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Background: Mutations in NCF2 predispose individuals to lupus.
Results: NCF2 Arg-3953 Trp is associated with lupus; Arg-395 stabilizes the C terminus of NCF4 and NCF2 loop 395– 402.
Conclusion: Trp-395 disrupts the NADPH oxidase complex.
Significance: The results support a nuanced rather than strictly proinflammatory role for this pathway in immune regulation
with important consequences for autoimmunity.

In a case-control association study with 3716 North Ameri-
cans of Hispanic descent and 4867 North Americans of Euro-
pean descent, we show that the associations of rs17849502
(NCF2 His-3893Gln) and rs13306575 (NCF2 Arg-3953Trp)
with systemic lupus erythematosus are independent. We have
shown that His-3893 Gln disrupts the binding of NCF2 to the
ZF domain of VAV1, resulting in decreased NADPH oxidase
activity. With respect to Arg-3953 Trp, using protein docking
and structure analyses, we provide a model for the involvement
of this mutation in the structure and function of the NADPH
oxidase complex. This model assigns a central role to Arg-395 in
the structure and stability of the quaternary NCF2/NCF4/
VAV1/RAC1 NADPH oxidase complex. Arg-395 stabilizes the
C-terminal tail of NCF4 and the conformation of NCF2 loop
395– 402, which in turn stabilize the evolutionarily conserved
interactions of NCF2/NCF4 with the DH domain of VAV1 and
RAC1 region 120 –137. Our findings are consistent with the
high levels of conservation of all of the residues involved in these
interactions.

The superoxide-generating leukocyte NADPH oxidase has
long been considered to be of main importance for the genera-
tion of reactive oxygen species (ROS) inside the phagosome,
where these promote the killing of microbes, or for the release
of extracellular ROS mainly thought to contribute to tissue
damage.

The NADPH oxidase is composed of multiple subunits, two
of which (CYBA and CYBB) are localized in cellular mem-
branes. Upon activation, the three cytosolic subunits (NCF1,

NCF2, and NCF4) translocate to the membrane where they,
along with RAC-GTP (either RAC1 or RAC2), form the active
NOX2 complex (1–3). In resting cells, RAC-GDP is present as a
complex with Rho-GDP disassociation inhibitor, but this com-
plex rapidly dissociates, and RAC-GTP forms in stimulated
cells (3). This process is facilitated by activation of guanine
nucleotide exchange factors (GEFs)3 and is accompanied by
translocation of RAC to the membrane (1, 3). The VAV pro-
teins (VAV1, VAV2, and VAV3) are a family of GEFs for Rho
family GTPases, and VAV1 and VAV3 are expressed in leuko-
cytes. Upon phosphorylation, VAV acquires GEF activity for
RAC, facilitating the transition of RAC to an active GTP-bound
state (4). Thus, VAV family GEFs regulate RAC. There is a
direct interaction of VAV1 with NCF2 that enhances the GEF
activity of VAV1 and causes a positive feedback loop to amplify
RAC nucleotide exchange and NADPH oxidase activation (5).
NADPH oxidase activity is absent or profoundly decreased in
patients with chronic granulomatous disease (CGD) because of
mutations in CYBB, CYBA, NCF1, NCF2, or NCF4 resulting in
bacterial and fungal infections, aberrant inflammation, and in
some patients, autoimmunity (6, 7).

SLE is a multisystem autoimmune disorder with extensive
immune dysregulation and chronic inflammation affecting
multiple organs. Its development is influenced by the effects of
variants in multiple genes associated with immune regulation.
We have undertaken a combined genetic, functional, and struc-
tural approach to test the candidacy of NCF2, which encodes an
essential regulatory subunit of the NADPH oxidase that is acti-
vated by RAC-GTP, as a risk factor for SLE. We have shown that
genetic variation in NCF2 is strongly associated with increased
SLE risk (8). The association between NCF2 and SLE in North
Americans of European ancestry could be attributed almost
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exon 12, the effect of which is the substitution of histidine (His)
389 with glutamine (Gln) (His-3893Gln) in the PB1 domain of
the NCF2 protein. The association of this mutation in Hispanic
Americans was at first inconclusive given the low minor allele
frequency of this SNP in North Americans of Hispanic descent
(HispNA) (8).

