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Essential for reactive oxygen species (EROS) protein is a recently identified molecular
chaperone of NOX2 (gp91°'®), the catalytic subunit of phagocyte NADPH oxidase.
Deficiency in EROS is a recently identified cause for chronic granulomatous disease,
a genetic disorder with recurrent bacterial and fungal infections. Here, we report a
cryo-EM structure of the EROS-NOX2-p22P" heterotrimeric complex at an overall
resolution of 3.56A. EROS and p22ph°x are situated on the opposite sides of NOX2,
and there is no direct contact between them. EROS associates with NOX2 through two
antiparallel transmembrane (TM) a-helices and multiple f-strands that form hydrogen
bonds with the cytoplasmic domain of NOX2. EROS binding induces a 79° upward
bend of TM2 and a 48° backward rotation of the lower part of TM6 in NOX2, result-
ing in an increase in the distance between the two hemes and a shift of the binding
site for flavin adenine dinucleotide (FAD). These conformational changes are expected
to compromise superoxide production by NOX2, suggesting that the EROS-bound
NOX2 is in a protected state against activation. Phorbol myristate acetate, an activator
of NOX2 in vitro, is able to induce dissociation of NOX2 from EROS with concurrent
increase in FAD binding and superoxide production in a transfected COS-7 model.
In differentiated neutrophil-like HL-60, the majority of NOX2 on the cell surface is
dissociated with EROS. Further studies are required to delineate how EROS dissociates
from NOX2 during its transport to cell surface, which may be a potential mechanism
for regulation of NOX2 activation.

NADPH oxidase | NOX2 | EROS | neutrophils | chronic granulomatous disease

Chronic granulomatous disease (CGD) is a genetic disorder characterized by frequent
and sometimes life-threatening bacterial and fungal infections (1). Children with CGD
are often healthy at birth, but develop symptoms of severe infections in infancy and early
childhood (2). Phagocytes isolated from CGD patients are found defective in bactericidal
functions but normal in phagocytosis, leading to the formation of granulomas that isolate
the engulfed bacteria and fungi (3, 4). Genetic studies of CGD patients led to the finding
of mutations in the NADPH oxidase that is composed of the integral membrane proteins
gp91P'* (NOX2) and p22P", the cytosolic factors p677™™, p47P*, p40P™, and the
small GTPase Rac (5, 6). In resting phagocytes, NOX2 is inactive and the cytosolic factors
are separate from the membrane components. The activation of NADPH oxidase requires
translocation of the cytosolic factors to plasma or phagosome membrane and assembly of
an active complex for one-electron reduction of molecular oxygen and superoxide pro-
duction by the catalytic subunit NOX2 (6-8). In phagosomes, superoxide is rapidly
converted to other reactive oxygen species (ROS) such as hydrogen peroxide (H,0,) and
hypochlorous acid, effectively killing the engulfed microorganisms (8). Genetic mutations
in NOX2 may lead to defective catalytic activity of the oxidase in X-linked inheritance,
whereas mutations in other components of phagocyte NADPH oxidase may lead to
autosomal recessive CGD (1, 2). A search of the human genome identified homologs of
the gp91phox—encoding genes and the establishment of the NADPH oxidases (NOX) family
(9). Of the 7 NOX members, NOX2 is the first identified and most extensively studied
catalytic subunit despite its name (10, 11), and a causal relationship between genetic
deficiency of NOX2 and X-CGD is well established.

Essential for reactive oxygen species (EROS) is a protein identified in 2017 through a
mouse screen for host genetic factors that confer susceptibility to attenuated Salmonella
typhimurium infection (12). Thomas and coworkers found that an uncharacterized open
reading frame bc017643 was highly conserved with the human ortholog C17ORF62
involved in the respiratory burst (12), that led the same group to associate mutations of
this gene (CYBCI) with X-linked CGD with loss of NOX2 expression (13). Since 2018,
several cases of this rare form of CGD have been reported (13—16). EROS, that contains
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187 amino acids, was predicted to be a membrane protein with
two o-helices (12). It was subsequently confirmed that EROS
associates closely with NOX2, in particular, the newly synthesized
NOX2 polypeptide of 58 kDa in the endoplasmic reticulum (ER)
(17). EROS binding of NOX2 protects the catalytic subunit from
rapid degradation (17). Published work has shown that EROS
binding precedes heme incorporation into and p22P"™ association
with NOX2 (17). Based on these findings, EROS is defined as a
molecular chaperone of NOX2 that is essential for its maturation
and transport through the Golgi apparatus, where additional car-
bohydrate moieties on the N-linked high-mannose glycans are
acquired. This function of EROS has been confirmed in genetically
altered mice and in transfected cell lines (17).

