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Structure of human phagocyte NADPH oxidase in the resting state
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Abstract

Phagocyte oxidase plays an essential role in the first line of host defense against pathogens. It
oxidizes intracellular NADPH to reduce extracellular oxygen to produce superoxide anions for
pathogen killing. The resting phagocyte oxidase is a heterodimeric complex formed by two
transmembrane proteins NOX2 and p22. Despite the functional importance of this complex, its
structure remains elusive. Here we reported the cryo-EM structure of the human NOX2-p22
complex in nanodisc in the resting state. The structure shows that p22 is formed by four
transmembrane helices and interacts with NOX2 through its M1 and M4 helices. Hydrophobic
residues on M3, M4, and M5 of NOX2 contribute to the complex formation. Structural analysis
suggests that the cytosolic factors activate the NOX2-p22 complex by stabilizing the
dehydrogenase domain (DH) in a productive docked conformation which is efficient for electron

transfer between DH and the transmembrane domain.
Introduction

NADPH oxidases (NOX) are membrane-bound redox enzymes '. They transfer electrons from
intracellular NADPH to extracellular oxygen to generate reactive oxygen species (ROS),
including superoxide anions and hydrogen peroxide '. There are seven NOX members identified
in humans, including NOX1-NOX5 and DUOX1-2 %, They are involved in broad physiological
processes, such as host defense, cell signaling, protein modification, and hormone synthesis .
The mutations of genes encoding NOX proteins can cause human diseases such as

immunodeficiency and hypothyroidism .

NOX2 is the key catalytic subunit of phagocyte oxidase, which is highly expressed in phagocytes

and is essential for innate immunity °. Resting phagocyte oxidase is a heterodimer composed of
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two multi-pass transmembrane proteins NOX2 (gp91°"°*) and p22°™* (p22) *. Once invading
pathogens are trapped inside the special membrane compartment named phagosomes, a

phosphorylation-dependent signaling cascade activates the cytosolic factors of NOX2, including

7ph0x 7phox 0 phox

p4 , p6 , p4 , and Rac . Activated cytosolic components dock onto and activate the
NOX2-p22 heterodimer, which transfers electrons from intracellular NADPH to oxygen, causing
the respiratory burst of phagocytes. The generated superoxide anions could kill the invading
pathogens inside phagosomes >. In accordance with the key physiological function of NOX2, the
loss-of-function mutations of the NOX2 gene lead to failures of clearance of invading pathogens

due to low level of superoxide anions produced, causing chronic granulomatous disease (CGD)".

Previous studies show that the catalytic core of NOX has a transmembrane domain (TMD) and a
cytosolic dehydrogenase domain (DH)*”. TMD has six transmembrane helices which coordinate
two haems for electron transfer across the membrane >”. DH shares sequence homology to the
ferredoxin-NADP reductase (FNR)*”. DH domain is formed by the FAD-binding sub-domain
(FBD) and NADPH binding sub-domain (NBD)’”. The available crystal structure of the
transmembrane domain (TMD) of homologous csNOXS5 revealed the electron transfer pathway
across the membrane and the oxygen substrate binding site °. Recent cryo-EM structures of the
DUOX1-DUOXAT complex showed how the FAD cofactor and NADPH substrate are bound at
the interface between the DH domain and TMD of DUOX %’. Moreover, the structure of human
DUOX1-DUOXAI in the high-calcium state revealed the conformation of the activated NOX’.
These studies have provided instrumental information about the structure of NOX2. However,
different from NOXS5 or DUOX, the function of NOX2 protein absolutely requires an essential
auxiliary subunit p22 . p22 harbors the docking site for the cytosolic component p47°"* protein

which is crucial for the assembly of NOX2 cytosolic components. The loss-of-function
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mutations of p22 also lead to CGD *, emphasizing its physiological importance. Notably, p22
can also form a complex with NOX1, NOX3, and NOX4 and is essential for the functions of
these proteins. Prior to our current study, the structure of p22 is largely unknown due to the lack
of homology models, and the topology of p22 is controversial because different studies suggest
that p22 has 2 or 3, or 4 transmembrane helices **°. More importantly, how p22 interacts with
NOX1-4 protein remains mysterious. Here we present the structure of the human NOX2-p22

complex in the resting state which uncovers the architecture of this important enzyme.
Results
Structure determination