In the present study we replicated the association of NCF2
His-3893 Gln in North Americans of European descent and
confirmed that this variant is a risk factor in the North Ameri-
can Hispanic population as well. In addition, a functionally
important NCF2 variant, Arg-3953Trp, was identified in His-
panics but not in Americans of European descent. We present
here a combined genetic and structural analysis of the effect of
the Arg-3953 Trp mutation on the interactions of the NCF2
PB1 domain with other proteins in the NADPH oxidase com-
plex and propose a mechanism for the functional consequences
of this mutation.

MATERIALS AND METHODS

Subjects and Genotyping—All subjects provided written con-
sent using consent forms approved by their respective institu-
tional review boards. This study was approved by the institu-
tional review board of the University of Southern California
School of Medicine as well as by those of the institutions pro-
viding the samples. Ethnicity was self-reported and verified by
parental and grandparental ethnicity when known. Controls
were defined as adults with a self-reported absence of SLE or
any other autoimmune disease in the subjects or their first-
degree relatives. 3716 (1840 unaffected controls, 1876 with
SLE) unrelated self-identified HispNA and 4867 (1082 controls,
3785 with SLE) North Americans of European descent were
genotyped at multiple SNPs in and surrounding NCF2 using the
Illumina ImmunoChip array as part of a larger association
study. Individuals with SLE satisfied the revised criterion for
SLE from the American College of Rheumatology (9, 10).

Admixture Correction—To address population structure,
which can be a source of confounders (11, 12), we performed a
principal component analysis on a subset of SNPs that are
informative for ancestry (13).

Statistical Analyses—The significance of association was cal-
culated using logistic regression with SLE status as the depen-
dent variable and the additive dosage of the SNP (or SNPs in the
case of multiple regression) and the three first principal com-
ponent analysis axes as independent variables with custom rou-
tines written in R (14).

Evolutionary Conservation—Protein sequences for NCF2,
NCF4, VAV1, and RAC1 were obtained from NCBI for all
organisms where the gene was annotated. These sequences
were aligned using ClustalW 2.1 (15) with default settings and
plotted using custom routines written in R, which replicate the
ClustalW color coding.

Structural Analyses and Molecular Modeling—Experimental
structures were downloaded from the Protein Data Bank (PDB)
(16). The construction of the model of the ternary assembly
NCF2/NCF4/VAV1 was described previously (8). Briefly, the
preferred binding positions of excised His and Gln probes were
mapped on the surface of VAV1 using the computational
anchoring spots mapping program ANCHORS MAP (17).

Docking of NCF2 (chain A, PDB code 1oey (18)) to VAV1
(chain B, PDB code 2vrw (19)) was performed using the geo-
metric-electrostatic-hydrophobic (GEH) version of the pro-
gram MolFit (20) followed by post-scan filtering in which addi-
tional properties of the interface, desolvation energy, and
statistical propensity measures were tested (21). Several con-
formers of VAV1 were used in the docking. We found that a
conformer similar to the RAC1-bound structure of VAV1 pro-
duced the best model. The model of the quaternary NCF2/
NCF4/VAV1/RAC1 assembly was constructed by overlaying
the structure of VAV1 from the VAV1/RAC1 (PDB code 2vrw
(19)) complex onto VAV1 in the NCF2/NCF4/VAV1 model
(PDB found in the supplemental material). The rotamer of only
one residue, Lys-132, was modified to highlight the proposed
interaction with NCF2 Asp-398. Buried surface areas were cal-
culated with NACCESS (22). Molecular graphics and analyses
were performed with the UCSF Chimera package (23).