Biochemical and cellular studies have shown that EROS directly
binds NOX2, but the domains and amino acid residues involved
in this interaction remain unidentified. Moreover, it is unclear
whether EROS continues to bind NOX2 as it matures and moves
to the plasma membrane, and whether this association has a func-
tional impact on NOX2 activation. To address these questions,
we characterized EROS in neutrophil-like HL-60 promyelocytic
cells and found colocalization of EROS with mature NOX2. Using
a mammalian expression system, we reconstituted a protein com-
plex containing EROS, NOX2, and p22°"**, An analysis of sam-
ples collected from size-exclusion chromatography found both
mature NOX2 and EROS in the same fraction. We then resolved
the structure of the protein complex by single-particle cryogenic
electron microscopy (cryo-EM). Our structural model identifies
key interacting residues between the transmembrane (TM) helices
of EROS and TM2 and TM6 of NOX2 that contribute to con-
formational alteration of these helices. There are extensive inter-
actions between the C terminal Pleckstrin homology (PH) domain
of EROS and the dehydrogenase (DH) domain of NOX2 that
contains binding sites for flavin adenine dinucleotide (FAD) and
NADPH. These findings indicate alteration of the electron transfer
pathway due to EROS binding, suggesting that EROS stabilizes
NOX2 in a protected conformation.

Results

EROS Binding to Mature NOX2. Recent studies have shown that
EROS binds NOX2 in the ER, an event that occurs early in NOX2
biosynthesis (13, 17). In the ER, EROS serves as a molecular
chaperone for NOX2 maturation and prevents degradation of
newly synthesized 58 kDa polypeptide of NOX2 (17). However,
it is unclear whether EROS remains associated with NOX2 after
its maturation. We detected cell surface expression of EROS
in differentiated neutrophil-like HL-60 cells (dHL-60) using
a FITC-labeled and-EROS. As shown in SI Appendix, Fig. S1,
EROS (green fluorescence, 1B) was clearly visible against IgG-
FITC control (1A) in dHL-60 cells. We used 7D5, an anti-
NOX2 mAb (18) that recognizes fully glycosylated NOX2 (19),
to stain dHL-60 together with a PE-labeled anti-mouse secondary
antibody. NOX2 expression (red fluorescence) overlapped with
EROS expression (green fluorescence) with the merged image
showing yellow fluorescence (SI Appendix, Fig. S1B). To eliminate
possible staining artifact and further confirm colocolization of
EROS and NOX2, fusion proteins of EROS-mRuby2 (red
fluorescence) and Clover-NOX2 (green fluorescence) were prepared
and cotransfected into COS-7 cells. Colocalization of EROS
and NOX2 was observed in COS-7 cells in a scattered pattern
throughout the cells (S/ Appendix, Fig. S1C). To determine whether
EROS and NOX2 were expressed on the cell surface, intact dHL-60
cells were subject to flow cytometry using the same FITC-labeled
anti-EROS and 7D5 plus PE-labeled anti-mouse secondary
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antibody. As shown in 87 Appendix, Fig. S1D, about two-thirds
of dHL-60 cells were stain positive with anti-NOX2 (y axis) and
30% of the cells were positive with EROS (x axis). In these cell
populations, about 23% were double-positive after normalization
against the IgG isotype controls. These findings demonstrate the
ability of EROS to bind the fully glycosylated NOX2, but the
majority of NOX2 is dissociated from EROS on the cell surface
of the dHL-60 cells studied. In subsequent experiments, cell
lysate was collected from Expi-HEK293F cells cotransfected
with expression plasmids of EROS, NOX2, and FLAG-tagged
p22°** for copurification of proteins. The eluent of cell lysate was
affinity purified using anti-FLAG and incubated with the 7G5 Fab
that recognizes an extracellular loop of mature NOX2 (20). Size-
exclusion chromatography (SEC) was performed and two major
peaks were obtained (SI Appendix, Fig. S2A). The collected peak
fractions were resolved on SDS-PAGE (S Appendix, Fig. S2B).
The large peak fraction contained the mature NOX2 (approx.
91 kDa), 7G5 Fab (approx. 26 kDa), and EROS and p22ph°x
(both running at approx. 22 kDa), indicating association of these
proteins in a complex.

Overall Structure of the EROS—NOXZ—pZZPh°x Complex. The large
peak fraction from SEC contained an EROS-NOX2-p22P™
complex stabilized by the 7G5 Fab. This fraction was subject to
single-particle analysis by cryo-EM (S7 Appendix, Fig. S2 and S3),
as detailed in S7 Appendix, Materials and Methods. Electron density
map of the complex (Fig. 14) showed an overall resolution of 3.56
A with 2 transmembrane (TM) helices of EROS, in addition to the
6 TM domains of NOX2 and 4 TM bundles of p227"** that were
reported in recent publications (20, 21). An intracellular view of
the complex (Right panel in Fig. 14) found that EROS and p22°™
are on opposite sides of NOX2 with a plane angle of 177°. With
EROS included, the complex has a maximal base width of 85 A,
increasing from 60 A in the absence of EROS (21).

