hydrated by several resolved water molecules but does not
show any direct interaction with SpNOX (Supplementary Fig. 13c).
The comparison of the low-resolution SpNOX crystal structure,
high-calcium NADPH-bound DUOX1and inactive NOX2 from previous
studies® suggests that eukaryotic NOXs may require a tighter interac-
tion between the NADPH-binding and FAD-binding lobes instead of a
large domain motion for efficient hydride transfer. Our comparison
of NADPH-bound SpNOX and high-calcium human DUOX1 (Supple-
mentary Fig.13d,e) further supports this ideaand suggests a potential
role of an NOX-conserved positively charged residue (DUOX R1337 and
SpNOXK250; Supplementary Fig. 8c) that allows the nicotinamide ring
to approach the isoalloxazine ring by forming a salt bridge with the
phosphate adjacent to the ribose (Supplementary Fig. 13f).

The apparent electron-transfer pathway of SpNOX corresponds to
the previously described electron pathways of NOX proteins: NADPH >
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Fig.4 | SpNOX displays a highly solvent-exposed outer heme and two
putative oxygen-binding sites. a, SpNOX (cartoon representation, blue)
presents an outer heme more solvent exposed than eukaryotic NOXs such as
NOX2 (cyan; PDB 8GZ3)'° or DUOX1 (purple; PDB 7D3F)° because of a lack of
extracellular domains or large loops. b, Side view of the extracellular loops
of SpNOX. ¢, Top view of SpNOX surface showing the solvent-exposed outer

Outer heme

heme. d,e, Two different putative oxygen-reduction centers were identified in
SpNOX, one formed by N84, N101 and Y105 (d), and another formed by H83 and
S86 (e). The distance between the coordinated water molecules (red sphere and
density) and the outer heme is shown as ablack dashed line. Atoms within H-bond
distance are marked with cyan dashed lines.

FAD ~ inner heme - outer heme - O, (refs. 7-11). The distance between
the isoalloxazine ring and the lower edge of the inner heme is 9.9 A,
whereas the edge-to-edge distance between hemes is 9.8 A (Fig. 3c).
The space between the two hemes is partially occupied by a cluster of
hydrophobicaminoacids thatincludes the aromatic residues F107 and
Y136.F107 occupies asimilar position to a conserved aromatic residue
present in other NOXs (F215 in human NOX2, F1097 in human DUOX1
and W378in csNOXS5). Mutational analysis in mouse DUOX1and NOX2
(ref. 8,11) showed that thisamino acid could be the preferred route for
electron transfer betweenthe hemes. Here, we analyzed the activity of
an F107L mutant and an F107L;Y136L double mutant (Supplementary
Fig.14e,f). Contrary tothe previous observationsin eukaryotic NOXs,
we did not detect any notable reduction of SpNOX activity. These
results indicate that, in SpNOX, neither F107 nor Y136 is required for
efficient electron transfer and suggest that the loss of activity in other
NOXs could be the consequence of aless optimal hydrophobic environ-
mentor structural rearrangements. Thisis in agreement with previous
observations that electron tunneling between redox centers separated
by distances below 14 A occur at rates fast enough not to be a limiting
factor for substrate turnover”.

Our substrate-bound structures represent aninactive state of the
enzyme, as deduced by a7.2-A core-to-core distance between the nico-
tinamide C4 and the isoalloxazine N5, too long for efficient hydride
transfer (Fig. 3¢,d), which should require distances consistent with
simultaneous bond breakage and formationin the transition state'*™,
Thefactthataproductive structure could not be solved may indicate
that the active state is transient and, thus, sparsely populated. In
our inactive conformations, F397is stacked between the nicotinamide
and theisoalloxazinerings (Fig. 3d), suggesting that during turnover
a conformational change involving, at least, the displacement of the
F397 lateral chain is required for hydride transfer. Remarkably, an
analogous C-terminal aromatic residue is conserved within other
members of the FNR superfamily including plant-type FNRs, NOSs and
cytochrome P450 reductases'” >, Extensive structural and biochemi-
cal studies have suggested that the displacement of this residue is