RESULTS

His-3893 Gln and Arg-3953 Trp Are Independently Asso-
ciated with SLE in Hispanic Americans—In a follow-up to our
previous study (8), we genotyped 140 SNPs in and surrounding
NCF2 in a case-control association study of 3716 (1876 SLE
cases and 1840 healthy controls) HispNA and 4867 (3785 SLE
cases and 1082 healthy controls) North Americans of European
descent (EA). We found two significant non-synonymous vari-
ants in NCF2 (Table 1). Both rs17849502 (NCF2 His-389 3
Gln) and s13306575 (NCF2 Arg-3953 Trp) were significantly
associated in HispNA (p � 4.91 � 10�9 and 1.54 � 10�11,
respectively). In EA, only rs17849502 (NCF2 His-389 3 Gln)
was significantly associated (p � 9.47 � 10�14). These two vari-
ants in HispNA are independent, as shown by their genome-
wide significance (p � 5 � 10�8) in a logistic regression model
containing both terms (“rs17849502�rs13306575” row in
Table 1). These variants clearly arose in a His-389/Arg-395
background, as there were no individuals who were homozy-
gous for Gln-389 and had any copies of Trp-395 or any individ-
uals who were homozygous for Trp-395 and had any copies of
Gln-389 (Table 2). The W395/W genotype is associated with
SLE in HispNA with an odds ratio of 5.5 (95% confidence inter-
val: 2.6, 12.0) over R395/R, whereas in EA subjects the W/W
genotype is not found (Table 3).

Arg-395 3 Trp Destabilizes the C-terminal Interaction of
NCF4 Segment 330 –339 with the NCF2 PB1 Domain and the
Conformation of NCF2 Loop 395– 402—In a previous study we
showed that the mutation NCF2 His-3893 Gln (rs17849502)
weakens the interaction of the PB1 domain of NCF2, with
VAV1, leading to the reduced production of ROS. His-389 was
shown to interact with the zinc finger (ZF) domain of VAV1 in
the RAC1-bound conformation (8). In the current study we

TABLE 1
NCF2 alleles associated with SLE singly and together in HispNA and EA
subjects

Model Ethnicity rs17849502 rs13306575

rs17849502 EA 9.5 � 10�14

rs17849502 HispNA 4.9 � 10�9

rs13306575 HispNA 1.5 � 10�11

rs17849502�rs13306575 HispNA 3.6 � 10�9 1.4 � 10�11
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analyzed the effect of the NCF2 mutation Arg-3953 Trp and
the role of loop 395– 402 in light of the structure of the complex
between the NCF2 and NCF4 PB1 domains (PDB code 1oey
(18)) and of our model structures of the NCF2/NCF4/VAV1 (8)
and NCF2/NCF4/VAV1/RAC1 assemblies.

The crystal structure of the complex between the NCF2 and
NCF4 PB1 domains suggests that the role of NCF2 Arg-395 is to
stabilize the conformation of the C-terminal segment of NCF4
(residues 330 –339) and NCF2 loop 395– 402. NCF4 segment
330 –339 is unstructured in free NCF4 (PDB code 2dyb (24)),
whereas in the complex with NCF2 it is structured (PDB code
1oey (18)) and makes several highly conserved interactions with
NCF2 (Table 4). The contacts of NCF4 segment 330 –339 con-
tribute 36% to the total buried surface area in the NCF2/NCF4
complex (510 of 1417 Å2). Of particular importance are the
interactions of NCF2 Arg-395. The guanidine group of Arg-395
makes an intermolecular hydrogen bond to one carboxyl oxy-
gen of the C-terminal NCF4 residue Pro-339, and the hydro-
phobic part of Arg-395 interacts with NCF2 Leu-402, stabiliz-
ing the conformation of loop 395– 402 (Figs. 1 and 4E). Of note
is the dual role of residue NCF4 339, which interacts with both
NCF2 residues 395 and 402, thereby stabilizing the structure of
NCF2 loop 395– 402. The three-way interaction among NCF2
Arg-395 and Leu-402 with NCF4 Pro-339 is disrupted upon the
substitution of tryptophan (Trp) for Arg-395, which precludes
the electrostatic interaction with the carboxyl oxygen at NCF4
Pro-339 (Fig. 1B).