A molecular model of EROS-NOX2-p227"** was built based
on the cryo-EM electron density map. In this model (Fig. 1B),
NOX2 contains two hemes (maroon) in between TM3 and TM5.
There is also a streak of lipids (light blue) in the NOX2-p22°"
interface. There are three carbohydrate moieties in the extracellular
loops of NOX2 on asparagines N132, N149, and N240 (22). The
EROS protein in this model shows 4 a-helices, of which H1 and
H2 separate the PH domain of EROS and are connected by Loop
1 (L1). The two helices, about four to five turns each, are shorter
than the TMs of NOX2 (seven to nine turns). The shortest helix
(H3) has only three turns and is nearly perpendicular to the plane
of H1 and H2. The H4 helix is located intracellularly and is only
24 amino acids away from the C-terminal end. Between H2 and
H4 there are six p-strands, of which the two longest ones are
connected by loop 2 (L2; Fig. 1 C and D). These structures con-
stitute the majority of the PH domain that interacts with the
cytoplasmic tail of NOX2 as detailed below.

The EROS-NOX2 Interface. An analysis of the complex structure
identified extensive interactions between EROS and NOX2
(Fig. 24). The EROS-NOX2 interface is composed of three
parts. The first is in the transmembrane portion and is formed
by the interactions between TM2, TM6 of NOX2 and H1, H2,
and intracellular B-strands of EROS (Fig. 2B). This part includes
multiple hydrophobic interactions and polar contacts including a
hydrogen bond between Y51 (H2) of EROS and W270 (TM6) of
NOX2. In addition, R22, N62, E115, and Q140 of EROS bind
to the TM2 and loop B (LB) of NOX2 through polar interactions.
These interactions allow EROS to wrap around TM2 and LB
of NOX2 (Fig. 2C), thereby facilitating the insertion of EROS
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Fig. 1. Overall structure of the EROS-NOX2-p22P"**-7G5 complex. (4) Electron density map of the EROS-NOX2-p22P">-7G5 complex. EROS (blue) and p22°"
(purple) are opposite to each other and both associated with NOX2 (green). For clarity, the 7G5-Fab dimers are colored differently in pink and gray. The Left
panel shows a side view of the cryo-EM density map, and the middle panel depicts a 90° rotation to the left panel. The Right panel is a bottom view of the
complex from an intracellular perspective. The inner heme (orange) is visible in this view. (B) 3-D reconstruction of the EROS-NOX2-p22P"** complex, showing
NOX2 in green, EROS in blue and p22°" in purple. The heme groups are marked in maroon. N-glycan moieties (yellow) at asparagines 132, 149, and 240 are
shown on top of NOX2. A lipid streak (light blue) is visible in the Middle (horizontal 90° counter clock rotation) and Right (vertical 90° clockwise rotation) panels.
(C) Cartoon representation of the EROS structure. There are four helices (H1 to H4) and six p strands, with the N terminus buried inside and the C terminal
fragment (C165-S187) invisible due to insufficient electronic density. H1 (121-Y40) and H2 (W47-Q61) are connected by loop 1; H3 (L85-F93) is nearly perpendicular
to H1 and H2. The C terminal H4 (R147-L161) is tilted relative to plasma membrane. The two longest f-strands are antiparallel and connected by loop 2 (V117-
G121). (D) Topological model of EROS (blue), NOX2 (green), and p22°"* (purple) in plasma membrane. The yellow hexagons indicate three glycosylation sites on
NOX2. LA-LE corresponds to loop A to loop E. DH denotes the dehydrogenase domain of NOX2. PH (line at bottom) represents the Pleckstrin Homology domain
separated by H1 and H2. L1 and L2 refer to loop 1 and loop 2. ECL and ICL stand for extracellular and intracellular loops, respectively.
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Fig. 2. The EROS-NOX2 interface. (A) Structural model of EROS (blue)-NOX2 (green), viewed parallel to the membrane. Membrane boundaries are shown
in gray. Pentagons labels refer to zoomed views shown in the panel. (B) Interactions between H1 and H2 of EROS and TM6 of NOX2. The EROS residue Y51
is involved in hydrogen bonding with NOX2 residue W270. The residues of EROS and NOX2 are shown in blue and green sticks, respectively; the hydrogen
bonds are represented by dark dash lines. (C) Interactions between H1 and H2 of EROS and TM2 and loop B of NOX2. EROS residues R22 and N62 form polar
interaction with NOX2 residues F78 and R80, respectively. Two other EROS residues, E115 and Q140, form polar contacts with NOX2 residues C86 and C85 on
Loop B, respectively. (D) Interaction of the inner heme (maroon) with R118/Y119 of EROS. Hydrophobic interactions between R118/Y119 of EROS and W206/
H210 of NOX2 in TM5 are also shown. The main chain of L335/W337 of NOX2 form polar interactions with Q99 of EROS, and W337 main chain also has a polar
contact with V101 of EROS. (E) A total of 20 amino acids, 10 each from EROS and NOX2, are involved in the EROS-NOX2 interface in the FAD-binding subdomain.
(F) The EROS-NOX2 interface in the NADPH-binding domain of NOX2. Cartoon and surface representation of FAD binding to NOX2 (green) in the presence of
EROS (blue in G) and in its absence (H, NOX2 is shown in gray). (/) Schematic representation of the electron transfer pathway showing the relative positions and
distances between FAD and the two hemes in the absence (FAD in orange) and presence (FAD in blue) of EROS. The edge-to-edge distance between the inner
heme and FAD in resting NOX2 (6.1 A, 8GZ3) is shorter than that in EROS-NOX2 (26.4 A). The ferric ions are shown as orange spheres.