highly thermodynamically unfavored and may act as the rate-limiting
step for flavin reduction®?*2°, This residue may also contribute to the
regulation of NADPH-binding affinity and specificity and to the stabi-
lization of the FAD semiquinone state**. Substitution of the C-terminal
tyrosine of plant-like FNRs to a nonaromatic residue such as alanine
or serine substantially increased the affinity for NADP* and NADPH
and induced an enzyme state with productive flavin—nicotinamide
interaction'®. However, in other FNR superfamily members such as
humannNOS, suchasubstitution did notlead to alarge change in the
binding affinity for NADPH, although it increased the k., for NADH*.
Here, we analyzed the steady-state kinetics of an F397A SpNOX mutant
(Supplementary Fig.14g). Similarly to nNOS, we did not observe alarge
effect on the Ky, which suggests that F397 does not have a major role
in the control of NADPH-binding affinity in SpNOX. As for the F397S
SpNOX mutant described in the previous study'?, we observed a mod-
erateincreaseink_,, which could be explained by the elimination of the
F397 displacement step. These data are supported by further analysis
of a cryo-EM structure of the F397A mutant bound to NADPH under
turnover conditions at 2.64-A resolution (Table 1, Fig. 3e and Sup-
plementary Fig. 5). Density can be observed for the bound substrate
but, compared to the other substrate-bound structures described
here, the nicotinamide is closer to the isoalloxazine ring (Fig. 3e and
Supplementary Fig. 12i-k). The absence of the large side chain of
F397 allows NADPH to take up a productive conformation in SpNOX,
asseen previously for pea FNR Y308 mutants'®. In this conformation,
the nicotinamide ring does not lie parallel to the isoalloxazine ring
butata-26°angle (Fig. 3e).

A search for potential oxygen-reduction centers close to the
outer heme-binding pocket revealed a strikingly high degree of
exposure of the outer heme to the extracellular space, which ismore
buried within the structure of other NOXs by long extracellular loops
or domains (Fig. 4a)%". In SpNOX, the extracellular loops (A-loop,
C-loop and E-loop) fold away from the heme cavity, directly expos-
ing the outer heme to the solvent (Fig. 4b,c). In fact, although all
putative oxygen reaction centers previously described for NOXs
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Fig. 5| Schematic view of the proposed catalytic cycle of SpNOX and its
mechanism of hydride transfer. a-d, Overall schematic view of SpNOX catalytic
cycle. FAD-bound SpNOX is ready for NADPH-binding (a). Once the nicotinamide
ring interacts with F397 (b), the enzyme can catalyze hydride transfer (c), which
canbedivided into several simplified steps: a conformational change involving,
atleast, the partial displacement of F397 (c1); the movement of the nicotinamide
ring close enough to the isoalloxazine ring of FAD to perform hydride transfer

and generate reduced FAD (FADH,) (c2); in unknown order, the exit of NADP* and
the rearrangement of F397 (c3) to its original position (c4). Then, FADH, transfers
single electrons through the TMD-bound hemes to an acceptor molecule (in this
case, two molecules of O,) (d). Finally, SpNOX goes back to the resting state (a).
Importantly, although here depicted after c4 for simplicity, electron transfer (d)
may happen at any time after c¢2. Dashed gray arrows indicate electron or hydride
transfers. Black arrows in cindicate amino acid rearrangements.

showed a similar conformation involving two histidine residues,
an arginine and a propionate group of the outer heme®™", we did
not find any similar O,-binding site in SpNOX. However, a closer
examination of the outer heme-binding pocket revealed a small cav-
ity below the C-loop occupied by an ordered water molecule. This
water molecule, which forms H-bonds with N84, N101and Y105, could
be occupying an O,-binding site within efficient electron-transfer
distance to the outer heme (Fig. 4d). A potential path for O, or O,~
entry and exit at this site was found using Hollow?, taking the mod-
eled water molecule as the starting point (Supplementary Fig.13g).
However, N84A and Y105F mutants did not display a notable change
in cytochrome c reduction or NADPH oxidation activity compared
to WT (Supplementary Fig. 14h-j), suggesting that this site may
not beanactual oxygen-reduction center. We also identified another
putative O,-binding site composed of S86 and heme-coordinating
H83. Both amino acids are highly exposed to the solvent and coor-
dinate a water molecule that could be occupying the O,-binding
position (Fig. 4e).

Discussion

Phylogenetic analyses of the FRD-containing superfamily of proteins
indicate that the NOX family emerged early in evolution through the
fusion of abacterial FRD-containing protein with an FNR protein’. This
hypothesisissupported by the recent discovery of NOX-like homologs
in bacteria and the biochemical characterization of a member of this
new group, SpNOX*®. The cryo-EM structures of this protein presented
here provide further relevant details about its catalytic mechanism and
add new insights into the electron-transfer pathway of NOXs.