It has been suggested previously that the side chain of Trp-
395 introduces significant clashes within the PB1 domain of
NCF2 (25). We tested all of the common rotamers of Trp (26,
27) and found that most of them would clash with the rest of
NCF2 and therefore distort loop 395– 402. One low probability
rotamer could be introduced in position 395 without intermo-
lecular clashes (�1 � 66.0°, �2 � �6.3° (Fig. 1B)). This rotamer

cannot make a hydrogen bond to the carbonyl oxygen of NCF4
P339. Furthermore, although the interaction of Arg-395 with
Leu-402 buries 103 Å2 of their surfaces, the interaction of this
Trp rotamer with Leu-402 buries only 85 Å2 of their surfaces.
We concluded that the mutation Arg-3953 Trp weakens the
interaction of NCF2 with the C-terminal tail of NCF4 and dis-
torts or destabilizes NCF2 loop 395– 402.

NCF2 Arg-395 Is Evolutionarily Conserved, as Are Its Inter-
action Partners, NCF2 Leu-402 and NCF4 Pro-339 —Evolution-
arily, the most common amino acid at NCF2 position 395 is
arginine (Arg). However, NCF2 395 is Lys or Gln in a few spe-
cies and, rarely, Leu (supplemental Fig. 1). The hydrogen bond
interaction with the backbone carboxyl oxygen (or carbonyl
oxygen in the few species with longer NCF4 chains) is therefore
evolutionarily conserved (90%) (Table 4 and Fig. 2A). The sub-
stitution of lysine (Lys) for Arg-395 in a few species preserves
the charged interaction, as Lys is also a positive basic residue.
Glutamine (Glu) in Rattus norvegicus retains the ability to
hydrogen bond with the C-terminal carboxyl oxygen of NCF4,
but it may slightly affect the position of NCF4 339 because the
side chain of Gln is shorter than that of Lys or Arg. The impor-
tance of this interaction is further supported by the rarely
occurring small hydrophobic residue Leu at NCF2 395, which is
still able to interact with NCF2 Leu-402 and maintain the sta-

TABLE 2
Coincidence table of North Americans of Hispanic decent diagnosed
with SLE with alleles of rs17849502 (columns) and rs13306575 (rows)
The probability of seeing no individuals homozygous for Trp-395 or Gln-389 and
heterozygous for the other allele or homozygous for both Trp-395 and Gln-389
(which corresponds to the three zeros in the lower right of the table) is 0.0181.

His/His His/Gln Gln/Gln

Arg/Arg 1310 164 26
Arg/Trp 291 44 0
Trp/Trp 40 0 0

TABLE 3
Counts of NCF2 variants in cases and controls in HispNA and EA
subjects
Odds ratios (OR) are �95% confidence interval of specific genotype transitions.

TABLE 4
Conserved residues in the NCF2/NCF4/VAV1/RAC1 quaternary
assembly
% conservation, the percentage of species containing the indicated residues in the
multiply aligned protein. % interaction cons., the percentage of species that main-
tains the indicated type of interaction between residues in the multiply aligned
protein. Less than 1% of the aligned positions were gaps; therefore gaps are ignored
for the calculation of conservation. The alignments upon which this table is based
can be seen in supplemental Fig. 1.

a Interaction with carboxyl or carbonyl oxygen at this location.
b Electrostatic interactions include ion pairing and hydrogen bonding within 3.5 Å

of acceptor and donor atoms.
c h, hydrophobic.
d His-389 binds four residues in the ZF domain of VAV1: Glu-509/Asp-509,

His-510/Asn-510, Glu-556, and Glu-559.
e In some species Ser or Asp is found in NCF4 position 338; its side chain can form

a hydrogen bond to the conserved VAV1 residue Asp-361 or Arg-357,
respectively.
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bility of loop 395– 402 and its interactions with VAV1 and
RAC1 (see below). The length of NCF4 (Fig. 2C) is conserved at
position 339, but even longer NCF4 molecules can interact with
a positive or polar residue at NCF2 395 via their carbonyl group
at position 339. Furthermore, the C-terminal tail itself is
strongly conserved in mammals. NCF2 402 is conserved as Leu,
except in one case where it is Pro, and hence the hydrophobic
contact with the hydrophobic part of Lys/Arg/Gln/Leu in
NCF2 position 395 and with Pro/Thr in NCF4 position 339 is
conserved.

