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Abstract

DUOX1, a NADPH oxidase family member, catalyzes the production of hydrogen peroxide.
DUOX1 is expressed in various tissues, including thyroid and respiratory tract, and plays a crucial
role in processes such as thyroid hormone biosynthesis and innate host defense. DUOX1 co-
assembles with its maturation factor DUOXAL to form an active enzyme complex. However, the
molecular mechanisms for activation and regulation of DUOX1 remain mostly unclear. Here |
present cryo-EM structures of the mammalian DUOX1-DUOXA1 complex, in the absence and
presence of substrate NADPH, as well as DUOX1-DUOXAL in an unexpected dimer-of-dimer
configuration. These structures reveal atomic details of the DUOX1-DUOXAL interaction, a lipid-
mediated NADPH-binding pocket and the electron transfer path. Furthermore, biochemical and
structural analyses indicate that the dimer-of-dimer configuration represents an inactive state of
DUOX1-DUOXAL1, suggesting an oligomerization-dependent regulatory mechanism. Together,
my work provides structural bases for DUOX1-DUOXAL activation and regulation.

Maintenance of reactive oxygen species (ROS) homeostasis is essential to preserve cell
integrity and thus vital for the survival and growth of almost all lifel. ROS generation by
NADPH oxidases (NOXs) is an essential aspect of ROS regulation. Enhanced NOX activity
could cause oxidative stress and thus result in cell or tissue damage and, in some cases, even
organ failure in mammals2. For example, during viral infection, it is proposed that long-time
viral stimulation is prone to eliciting intensive immunological reactions, which includes
increased production of ROS through NOXs in macrophages and neutrophils. The excessive
ROS will not only clear viruses but also damage healthy cells in the lung and even heart,
leading to organ failurel:3-2,
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As a member of the NADPH oxidase family, DUOX1 catalyzes the production of hydrogen
peroxide (H,0,) and plays a crucial role in innate host defense and thyroid hormone
biosynthesis®. Mammals encode seven NADPH oxidases: NOX1-5 and DUOX1-2. All
NOX members share conserved structural features, including an NADPH-binding domain
(NBD), a FAD-binding domain (FBD) and a 6-TM ferric oxidoreductase domain (FRD) and
catalyze cross-membrane electron transfer from NADPH to oxygen2. Among the seven
NOX proteins, DUOX1-2 and NOX4 generate hydrogen peroxide, while the rest produce
superoxide’. DUOX1, as well as DUOX2, was first identified thyroid NADPH oxidases that
are important for the thyroid hormone production8-11, DUOX1 and DUOX2 share ~85%
sequence homology and both contain additional N-terminal peroxidase homology domain
(PHD) and cytosolic EF-hands. In addition to thyroid glands, DUOX1 is also found in
airway epithelial cells and contributes to the innate host defensel213,

Maturation and activation of DUOX1 require DUOX activator 1 (DUOXA1)14, DUOXAL1 is
a transmembrane glycoprotein, expression of which rescues the catalytic function of
DUOX1 in reconstituted systems. DUOXA1 regulates DUOX1 by promoting its ER-to-
Golgi transition, maturation, translocation to the plasma membrane and protein stability1>:16,
Yet how DUOXAL associates with DUOX1 and regulates its function remains largely
unclear.

The catalytic activity of DUOX1-DUOXAL complexes is tightly regulated. DUOX1-
DUOXA1 mediated H,0, production is Ca2*-dependent. DUOX1 contains cytoplasmic EF-
hand motifs, and mutations of calcium-binding residues abolish enzymatic activities of
DUOX1-DUOXA1 complexes!’=19. The function of DUOX1-DUOXA1 complexes is also
modulated through post-translational modifications. For example, N-glycosylation of
DUOX1 and DUOXAL is essential for protein maturation, and phosphorylation of DUOX1
could boost H,0, productionl8. Furthermore, the dimerization of DUOX1 PHD domains has
been reported?0, yet it is not clear whether full-length DUOX1-DUOXA1 complexes could
also adopt a dimer-of-dimer configuration, and if so, what the physiological significance of
such arrangement is.

Here | report cryo-EM structures of mouse DUOX1-DUOXA1 complexes in NADPH-free,
NADPH-bound and dimer-of-dimer states, providing structural mechanisms underlying
DUOX1-DUOXAL1 activation and regulation and molecular insights into ROS production.

Structure of the mouse DUOX1-DUOXA1 complex

| first carried out structural studies of the mouse DUOX1-DUOXAL complex in the absence
of NADPH using single-particle cryo-EM analysis (Extended Data Fig. 1a,b). Mouse
DUOX1 shares a ~91% sequence identity with its human ortholog. Purified mouse full-
length DUOX1-DUOXAL complexes migrate as two overlapping peaks on size exclusion
chromatography, indicating the presence of DUOX1-DUOXA1 complexes with different
stoichiometries (Extended Data Fig. 1a). Peak position analyses based on estimated
molecular weight suggested that the two peaks likely correspond to heterodimer and dimer-
of-dimer fractions of DUOX1-DUOXA1 complexes. Though the protein sample of the
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second peak was subjected for cryo-EM analysis, it still yielded two structures of DUOX1-
DUOXAL in both heterodimeric and dimer-of-dimer states due to peak overlapping
(Extended Data Fig.1a,b and Table 1).

Here | will first discuss the structure of DUOX1-DUOXAZ1 heterodimer, which was resolved
at an overall resolution of 3.2 A. The final map allowed de novo model building of both
DUOX1 and DUOXAL (Fig. 1b). There are also sugar densities for several glycosylation
sites in DUOXAL (Asn84 and Asn109) and DUOX1 (N94, N324 and N534) (Extended Data
Fig. 1d). The resulting complex structure has a dimension of ~145 A x 80 A x 50 A (Fig. 1a
and Extended Data Fig. 1b).