S. pneumoniaeis a Gram-positive, aerotolerant anaerobic bacte-
riumthatis part of the human nasopharyngeal microbiotabut can cause
seriousinfections®. The mechanisms by which it deals with oxygenand
ROS have been extensively studied” 2. Remarkably, S. pneumoniaeis
ableto producelarge amounts of H,0, that appear to promote infection
by damaging epithelial cellsand other microorganisms of the respira-
torytract®?**. Nevertheless, contrary to eukaryotic cells, which tightly
regulate ROS production by NOXs, S. pneumoniae produces H,0,as a
metabolic byproduct of enzymes such as the pyruvate oxidase SpxB*.
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Whether bacteriause SpNOX-like proteins for dedicated ROS produc-
tioninvivoisunresolved. An SpNOX-knockout strain of S. pneumoniae
was reported to display no discernible phenotype in pure culture®.

Animportant characteristic of SpNOX s its constitutive activity
in vitro, a feature only shared by mammalian NOX4 homologs. The
exact structural basis for this feature remains unknown but pub-
lished cryo-EM structures of eukaryotic NOX show a highly flexible
DH domain whose conformational state is believed to respond to
regulatory signals (for example, calcium in DUOX1 or cytosolic fac-
torsin NOX2)*". The structures we obtained suggest that, in SpNOX,
the DH domain forms very stable contacts with the TM domain even
in the absence of substrate or native lipids, as deduced by the high
resolution achieved for both DH and TM domains in a consensus
refinement. Therefore, the stability of the interaction of the DH and
the TM domains could be amajor mechanism to achieve constitutive
activity in NOX proteins. Both our substrate-bound structures reveal
anunproductive conformation for hydride transfer, providingimpor-
tant detail of the catalytic mechanism of SpNOX. As for other mem-
bers of the FNR superfamily, a transient displacement of a C-terminal
aromatic residue is necessary to perform hydride transfer®*?, This
is supported by an increase of the turnover rate in an SpNOX F397A
mutant, for which our structure shows a productive conformation
ofthe nicotinamide (Fig. 3d,e and Supplementary Fig.12). Molecular
dynamics simulations similar to those already described for Ana-
baena FNRY303 (refs. 16,35) would aid in our understanding of F397
displacement in SpNOX'**, which is disfavored for F397W mutants,
resulting ininactivation'. A schematic view of the proposed SpNOX
catalytic cycle is depicted in Fig. 5. Interestingly, a similar catalytic
role was proposed for a strictly conserved phenylalanine residue at
the C terminus of eukaryotic NOXs*. However, none of the published
structures could show this residue interacting with FAD. In csNOXS5,
the hyperstabilizing substitution used for crystallization of the DH
domain seems to prevent F693 from folding natively’. Ininactive NOX2
complexes, the C-terminal residues could not be resolved because of
flexibility'®". In the high-calcium state structure of human DUOX1,
F1551 does not interact with FAD and adopts a different conforma-
tion far away from the nicotinamide ring. Nevertheless, the distance
between the nicotinamide and the isoalloxazine rings is longer than
10 A, indicating that DUOX1 activation could involve further confor-
mational changes’.

Despite the large evolutionary distance between eukaryotic NOXs
and SpNOX-like bacterial NOXs, our structuraland biochemical analy-
ses of SpNOX reveal a highly similar domain organization and fold. This
indicates that preserved structural motifs such as the hydrophobic cleft
between the inner and the outer heme could be essential for efficient
function of the complex. SpNOX also displays relevant specific features
not present in eukaryotic NOXs. For example, it lacks the canonical
amino acids that configure the potential oxygen-reduction centerinthe
available structures of eukaryotic and cyanobacterial NOXs. Structural
analysis revealed two putative oxygen-reduction centers (Fig. 4d,e)
with an unusual configuration when compared to other reduction
centers previously described in flavoenzymes with oxidase activity*®.
These amino acids are notstrictly conserved inother putative bacterial
NOXs (Supplementary Fig. 11) but a similar amino acid configuration
tothe putative center formed by N84, N101and Y105 could be foundin
several SpNOX-like proteins by analysis of their structures predicted
by AlphaFold 2 (AF2)* (Supplementary Fig. 15). However, mutational
analysis of these residues did not show areductioninthe activity (Sup-
plementary Fig. 14h-j), indicating that NOX activity of SpNOX could be
independent of this site. Therefore, we cannot exclude that oxygen is
notthe physiological electron acceptor of bacterial SpNOX homologs.
The highly exposed outer heme of SpNOX is a feature shared with the
protein-methionine-sulfoxide reductase heme-binding subunit MsrQ*.
MsrQis considered an ancestor of the FRD superfamily and is part of the
MsrPQ system of Gram-negative bacteria’, transferring electrons from