loop 2 (R118, Y119) for interaction with the inner heme and
TMS5 (Fig. 2D). Consequently, the inner heme shifted its position
downward by a few angstroms, and the center-to-center distance
between the two hemes extended from 19.8A without EROS (21)
to 21.1A in the presence of EROS (Fig. 21).

The second part involves a subdomain where NOX2 binds to
FAD, which is a part of the cytoplasmic dehydrogenase homology
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(DH) domain (6, 23). The importance of this domain in the
initiation of transmembrane electron transfer is evidenced by more
than 50 genetic mutations (S/ Appendix, Fig. S44) including 19
missense mutations in this region that contribute to CGD (23).
In this subdomain (Fig. 2E), residues L335/W337 of NOX2 form
polar interactions with Q99 of EROS, and W337 also has a polar
contact with V101 of EROS. Furthermore, there are multiple
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hydrophobic interactions between the B-strands of EROS and
FAD-binding domain of NOX2. These hydrophobic interactions,
combined with polar contacts, form a tight binding interface. Of
note, H338Y, P339H, and T341K substitutions (S/ Appendix,
Fig. $4B) resulting from missense mutations of CYBB (encoding
NOX2) are found in CGD patients and their influence on FAD
binding has been proven in reconstituted PLB-985 cells (23).
These observations suggest that the presence of EROS may inter-
fere with FAD binding to the DH domain as shown in Fig. 2G,
which is consistent with the absence of FAD in our solved cryo-EM
structure. Moreover, when we fitted our model with that of the
FAD-bound NOX2 (PDB ID: 8ZG3), three EROS amino acids
(V101, L103, and F134) conflicted with FAD binding (Fig. 2E).
These findings support the notion that EROS bind prevents FAD
access to the DH subdomain, as schematically illustrated in Fig. 2
G and H. However, EROS binding is not expected to block
p67phox access to NOX2, as this binding site (a.a. 369-383) (24,
25) does not participate in EROS interaction (87 Appendix, Fig. S4
Cand D).

'The third region is the DH subdomain that binds NADPH. In
this region, the residues (G412/P415/G538/E568/F570 of NOX2)
form tight hydrophobic interactions with EROS residues R108/
R129/A131/T132/G133, respectively (Fig. 2F). Previous studies
have shown that the affinity of resting NOX2 for NADPH is lower
than that for FAD (26); in the presence of EROS, the ability of
NOX2 to bind NADPH might be further compromised based on
our structural analysis. Moreover, missense mutations causing the
G412R, P415H, and E568K substitutions (SI Appendix, Fig. S4B)
have been reported in CGD patients (5), indicating the importance
of this subdomain of NOX2 in binding NADPH and possible
interference by the bound EROS.

The EROS-Bound NOX2 Is in a Protected State. In the tight
binding interface of EROS-NOX2, the presence of EROS
induced conformational changes of NOX2 with an impact on
its function. H1 of EROS is juxtaposed to TM2 of NOX2, and
their interaction causes a 79° upward rotational shift of TM2 (a.a.
67-83) (Fig. 3 A and C) compared with the recently reported
NOX2-p22P™ structure (PDB ID: 8GZ3). H2 of EROS is
closely associated with TM6 of NOX2, inducing a 48° clockwise
turn of TM6 (a.a. 265-292) (Fig. 3 B and D). An extracellular
view (Fig. 3E) and intracellular view (Fig. 3F) were provided,
along with a movie showing these changes in motion (Movie S1)
for better appreciation of these structural alterations in NOX2
induced by EROS binding.