To measure the superoxide anions released from the NOX2 enzyme, we converted the

10
71040

superoxide anion into hydrogen peroxide using SOD and used the Amplex Red assay
measure the concentration of hydrogen peroxide produced in real-time (Figure 1A). To activate
NOX2 in a cell-free system, we exploited a highly engineered chimeric protein named Trimera,
which contains essential fragments of p47 "% p67""* and Racl for NOX2 activation ''. Using
this assay system, we found that co-expression of human NOX2 and C-terminally GFP-tagged
human p22 could yield cell membranes that showed Trimera-activated superoxide anion
production which is sensitive to DPI inhibition (Figure supplement 1A), suggesting a correctly
assembled NOX2-p22 hetero-complex. However, subsequent purification and cryo-EM analysis
of this complex only resulted in a medium-resolution reconstruction that was not sufficient for
confident model building. We reasoned that the small size of the complex and the endogenous

conformational heterogeneity of NOX2 DH might represent major obstacles to our structural

studies. Therefore, we exploited the possibility of using a commercially available mouse anti-
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87  human NOX2 monoclonal antibody 7D5 '* as a fiducial marker for cryo-EM studies. We
88  produced the Fab fragment of 7D5 by papain digestion and bound the Fab with strep-tagged anti-
89  mouse kappa chain nanobody TP1170 *. We reconstituted the human NOX2-p22 hetero-
90 complex in nanodisc and purified the NOX2-p22-7D5-TP1170 complex (Figure supplement 1B-
91 (). The resulting quaternary complex showed robust Trimera-dependent DPI-sensitive
92  superoxide production (Figure 1B-C), indicating it is a functional NOX2-p22 complex that is
93  suitable for structural studies. Cryo-EM data collection of the protein sample absorbed on both
94  graphene-oxide coated grids '* and graphene-coated grids '° allowed the structural determination
95  of this asymmetric complex to an overall resolution of 3.3 A (Figure supplement 2). However,
96 the local map quality of the intracellular DH domain of NOX2 and the constant region of Fab
97 (CHI) and TP1170 on the extracellular side was poor in the consensus map. Subsequent local
98 refinement focusing on these two regions using mask1 and mask?2 further improved their local
99  map quality (Figure supplement 2). Therefore we merged the focused refined map into the

100  consensus map to generate a composite map for model building and interpretation

101 (Supplementary Table 1).

102 The final structural model contains most residues of NOX2 and 3-136 of p22 (Figure 1, Figure
103  supplement 4 and 5). The long cytosolic tail of p22 is invisible in the cryo-EM map due to its
104  flexibility. The structure shows that p22 has a four-helix bundle architecture and binds to the
105 NOX2 TMD from the side, forming a hetero-complex occupying 100 A x 60 A x 60 A in the
106  three-dimensional space (Figure 1 D-G). The NOX2-p22 complex structure allowed us to map
107  the spatial positions of NOX2 and p22 mutations found in CGD patients (Figure supplement 6).
108  7DS5 Fab recognizes a structural epitope on the extracellular side of NOX2 (Figure 1D-E).

109  TP1170 binds to the kappa light chain constant domain of 7D5 Fab (Figure 1E), which is
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110  consistent with previous functional data '>. NOX2 requires cytosolic factors for activation °.
111 Because there are no cytosolic factors supplemented in the cryo-EM sample, the current structure

112 represents the human NOX2-p22 complex in the inactive resting state.
113 Structure of human NOX2

114 NOX2 resembles the canonical structure of NOX, which is consist of an N-terminal TMD and a
115  C-terminal cytosolic DH domain (Figure 2A). The extracellular region is formed by Loop A,

116  Loop C, and Loop E (Figure 2B, Figure supplement 4). Loop E sits on the top and there is an
117  intra-loop disulfide bond (C244-C257) which stabilizes Loop E in a compact structure (Figure
118  2B). Notably, C244R'®, C244S"", and C244Y"® mutations on NOX2 were previously identified in
119  CGD patients (Figure supplement 6). These mutations likely affect the conformational stability
120  of Loop E and thus the maturation of NOX2. We observed two N-link glycosylation decorations
121 at N132 and N149 on Loop C (Figure 2B). Loop C and Loop E form the structural epitope that is
122 recognized by 7D5 Fab (Figure 1D-E, Figure 2B). Loop A buttresses below Loop C and Loop E
123 to support their conformation (Figure 2B). These three extracellular loops form a dome that caps
124  above the outer haem bound in the TMD of NOX2 (Figure 2A-C). Highly conserved R54, H119,
125  and the outer haem surround the oxygen-reducing center (Figure 2D). We found a hydrophilic
126  tunnel that connects the extracellular environment and the oxygen-reducing center (Figure 2C).
127  This tunnel might represent the putative pathway for the entry of oxygen substrate and release of
128  superoxide anions. The outer haem, inner haem, and F215 between them form the electron-

129  transferring pathway across the membrane (Figure 2D). Outer haem is coordinated by H115 on
130 M3 and H222 on M5. Inner haem is coordinated by H101 on M3 and H209 on M5 (Figure 2D).
131  Below the TMD, we observed a strong density of FAD which binds in the FBD of DH (Figure

132 2D and Figure supplement 3D). But the density of NBD is poor even after focused refinement,
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133 likely due to its high mobility (Figure supplement 2E,F and Figure supplement 3). We did not
134  observe the density of NADPH (Figure supplement 3), although we have supplemented NADPH
135  into the cryo-EM samples. The structure of NOX2 allowed us to measure the edge-to-edge