the quinone pool to the periplasmic subunit MsrP, which finally reduces
methionine sulfoxide residues of periplasmic proteins. Although the
SpNOX TM domain shares only 22% identity with E. coli MsrQ, a com-
parison betweenthe E. coliMsrQ AF2 model and substrate-free SpNOX
revealed asimilar structure (Supplementary Fig.16). Remarkably, the
extracellular region of MsrQ, which is the interaction site of the elec-
tronacceptor MsrP, is solvent exposed at the heme-binding cleft. The
fact that SpNOX shows an even more solvent-exposed extracellular
region (Fig. 4b,c and Supplementary Fig.16c-e) could indicate thata
potential protein acceptor exists for this protein. This would also be
supported by the fact that SpNOX can directly reduce cytochrome ¢
and SOD efficiently, as deduced by our (an)aerobic activity assays (Sup-
plementary Fig. 1e,f). Another relevant characteristic of SpNOX s its
lack of specificity toward NADPH or NADH. Further functional assays
are needed to identify the physiological role of this protein and other
bacterial NOX homologs.

A major achievement of our study is the determination of
high-resolution cryo-EM structures of SpNOX despite its relatively
smallsize (46 kDa). The fact that we were able to obtain high-resolution
reconstructions of such asmall membrane protein without the use of
afiducial (for example, a protein-specific nanobody) illustrates the
impact of ongoing developments in microscope, detector and software
capabilities that continue to push the boundaries of what is possible
by single-particle cryo-EM.Important factorsinour result are likely to
include the production of a highly stable and homogeneous sample
(SupplementaryFig.1a,b), extensive sample optimization for optimal
particledistributionin thinice (Supplementary Figs.2-5), the use ofa
Krios G4 microscope with a cold field-emission gun for data collection,
ahighly stable and low-aberration energy filter*® and a Falcon 4 detector
with high detective quantum efficiency*’, the use of holey gold grids
to reduce beam-induced motion* and a partially rigid structure that
allows particle alignment.

These high-resolution structures, in substrate-free and stably
reduced forms and under turnover conditions, reveal important new
detail about the catalytic activity and the electron-transfer pathway of
this enzyme, shedding light on bacterial NOX homologs and similarities
and differencesto eukaryotic NOXs. A complete structural understand-
ing of this emerging model enzyme caninform functional studies and
drug-discovery experiments involving NOX proteins.

Note added in proof: After submission of the revised version of this
article, a structure of the activated-state human NOX2 complex was
publishedin which the C-terminal F570 lies between FAD and NADPH,
supporting a conserved role for this residue*.
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Methods

Protein expression and purification

An E. coli codon-optimized sequence encoding the S. pneumoniae R6
strain NOX (2-400, Q8CZ28_STRR6), with an N-terminal 6xHis-tag fol-
lowed by aPreScission cleavage site, was purchased from GenScriptand
subcloned between the Ncol and EcoRl sites of the pET-28a plasmid. For
the generation of mutants, primers with overlapping sequences (Supple-
mentary Tables1and 2) were designed to generate point mutations with
the NEBuilder HiFi DNA Assembly mix (New England Biolabs). WT protein
expressionwas performedin OverExpress C41(DE3) E. coli cells. Cultures
grown in Terrific broth at 37 °C were induced in the exponential phase
(optical density at 600 nm, 1.0) by the addition of 0.2 mM IPTG. The
cultures were supplemented with 0.5 mM &§-aminolevulinic acid (TCI)
to maximize heme incorporation. After 4 hat 37 °C and 140 r.p.m., the
cellswereharvested and flash-frozeninliquid N, for later use. For protein
purification, the frozen cell pellets were thawed onice and resuspended
inlysis buffer containing 50 mM Tris-HCIpH 7.0 and 300 mM NaCl sup-
plemented with bovine DNase I, 1mM PMSF and 5 pg ml™” aprotinin,
leupeptin and pepstatin (10 ml per 1-g cell pellet) at room temperature
for 30 min. Resuspended cells were lysed on ice using an ultrasonic
homogenizer (Bandelin) with three cycles at 40% amplitude with1s on
and 1s off for a total of 6 min. All subsequent steps were performed at
4 °C.Thecell debris was pelleted by centrifugation at12,108gfor 30 min.
The membranes were isolated from the supernatant by ultracentrifuga-
tion at 185,511g for 1 h. Then, membrane pellets were resuspended in a
Dounce homogenizer inlysis buffer. Once resuspended, the sample was
supplemented with 0.4% LMNG and gently stirred overnight for solu-
bilization. Nonsolubilized material was removed the next day by ultra-
centrifugation at 185,511g for 30 min. The supernatant was mixed with
Ni-NTAresinequilibrated in lysis buffer and incubated for 2 hwhile gently
rocking. Theincubated resin was thenloaded onto agravity columnand
washed with ten column volumes of lysis buffer supplemented with
5SmMimidazoleand 0.002%LMNG. The protein was eluted with300 mM
imidazole and immediately diluted 1:1 with imidazole-free lysis buffer
supplemented with 0.002% LMNG to avoid aggregation. PD-10 columns
(GEHealthcare) were used for buffer exchange to 50 mM Tris-HCIpH7.5,
150 mM NaCl and 0.002% LMNG. His-PreScission protease, expressed
and purifiedin house*’, was added to afinal concentration of 0.05 mg ml™
and incubated overnight. The sample was centrifuged at 12,108g for
30 minto pellet aggregates, supplemented with 20 mM imidazole and
loaded onto aNi-NTA gravity column equilibrated in 50 mM Tris-HCI pH
7.5,150 mMNacCl,20 mMimidazole and 0.002% LMNG. The flow-through
volume containing the untagged proteinwas concentrated to10 mg ml™
using Vivacon500 filters (50 kDa, Sartorius) for further purification
using a Superdex 200 Increase 5/150 GL column equilibrated in 50 mM
Tris-HCI pH 7.0, 250 mM NaCl and 0.002% LMNG. Fractions contain-
ing the monodisperse protein were pooled, concentrated for cryo-EM
sample preparation or flash-frozen for future use.

Cryo-EM sample preparation and data collection

All cryo-EM grids were prepared from freshly purified SpNOX con-
centrated to 6 mg ml™ for substrate-free samples and 7.5 mg m1™ for
substrate-present samples and supplemented with1 mM FAD at least
30 min before grid freezing.

Forthe substrate-free structure, 3 pl of SpNOX was directly applied
to freshly glow-discharged R 1.2/1.3 400-mesh UltrAuFoil grids. The
grids were blotted using Whatman 595 blotting paper (Sigma-Aldrich)
for4to 6 sat4 °Cand100% humidity and then plunge-frozeninto liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). A dataset
was collected using a Titan Krios G4 equipped with a cold field-emission
gun, Selectris X filter and Falcon 4 direct electron detector. EPU (ver-
sion 3.2) was used for automated data acquisition of 18,433 movies in
electron event representation (EER) format**. Movies were collected
with a pixel size of 0.573 A and a total dose of 70 e per A% contained in
875 EER frames. The defocus ranged from-0.7 to —2.1 um.

For the NADPH-bound structure, grids were prepared as for the
substrate-free SpNOX except that 2.7 pl of SpNOX was mixed with
0.3 pl of 10 MM NADPH and immediately applied to glow-discharged
R1.2/1.3400-mesh UltrAuFoil grids inside the Vitrobot chamber. The
amount of time from mixing to plunge-freezing was not longer than
15s. A dataset was collected using the same microscope and imaging
settings as for the substrate-free sample (EPU version 3.3). The dataset
contained 22,259 movies with 1,036 EER frames.

Forthe NADH-bound structure, analiquot of aerobically purified
SpNOXwas putinside an anaerobic chamber (<1 ppm O,; Coy Labora-
tory Products) and mixed with 5 mM NADH froma 50 mM NADH stock.
After 40 min, 3 pl of the sample was applied to glow-dischargedR1.2/1.3
400-mesh UltrAuFoil grids, blotted for 4-5 s at 4 °C under100% humid-
ity and plunge-frozeninliquid ethane using a Vitrobot Mark IV (Thermo
Fisher Scientific). A dataset was collected using the same microscope
and imaging settings as for the aerobically frozen samples (EPU ver-
sion 3.3). The dataset contained 28,143 movies with 938 EER frames.

For the F397A mutant structure, grids were prepared as for the
NADPH-bound structure. First, 2.7 pl of SpNOX was mixed with 0.3 pl
of 50 MM NADPH and immediately applied to glow-discharged R1.2/1.3
400-mesh UltrAuFoil grids inside the Vitrobot chamber. The grids were
blotted for 5-6 s and plunge-frozen in liquid ethane. Four datasets
were collected on two grids using the same microscope and imaging
settings as for the other datasets (EPU version 3.4). Plasmon imaging
was used to efficiently select holes with the optimalice thickness*. The
datasets contained 21,851, 9,538, 6,332 and 7,415 movies with 924, 899,
1,008 and 994 EER frames, respectively.

Image processing

Detailed workflows for each dataset are shown in Supplementary
Figs.2-5. Processing of the substrate-free dataset started by importing
allmoviesinto RELION-4.0 (ref.46) and the raw movies were fractioned
to1.04 e per A2per frame, motion-corrected and dose-weighted using
RELION’s implementation of MotionCor2 with 5 x 5 patches*. CTF
parameters were estimated with CTFFIND4.1 (ref. 48). Micrographs
were then selected on the basis of a maximum 4.0-A contrast transfer
function (CTF) resolution estimate and a defocus value between —0.5
and -2.5 pm. For particle picking, different programs and models were
used in parallel. After classification and removal of ‘junk’ particles, the
particle sets fromthe different strategies were merged and duplicates
wereremoved. Particles were picked with two trained Topaz models*,
aswellasarefinedstandard crYOLO*® model, fromall motion-corrected
micrographs. The Topazmodels were trained ona previous dataset that
didnotyield ahigh-resolution reconstruction. The crYOLO model was
refined with~-800 manually picked particles from selected micrographs
of the substrate-free dataset. A picking threshold of 0.1 was used for
crYOLO picking. Picked particles were extracted with a 256-pixel box
size and downsampled to 56 pixels. Topaz particles were extracted with
afigure of merit (FOM) threshold of -1.5. The particles were imported
into cryoSPARC (version 3.2)* and subjected separately to several
rounds of two-dimensional (2D) classification. Initial models were
generated from 1,000,000 particles of the crYOLO particle set. The
initial models were used as references for a heterogenous refinement
for each particle set with three references. The classes representing
the protein were transferred to RELION format before being merged
toremove duplicate particles, resultinginal,160,039-particle dataset
that wasre-extracted in abox of 320 pixels downsampled to 72 pixels.
Particle transfer between RELION and cryoSPARC was performed by
the UCSF pyem program package®. Several rounds of nonuniform (NU)
refinementand re-extractioninalarger particle box with less downsam-
pling were performed followed by local and global CTF refinement that
resultedina2.65-A reconstruction using a 448-pixel box downsampled
to 256 pixels. A large extraction box was necessary to capture all the
delocalized signal of the protein particle. Several rounds of heter-
ogenous refinement, CTF refinement and RELION-assisted particle
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polishing®resultedinan NU refinement resolved to2.40 A. A final local
refinement with a tighter mask resulted ina2.29-A final reconstruction
from 379,972 particles sharpened with a Bfactor of -80.1 A2.

Processing of the turnover conditions with NADPH present started
by importing all movies into RELION-4.0 and the movies were frac-
tioned to1.04 e™ per A’ per frame, motion-corrected and dose-weighted
using RELION’s implementation of MotionCor2 with 5 x 5 patches.
Subsequently, CTF parameters were estimated using CTFFIND4.1and
micrographs were selected on the basis of a maximum of 3.5-A CTF
resolution estimate and a defocus value between —0.5and -2.5 pm. The
same three particle picking models and parameters were used as for
the substrate-free dataset. The particles were extracted in a 256-pixel
box and downsampled to 56 pixels. For the Topaz picked particles, an
FOM threshold of -1.5 was used. The particles were imported into cry-
0SPARC (version 4.0) and subjected to two rounds of 2D classification.
Oneofthethree particle sets was used to generate four initial models,
of which three were used for subsequent heterogenous refinement
for each particle set after 2D classification. The SpNOX-representing
classes were transferred to RELION using the UCSF pyem program
package. The particles were merged and duplicates removed before
re-extractioninalarger box with smaller downsampling. The particles
were then imported into cryoSPARC and another ab initio step was
performed to classify the particles into two classes before several
rounds of NU and CTF refinements with increasingly larger extraction
box size and smaller downsampling. RELION-assisted particle polish-
ing and several iterative rounds of heterogenous refinement resulted
in an NU refinement reconstruction reaching 2.25 A using 591,137
particles in a 448-pixel box downsampled to 280 pixels and a loose
maskincluding the detergent micelle. A subsequent local refinement
with a tight mask excluding the detergent micelle resulted in the final
reconstruction reaching 2.20-A nominal resolution sharpened with a
Bfactor of -74.8 A,