Analysis of the structure of the EROS-NOX2-p22""* suggests
that EROS association with the intracellular region of NOX2 inter-
feres with FAD and NADPH access to the DH domain. The result-
ing changes may impact the electron transfer pathway of NOX2,
thereby preventing spontaneous activation during its maturation
and transport to plasma membrane. We examined the impact of
activation signals on EROS-NOX2 association. NOX2 expression
is induced in dHL-60 cells (Fig. 44). Stimulation of dHL-60 with
phorbol myristate acetate (PMA), an activator of NOX2, increased
FAD association (Fig. 4B). To determine whether EROS association
is dynamic with respect to NOX2 activation, a NanoLuc comple-
mentation assay (17, 27) was adopted to measure the dynamic
changes in distance between the N-terminal end of EROS (fused
with LgBiT) and C terminal end of NOX2 (fused with SmBiT).
The expression plasmids containing these engineered EROS and
NOX2 fusion constructs (schematically shown in Fig. 4C and
detailed in S7 Appendix, Materials and Methods) were cotransfected
into COS-7 cells together with plasmids expressing the necessary
cytosolic factors for reconstitution of active NOX2. Upon PMA
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stimulation, the changes in luminesce were measured to reflect the
degree of association between EROS and NOX2. As shown in
Fig. 4D, PMA induced a time-dependent dissociation of EROS
from NOX2. Under the same stimulation conditions, PMA induced
superoxide production in the reconstituted COS-7 cells (COS’""?)
that were significantly inhibited by overexpression of EROS
(Fig. 4E). Together, these results suggest that activation signals may
induce conformational changes in the complex, thereby increasing
binding of FAD and production of superoxide in the tested model.

Discussion

In this study, we present a high-resolution cryo-EM structure of the
EROS-NOX2-p22"* complex. The structure covers the entire
EROS protein except the C terminal 23 amino acids, where the
density is not well ordered. An analysis of the structure revealed that
there is no direct interaction between EROS and p22° hox since these
two proteins are separated by NOX2, raising interesting possibilities
for NOX2 protection as discussed below. EROS associates with the
TM helices of NOX2 through H1 (interacting with TM2) and H2
(interacting with TMG), causing conformational changes in both
TM helices. Of note, the cytoplasmic p-strands of EROS form
extensive interactions with the cytoplasmic tail of NOX2 including
the DH domain that harbors the FAD and NADPH binding sites.
These interactions are expected to interfere with NOX2 binding of
FAD and NADPH. Of note, the cryo-EM structure of the EROS—
NOX2-p22° hox complex does not contain FAD or NADPH,
whereas the NOX2-p22° hox complex (without EROS) solved in a
recent study contains FAD (21). There is also a pocket-like structure
on EROS that interacts with part of the TM2 and loop B of NOX2.
'This loop between TM2 and TM3 is very close to loop 2 of EROS
such that a hydrogen bond is formed with the inner heme.
Altogether, EROS binding of NOX2 induces structural changes
that are expected to alter the electron transfer pathway by increasing
the distance between the hemes, inducing a shift of the FAD binding
site, and partially blocking the NADPH binding site in the DH
domain. When this paper is under revision, Liu et al. published the
structure of an active NOX2 (28). A comparison of the active and
resting state structures showed that shortening the distance between
critical points of the electron transfer pathway is a mechanism for
NOX2 activation, which supports the notion that increasing the
distance between the hemes in EROS-bound NOX2 impedes super-
oxide production.

The discovery of EROS as a critical component of host defense
through NOX2 expression (12) is a major advancement in NOX2
biology and its deficiency becomes a new cause for CGD (13-15).
Through a series of elegant experiments, Thomas and coworkers
showed that EROS associates with the immature (58 kDa) NOX2
polypeptide in the ER and prevents its degradation (17). Although
EROS is considered an ER resident protein, its primary sequence
does not contain a typical ER-retention motif (29, 30). EROS
associates with NOX2 before heme incorporation (17), whereas
p22ph°X binds NOX2 after heme incorporation and addition of
high-mannose N-glycans (19, 31). These observations indicate
that NOX2 polypeptide first forms a heterodimer with EROS and
then a heterotrimer with the addition of p227"™. Both EROS and
p22° hox play important roles in NOX2 maturation from precursor
(65 kDa) and in efficient transport of NOX2 to plasma membrane
(17, 31). Our finding that EROS associates with mature NOX2
suggests that a portion of EROS—NOX2—p22ph°X remains in com-
plex as they go through the Golgi apparatus where NOX2 acquires
additional and complex N-glycans (19). Given the 1:1 stoichiom-
etry of NOX2 and p22ph°x in the heterodimer (32) and the 1:1:1
stoichiometry of EROS:NOX2:p22° bo% in the solved structure,
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Fig.3. Changesin NOX2 structure in the presence of EROS. (A) Superimposed 3-D structures of EROS-NOX2 from this study (8KEI, green, with EROS removed) with
NOX2 in resting state (8GZ3, gray). (B) A 45° horizontal clockwise rotation of A. (C) Detailed view of boxed region in A showing a 79° upward bend (red arrow) of
TM2 in the presence of EROS (removed for clarity) vs. its absence (silver). There is a 18.6 A shift of R80, which is located at the bottom of TM2. (D) A 45° horizontal
rotation of C showing a 48° backward rotation of a.a. 265-292 (dark green) of TM6 induced by EROS (removed). Compared with TM6 in the absence of EROS
(8GZ3, silver), the bottom of TM6 represented by Q292 shifted by 41.9A. (E) Top view (extracellular view, left) and (F) Bottom view (intracellular view, right) of the
superimposed NOX2 structures in EROS-bound (green) and resting state (gray), with emphasis on the dislocated TM2 and TM6 of NOX2. EROS is marked in blue.