136  distances as 3.5 A between the outer haem and F215; 4.6 A between F215 and the inner haem;

137 5.6 A between the inner haem and FAD (Figure 2D).
138  Structure of human p22

139 The structure of p22 is consist of four tightly packed transmembrane helices (Figure 3). An

140  amphipathic helix H23 on the M2-M3 linker floats on the inner leaflet of the membrane (Figure
141 3A). Different from common TMD structures which are usually formed by hydrophobic residues,
142  apolar interaction network, formed by side chains of N11 on M1, E53 on M2, R90 and H94 on
143 M3, and Y121 on M4 is caged inside the TMD of p22 (Figure 3A). These residues are highly

144  conserved in p22 (Figure supplement 5). Moreover, they are CGD mutation hotspots. R90Q °,
145  R9OW?’, E53V?!, and H94R ' mutations of p22 have been identified in CGD patients (Figure

146  supplement 6), likely because the polar interaction network formed by these residues is important
147  for the stability of p22. Below the TMD, the 128-136 segment of p22 extends out of M4 and

148  binds into a crevice shaped by H23 and M2-H23 loop on the M2-M3 linker (Figure 3B). Such

phox

149  interactions might position the p22 tail in a suitable pose that is ready for p47"™"" recruitment and

150  subsequent assembly of other cytosolic factors during NOX2 activation.
151  Interface between NOX2 and p22

152 The TMD of p22 makes extensive interactions with the TMD of NOX2, with a 9,618 A?
153  interaction interface (Figure 4A-C). The assembly between NOX2 and p22 is mainly mediated

154 by hydrophobic interactions, which involve M1 and M4 of p22 and M3, M4, and M5 of NOX2
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155  (Figure 4D). Specifically, 14, W6, M8, W9, 120, V27, F33 on M1, L105, 1108, L109, A112, 1116
156  on M4 of p22 and I117, L120, F121 on M3, L167, A170, V180, L184, 1187, L188 on M4, 1197,
157 Y201 on Loop D, V204 on M5 of NOX2 form two complementary shapes in the TMD of p22
158  and NOX2 for complex assembly (Figure 4D). These residues are conserved in NOX1-4 and p22
159  (Figure supplement 4-5). The tight packing between NOX2 and p22 supports their close

160  association.
161  Conformational differences of DH between NOX2 and DUOX1

162  The poor local map quality of DH in the consensus refinement suggests its flexibility relative to
163  TMD. Although after focused refinement, the map of FBD was improved, the map of NBD

164  remained poor (Figure supplement 2E and F), indicating NBD is more flexible than FBD. Since
165  the current structure represents the NOX2-p22 complex in an inactive resting state, we sought to
166  understand how the complex is activated. Because the electron transfer pathway from DH to

167  TMD (from FAD to inner haem) in the structure of DUOX1 in the high-calcium state ’ is in a
168  reasonable range for efficient electron relay, we used it as the reference for structural comparison.
169  Alignment using their transmembrane domains shows that there is an obvious displacement of
170  the DH domain of NOX2 (Figure 5A-B). The center of mass of FBD domains moves 9.5 A

171 (Figure 5C). There is a concomitant 13.8 A movement of FAD which is bound on FBD (Figure
172 5D). Although the DH of NOX2 is still below and adjacent to its TMD, the orientation of FAD is

173 not in a proper position for efficient electron transfer to inner haem of NOX2.
174  Discussion

175  Although the common architecture of the NOX enzyme core and how they transfer electrons

176  from intracellular NADPH to extracellular oxygen are emerging from previous structural studies
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177 7, the structure of the essential auxiliary subunit p22 and how p22 assembles with NOX1-4

178  remain elusive prior to our current study. Here we provide the structure of the human NOX2-p22
179  heterodimer in the resting state at high resolution. Since the residues on NOX2 that interact with
180  p22 are mostly conserved in NOX1-4 (Figure supplement 4), we speculate that NOX1, NOX3,
181  and NOX4 likely interact with p22 in the same manner. The interaction mode between NOX2
182  and p22 is drastically distinct from that of DUOX1 and DUOXA1 (Figure supplement 7).