Mutations NCF2 His-3893 Gln and NCF2 Arg-3953 Trp
Affect the Stability and Structure of the NCF2/NCF4/VAV1
Complex and Its Interactions with RAC1—Another role of the
C-terminal segment of NCF4 is revealed in our model structure
of the ternary NCF2/NCF4/VAV1 complex. Once bound to
NCF2, NCF4 segment 330 –339 is stabilized and participates in
the binding of the complex of the NCF2/NCF4 PB1 domains to
VAV1 (8). The model of the ternary NCF2/NCF4/VAV1 com-
plex was constructed by computational docking of the NCF2
PB1 domain to free VAV1 or to normal modes, variants of
VAV1 extracted from the VAV1/RAC1 complex, using the geo-
metric-electrostatic-hydrophobic version of MolFit (20). In an

independent computation, the preferred binding positions
(anchoring spots) of excised His and Gln probes were mapped
on the surface of VAV1 (17). The docking and anchoring spots
mapping results were analyzed, searching for binding locations
with high geometric-electrostatic-hydrophobic complementa-
rity scores. Binding locations also must utilize anchoring spots
that clearly prefer His over Gln and allow binding of the NCF4
PB1 domain without clashes. Our model suggested that NCF2/
NCF4 is more likely to bind to the RAC1-bound conformation
of VAV1 than to free VAV1. The binding occurs through con-
served interactions of NCF2 His-389 with the ZF domain of
VAV1 and the NCF2/NCF4 complex with the VAV1 DH
domain as summarized in Table 4.

Based on our computational model, the surface area buried
upon formation of the complex between NCF2/NCF4 and
VAV1 is 1109 Å2. This is well within the range (800 –1400 Å2)

obtained from statistical studies of biologically relevant hetero-
complexes (28). Excluding NCF4 from the complex leaves only
636 Å2 of buried surface area, a reduction of 43%. This reduc-
tion is due to loss of contacts with NCF4 segments 330 –339,
emphasizing the importance of the stabilization of this segment
to which NCF2 Arg-395 contributes significantly. The interac-
tions between NCF4 and VAV1 are highly conserved (see Table
4) and include a hydrogen bond interaction between NCF4
Asn-336/Ser-336 and VAV1 Lys-357/Arg-357 and a hydropho-
bic interaction between NCF4 Met-338/Val-338/Thr-338/Ala-
338 and VAV1 Leu-360. In several species position NCF4 338 is
occupied by hydrophilic residues Ser/Glu, which can interact
with the conserved VAV1 residues Asp-361 and Arg-357,
respectively. The conservation of these predicted interactions
emphasizes their importance in maintaining the structure of
the NCF2/NCF4/VAV1 complex.

The importance of NCF2 loop 395– 402, which is stabilized
by inter- and intramolecular interactions as outlined above, is

FIGURE 1. Conserved interactions that stabilize the conformation of NCF4
segment 330 –339 and NCF2 loop 395– 402 and the effect of mutation
Arg-3953Trp. The atoms of the interacting residues are shown as spheres of
van der Waals radii. A, shows the interaction between NCF4 (blue) and NCF2
(green) in the experimental structure of the complex (18). Oxygen atoms are
colored red, and nitrogen atoms are in dark blue. Note the cluster on the right
formed by NCF2 Arg-395 (green), Leu-402 (dark green), and NCF4 Pro-339
(blue), which is stabilized by electrostatic and hydrophobic interactions.
The hydrogen bond between the guanidine nitrogen of Arg-395 and the
C-terminal carboxyl of Pro-339 is indicated by a white dash. B, a model of
the Arg-3953 Trp mutation. Arg was replaced with Trp without changing
the backbone conformation, selecting a side-chain rotamer that does not
clash with the rest of the domain (�1 � 66.0°, �2 � �6.3° (26, 27)). The
hydrogen bond between Arg-395 and NCF4 Pro-339 cannot be formed
with Trp in position NCF2 395, and the hydrophobic interactions with
NCF2 Leu-402 are weakened (see “Results”).