the interactions between these proteins are of special interest. It
is notable that EROS and p22ph°X do not contact each other,
suggesting that these two proteins have distinct functions in pro-
tecting NOX2 against proteolytic degradation as well as regulation
of NOX2 activation.
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NOX2 is the catalytic subunit of phagocyte NADPH oxidase
that has all the structural features for one-electron reduction of
molecular oxygen, including two nonidentical hemes between
TM3 and TMS5 and binding sites for the cofactor FAD and sub-
strate NADPH (6, 7, 19, 26). While p22° box 2 nd EROS are not
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Fig. 4. The EROS-bound NOX2 in an inactive state. (A) Histogram of flow
cytometric measurement of NOX2 expression in HL-60 (red) and dHL-60
(blue, 1.3% DMSO for 6 d). The 7D5 mAb (primary) and PE-conjugated anti-
mouse mAb (secondary) were used. Relative expression level is shown in the
y axis after normalization against maximal cell count. (B) FAD incorporation
in the membrane fractions of HL-60 and dHL-60 without and with PMA (80
ng/mL) stimulation. **P < 0.01. (C) Schematic representation of NanoLuc
complementation assay. Engineered constructs (EROS-N-LgBiT, NOX2-C-
SmBIT) were cotransfected into COS-7 cells together with the p47°"* and
p67P"* expression plasmids. The changes in luminescence intensity were
recorded, after addition of the substrate coelenterazine H (10 uM) and PMA
(200 ng/mL), with a 5 min interval at 460 nm. Hypothetical dissociation
of EROS from NOX2 is indicated by an arrowhead, and data collected are
shown in (D). (F) Superoxide production in reconstituted COS-7 cells (COS?"?%)
cotransfected with expression plasmids of p47°", p67°", with or without
an EROS expressing plasmid. The PMA-induced superoxide production was
measured in real time for 60 min using isoluminol, and data were quantified
and presented in the Right panel. Data shown are mean + SEM based on
multiple independent experiments. *P < 0.05, ***P <0.001.

directly involved in the transfer of electrons to molecular oxygen
(6), they are necessary for NOX2 maturation. In addition to pro-
v1d1ng a docking site for p47Phox membrane translocation (33, 34),
p22P “ has been known to stabilize the newly synthesmed and
heme-incorporated NOX2. Both EROS and p22lD associate with

PNAS 2024 Vol.121 No.23 2320388121

NOX2 with their TM helices. There are, however, significant dif-
ferences between EROS and p22°™ in their interaction with the
C terminal cytoplasmic region of NOX2. While recently pub-
lished NOX2 structural models (20, 21) and the present study do
not show any 1nteract10n between the cytoplasmic domains of
NOX2 and p22p , our work provides direct evidence for a close
interaction between EROS and NOX2 in their C terminal cyto-
plasmic fragments including formation of multiple hydrogen
bonds involving the DH domain of NOX2 that contains binding
sites for FAD and NADPH. Previous studies have shown that
missense mutations of amino acid residues in this region can cause
CGD through the disruption of the electron transfer pathway
(23). It is therefore hypothesized that the EROS-bound NOX2 is
protected against proteolytic degradation as well as binding of
FAD and NADPH that initiates electron transfer for superoxide
production. This “protected state” of NOX2 is conceptually dif-
ferent from the previously proposed “resting state,” which empha-
sizes NOX2 conformation before assembly of the active complex.
Instead, NOX2 in the protected state is held incapable of initiating
electron transfer because of its binding to EROS. This may be
necessary to prevent inadvertent production of superoxide and
ensure proper maturation and membrane transport of NOX2, as
a previously published study showed that the purified and relipi-
dated flavocytochrome b558 was able to generate superoxide in a
FAD-and NADPH-dependent but cytosolic factor-independent
manner (35). Published study has also indicated that FAD binding
to NOX2 may be a critical regulatory step for superoxide produc-
tion (36). Given the high aflinity of FAD for the DH domain and
the abundance of NADPH in the cytosolic compartment, spon-
taneous activation of NOX2 must be properly controlled and
EROS binding may provide this mechanism.