183 DUOXAI interacts with DUOX1 mainly through extracellular domains, including CLD of

184  DUOXAI1 and PHD of DUOXI1. Moreover, DUOXA1 packs at the peripheral of M5 and M6 of
185  DUOXI1 (Figure supplement 7), whereas p22 packs against M3 and M4 of NOX2 (Figure

186  supplement 7). Interestingly, the position of p22 is similar to the MO of DUOX1 (Figure

187  supplement 7). The C-terminus of MO connects the intracellular regulatory PHLD and EF

188  domains ’ and the C-terminus of p22 is the hub for the assembly of cytosolic factors for NOX2
189  activation. Therefore, both DUOX1 MO and p22 recruit important regulatory modules of NOX,
190  suggesting that this position might be a common binding site for the regulatory component of the

191  NOX enzyme.

192 The NOX2-p22 structure presented here is in resting state. The edge-to-edge distances between
193  haems and the electron-rely F215 are in a suitable range for electron transfer. But the distance
194  between inner haem and FAD (5.6A) is much larger than that of DUOXI1 in the high calcium
195  condition (3.9 A), suggesting inefficient electron transfer from FAD to the transmembrane

196  domain. Moreover, the NBD of DH is highly mobile, indicating weak interactions between NBD
197  and other adjacent structural modules such as FBD and TMD of NOX2. Structural comparison
198  between NOX2-p22 and DUOXI1 in the high calcium condition shows the DH of DUOX1 docks

199  at the bottom of TMD and has an obvious displacement compared to the DH of NOX2.
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200  Therefore, we designate the current conformation of NOX2 DH as “undocked” and we speculate
201  during the activation of NOX2, the cytosolic factors might likely stabilize the DH of NOX2 in
202 the “docked” conformation which is similar to that observed in the activated DUOX1 in the

203 high-calcium state to support the redox activity of NOX2 (Figure 6).
204  Methods
205  Cell culture

206  Sf9 insect cells (Thermo Fisher Scientific) were cultured in Sf-900 III serum-free medium

207  (Gibco) or SIM SF serum-free medium (Sino Biological) at 27 °C. HEK293F suspension cells
208  (Thermo Fisher Scientific) were cultured in FreeStyle 293 medium (Thermo Fisher Scientific)
209  supplemented with 1% fetal bovine serum (FBS) at 37 °C with 6% CO; and 70% humidity. The
210  cell lines were routinely checked to be negative for mycoplasma contamination but have not

211 been authenticated.
212 Enzymatic assay

213 The superoxide anion-generating activity of NOX2-p22 complex was determined using the
214  Amplex Red assay 22 The concentrations of H,O, solution were determined by measuring UV-
215  Vis absorbance at 240 nm with spectrophotometer (Pultton) and calculated using molar

! The concentration of H,O, solution was further validated

216  extinction coefficient of 43.6 M ! ecm™
217 by reacting with Amplex Red to generate resorufin which has €57,=69,000 M ! em ™ %, Then the
218  H,0, solution with known concentration was used to calibrate the standard resorufin

219  fluorescence curve (excitation, 530 nm; emission, 590 nm) measured using a Microplate Reader

220  (Tecan Infinite M Plex) at 30 °C.
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221 The superoxide anion-generating reaction of the membrane fraction containing NOX2-p22

222 complex was performed at 30 °C in 0.15 ml of HBS (20 mM HEPES, pH7.5, 150 mM NaCl)
223 with 1 mM MgCl,, | mM EGTA, 10 uM FAD, 50 uM NADPH, 25 uM Amplex Red, 0.067
224  mg/ml horseradish peroxidase and 0.0576 mg/ml SOD. 33 nM Trimera and 10 pg/ml DPI were
225  added as indicated. Progress of the reactions was monitored continuously by following the

226  increase of the resorufin fluorescence, and the initial reaction rates were obtained by fitting the
227  curve with linear equation. The data was processed with Microsoft Excel-2013 and GraphPad

228  Prism 6.

229  Protein expression, purification and nanodisc reconstitution

230  Gene encoding human p47°"* (1-286), human p67°"* (1-226), and full length human Rac1Q61L
231 were fused together with the In-Fusion HD Cloning Kit (Takara Bio) and linked into a pET-

232 based vector containing N-terminal 6xHis-tag. The sequence of the linker between p47°™* and
233 p67°™* was AAASTGGGSS, and the sequence of the linker between p67°"* and Rac1Q61L was
234 GGGGGG. His6-Trimera protein was expressed in BL21 (DE3) and purified using Talon resin

235 and HiTrap Q HP anion exchange chromatography column (GE Healthcare).

236 Mouse anti-human NOX2 monoclonal antibody 7D5 "*was purchased from MBL Life science.
237 7D5 Fab was released by papain digestion. Gene encoding TP1170 '* was synthesized and
238  cloned into a pET-based vector containing N-terminal GFP-tag and strep tag. GFP-strep-TP1170

239  protein was purified from Rosetta-gami2 (DE3).