FIGURE 2. Evolutionary conservation of relevant regions of NCF2 (A),
VAV1 (B), NCF4 (C), and RAC1 (D) in selected species. Colors are coded
according to the ClustalW (15) color scheme. Numbering corresponds to the
human alignment.
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revealed when RAC1 is added to the assembly. A model of the
quaternary assembly NCF2/NCF4/VAV1/RAC1 (Fig. 3) was
obtained by overlaying VAV1 from the complex VAV1/RAC1
(PDB code 2vrw (19)) onto VAV1 in our ternary complex
model. It shows that RAC1 loops 60 – 66 and 131–137 interact
with NCF2 loop 395– 402 (Fig. 3) utilizing highly conserved
residues (Table 4). Loop 60 – 66 interacts with NCF2 indirectly
through Asp-63, which forms a hydrogen bond with conserved
VAV1 residue Arg-364 that is also hydrogen-bonded to NCF2
residue Glu-401. RAC1 loop 60 – 66 is part of switch II, which
changes conformation between the GTP-bound RAC1 (PDB
code 1mh1 (29)) and the nucleotide-free RAC1 bound to VAV1
(19). Region 120 –137 is an insertion domain found to play a
role in RAC1 activity in the NADPH oxidase pathway (29), in
line with our predicted interaction between NCF2 residue Asp-
398 and RAC1 residue Lys-132.

DISCUSSION

In the present study we replicated and confirmed the strong
association of the NCF2 His-389 3 Gln mutation in North

American SLE subjects of European descent and further dem-
onstrated the association of two causal mutations within the
PB1 domain of NCF2 (Arg-3953 Trp and His-3893 Gln) in
North American SLE subjects of Hispanic descent. These two
mutations, identified within a short stretch of the PB1 domain
of NCF2, arose independently (Tables 1 and 2) and are very
important for the structure and function of the NADPH oxi-
dase complex.

We have shown by computational modeling that the His-3893
Gln mutation in NCF2 reduces its binding efficiency to the
guanine nucleotide exchange factor VAV1 (8). The model pre-
dicted that the NCF2 His-389 residue resides in a pocket on the
surface of the VAV1 ZF domain (Fig. 4). The effect of the NCF2
His-389 3 Gln mutation on NADPH oxidase function was
tested with site-specific mutations in NCF2. These showed a
2-fold decrease in ROS production downstream of VAV1-de-
pendent Fc�R signaling but had no effect on VAV1-indepen-
dent NADPH oxidase activity elicited by phorbol myristate ace-
tate (8). Our assessment that this variant has reduced function
is further supported by the fact that the NCF2 His-3893 Gln
variant was reported in patients with very early onset inflam-
matory bowel disease. At least in one such subject, impaired
ROS production and function was reported in primary leu-
kocytes (30). The occurrence of this NCF2 variant in two
different autoimmune diseases strongly supports its func-
tional importance.

As shown here, the Arg-395 3 Trp mutation is present in
North American SLE subjects of Hispanic descent but not in
North American SLE subjects of European descent. NCF2 Arg-
395 is highly conserved evolutionarily, suggesting structural
and functional importance. Indeed, our model locates Arg-395
at the critical junction of NCF2, NCF4, and VAV1 and close to
RAC1 (Fig. 3A), suggesting a mechanism for the functional con-
sequences of the Arg-3953Trp mutation. One role of Arg-395
is to stabilize the interaction between NCF2 and the C-terminal
tail of NCF4 via a hydrogen bond to the carboxyl oxygen of
NCF4 residue 339. Thus, whereas in free NCF4 the C-terminal
tail (residues 330 –339) is disordered (PDB code 2dyb (24)), this
segment is ordered in the crystal structure of the NCF2/NCF4
complex (PDB code 1oey (18)). Another role of Arg-395 is to
stabilize the conformation of NCF2 loop 395– 402 by interact-
ing with Leu-402. This loop makes highly conserved interac-
tions with NCF4, VAV1, and RAC1 (Table 4) and is therefore
central to the formation of the quaternary NCF2/NCF4/VAV1/
RAC1 complex (Fig. 3). The mutation Arg-395 3 Trp pre-
cludes formation of the hydrogen bond to NCF4, thus destabi-
lizing the NCF2/NCF4 interaction. It also weakens the
hydrophobic interaction with NCF2 Leu-402, thereby affecting
the structure of NCF2 loop 395– 402 and its interactions with
the other proteins in the NCF2/NCF4/VAV1/RAC1 complex.