The NOX2 activation mechanism is the most complicated
among all NOX family members with respect to the proteins
associated with the catalytic subunit. These proteln factors interact
with NOX2 in dlfferent ways. While p67P “* binds directly to
NOX2 (24, 25), p47p “* interacts with p22p “*and may influence
NOX2 indirectly (37). Some of these factors are not associated
with the restmg state NOX2 (e.g., p67P “*and Rac) (11, 38, 39),
whereas p22"™™ remains associated even after membrane protein
purification. As descnbed in ST Appendix, Materials and Methods,
the EROS-NOX2-p22""* heterotrimer is preserved only when
a special blend of detergents is used. EROS does not appear in
complex with flavocytochrome b558 when detergents such as octyl
glucoside are applied in membrane purification, which may
explain why EROS escaped from attention until a genetic study
identified its association with CGD (12). Our structural analysis
suggests that EROS must dissociate from NOX2 to allow electron
transfer and superoxide production, and there is an association
between increased FAD binding and induced superoxide produc-
tion. Our flow cytometry analysis of dHL-60 cells indicates that
the majority of EROS-bound flavocytochrome b558 arrives to
cell surface without the bound EROS, leavmg one to speculate
that EROS dissociation from NOX2—p22°"™* occurs en route from
Golgi to plasma membrane. The mechanisms for EROS dissoci-
ation have not been elucidated, and it remains interesting to deter-
mine whether flavocytochrome b558 destined for intracellular
granules is associated with EROS. For the small fraction (<23%)
of EROS-associated NOX2—p22°" on cell surface, their fate may
be influenced by activation signals such as PMA. It is therefore
important to know whether EROS association and dissociation
with flavocytochrome b558 is a dynamic process subject to regu-
lation by signaling pathways. This work will be best accomplished
in EROS-deficient myeloid cell lines, such as genetically altered
PLB-985, to overcome limitations of the present study including
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using a polyclonal anti-EROS antibody in a nonmyeloid cellular
environment. If the dynamic regulation can be proven, then EROS
may serve to regulate the pool size of NOX2-p22P"* available for
activation in addition to its original function as a molecular
chaperone.

Materials and Methods
Detailed protocols are provided in S/ Appendix, Materials and Methods section.

Plasmid Vector Construction. Wildtype human NOX2 and N-terminal FLAG
tag-p22°" were cloned into the pMlink vector (40). The DNA coding sequences
forwildtype human EROS, 7G5 Fab heavy chain and light chain were then cloned
into other pMlink vectors for coexpression of the relevant proteins. N-clover-
NOX2 and C-mRuby2-EROS were cloned into the pcDNA3.1 expression plasmid
(Invitrogen). For NanoBiT-based assay, the LgBiT coding sequence was fused to
the N terminus of EROS to generate pcDNA3.1-N-LgBiT-EROS. The SmBiT coding
sequence was fused to the C terminus of NOX2 coding sequence to generate
pCDNA3.1-NOX2-C-SmBit. The cDNAs of human p47°" and p67°"* were cloned
into pcDNA 3.1. For details, please refer to S/ Appendix, Materials and Methods.

7G5 Fab Purification. 7G5 Fab (20) were expressed in transiently transfected
Expi-293F cells (Thermo Fisher Scientific) and purified by affinity chromatography
using protein A/G agrose (Beyotime). The elution was collected and incubated
with EROS-NOX2-p22°"™ preparation for complex formation.

Complex Purification. Expi-293F cells were cultured in FreeStyle 293 medium
(Union Biotech) and cotransfected with pMIink-N-FLAG-p22°"*-NOX2 and
pMIink-EROS. The transfected cells were cultured for 48 h and collected. The
cells were lysed by lysis buffer and purified by anti-FLAG affinity resin. The 7G5
fab was incubated with EROS-NOX2-p22°"* complex before size-exclusion
chromatography (SEC).These experiments are described in detail in S/ Appendix,
Materials and Methods.

Cryo-EM Grid Preparation and Data Collection. For cryo-EM grid prepara-
tion, purified complex was deposited onto a glow-discharged holey grid. It was
then plunge-frozen in liquid ethane using the Vitrobot Mark IV (Thermo Fischer
Scientific). Cryo-EM images were obtained on aTitan Krios C3i cryo-TEM (Thermo
Fisher Scientific) operating at 300 kV, using a K3 Summit detector (Gatan) with a
pixel size of 0.85 A. Acquisition parameters are detailed in S/ Appendix, Materials
and Methods.