240  Human p22 was fused with C-terminal GFP tag and strep tag and cloned into the pPBMCL1
241 vector to generate pBMCL1-p22 **. Human NOX2 was cloned into a modified BacMam vector

242 ** and linked into pBMCL1-p22 using LINK method®. The corresponding BacMam virus was


https://doi.org/10.1101/2022.10.04.510768
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510768; this version posted October 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

243 made using sf9 cells ’. For protein expression, HEK293F cells cultured in Free Style 293
244  medium at a density of 2.5x 10° cells per ml were infected with 10% volume of P2 virus.
245  Sodium butyrate (10mM) and 5-Aminolevulinic acid hydrochloride (200uM) was added to
246  the culture 12 h after transfection to promote protein expression, and the cells were

247  transferred to a 30 °C incubator for another 36 h before harvesting. Cells were collected by
248  centrifugation at 3,999xg (JLA-8.1000, Beckman Coulter) for 10 min at 4 °C, and washed
249  with TBS buffer (20 mM Tris pH 8.0 at 4 °C, 150 mM NacCl) containing 2 pg/ml aprotinin,
250 2 pg/ml pepstatin, 2 pg/ml leupeptin. The cells were then flash-frozen and stored at -80 °C.
251  For purification, cell pellet were resuspended in Buffer A [20 mM Hepes pH 7.5, 150 mM
252 NaCl, 2 pg/ml aprotinin, 2 pg/ml pepstatin, 2 ug/ml leupeptin, 20% (v/v) glycerol, ImM
253  DTT] containing 1 mM phenylmethanesulfonyl fluoride (PMSF), 2 mM EGTA, 10 mM
254  MgCl2, 10 pg/ml DNAse, 1% (w/v) DDM and 0.1% (w/v) CHS. The mixture was stirred
255  for 1 hour at 4 °C to solubilize membrane proteins. The insoluble debris was removed by
256  centrifugation at 193,400xg (Ti50.2, Beckman Coulter) for 40 min. Subsequently, the

257  supernatant was loaded onto 4 ml Streptactin Beads 4FF (Smart Lifesciences) column and
258  washed with 50 ml wash buffer 1 (Buffer A supplemented 0.5 mM DDM, 10 mM MgCl,
259  and 2 mM adenosine triphosphate (ATP)) to remove contamination of heat shock proteins.
260  Then, the column was extensively washed with 50 ml wash buffer 2 (Buffer A

261  supplemented with 0.5 mM DDM). The target protein was eluted with Buffer A

262  supplemented 0.5 mM DDM, and 8.5 mM D-desthiobiotin (IBA). The eluate was loaded
263  onto HiTrap Q HP (GE Healthcare) and the NOX2-p22 complex was separated from

264  aggregates with a linear gradient from 0 mM NaCl to 1000 mM NaCl in buffer containing

265 20 mM Hepes pH 7.5 at 4 °C, 0.5 mM DDM. The fractions containing the NOX2-p22
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266  complex were collected for nanodisc reconstitution. NOX2-p22 complex was mixed with
267 MSP2X and L-a-phosphatidylcholine from soybean (PC, solubilized in 2% (w/v) OG) at a
268  molar ratio of protein: MSP2X: PC = 1: 4: 800. The mixture was allowed to equilibrate for
269 1 hat4 °C, and then Bio-beads SM2 (Bio-Rad) was added to initiate the reconstitution with
270  constant rotation at 4 °C. Bio-beads SM2 were added to the mixture three times within 15 h
271  to gradually remove detergents from the system. Afterwards, the proteins that were not

272 reconstituted in lipid nanodisc was removed by centrifugation at 86,600xg for 30 min in
273 TLA 100.3 rotor (Beckman Coulter). The supernatant containing NOX2-p22 complex

274  reconstituted in lipid nanodisc was loaded onto the 1 ml Streptactin Beads 4FF column to
275 remove empty nanodisc. The elution from Streptactin Beads 4FF column was concentrated
276  and subjected onto a Superose 6 increase 10/300 GL column (GE Healthcare) in buffer that
277  contained 20 mM HEPES pH 7.5, 150 mM NaCl. The peak fractions corresponding to the
278  NOX2-p22 complex in lipid nanodisc were collected. The GFP tag at the C-terminus of p22
279  was cleaved off by Prescission Protease digestion. Then 7D5 Fab and GFP-strep-TP1170
280 protein was added into NOX2-p22 nanodisc sample and the mixture was subjected to

281  Streptactin Beads 4FF to remove excess p22 and free Fc fragment. NOX2-p22-7D5-TP1170
282  quaternary complex was eluted with D-desthiobiotin, concentrated and subjected to

283  Superose 6 increase 10/300 GL column. Peak fractions containing the complex were pooled
284  for cryo-EM sample preparation. Concentration of NOX2 was estimated with absorbance at

285 415 nm (g415=0.262 uM ' cm™ ).
286  Cryo-EM sample preparation and data collection

287  To obtain a homogenous orientation distribution of particles, the surface of Quantifoil Au 300

288 mesh R 0.6/1.0 grids were coated with graphene oxide (GO grids) '* or graphene (G grids)".
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289  Aliquots of 2.5 ul of NOX2-p22 protein in nanodisc at a concentration of approximately 0.12