The structure of DUOX1 encompasses an extracellular peroxidase homology domain (PHD),
a transmembrane domain (TMD) and the cytosolic part containing a Ca2*-binding domain
(CaBD), a FAD-binding domain (FBD) and an NADPH-binding domain (NBD) (Fig. 1b).
The key question regarding the PHD of DUOX1 is whether this domain has intrinsic
peroxidase activity. Though the PHD of DUOX1 has an overall architecture of peroxidase
with an RMSD of 1.3 A when superimposed with the bovine lactoperoxidase (LPO, PDB
5B72) (Extended Data Fig. 2a)2, the facts that no heme density is observed in the cryo-EM
map and histidines needed for heme coordination are missing in the putative binding pocket
strongly suggest that the PHD domain of DUOX1 lacks heme-dependent peroxidase activity.
This is consistent with previous biochemical analyses?? (Extended Data Fig. 2b). The
structure also revealed two putative cation binding sites in the PHD of DUOX1. One likely
accommodates a calcium ion, since it is located in the same position where the calcium-
binding site of LPO is (Extended Data Fig. 2c)2L. The other cation binding site is surrounded
by the carboxyl group of Asp397, the hydroxyl group of Thr332 and main-chain carbonyl
groups of Thr332, Arg395 and Val399 (Extended Data Fig. 2d). The TMD of DUOX1
contains seven transmembrane segments (S0-S6): SO has a kink in the middle, and S1-S6
form a ferric oxidoreductase domain (Fig. 1b and Extended Data Fig. 3a). When
superimposed with its bacteria homolog, Cy/lindrospermum stagnale NOX5 (csNOX5),
whose ferric oxidoreductase domain structure has been determined using X-ray
crystallography (PDB 500T)23, the TMD of DUOX1 has longer extracellular S3-S4 and
S5-S6 linkers (Extended Data Fig. 3a). The S3-S4 linker contains a loop-helix-loop
structure that inserts into a membrane-facing pocket of the PHD. The interaction is further
stabilized by a disulfide bond between Cys118 of the PHD and Cys1165 of the S3-S4 linker
(Extended Data Fig. 1c). The CaBD was flexible, and the cryo-EM density was too weak for
model building. The FBD and NBD of DUOX1 will be discussed later.

The cryo-EM map enables the structural building of DUOXAL that includes most of its
extracellular domain and four of the five transmembrane helices (TM1-5) (Fig. 1c). In the
extracellular domain, two short helices are held in a palm-like structure formed by four
strands and one loop. The N-terminal extracellular loop, TM1 and C-terminal loop of
DUOXAL are not “visible” in the current structure.

DUOX1 and DUOXAL interact via three interfaces (Fig. 2). Interface #1, involving PHD of
DUOX1 and the extracellular domain of DUOXAL, buries a surface area of ~987 A2,
Interface #1 involves GIn30 in DUOX1 (Fig. 2), whose mutation in the corresponding
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position (GIn36) of DUOX2, could lead to congenital hypothyroidism?#. It is conceivable
that mutation of GIn36 could disrupt the interaction between DUOX2 and DUOXA2.
Interface #2 mainly involves the S5-S6 linker of DUOX1 and TM3 of DUOXAL, with
contribution from four other residues: Gly1169 and Val1190 of DUOX1 and Leul34 and
Asnl71 of DUOXAL (Fig. 2). In interface #3, S6 of DUOX1 interacts with TM3 and TM4
of DUOXA1 mainly through hydrophobic interactions (Fig. 2).

| observe four intramolecular disulfide bonds: Cys118-Cys1165, Cys345-Cys565, Cys364-
Cys579 of DUOX1 and Cys167-Cys234 of DUOXAL (Extended Data Fig. 1d). The Cys118-
Cys1165 pair has been reported, but previously proposed intermolecular disulfide bridges,
including the one involving Cys579 of DUOX1 that would substantially affect the trafficking
and H,05-generating activity of DUOX1-DUOXAL complexes, were not observed in the
current structure20-25, Instead, Cys579 is spatially distant from the DUOXA1 subunit and
forms an intramolecular disulfide bond with Cys364. It remains puzzling why mutation of
Cys579 but not Cys364 has a significant functional consequence?8.

HEME- and FAD-binding sites

The structure of the DUOX1-DUOXA1 complex revealed all the vital small molecules (two
hemes and one FAD) involved in electron transfer except NADPH. Two heme groups were
observed in the TMD of DUOX1 (Fig. 3a). They are positioned almost orthogonally to the
lipid bilayer and sandwiched within four continuous transmembrane helices S2-S5. A
similar binding mode was also seen in different ferric oxidoreductases (Extended Data Fig.
3b)23:27.28 The heme group on the extracellular side (HEME #1) is coordinated between
His1144 of S3 and His1238 of S5, whereas the other one on the cytoplasmic side (HEME
#2) is sandwiched between His1130 of S3 and His1225 of S5 (Fig. 3b). His1225 is part of a
310 helix within S5, which is likely a conserved feature and has also been observed in the
csNOXS5 structure?3. The metal-to-metal distance of the two hemes is ~20.6 A, and the
shortest interatomic distance is ~8.9 A (Fig. 3b).

Cryo-EM density consistent with a FAD molecule was identified in a positively charged
pocket at the interface between transmembrane and cytoplasmic domains (Fig. 3c,d and
Extended Data Fig. 3c). On the cytoplasmic side, the FAD-binding site is mainly formed by
residues from the FBD (Fig. 3d). On the TMD side, FAD resides in a pocket composed by
the S2-S3 linker, the S4-S5 linker and HEME #2 (Fig. 3d).