It is noteworthy that NCF2 interacts with VAV1 at two
points, via His-389 (8) and via Glu-401 (within loop 395– 402),
which is hydrogen-bonded to VAV1 Arg-364. These interac-
tions and the interactions of NCF4 with VAV1 are highly con-
served (Table 4). The binding of NCF2/NCF4 to VAV1 appears
to restrict the relative positions of the VAV1 DH and ZF
domains to the conformation adequate for RAC1 binding.
NCF2 loop 395– 402 is predicted to also interact with RAC1

FIGURE 3. Overall view (A) and details (B) of the quaternary complex
NCF2/NCF4/VAV1/RAC1 showing the centrality of NCF2 loop 395– 402.
The solvent-accessible surfaces of NCF2, NCF4, VAV1, and RAC1 are shown in
green, blue, gray, and beige, respectively, with the interacting regions in
darker shades. B, details of the interactions of the NCF2/NCF4 PB1 domains
with VAV1 and RAC1. The surfaces of the interacting residues were made
transparent. The interacting residues are indicated, and hydrogen bonds are
denoted by dashed lines.
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through the highly conserved (90.5%) contact NCF2-Asp-3982
RAC1 Lys-132. Lys-132 of RAC1 is perfectly evolutionarily con-
served across all species that have an annotated RAC1 gene (Fig.
2D). It is located within the RAC1 insertion domain, region
120 –137, that has been found to play a role in its activity in the
NADPH oxidase pathway (29), in line with our predicted inter-
action between NCF2 residue Asp-398 and RAC1 residue Lys-
132 (8). Another region of RAC1, loop 60 – 66, interacts with
NCF2 loop 395– 402 indirectly as both RAC1 Asp-63 and NCF2
Glu-401 are hydrogen-bonded to VAV1 Arg-364. RAC1 loop
60 – 66 is part of switch II, which changes conformation
between the GTP-bound RAC1 (PDB code 1mh1 (29)) and the
nucleotide-free RAC1 bound to VAV1 (19). The change in
switch II is necessary for the release of GDP, and its proximity
to NCF2 loop 395– 402 suggests that the latter contributes to
the stabilization of the nucleotide-free RAC1, thus enhancing
the nucleotide exchange process.

The mutation Arg-395 3 Trp was found previously in a
CGD patient from a Mexican kindred (31). The maternal allele
of the CGD patient had an Arg-3953Trp mutation in NCF2 in
addition to an in-frame deletion of nine nucleotides in the mid-
dle of exon 2 causing the deletion of three amino acids,
19KKD21. Although this allele produced a nearly complete
NCF2 mRNA transcript, the protein was not detected by
immunoblot. Patiño et al. (31) speculated that the absence of
the three amino acids produces an unstable protein that is
degraded soon after its synthesis. Furthermore, the N terminus
of NCF2 (TPR domain) binds to RAC-GTP; the structure of this
complex is available (32). From this structure, we can deduce
that NCF2 19KKD21 does not interact directly with RAC, but
the deletion is likely to distort the N-terminal end of the TPR
domain, possibly affecting the NCF2-TPR2 RAC-GTP com-
plex, which is important for NADPH assembly. Therefore,
given the complexity of this allele in the CGD patient, the effect
of Arg-3953 Trp by itself cannot be assessed.

CGD develops when NADPH oxidase activity is absent or
profoundly decreased. It is either X-linked (when caused by null

mutations in CYBB) or autosomal recessive (when caused by
mutations in all of the other subunit genes). However, only
�5% of CGD are homozygous (or compound heterozygotes)
for null mutations in NCF2 (31).