290 mg/ml in the presence of 0.5 mM FAD, 1 mM NADPH and 0.5 mM fluorinated octyl-maltoside
291  (FOM, Anatrace) were applied to the grids. After 60 s incubation on the grids at 4 °C under 100%
292  humidity, the grids were then blotted for 4 s using a blot force of 4, and then plunge-frozen into
293  liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). The grids were transferred to
294  a Titan Krios electron microscope (Thermo Fisher) operating at 300 kV and a K2 Summit direct
295  detector (Gatan) mounted post a quantum energy filter (slit width 20 eV). SerialEM-3.6.11 was
296  used for automated data collection. Movies from dataset of NOX2-p22 were recorded in super-
297  resolution mode and a defocus range of -1.5 pm to -2.0 um with a nominal magnification of

298  165,000x, resulting in a calibrated pixel size of 0.821 A, Each stack of 32 frames was exposed
299  for 8 s, with an exposing time of 0.25 s per frame at a dose rate of 4.7 electrons per A~* per

300 second.
301 Image processing

302 A total of 1,890 and 2,059 micrographs of the NOX2-p22 complex on graphene oxide grid and
303  graphene grid were collected, separately. The beam-induced drift was corrected using

304 MotionCor2 >’ and binned to a pixel size of 1.642 A. Dose-weighted micrographs were used for
305  CTF estimation by Getf™. A total of 206,504 and 355,928 particles were auto-picked using

306  Gautomatch-0.56 (developed by K. Zhang) or Topaz-0.2.3 *°. Two rounds of 2D classification in
307  Relion *° were performed to remove ice contaminants and aggregates, yielding 14,287 and

308 27,177 particles and used as seeds for seed-facilitated classification *'. After that two datasets
309  were combined and duplicated particles were removed, and 208,906 particles were retained and
310  subjected to multi-reference 3D classification using resolution gradient was performed *'. The

311  resulting particles of selected classes were subjected to non-uniform refinement and local
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312 refinement to generate a consensus map at 3.3 A resolution **. To further improve the local map
313  quality of extracellular TP1170-constant region of Fab fragment and intracellular DH, these

314  regions were subjected to focused refinement in cryoSPARC to generate two local maps. These
315  two local maps were merged into a full consensus map to generate a composite map for model
316  building. All resolutions were estimated using the gold-standard Fourier shell correlation 0.143

317  criterion. Local resolution was calculated using cryoSAPRC?".
318 Model building

319  Predicted models of NOX2 and p22 were downloaded from Alpha Fold 2 database **. Fab was
320 modeled as poly-alanine. Model of TP1170 was modeled using SWISS-MODEL**. Individual

321  models were docked into the map using Chimera *°. The model were iteratively manually rebuilt

322 using Coot*® according to the map and refined using Phenix *"®.

323  Quantification and statistical analysis

324  The number of independent reactions (N) and the relevant statistical parameters for each
325  experiment (such as mean or standard deviation) are described in the figure legends. No

326  statistical methods were used to pre-determine sample sizes.
327  Data availability

328  Cryo-EM maps and atomic coordinate of the NOX2-p22-7D5-TP1170 complex have been

329  deposited in the EMDB and PDB under the ID codes EMDB: EMD-34389 and PDB: 8GZ3.
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350 Figure Legends

351  Fig. 1 The structure of the human NOX2-p22 complex at the resting state

352 A, Schematic of the NOX2 enzymatic assay. O, produced by NOX2 are converted into H,O, by

353  SOD. In the presence of H,O,, horseradish peroxidase (HRP) converts the nonfluorescent


https://doi.org/10.1101/2022.10.04.510768
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510768; this version posted October 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

354  Amplex Red into resorufin, the fluorescence of which is measurable and proportional to the

355  concentration of H,O,.

356 B, The amounts of O, produced by NOX2-p22-7D5-TP1170 complex in nanodisc in the
357  presence of Trimera are plotted versus time. The enzymatic system contains 0.36 nM NOX2,
358  33nM Trimera, and 10 pg/ml DPI, as indicated. The represented data are shown. DPI,

359  diphenyleneiodonium, NADPH oxidase inhibitor.

360 C, The rates of O, production in B are summarized. Data are shown as means + standard

361  deviations; N = 3 technical replicates.

362 D, Side view of the cryo-EM map of NOX2-p22-7D5-TP1170 complex. The approximate
363  boundaries of the phospholipid bilayer are indicated as gray thick lines. p22 and NOX2 are

364  colored in orange and light blue. 7D5 and TP1170 are colored in grey and pink, respectively.

365 E, A 90°-rotated side view compared to D.

366  F, The cut-open view of the cryo-EM map of NOX2-p22. Haem and FAD is colored in magenta

367 and cyan, respectively.

368  @G. A 90°-rotated bottom view of E.

369 H, Topology of p22 and NOX2 subunits. Transmembrane helices are shown as cylinders,
370  unmodeled disordered regions are shown as dashed lines. The phospholipid bilayer is shown as

371  gray layers. DH, dehydrogenase domain of NOX2.