NADPH-binding site and the electron transfer pathway

In order to map the complete electron transfer pathway, | then determined the cryo-EM
structure of mouse DUOX1-DUOXAL complex in the presence of NADPH at an overall
resolution of 3.3 A (Table 1). The map shows a potential density corresponding to an
NADPH molecule in the NBD (Fig. 4a and Extended Data Fig. 4a). This extra density
permits modeling of the “phosphor-ADP-ribose” part of NADPH, while there is little density
for the nicotinamide group (Fig. 4a and Extended Data Fig. 4b,c).

Binding of NADPH involves both the TMD and cytoplasmic NBD of DUOX1 (Fig. 4a,b).
The NBD adopts a “Rossmann fold” characterized by an alternating motif of p-a.-p
secondary structures (Extended Data Fig. 4d)2°. A conserved “GXGXG” motif is located in
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the tight loop connecting the first p-strand and a-helix, lying underneath the diphosphate
group of NADPH (Extended Data Fig. 4d). On the membrane side, a lipid molecule with
well-resolved density mediates the interaction between TMD and phospho-ADP-ribose part
of NADPH (Fig. 4a,b and Extended Data Fig. 4c). Without knowing the lipid identity, a
phosphatidylcholine (PC) molecule, the most abundant lipid in cell membranes, was
modeled into the cryo-EM density (Fig. 4a,b). One alkyl chain of the lipid runs along with
the S1 of DUOX1 and the other inserts into the gap between S1 and S3, lying on the top of
the S2-S3 linker (Extended Data Fig. 4e). Intriguingly, two alkyl chains have also been
observed in the csNOXS5 structure in similar locations, suggesting an evolutionary conserved
lipid-binding pocket (Extended Data Fig. 4e)23. The choline group of the lipid molecule
points towards NADPH and directly interacts with its ribose group (Fig. 4b and Extended
Data Fig. 4c).

I then explored the electron transfer path from the cytoplasmic NADPH to HEME #1 using
the Pathways plugin in VMD3%:31, One possible electron transfer pathway was identified as
follows: NADPH — FAD — HEME #2 — Phel1097 — HEME #1. Accordingly, mutations
of Phe1097 reduced H,0, production (Extended Data Fig. 4f). A similar path was proposed
in the csNOXS5 study?3 based on a structural model that was generated using two separately
solved crystal structures of transmembrane (PDB 500T) and cytoplasmic (PDB 500X)
domains of csNOX5. Therefore, a quantitative analysis of the complete electron transfer path
was not possible. Here, by presenting the full-length structure of DUOX1, the position of
structural elements, as well as the distances between them in the electron transfer path are
mapped in atomic detail (Fig. 4c). As such, a complete picture depicting cross-membrane
electron transfer from cytosolic NADPH to a specific oxygen-binding cavity was presented
at the molecular level (Fig. 4c). Of note, the distance between NADPH and FAD (~7.8 A)
was measured in the absence of the nicotinamide group of NADPH. | believe this distance
would be much shorter and in the range of electron transfer if a complete NADPH is present.

Oxygen-reacting center and potential O, entering/H,O5 exiting paths were then analyzed.
Similar to csNOX523, | was able to map a potential oxygen-binding pocket lined by
His1144, His1148, Arg1087 and propionate group of HEME #1 (Extended Data Fig. 3d). In
DUOX1, the presence of the long S3—-S4 linker largely restricted the O, entry or H,O5 exit.
Using the oxygen-binding cavity as a starting point, | explored the possible O, entering/
H,0, exiting paths using a probe radius of 1 A and revealed two possible routes3? (Fig. 4d
and Extended Data Fig. 3e). One path (P1) is surrounded by the S1-S2 linker, S2, the S3-S4
linker and the S5-S6 linker, while the other path (P2) goes through the tunnel shaped by the
S3-54 linker, S4 and the S5-S6 linker. Closer examination of both paths suggests that P1 is
more likely to be physiologically relevant for the following reasons: first, the exit of P1, not
P2 passes through the S1-S2 linker—a structural motif important for substrate release—
mutations in which have been shown to affect the release of ROS by altering product
specificity33 (Fig. 4d); second, the exit of P2 is partially blocked by the membrane bilayer
(Extended Data Fig. 3e); lastly, the tunnel lengths from the proposed oxygen binding site to
extracellular solvent are calculated to be 13.4 A and 22.0 A for P1 and P2, respectively,
suggesting that P1 is a shorter path for substrate entry and product release with lower energy
cost32,
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Structure of DUOX1-DUOXAL1 in a “dimer-of-dimer” configuration

A structure of DUOX1-DUOXAL in a dimer-of-dimer configuration was determined at an
overall resolution of 2.7 A (Extended Data Fig. 1b and Table 1). The cryo-EM map permits
modeling of extracellular domains and TMDs, while cytoplasmic domains were too flexible
to be resolved (Fig. 5a and Supplementary Video 1). Structurally, DUOX1 in the dimer-of-
dimer state shows two major differences: first, the cytoplasmic domain is flexible; second,
the TMD displaces about 6° (Extended Data Fig. 5a), a movement that could potentially
disrupt the interface between the transmembrane and cytoplasmic domains of DUOX1. The
DUOXAL subunit shows one major conformational change—the disordered N-terminal loop
and TM1 become structurally ordered and contribute to the formation of DUOX1-DUOXA1
dimer of dimers (Extended Data Fig. 5b).