Cryo-EM Image Processing and Map Construction. The cryoSPARC v3.3.1
software (Structura Biotechnology) was utilized to perform single particle analysis
of the EROS-NOX2-p22°"*-7G5 complex After multiple rounds of refinement,
a final set of 131,926 particles underwent nonuniform refinement and local
refinement, resulting in a map with an overall resolution of 3.56 A at a Fourier
shell correlation of 0.143.

Model Building and Refinement. The initial model used for rebuilding and
refinement against the electron microscopy density map was the model of the
resting-state NOX2 (PDB: 8GZ3). The electron microscopy density map was docked
with the model using UCSF Chimera-1.14, followed by iterative manual adjust-
ment and rebuilding in COOT-0.9.8. The models were further refined and vali-
dated using the Phenix-1.20 programs. Structural figures were generated using
UCSF Chimera-1.14, ChimeraX-1.27, and PyMOL-2.5. The data collection and
structure refinement statistics are shown in S/ Appendix, Table S1 and Materials
and Methods.

Flow Cytometry Analysis. HL-60 cells differentiated with 1.3% DMSO for 6
d (dHL-60) were collected and harvested. The cells were stained with an anti-
EROS FITC-conj %ated antibody (CSB-PA859832LC0OTHU; CUSABIO Technology)
or an anti-gp917"™ 7D5 antibody (D162-3; Medical & Biological Laboratories)
with a fluorescent secondary antibody, or both anti-EROS FITC and anti-gp91°"®*
7D5.The goat anti-mouse PE secondary antibody (12-4010-82; Thermo Fisher
Scientific) was used. The cells were analyzed using flow cytometry on a CytoFLEX
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S flow cytometer (Beckman Coulter). This experiment is described in detail in
Sl Appendix, Materials and Methods.

Fluorescent Confocal Microscopy. For confocal microscopy, dHL-60 cells were
fixed with 4% paraformaldehyde. The cells were incubated with anti-EROS-FITC
and anti-gp91°™ 7D5 antibody overnight at 4 °C and then incubated with goat
anti-mouse PE secondary antibody for 1 h. After removing the secondary antibody
solution, the cells were washed with PBS and then incubated with DAPI for 5 min.
Finally, a sealer containing an antifluorescence quencher was added to the slide.

COS-7 cells were cultured for 12 h on glass coverslips and then cotransfected
with pcDNA3.1-NOX2-N-Clover and EROS-C-mRuby?2 using Lipofectamine 3000
(Thermo Fisher Scientific) for 24 h at 37 °C. The coverslips were then mounted
on glass slides and imaged using a confocal microscope (LEICATCS SP8, Leica
Microsystems). These experiments are described in detail in S/ Appendix,
Materials and Methods.

Superoxide Production Assay. C0S”"? was prepared using the original proto-
col of Dinauer and coworkers (41) except that the p22°" cDNA was expressed in
pcDNA3.1-neuromycin vector (Thermo Fisher Scientific). Superoxide production
in COS?""%2 cells was assessed using an isoluminol-enhanced chemiluminescence
(ECL) assay in 6 mm wells of 96-well, flat-bottomed white tissue culture plates.
For details, please refer to S/ Appendix, Materials and Methods.

Detection of FAD Binding to NOX2. The membrane fractions of HL-60 and
dHL-60 were prepared as previous study (23). The emission of FAD was measured
at 535 nm after excitation at 450 nm using an Envision multimode plate reader
(Perkin Elmer).

NanoBiT Based Assay. COS-7 cells were seeded and cotransfected with
pCDNA3.1-N-LgBiT-ERQS, pcDNA3.1-NOX2-C-SmBit, pcDNA3.1-p47°" and
PCDNA3.1-p67""™ or empty vector using Lipofectamine 3000 for 24 h at 37
°C. The cells were harvested and then plated onto white 96-well plates. The
transfected cells were stimulated with either PMA or buffer control. Next, coe-
lenterazine H (Yeasen Biotechnology) was added to the plates. luminescence
was measured on the plate using an Envision multimode plate reader for 35 min.
This experiment is described in detail in S/ Appendix, Materials and Methods.

Statistical Analysis. Prism software (ver. 8.0, GraphPad) was used for statistical
analysis of data. For statistical comparison, one-way ANOVA was used. A P value
of <0.05 was considered statistically significant.

Data, Materials, and Software Availability. The atomic coordinates for the
model of EROS-NOX2-p22°"*-7G5 Fab complex have been deposited to the
Protein Data Bank (PDB) under the accession code 8KEI (42). All other data are
included in the manuscript and/or supporting information.
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