372 1, Structure of NOX2-p22 complex in cartoon representation. The colors are the same as in D.

373 Fig. 2 The structure of human NOX2
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374 A, Structure of NOX2 in cartoon representation, and is colored in the rainbow pattern (N-

375  terminus is blue and C-terminus is red). The phospholipid bilayer is shown as gray layers.

376 B, A 90°-rotated top view of A. The disulfide bonds and glycosylation are shown as sticks. Three

377  extracellular loops are indicated.

378  C, Surface electrostatic potential distribution of NOX2. The tunnel to the oxygen reducing center
379 s indicated with an arrow. Haem and glycosylation are shown as sticks. The phospholipid

380 bilayer is shown as gray layers.

381 D, The components on the electron transfer pathway of NOX. The edge-to-edge distances
382  between adjacent components are shown in dashes. The oxygen reducing center is indicated as a
383  dashed rectangle. The ligands are shown as sticks. The ferric ions are shown as spheres. The

384  helices are shown as cylinders. The colors are the same as in A.

385  Fig. 3 The structure of human p22

386 A, Structure of p22 in cartoon representation, and is colored in the rainbow pattern (N-terminus

387 s blue and C-terminus is red). The phospholipid bilayer is shown as gray layers.

388 B, The 90°-rotated bottom view of A. The 128-136 segment is colored in red. Ca positions of

389 (G128 and P136 are indicated as spheres.

390  Fig. 4 The interaction between NOX2 and p22

391  A-C, The open-book view of the interface between NOX2 and p22 in surface representation.
392 NOX2 and p22 are colored in light blue and orange respectively in (A). Residues on NOX2
393 interacting with p22 are colored in orange in (B). Residues on p22 interacting with NOX2 are

394  colored in light blue in (C). The phospholipid bilayer is shown as gray layers.
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395 D, The interface between NOX2 and p22 in cartoon representation. Residues participating in the

396 interaction between NOX2 and p22 are shown as sticks.

397  Fig. 5 The movements of the DH domain of NOX2 compared with DUOX1

398 A, Side view of the TMD and dehydrogenase (DH) domain. NOX2 and DUOX1 are aligned
399  using their transmembrane domain (TMD) in cartoon representation. NOX2 is colored in light

400  blue and DUOXI1 is colored in yellow.

401 B, Bottom view of DH. The change of DH from NOX2 to DUOX1 was indicated by an arrow.

402  C, Side view of FAD binding domain (FBD). The centers of mass of NOX2 and DUOX1 are

403  shown as spheres respectively. The distance between centers of mass is shown in dashes.

404 D, FAD and inner haem. The centers of mass of FAD in NOX2 and DUOX1 are shown as

405  spheres respectively.

406  Fig. 6 Hypothetic model for NOX2 activation

407 A, Resting state of the phagocyte NADPH oxidase. NOX2, p22, and cytosolic factors are shown

408  as cartoon and colored the same as Fig. 1A.

409 B, Activated state of the phagocyte NADPH oxidase. The electron transfer pathway is indicted

410  with gray arrows.

411  Fig. S1 Protein purification

412 A, The activity of the NOX2-p22 complex in crude cell membrane measured using Amplex Red

413  assay. Data are shown as means + standard deviations; N = 3 technical replicates.
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414 B, Size-exclusion chromatography profile of the NOX2-p22-7D5-TP1170 complex in nanodisc.

415  Fractions between dashes were used for cryo-EM sample preparation.

416  C, SDS-PAGE gel of purified NOX2-p22-7D5-TP1170 protein in the nanodisc. Fractions with
417  numbers in red were used for cryo-EM sample preparation. For uncropped gel, please see Figure

418  1-Figure supplement 1-Source Data 1.

419  Fig. S2 Image processing

420 A, Representative raw micrograph of NOX2-p22-7D5-TP1170 complex in nanodisc.

421 B, 2D class averages of NOX2-p22-7D5-TP1170 complex.

422  C, Workflow of the cryo-EM data processing.

423 D, Angular distributions of the final consensus reconstruction.

424  E, Local resolution of the NOX2-p22-7D5-TP1170 complex after focused refinement.

425 F, Gold-standard Fourier shell correlation curves of the final consensus refinement.

426 G, Gold-standard Fourier shell correlation curves of the focused refinement of the TP1170-

427  constant region of Fab fragment (CH1+TP1170) using mask 1.

428  H, Gold-standard Fourier shell correlation curves of the focused refinement of the DH domain

429  using mask 2.

430  Fig. S3 Representative local electron density maps

431 A, Local electron density maps of NOX2.
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432 B, Local electron density maps of p22.