The dimer-of-dimer state adopts an X—A-X"-A’ arrangement with a two-fold symmetry axis
running perpendicular to the cell membrane (Fig. 5a). Here, X—A or X’-A’ stands for one
DUOX1-DUOXAL1 heterodimer. A new interface between DUOX1 and DUOXA1 subunits
is formed by multiple structural motifs involving protein, lipid and glycans. First, the N-
terminal extracellular loop of DUOXAL, which was disordered in DUOX1-DUOXAL
heterodimer, wraps around the “neck” of DUOX1 (the region between PHD and TMD) (Fig.
5b,c and Extended Data Fig. 5¢). Second, there are two interfaces in the transmembrane
region: one between TM1-TM2 linker of DUOXAL and the amphipathic helix priming S1 of
DUOX1 and the other between TM1 of DUOXAL and S1 of DUOX1 mediated by a lipid
molecule (Extended Data Fig. 5d). Again, a PC molecule was modeled here in the cryo-EM
map without knowing the lipid identity. Thirdly, linkers connecting p1-p2, 3-p4 and H1-
H2 of DUOXAL are touching the PHD of DUOX1 (Fig. 5¢). The N-acetylgalactosamine
modification on Asn121 of B3-p4 linker is also located on the interface (Fig. 5¢). Lastly, the
glycan chain linked to Asn109 of DUOXAL, which displays a high-mannose linkage with 11
sugar moieties, inserts into the neck region of DUOX1 (Fig. 5¢ and Extended Data Fig. 5c).
Furthermore, this long glycan chain is localized in a position where it bridges together the
N-terminal loop, the lipid molecule and B3-B4 linker of DUOXAL, all of which are
structural motifs that contribute to DUOX1-DUOXAL (X-A’ or X’-A) interaction (Fig. 5c).
In addition to the interface between DUOX1 and DUOXAL, there are direct interactions
between PHDs of DUOX1 (Extended Data Fig. 5e). PHDs of DUOX1 form a homodimer
resembling the dimeric myeloperoxidase (MPO, PDB 1MYP) with an inter-subunit rotation
of ~40° (Extended Data Fig. 5e)34.

A closer examination of the dimer-of-dimer configuration of the DUOX1-DUOXA1
complex strongly indicates that this conformation represents an inactive state of the enzyme
complex. This hypothesis is supported by the following observations. First, cytoplasmic
domains are flexible and not primed for electron transfer (Fig. 5a and Supplementary Video
1). Second, the docking of two DUOX1-DUOXAL heterodimers into the dimer-of-dimer
structure will cause steric clashes between NBDs and between the NBD and FBD (Extended
Data Fig. 6a). Third, the formation of the dimer-of-dimer complex creates an almost
completely sealed solvent cavity, which encapsulates the potential O, entry/H,05 exiting
path (“P1” in Fig. 4d) and could thus hinder the oxygen entry and hydrogen peroxide release
(Extended Data Fig. 6b).
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An activity assay was also carried out to examine the function of purified DUOX1-
DUOXAL complexes in different states. The assay monitors the fluorescence reduction
coupled to NADPH oxidation and H,0, production®16:17 As the two states could not be
cleanly separated, DUOX1-DUOXAL complexes from three different fractions of the size
exclusion chromatography were used in the assay (Fig. 6a). Each fraction is a mixture of
DUOX1-DUOXAL1 in both heterodimeric and dimer-of-dimer states—the earlier the elution
fraction is, the higher the population of the dimer-of-dimer complexes is. Resulted data
showed that protein sample from earlier fractions was less active than later fractions when
the same amount of DUOX1-DUOXAZ1 protein was used (Fig. 6a), supporting the
hypothesis that the dimer-of-dimer configuration represents an inactive state of the enzyme
complex.

Discussion

In this study, | determined cryo-EM structures of the DUOX1-DUOXA1 complex in both
heterodimeric and dimer-of-dimer states. Structural and biochemical analyses led to the
hypothesis posing an additional regulatory mechanism on the DUOX1-DUOXAL complex
through protein oligomerization: activation of DUOX1-DUOXA1 undergoes conformational
changes from an inactive dimer-of-dimer state to a heterodimer active state (Fig. 6b). In the
inactive dimer-of-dimer state, the cytosolic domain of DUOX1 is flexible and not primed for
electron transfer. In addition, the potential O, entering/H,0, exiting path (P1) is embedded
in a large enclosed cavity. In the active heterodimeric state, FBD and NBD of DUOX1 dock
onto the TMD that rotates about six degrees away from the dimer-of-dimer interface, and the
potential O, entering/H,0, exiting path (P1) is fully exposed to the extracellular solvent. In
addition, the N-terminal loop and TM1 of DUOXAL that play a key role in dimer-of-dimer
formation become structurally less constrained. As DUOX1-DUOXA1L and DUOX2-
DUOXAZ2 share high sequence and structural similarities, it is likely that such a regulation
will also be relevant for the DUOX2-DUOXAZ2 complex. Indeed, an equilibrium between
the DUOX2-DUOXA2 heterodimer and dimer of dimer has also been observed using
fluorescence detection size exclusion chromatography (FSEC) (Extended Data Fig. 6c).

Although the question regarding what controls the transition between the DUOX1-
DUOXAL heterodimer and dimer of dimer remains to be answered, the observation that
FAD and NADPH are both located at the interface between the TMD and the cytosolic
domain (flexible in the dimer-of-dimer state) suggests that one or both of the two small
molecules may function as “molecular glue” (Fig. 3d and Fig. 4a,c). Binding of FAD,
NADPH or both could contribute to the docking of cytosolic domains onto TMDs of
DUOX1 and facilitate the transition from dimer-of-dimer to heterodimeric state.
Interestingly, the presence of excess NADPH largely increases the heterodimer to the dimer
of dimers ratio on FSEC (Extended Data Fig. 6d), indicating that NADPH could potentially
play a role in regulating equilibrium between different oligomerization states of DUOX1—
DUOXAL.