Processing of the dataset under stably reducing conditions with
NADH started by importing the raw movies into RELION-4.0. The mov-
ieswere fractioned to1.04 e” per A per frame, motion-corrected using
5 x 5 patches and dose-weighted using RELION’s implementation of
MotionCor2. The CTF parameters were estimated using CTFFIND4.1.
Micrographs with a maximum of 3.5-A CTF resolution estimate and
a defocus value between —0.5 and -2.5 pm were selected. The same
particle picking models as for the other datasets were used. Particles
were extracted ina256-pixel box and downsampled to 56 pixels. Topaz
particles were extracted with an FOM threshold of -1.5. The particles
were transferred to cryoSPARC (version 4.0) for 2-3 rounds of 2D
classification. Using one particle set, three initial models were gener-
ated and these were used for a heterogenous refinement of all three
particles sets independently. The SpNOX representing classes were
transferred to RELION using the UCSF pyem program package. The
particle sets were merged and duplicate particles were removed. The
resulting particle set was re-extracted with a larger box size and less
downsampling and then transferred to cryoSPARC. Several rounds of
heterogenous, NU and CTF refinements, multiple re-extractions in a
larger box with progressively less downsampling and RELION-assisted
particle polishing resulted inafinal particle set of 697,514 particles. The
final NU refinement with aloose mask resulted ina2.42-A reconstruc-
tionand the subsequent local refinement resulted in a2.36-A nominal
resolution reconstruction sharpened with a Bfactor of =79.9 A,

Processing of the four F397A mutant datasets started with the
importofthe raw moviesinto RELION-4.0 using separate optics groups.
The raw movies were motion-corrected and fractionated to 0.98,1.03,
0.972 and 0.98 e per A% per frame, respectively, and dose-weighted
using RELION’s implementation of MotionCor2. The CTF parameters
of the micrographs were estimated using CTFFINDA4.1. A selection
of micrographs was made on the basis of 4-A maximum CTF resolu-
tion and defocus values between —0.5 and -2.5 pm. The same par-
ticle picking models were used as for the other datasets. Particles

were extracted using a 256-pixel box downsampled to 56 pixels. The
particles picked using Topaz were extracted with an FOM of -1.5. All
particles from different datasets picked using the same model were
merged. The particle sets wereimported into cryoSPARC (version 4.0)
for two rounds of 2D classification. Three initial models were generated
and used as references for around of heterogeneous refinement. The
SpNOX-representing classes were reimported into RELION and merged
before duplicate particles were removed. The resulting particle set
was subjected to iterative rounds of NU local refinement, CTF refine-
ment, heterogeneous refinement, re-extractioninto larger boxes with
less downsampling and RELION-assisted particle polishing. The final
particle set contained 546,234 particles. The final NU refinement with
aloose maskincluding the detergent micelle reached 2.73 Aand asub-
sequent local refinement using amask excluding the detergent micelle
resulted ina2.64-A nominal resolution reconstruction sharpened with
aBfactor of-105.4 A%,

Model building

Forthe SpNOX apo model, the structure predicted by AF2 (ref. 37) was
used as aninitial model. UCSF ChimeraX (version1.7)**was used to rig-
idly fit the model in the density map. The program Coot> was used to
placethe cofactorsandtoinspect and adjust all coordinates manually.
Several iterative rounds of Phenix (version1.20) real-space refinement™
and manual adjustmentin Coot (version 0.9) were performed until the
stereochemistry was good and fit the cryo-EM density map as assessed
with Phenix, MolProbity (version 4.5)°” and Q-score™.

The substrate-bound models were built using the substrate-free
model asaninitial model except for the F397A model, where the NADPH
model was used as aninitial model. The respective substrates were fit
into the density using Coot. Several iterations of Phenix real-space
refinement and manual adjustment were performed until the stereo-
chemistry and fit in the density map were satisfactory as assessed by
Phenix, MolProbity and Q-score.

For structural comparison, models were aligned using the Match-
maker toolin UCSF ChimeraX. Cavities were calculated and drawn using
Hollow (version1.3)” with a1.1-A probe radius. Finalized models were
visualized using UCSF ChimeraX. Electrostatic potential was calculated
using the adaptive Poisson-Boltzmannsolver tool (version 3.4.1)* and
visualized in UCSF ChimeraX. Search of bacterial NOX-like proteins
was performed using the basic local alignment similarity search tool
in UniProt®® against the UniProtKB and Swiss-Prot databases with
default settings and bacteria (eubacteria) as the taxonomy restrictor.
AF2models were downloaded from the AF Protein Structure Database
(AF DB)*"*", Sequence alignments were performed with PROMALS3D
(ref. 62) and visualized using the ENDscript server®, Sequence identity
and similarity (using GAVLI, FYW, CM, ST, KRH, DENQ and P as default
similarity groups) were calculated using the Sequence Manipulation
Suite (version 2)°*.

Activity assays

The NOX activity of SpNOX was measured using the cytochrome ¢
reduction assay as previously described®, with some modifications.
Thereactionwas performed at room temperature in a final volume of
0.5mlin50 mM Tris pH 7.0 and 250 mM NaClwith 100 pM bovine heart
cytochrome c (Sigma). Before the assay, the solution was supplemented
with 0.1 uM SpNOX and1 pM FAD from 50 uM and 10 mM stocks, respec-
tively. The reaction was triggered by the addition of NADPH or NADH
from 25 mM stocks and the reduction was followed by measuring
the absorbance at 550 nm using a spectrophotometer (Varian Cary
50). When indicated, bovine SOD (recombinant; Sigma) was added
from a >50,000 U per ml stock prepared in assay buffer. Anaerobic
cytochrome cand SOD reduction was measured with 0.05 pM SpNOX
using aNanodrop One with cuvette holder (Thermo Fisher Scientific)
inside an anaerobic chamber (<1 ppm O,; Coy Laboratory Products).
Cytochrome c was added to a final concentration of 100 uM and SOD
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was added toafinal concentration of 1,000 U per ml. The oxidation of
NADPH and reduction of cytochrome c were followed by measuring
the absorbance at 340 and 550 nm, respectively. Aerobic and anaerobic
NADPH oxidation was measured using 0.5 M SpNOX and the reaction
was initiated by the addition of 100 pM NADPH. The comparison of
aerobic and anaerobic cytochrome c reduction was measured using
0.5 pMSpNOX, 100 puMNADPH and 100 pM cytochromec.Ironreduc-
tase assays were performed as previously described®®, with some modi-
fications. A standard curve for the ferrozine absorbance coefficient
was generated using Fe"Cl, (Sigma) for each assay. The anaerobic assay
was performed at room temperature inafinal volume of 1 mlin 50 mM
Tris pH 7.0,250 mM NaCl. The sample was supplemented with 0.5 pM
SpNOX, 800 puM ferrozine (Sigma), 100 uM Fe"-EDTA (Sigma) and 5 pM
FAD. Thereactionwas initiated by the addition of 100 uM NADPH. The
reduction of Fe" to Fe" was followed at 562 nm using a Nanodrop One
with cuvette holder. Michaelis-Menten kinetics for Fe" reduction were
measured at room temperature inafinal volume of 0.5 mlwith 50 mM
Tris pH 7.0 and 250 mM NaCl with 800 pM ferrozine, supplemented
with 0.5 pM SpNOX, 1 uM FAD and varying Fe"-EDTA concentrations.
The reaction was initiated by the addition of 200 pM NADPH and the
absorbance at 562 nm was followed using a spectrophotometer. Data
were analyzed and fit using OriginLab.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Atomic models and maps for substrate-free SpNOX were deposited
to the Protein Data Bank (PDB) with accession code 8QT6 and EM
Data Bank with accession code EMD-18644; for anaerobically fro-
zen NADH-bound SpNOX, the model and map are available as 8QT9
and EMD-18646; for NADPH-bound SpNOX under turnover condi-
tions, the model and map are available as 8QT7 and EMD-18645; for
NADPH-bound F397A SpNOX under turnover conditions, the model
and map are available as 8QTA and EMD-18647. Other data and mate-
rials are available from the corresponding authors upon request.
Raw data were deposited to EMPIAR under the following accession
codes: substrate-free SpNOX, 11741; NADH-bound SpNOX, 11743;
NADPH-bound SpNOX, 11742; NADPH-bound F397A SpNOX, 11744.
Sequence alignments were performed against the UniProtkB and
Swiss-Prot databases, which are publicly available. The entries SO0T,
500X,8GZ3,7D3F and 1QUF used in this study were downloaded from
the PDB. Source data are provided with this paper.
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Access & import/export [compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

MXXXXNXNXX s
OoooooQ

Plants

Antibodies

Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.
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Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

D National security
D Crops and/or livestock
D Ecosystems
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|:| Any other significant area




Experiments of concern

Does the work involve any of these experiments of concern:
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Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlIP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.: o . .
Describe-any-authentication-procedures for-each seed stock-used-or-novel-genotype generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. ~ provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI D Used D Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
D D Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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