433 C. Local electron density maps of haems bound in NOX2.

434  D. Local electron density map of FAD bound in FBD of NOX2.

435  Fig. S4 Sequence alignment of the NOX subunit

436  The sequences of the Homo sapiens NOX2 (hNOX2, UniProtKB: P04839), Homo sapiens

437  NOXI1 (hNOX1, UniProtKB: Q9Y5S8), Homo sapiens NOX3 (hNOX3, UniProtKB: Q9HBY0),
438  Homo sapiens NOX4 (hNOX4, UniProtKB: QINPHS5), Cylindrosper mum stagnale NOX5

439  (csNOXS5, UniProtKB: K9WT99) and Homo sapiens DUOX1 (hDUOX1, UniProtKB: QINRD9Y)
440  were aligned. The sequence alignment of Fig. S4 and S5 are all shown as follows: Conserved

441  residues are highlighted in gray; Secondary structures are indicated as cylinders (a helices),

442  arrows (B sheets), and lines (loops); Unmodeled residues are indicated as dashed lines; The color
443  of arrows and cylinders are the same as in Fig. 11. Residues interact with p22 are indicated as

444 pink-filled circles.

445  Fig. S5 Sequence alignment of p22 subunit

446  The sequences of the Homo sapiens p22 (hp22, UniProtKB: P13498), Mus musculus p22 (mp22,
447  UniProtKB: Q61462), Bostaurus p22 (bp22, UniProtKB: 046521), Danio rerio p22 (drp22,
448  UniProtKB: Q6PH62) and Xenopus laevis p22 (x1p22, UniProtKB: Q6AZJ1) were aligned.

449  Residues interacting with NOX2 are indicated as pink-filled circles. The blue-filled circles

450 indicate the residues that form a polar interaction network.

451  Fig. S6 Locations of CGD mutations found in human patients
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452 A, Mutations of NOX2 found in CGD patients (annotated in UNIPROT) are mapped onto the
453  structural model of NOX2. Ca positions of mutations are shown as red spheres, NOX2 is shown

454 in a light blue cartoon.

455 B, Mutations of p22 found in CGD patients (annotated in UNIPROT) are mapped onto the
456  structual model of p22. Ca positions of mutations are shown as red spheres. p22 is shown in a

457  bright orange cartoon. Mutations mentioned in the text are highlighted in bold.

458  Fig. S7 Distinct interaction mode between NOX2-p22 complex and DUOX1-DUOXAT1 complex

459 A, Structure of human NOX2 and p22 complex (PDB ID: 8GZ3) in cartoon representation. The
460  colors of each individual domain are the same as in Fig.11. The approximate boundaries of the
461  phospholipid bilayer are indicated as gray thick lines. Sugar moieties, haems, and FAD are

462  shown as gold, purple and aquamarine sticks, respectively.

463 B, Structure of human DUOX1-DUOXA1 complex (PDB ID: 7D3F) in cartoon representation.
464  PHD: peroxidase homology domain of DUOX1; PHLD: pleckstrin homology-like domain of
465 DUOXI; EF: EF-hand calcium-binding module of DUOX1; DH: dehydrogenase domain of
466 DUOXI; CLD: claudin-like domain of DUOXA1. The MO helix, PHLD, and EF are colored in

467  orange, and the other part of DUOXI1 is colored in blue. The DUOXAI1 is colored in grey.

468  C, Top view of the cross-section of NOX2-p22 cryo-EM map on the transmembrane layer at the
469  position indicated as a dashed line in A. For clarity, the cryo-EM map was low-pass filtered to 7

470 A.

471 D, Top view of the cross-section of DUOX1-DUOXA1 cryo-EM map on the transmembrane

472 layer at the position indicated as a dashed line in B.
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Cryo-EM data collection, refinement, and validation statistics

The parameters for the Cryo-EM data collection, processing, and validation of the NOX2-p22-7D5-
TP1170 complex are listed in the table.

a, The values of consensus refinement.

NOX2-p22-7D5-TP1170

PDB ID 8GZ3
EMDB ID EMD-34389
Data collection and
processing
Magnification 165,000 x
Voltage (kV) 300
Electron exposure (e/A?) 37.6
Defocus range (pum) -1.5t0-2.0
Pixel size (A) 0.821
Symmetry imposed Cl
Initial particle images (no.) 541,609
Final particle images (no.) 141,189
Map resolution (A) 3.3%/3.8%/3.7°
FSC threshold 0.143
Map resolution range (A) 250-3.3
Refinement
Initial model used (PDB code) Alpha Fold 2
Model resolution (A) 33
FSC threshold 0.143
Model resolution range (A) 250-3.3
Map sharpening B factor (A?) -156.3%/-213.2%/-193.9°
Model composition
Non-hydrogen atoms 9,044
Protein residues 1,150
Ligands 6
B factors (A?)
Protein 74.24
Ligand 58.47
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (°) 0.685
Validation
MolProbity score 1.66
Clashscore 6.81
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 95.89
Allowed (%) 4.11
Disallowed (%) 0.00

b, The values of focused refinement of maskl (CH1+TP1170).

¢, The values of focused refinement of mask2 (DH).
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