DUOX1-DUOXA1 and DUOX2-DUOXA2 distinguish from the rest of NOXs (except
NOX4), for DUOX-DUOXA complexes generate H,O, instead of superoxide (O27) at the
apical surface of epithelial cells’. Compared with csNOX5, DUOX1-DUOXA1 has a similar
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electron transfer path, suggesting there are no significant differences during superoxide
production. Therefore, it is likely that a dismutation reaction occurs in DUOX-DUOXA
complexes to generate H,O,. My structural comparison revealed that heme #1 and the
oxygen-reaction center of DUOX1-DUOXAL are enclosed by the S1-S2, S3—-S4 and S5-S6
linkers and thus have limited access to the extracellular space (Fig. 4d and Extended Data
Fig. 3a,e). In contrast, the extracellular heme and oxygen-reaction center of csNOX5 are
exposed (Extended Data Fig. 6f). Furthermore, the internal cavity formed by extracellular
loops is highly positive-charged (Extended Data Fig. 6g), creating an environment that could
hinder the release of O,™ and facilitate dismutation reactions. The PHD could potentially
contribute to the H,O, production by stabilizing the S3-S4 linker through a disulfide bond
and by maintaining the structural integrity of the internal cavity needed for the dismutation
reaction. This is consistent with the previous observation that the proper modification and
folding of PHD of DUOXs are important for specific production H,0,17. The S1-S2 linker,
a key structural determinant in the conversion of superoxide to H,O», is located at the exit of
the HoO,-exiting path (P1). It is plausible that the histidine-containing S1-S2 linker
functions as a “gatekeeper” to tightly control H,O, release, and perturbation of the S1-S2
linker leads to O, leakage33.

In summary, | determined the cryo-EM structures of the DUOX1-DUOXA1 complex in
three different states: an NADPH-free state, an NADPH-bound state and a dimer-of-dimer
state. These structures uncovered the electron transfer path within an NADPH oxidase and
revealed the structural mechanism underlying DUOX1-DUOXAU1 regulation through protein
oligomerization. Therefore, the work allows mechanistically interpretation of mutations in
DUOX-DUOXA associated with diseases (Extended Data Fig. 6€) and provides a structural
foundation for novel drug development strategies by manipulating the oligomerization state
of the enzyme complex.

Online Methods

Cloning, expression and purification of mouse DUOX1-DUOXA1

cDNAs encoding mouse DUOX1 (Mus musculus. NP_001092767.1) and DUOXAL (Mus
musculus. NP_001292191.1) were purchased from Horizon Discovery. The N-terminal
signal peptide DUOX1 (1-19) was truncated and replaced by an IL2 signal peptide linked
GFP tag, and a preScission protease cleavage site was also engineered between GFP tag and
DUOX136, DUOXA1 was cloned into a BacMam expression vector without any tags
(Extended Data Fig.1a)3’.

Recombinant baculoviruses of DUOX1 and DUOXAL were generated separately using the
Bac-to-Bac system according to the manufacturer’s instructions (Invitrogen). Then P3 virus
mixture of DUOX1 and DUOXA1 (1:1) was used for transfection of HEK293S GnTI™ cells
for protein expression. Briefly, for 1L cultures of HEK293S GnTI™ cells (~2-3x106
cells/mL) in Freestyle 293 media (Gibco) supplemented with 2% FBS (Gibco), about 100 ml
P3 virus mixture was used. Infected cells were incubated at 37°C overnight, and protein
expression was induced by adding 10 mM sodium butyrate. Cells were cultured at 30°C for
another 48-60 hrs before harvest3’.
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2L of cell pellet was resuspended in 50 ml lysis buffer (20 mM Tris pH8.0, 200 MM NacCl, 1
mM CaCly, 2 uM leupeptin, 1 uM pepstatin, 100 uM PMSF and 1 ug/mL aprotinin), and
then solubilized by adding 50 ml detergent mixture LMNG/CHS (8:1 mass ratio, 2% stock
solubilized in 20 mM Tris pH8.0, 200 mM NaCl) to a final concentration of 1 % while
stirring at 4°C for 2 hrs. Solubilized DUOX1-DUOXA1 was separated from the insoluble
fraction by high-speed centrifugation (38,000g for 1 hr), and incubated with 2 mI CNBR-
activated sepharose beads (GE healthcare) coupled with 2 mg high-affinity GFP nanobodies
(GFP-NB)38. The GFP tag was cleaved by preScission protease overnight at 4°C, and
DUOX1-DUOXA1 was further purified by size exclusion chromatography with a Superose
6, 10/300 GL column (GE Healthcare) equilibrated with 20 mM Tris pH8.0, 200 mM NaCl
and 0.06% Digitonin. Fractions of the peak around 15 ml were pooled (Extended Data
Fig.1A), concentrated to 10-12 mg/ml (OD280) using a 100-kDa MWCO centrifugal device
(Ambion) and immediately used for cryo-EM grid preparation. 1 mM NADPH was added to
the protein sample before freezing if needed.