It is noteworthy that patients who have CGD, as well as CGD
carriers, have a higher risk of developing autoimmune diseases
(33). Moreover, patients who have CGD and mothers carrying
X-linked CYBB mutations have a 5–10% incidence of cutane-
ous and/or mucosal lesions, characteristic of those seen in SLE
(34 –36). However, a CGD phenotype is not seen in our SLE
subjects even in the presence of a homozygous Gln-389 or Trp-
395 NCF2 genotype. This may indicate that the mutations in
NCF2 seen in SLE subjects do not cause the catastrophic reduc-
tion in NADPH oxidase function seen in CGD patients. The
phagocytes of SLE patients remain capable of generating a
reduced respiratory burst that is sufficient for antimicrobial
activity. Conversely, in immune cells (e.g. antigen-presenting
cells and B lymphocytes), ROS production is much more lim-
ited (37–39) and the role of ROS is not antimicrobial. Instead,
NADPH oxidase activity regulates phagosomal pH, and deriv-
atives of ROS can function as signaling molecules within and
between neighboring immune cells. Thus, reduced levels of
ROS in these cells may influence antigen processing, immuno-
regulation, control of cell activation, and differentiation (39,
40), functions that are essential to the development of autoim-
mune disease.

Increased oxidative stress has been amply documented in
SLE (41). To a large degree it is secondary to the chronic inflam-
mation that occurs during the course of disease progression
and/or during active disease. It may originate from many non-
NADPH oxidase sources such as dysfunctional mitochondria in
lupus T-lymphocytes linked to enhanced mitochondrial oxy-
gen consumption (42) or polymorphisms in mitochondrial
DNA complex I (43).

Paradoxically, NADPH oxidase deficiency has been shown to
have a proinflammatory effect that likely drives oxidative stress.
Thus, diminished ROS production by phagocytic cells due to

FIGURE 4. Schematic of the domain structures of NCF2 (A), VAV1 (B), NCF4 (C), and RAC1 (D) and quaternary interactions among NCF2, VAV1, NCF4,
and RAC1 involving NCF2 loop 395– 402 (E).
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NADPH oxidase deficiency can cause impaired digestion of
microbes or debris followed by increased Toll-like receptor
stimulation (41) and/or altered redox status of cellular proteins
resulting in increased proinflammatory cytokine production
via the NF�B pathway.

The NCF2 variants we have described increase the risk of
developing SLE but may have no discernible effects on disease
progression. Indeed, so far we have not detected any striking
differences in the clinical spectrum of disease in SLE patients
with these NCF2 variants from patients without them. It is
therefore likely that the effects of the NCF2 variants occur in
the original process of disease establishment, prior to the “oxi-
dative stress” that appears later in active lupus.

Finally, our findings provide additional support for the
emerging paradigm shift that ROS produced by the NADPH
oxidase complex are not exclusively proinflammatory byprod-
ucts of cellular responses to infectious or inflammatory stimuli.
Instead, they have a nuanced function in regulating immune
responses with important consequences for the development of
autoimmunity.

Acknowledgments—We thank the members of the Systemic Lupus
Erythematosus Genetics Consortium (John B. Harley, Marta E
Alarcón-Riquelme, Lindsey A. Criswell, Patrick M. Gaffney, Chaim O.
Jacob, Robert P. Kimberly, Kathy L. M. Sivils, Betty P. Tsao, Timothy
J. Vyse, and Carl D. Langefeld) for their involvement in the collection
of samples and genotyping of these variants. We thank Mary C.
Dinauer invaluable insights into the function of the NADPH oxidase
complex. Chimera was developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by National Institutes of health Grant P41-
GM103311 from NIGMS).

Note Added in Proof—The supplemental file that contains the model
of the NCF2/NCF4/VAV1/RAC1 NADPH oxidase complex was
missing in the version of this article that was published as a Paper in
Press on March 20, 2015. The model structure is now available as a
supplement.

REFERENCES
1. Nauseef, W. M. (2004) Assembly of the phagocyte NADPH oxidase. His-

tochem. Cell Biol. 122, 277–291
2. Durand, D., Vivès, C., Cannella, D., Pérez, J., Pebay-Peyroula, E., Vachette,
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