Activity assay

The activity assay of DUOX1-DUOXAL was carried out as previously described with some
modification®16:17_ Briefly, 92 ul buffer containing 20 mM Tris pH8.0, 200 mM NaCl,
0.05% Digitonin, 0.5 mM CaCl, was mixed 2 pl of horseradish peroxidase (HRP, stock
concentration: 0.15 mg/ml), 2 pl scopoletin (stock concentration: 15 pM) and 2 pl of
DUOX1-DUOXAL protein (0.2 mg/ml) or buffer as negative control. The reaction was
started by adding 2 ul NADPH (stock concentration: 5 mM). Scopoletin fluorescence
decrease, which is coupled to H,O, production, was monitor using a plate reader at
excitation/emission wavelengths of 320 nm/420 nm for 30min. Cell-based activity assay was
carried out as previously reportedl’ with some modification. Briefly, HEK293H cells,
transiently transfected with wild-type or mutated DUOX1-DUOXA1 cDNA, were washed
with DPBS and incubated for 1hr in 0.6 ml DPBS (with Mg?* and Ca2*) with 0.3% glucose,
0.03 pg/ml HRP and scopoletin with or without 5 UM ionomycin. At the end of the
incubation, 180 pl of the solution mixture was taken for fluorescence measurement.

FSEC analysis

For FSEC analysis, 6-well dished cultured HEK293 cells are transfected with 2 ug DNA
with DUOX:DUOXA at 1:1 ratio using lipofectamine 3000. Cells were then transferred to
30°C incubator 8 hrs after transfection and incubated for another 48—72 hrs before
harvested. Then DUOX1-DUOXAL expressed cells were resuspended in 20 mM Tris pH8.0,
200 mM NaCl with protease inhibitors and solubilized for 1hr at 4°C using 1% GDN
(Anatrace). NADPH or FAD was added before solubilization if needed. FSEC run was
carried out using the mobile phase solution containing 20 mM Tris pH8.0, 200 mM NacCl
and 0.004% LMNG/CHS (8:1 mass ratio).

Cryo-EM analysis

Cryo-EM grids were prepared with a Vitrobot Mark IV (FEI). Quantifoil R1.2/1.3 holey
carbon gold grids were glow-discharged for 15s. Then 3.5 pL of 10-12 mg/ml protein
sample was pipetted onto the grids, which were blotted for 3s under blot force -3 at 100%
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humidity and frozen in liquid nitrogen-cooled liquid ethane. The grids were loaded onto a
300 keV Titan Krios (FEI) with a K3 direct electron detector (Gatan) and an energy filter.

Images of all datasets were recorded with SerialEM3? in super-resolution mode with a super-
resolution pixel size of 0.54 A and a defocus range of —1.1 to —2.0 ym. Data without
NADPH was collected with a dose rate of 1.09 e/A2/frame, and images were recorded
during a 3 s exposure with 50 ms subframes (60 total frames). The dataset with NADPH was
collected with a dose rate of 1.15 e/A2/frame, and images were recorded during a 4.9 s
exposure with 70 ms subframes (70 total frames).

Super-resolution image stacks were gain-normalized??, binned by 2 with Fourier cropping,
and corrected for beam-induced motion using MotionCor241. Contrast transfer function
parameters were estimated from motion-corrected summed images without dose weighting
using GCTF*2. All subsequent processing was performed on motion-corrected summed
images with dose weighting. About 5,000 particles were manually picked and processed
with reference-free 2D classification in RELION to generate a template*3 for auto-picking.
Auto-picked particles were extracted in RELION#4 and were further cleaned up by multiple
rounds of 2D classification in cryoSPARC*®.

For 3D reconstruction, ab /nitio reconstruction was carried out in cryoSPARC asking for
three classes, which resulted in one DUOX1-DUOXAL heterodimer class, one DUOX1-
DUOXAL dimer-of-dimer class and one “trash” class. Then multiple rounds of heterogenous
refinement were carried out against these three classes to remove bad particles followed by
CTF refinement and non-uniform refinement in cryoSPARC.

Model building and refinement

Models were built in Coof*8. First, homology models of PHD and TMD of DUOX1 were
generated using the I-TASSER server#748 and docked into the cryo-EM map. From this
starting point, manual rebuilding was carried out. The structural model was refined using
phenix.real_space_refine?® with secondary structure restraints and Coot iteratively. Protein
structure quality was monitored using the Molprobity server®. The possible oxygen entering
and hydrogen peroxide exiting paths were calculated using Caver plugin in PyMOL32; the
electron transfer path was predicted using Pathways plugin in VMD. Figures were prepared
using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.)
and UCSF Chimera®l.

Further information on experimental design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data Fig. 1. Structure determination of the DUOX1-DUOXA1 complex

a, Construct design of DUOX1 and DUOXAL used for structural studies and size exclusion
chromatography profile of the DUOX1-DUOXA1 complex. Fractions of second peak (PK2)

in the red box are concentrated and used for single-particle analysis. b, Flowchart of

DUOX1-DUOXAL structure determination. The steps in blue are carried out in cryoSPARC,

ones in green in RELION. In the 2D classification, dimer-of-dimer classes are indicated by
red dashed cycles. c, Interaction between the S3-S4 linker and PHD of DUOX1. The out
leaflet of the membrane bilayer is indicated by a grey line. d, Disulfide bonds and
glycosylation sites of the DUOX1-DUOXAL complex. Sugars and their linked Asn side
chains are shown as sticks and balls. Disulfide bonds are colored in green.
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Extended Data Fig. 2. Structure of the PHD of DUOXL.
a, Superimposition between LPO and PHD of DUOX1. LPO and DUOX1 are colored in

grey and blue, respectively. b, Putative heme-binding site. The possible heme-binding pocket
indicated by a red oval. Positions of Ser326 and Ser108 (colored in brown) are where the
heme-coordinating histidines are located. ¢, The putative calcium-binding site and
surrounding residues. Calcium is indicated by a green sphere. d, A potential ion binding site
and surrounding residues. Cryo-EM density is contoured by grey meshes.
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a, Structural comparison of heme-binding sites between DUOX1 (blue) and ¢sNOX5 (grey).

The transmembrane helices are labeled with S1-S6. b, Structural conservation of heme
coordination in ferric oxidoreductases. DUOX1, ¢sNOX5, Cyto b561 and Dcytb are colored
in blue, grey, light blue and cyan, respectively. ¢, FAD-binding site in 2D representation.

Hydrogen bonds, hydrophobic interactions and cation-r interactions are indicated by
dashes, spokes and vertical dashes, respectively. Residues from FBD, NBD, TMD are
colored in light pink, grey and blue, respectively. d, The putative oxygen-binding site.
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Oxygen is represented by a dashed red oval. e, The possible oxygen entering and hydrogen

peroxide exiting paths.

Nat Struct Mol Biol. Author manuscript; available in PMC 2021 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Sun Page 14

B v
without NADPH with NADPH *

b c
LIPID
o -3 A1125
d v 05
a4 a3 o;"\o ~D1128
< Mo NHy 2.
A R Y10145,< Hioas /O g
B ~F 5
N. o
AN Ay
g5 B4 N NS &
N W
ai a2 5 N
T1455 3
; N

HoN NADPH

e f
4
8.9 & g N 08
@S ) < (<

o 0.6

NAAA [

N

} 0.4

AV

“3 )
0.2

5
o ) "“/hpld ( g) ] lipid
; G
csNOXS puoxt
(PDB 500T) X
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a, Cryo-EM density of DUOX1-DUOXAL with and without NADPH. The potential

NADPH-binding site is indicated by red dashes. b, Structure of an NADPH molecule. c, The
NADPH-binding site. Residues from TMD and NBD are colored in blue and grey,
respectively. The “invisible” nicotinamide group is cycled in a cyan dashed oval. d, Cartoon
and structure of the NADPH-binding site. The conserved glycines on the “GXGXG” motif
are shown as magenta balls. e, The lipid-binding pocket of csNOX5 and DUOX1. Lipid or
alkyl chains are colored in red. f, Functional analyses of F1097 mutations. F1097 is mutated
to Tyr, Ala, lle and Val, and the activity of the mutations are normalized to the wild-type
protein (Data shown are mean and s.d. of n=4 independent experiments).
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Extended Data Fig. 5. Formation of the dimer-of-dimer interface
a—b, Structural comparison of DUOX1 and DUOXAL in heterodimeric and dimer-of-dimer

states. ¢, Interaction between DUOX1 and DUOXAL. Left: interactions between DUOX1
and the N-terminal loop and glycan chain linked to N109 of DUOXAL. Right: cryo-EM
density and cartoon of the glycan chain on N109. d, Interactions between transmembrane
domains of DUOX1 and DUOXAL mediated by a lipid molecule. Left: interaction details.
Right: density of the lipid molecule. e, PHD-PHD interactions in the dimer-of-dimer
configuration. Left: interactions between PHDs of DUOX1. Right: comparison between
MPO dimers and PHD dimers of DUOX1.
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Extended Data Fig. 6. The interface between DUOX1-DUOXAL heterodimers
a, Modeling of two DUOX1-DUOXA1 dimers into the dimer-of-dimer state. Structural

crashes are indicated by red arrows. b, The potential oxygen entering/hydrogen peroxide
exiting paths in the DUOX1-DUOXAL dimer of dimers. ¢, FSEC curves of mouse DUOX1-
DUOXAL (blue), human DUOX1-DUOXAL (grey) and human DUOX2-DUOXAZ2
(orange). d, FSEC curves of mouse DUOX1-DUOXAL (grey), mouse DUOX1-DUOXA1
with NADPH (green) and mouse DUOX1-DUOXAL1 with FAD (orange). e, Modeling of
DUOX2-DUOXA2 complex and mapping of the hypothyroidism disease mutations. f,
Accessibility of the outer heme of csSNOXS5 to extracellular space. The heme molecule is
colored in green, indicated by a red arrow. The csNOXS5 is shown as grey surface. g, The
positively charged environment surrounding the heme molecule (heme #1).
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Fig. 1:

Structure of DUOX1-DUOXAL in the absence of NADPH. a, Cryo-EM map and structural
model of the DUOX1-DUOXA1 complex. DUOX1 and DUOXAZ1 are colored in blue and
orange, respectively (the same color code will be used unless otherwise noted). The
membrane boundary is indicated using grey lines. b, Top: structure and cartoon model of
DUOX1. The PHD, TMD, FBD and NBD of DUOX1 are colored in light blue, blue, pink
and grey, respectively. The CaBD is indicated by a dashed cycle. FAD and hemes are shown
as sticks and colored in magenta and green, respectively. Bottom: the scheme of DUOX1
with domain boundaries shown. FRD stands for and ferric oxidoreductase domain (S1-S6 of
DUOX1). ¢, Structure of DUOXAL. The secondary structures between TM2 and TM3 are
labeled with p1-4 and H1-2.
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Fig. 2:

In?eraction between DUOX1 and DUOXAL. Three major interfaces between DUOX1 and
DUOXAL are zoomed in and shown in dashed boxes. Left, Interface #1 between
extracellular domains with two 170° rotational views. Q30 is shown as a red sphere. Top
right: interface #2 at the extracellular side of the cell membrane. Bottom right: interface #3
at the cytosolic side of the cell membrane.
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Fig. 3:

Hgme- and FAD-binding sites. a, Densities of two heme groups from three different views.
Heme groups are colored in green, densities in grey. b, Coordination of heme groups.
Sidechains of histidines that are involved in ion coordination are shown. The distance
between Fe ions as well as the 31 helix is indicated. ¢, The positively charged FAD-binding
pocket. FAD is colored in magenta. The surface potential (-5 KT/e to 5 KT/e) is calculated
using APBS plugin in PyMOL3. d, FAD-binding site. The density of FAD is shown and
colored in grey. The open book view of the FAD-binding pocket is shown. TMD, FBD and
NBD are colored in blue, light pink and grey, respectively.
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Fig. 4:

The NADPH-binding site and electron transfer path. a, The density of the NADPH.
Densities of the NADPH and a nearby lipid molecule are shown. The FAD, NADPH and
lipid molecules are shown as sticks and balls and colored in magenta, cyan and yellow,
respectively. b, A lipid-mediated NADPH-binding site. Left: the NADPH-binding site.
Right: the lipid-binding site. The NADPH and the lipid are colored in cyan and yellow,
respectively. The side chains of residues surrounding NADPH and lipid molecules within 4

A and last residue of DUOX1 (F1551) are shown as sticks and balls. ¢, The electron transfer
path. Left: distances between players in the electron transfer path are calculated and shown.
Right: a model of electron transfer and H,O,-production reaction. d, The potential oxygen
entering and hydrogen peroxide exiting pathway (P1). Paths are calculated using Caver 3.0.3
plugin in PyMOL.
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Fig. 5:

Structure of DUOX1-DUOXAL in dimer-of-dimer configuration. a, Cryo-EM density map
of DUOX1-DUOXAL in the dimer-of-dimer configuration in three different views.
Unexplained or lipid densities are colored in white. The arrangement of the dimer of dimer
is depicted using cartoon cycles. b, The structural model of DUOX1-DUOXAL in the
dimer-of-dimer configuration. Sugars, lipids and hemes are shown as sticks and balls. c,
Interaction between DUOX1 and DUOXAL. The lipid molecule between DUOX1 and
DUOXAL is colored in black. DUOX1 is presented as surface. TM4 and TM5 of DUOXA1
are not shown for clarity. The N-terminal loop of DUOXAL1 is shown as cartoon with side
chains.
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Fig. 6:

Tr?e dimer-of-dimer conformation of DUOX1-DUOXA1 represents an inactivated state. a,
The activity of DUOX1-DUOXAL from different fractions of size exclusion
chromatography. Left: size exclusion chromatography of the DUOX1-DUOXAL complex.
Fractions taken for activity assay are indicated by arrows colored in blue, green and red,
respectively. Middle: SDS-PAGE of the fractions taken from the left panel. Right: activity of
the fractions from the left panel (same color code). The grey trace is the negative control. b,
A model suggesting activation of DUOX1-DUOXAL from dimer-of-dimer state to
heterodimer state. DUOXAL1 is not shown for clarity. The PHD, TMD, FBD and NBD of
DUOX1 are colored in blue and shown using different shapes. DUOXAL1 is colored in
orange, and its N-terminal loop and TM1 are shown. Red dashed arrows indicate the oxygen
entering or hydrogen peroxide exiting path (P1 in Fig. 4d).
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TABLE 1:

Cryo-EM data collection, refinement and validation statistics

DUOX1-DUOXAL1 (apo) DUOX1-DUOXAL1 (dimer of DUOX1-DUOXAL (with
(EMDB-21962, PDB 6WXR) dimers) (EMDB-21963, PDB NADPH) (EMDB-21964, PDB
6WXU) B6WXV)

Data collection and processing
Magnification 81,000 81,000
Voltage (kV) 300 300
Electron exposure (e~/A2) 65.4 80.5
Defocus range (um) 1.1-2.0 1.1-2.0
Pixel size (A) 1.08 1.08
Symmetry imposed Cc1 c2 C1
Initial particle images (no.) ~2,200,000 1,486,046
Final particle images (no.) 534,337 302,097 667,038
Map resolution (A) 3.2 2.7 3.3

FSC threshold 0.143 0.143 0.143
Map resolution range (A) 3.2-200 2.7-200 3.3-200
Refinement
Initial model used (PDB code) de novo de novo de novo
Model resolution (A) 3.2 2.7 3.3

FSC threshold 0.143 0.143 0.143
Model resolution range (A) 3.2-200 2.7-200 3.3-200
Map sharpening B factor (A2) -135 -105 -125
Model composition

Non-hydrogen atoms 10,410 18,419 10,610

Protein residues 1,303 2,212 1,319

Ligands 4 8 5
Bfactors (A2)

Protein 36.06 67.61 41.73

Ligand - - 30.07
R.m.s. deviations

Bond lengths (A) 0.003 0.006 0.004

Bond angles (°) 0.716 0.694 0.702
Validation

MolProbity score 1.90 1.71 1.82

Clashscore 8.68 3.62 8.23

Poor rotamers (%) 0.19 1.95 0
Ramachandran plot

Favored (%) 93.31 95.18 94.46

Allowed (%) 6.69 482 5.54

Disallowed (%) 0 0 0

Nat Struct Mol Biol. Author manuscript; available in PMC 2021 March 14.



	Abstract
	Results
	Structure of the mouse DUOX1–DUOXA1 complex
	HEME- and FAD-binding sites
	NADPH-binding site and the electron transfer pathway
	Structure of DUOX1–DUOXA1 in a “dimer-of-dimer” configuration

	Discussion
	Online Methods
	Cloning, expression and purification of mouse DUOX1–DUOXA1
	Activity assay
	FSEC analysis
	Cryo-EM analysis
	Model building and refinement

	Extended Data
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	References
	Fig. 1:
	Fig. 2:
	Fig. 3:
	Fig. 4:
	Fig. 5:
	Fig. 6:
	TABLE 1:

