Article

Inhibition of NADPH oxidase activation by
peptides mapping within the
dehydrogenase region of Nox2-A “peptide
walking” study

Iris Dahan, Shahar Molshanski-Mor, and Edgar Pick!

The Julius Friedrich Cohnheim Laboratory of Phagocyte Research, Department of Clinical Microbiology and Immunology,
Sackler School of Medicine, Tel Aviv University, Tel Aviv, Israel

RECEIVED OCTOBER 8, 2011; REVISED NOVEMBER 22, 2011; ACCEPTED NOVEMBER 22, 2011. DOI: 10.1189/j1b.1011507

ABSTRACT

In this study, the “peptide walking” approach was applied
to the DH region of Nox2 (residues 288-570) with the
purpose of identifying domains of functional importance in
the assembly and/or catalytic function of the NADPH oxi-
dase complex of phagocytes. Ninety-one overlapping 15-
mer peptides were synthesized to cover the full length of
the Nox2 DH region, and these were tested for the ability
to interfere with the activation of the oxidase in vitro in
two semirecombinant cell-free systems. The first con-
sisted of phagocyte membranes p47°P"°%, p67°"°*, and
Rac1 and an amphiphile; the second was p47°P"°*- and am-
phiphile-free and contained prenylated Rac1. We identi-
fied 10 clusters of inhibitory peptides with IC5, values of
10 1M, all of which were inhibitory, also in the absence of
p47P"°ox, Based on the identification of residues shared by
peptides in a particular cluster, we defined 10 functional
domains in the Nox2 DH region. One domain corre-
sponded to one FAD-binding subdomain, and four do-
mains overlapped parts of three NADPH-binding sub-
domains. As expected, most inhibitory peptides acted
only when added prior to the completion of oxidase as-
sembly, but peptides associated with two NADPH-binding
subdomains were also active after assembly. Kinetic
analysis demonstrated that inhibition by peptides was not
explained by competition for substrates (FAD, NADPH)
but was of a more complex nature: noncompetitive with
respect to FAD and uncompetitive with respect to
NADPH. We conclude that oxidase-inhibitory peptides,
in five out of 10 clusters identified, act by interfering
with FAD- and NADPH-related redox reactions. J. Leu-
koc. Biol. 91: 501-515; 2012.

Abbreviations: AD=activation domain, AEBSF=4-(2-aminoethylbenzene-
sulfony! fluoride hydrochloride, CGD=chronic granulomatous disease,
DH=dehydrogenase, K;,=Michaelis constant, LIDS=lithium dodecy! sul-
fate, O+~ =superoxide anion, pl=isoelectric point, PRR=proline-rich region,
ROS=reactive oxygen species, SH3=src 3 homology,
TPR=tetratricopeptide repeats, V/,ax=mmaximum velocity
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Introduction

ROS represent central cytotoxic mediators in the destruction
of pathogenic microorganisms by phagocytes (reviewed in ref.
[1]). All ROS originate in the primordial oxygen radical, the
Oy, generated by the NADPH-derived one-electron reduc-
tion of molecular oxygen. This reaction is catalyzed by a mem-
brane-bound, 91-kDa flavoprotein known as gp91”"** (or
Nox2), which is associated with a second membranal protein
of 22 kDa (p22”"°) to form the flavocytochrome b;54 het-
erodimer. Nox2 is 570 residues long and comprises six trans-
membrane a-helices linked by three outside-facing loops (A,
C, and E), two cytosol-facing loops (B and D), and a long cyto-
solic segment, extending from residue 288 to 570. Nox2 is
home to all redox stations supporting the flow of electrons
from NADPH to oxygen, namely a NADPH-binding site and
noncovalently bound FAD, present in the cytosolic part, and
two nonidentical hemes, bound to histidine pairs present in
the third and fifth membrane helices (reviewed in ref. [2]).
In the resting phagocyte, no electron flow occurs along the
redox centers on Nox2. Its activation and the consequent pro-
duction of Oy~ require the stimulation of membrane recep-
tors by the microorganisms to be phagocytosed or by soluble
stimuli mimicking the physiological process [3], followed by a
signal transduction cascade. The initiation of the electron flow
is thought to be mediated by a conformational change in
Nox2, which is the result of its interaction with one or more
regulatory proteins present in the cytosol, in the resting cell,
which translocate to the membrane upon phagocyte stimula-
tion. The regulatory cytosolic components are p477"*~, p67/"*,
p40”h"", and the small GTPase Rac (1 or 2). They translocate
to the membrane environment of Nox2 to generate the acti-
vated Oy~ -producing NADPH oxidase complex (briefly, oxi-
dase), a process known as oxidase assembly (reviewed in ref.
[4]). Under physiological conditions in the intact cell, p47*,
p677"°* and Rac are all required for the induction of Oy~
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production, whereas the role of p40#"** is less well-established.
The consensus opinion is that p47”***, p67/"°*, and Rac estab-
lish direct molecular contacts with Nox2, but it is not clear
whether interactions with all components are required for
Nox2 activation. Indeed, a “monotheistic” model, in which
p677%°* is seen as the paramount component responsible for
the causation of a conformational remodeling of Nox2, was
proposed [5, 6]. Consequently, considerable emphasis was
placed on the identification of the region in p67/"%, essential
for the productive interaction with Nox2, resulting in the pro-
posal that such an AD comprises residues 199-210 [7] or a
wider region, extending from residues 187 to 210 [8].

The encounter of Nox2 with one or more cytosolic compo-
nents is preceded by preliminary interactions among cytosolic
components. The two principal interactions are between a
PRR at the C-terminus of p47”"** and the G-terminal SH3 do-
main of p67”"°* and between the Switch 1 region of Rac and
the TPR domain of p677"**. In the monotheistic model, these
are meant to facilitate the translocation to the membrane
and/or specific binding of p67*"** to Nox2. Finally, p47*"* is
involved in two more interactions: in the first, the tandem SH3
domains of p47”"** bind to a PRR in p22”"*; in the second,
the phox homology region of p47””°* binds to specific mem-
brane phosphoinositides. Both contacts bring p47/"** to the
proximity of Nox2 and promote the binding of p47”"** and
secondarily, that of p67”"** to Nox2.

The cytosolic segment of Nox2 is also known as the DH re-
gion by virtue of the fact that it contains the NADPH-binding
site and noncovalently bound FAD [9-11]. These serve as the
proximal redox stations, normally delivering the NADPH-de-
rived two electrons to the hemes present in the membrane-
associated segment, but under artificial conditions, electron
flow can be diverted from reduced FAD to nonphysiological
acceptors [12]. From an evolutionary perspective, the DH re-
gion of Nox2 is homologous to ferredoxin-NADP™" reductase,
a prokaryotic protein comprising NADPH- and FAD-binding
domains [13]. The NADPH- and FAD-binding domains in the
DH segment of Nox2 are noncontiguous when illustrated in
the linear sequence of the protein, and the precise limits of
the subdomains show some variation from author to author
(reviewed in refs. [14-16]). In this study, we have adopted the
limits, as described by Davis et al. [15]. Thus, the isoalloxazine
and ribityl chain subdomains of the FAD-binding domain were
mapped to residues 335-345 and 350-360, respectively, and
the pyrophosphate, ribose, adenine, and nicotinamide sub-
domains of the NADPH-binding domain were mapped to resi-
dues 406-416, 442—447, 504-508, and 535-539, respectively.

The DH region was also found to be home to multiple bind-
ing sites for p47”"** (reviewed in ref. [2]) and more recently,
to Rac [17], but so far, there is no published evidence about
binding sites for p67**~, although the existence of such sites is
an integral part of all models of oxidase assembly proposed so
far. There is also no information about the presence in the
DH region of Nox2 of binding sites for p40”*~.

Synthetic peptides corresponding to specific regions in oxi-
dase components represent a powerful tool for the detection
and characterization of functional domains in these compo-
nents. From a methodological perspective, two main ap-
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proaches were used. In the first, termed peptide-phage display
analysis, a peptide bacteriophage library is incubated with an
immobilized oxidase component, and the bound phage is
eluted, amplified, and analyzed for the presence of sequences
corresponding to those present in other oxidase components.
This technique was used successfully for the identification of
Nox2 sequences involved in binding of p47”*** [18]. The sec-
ond approach makes use of the availability of the cell-free oxi-
dase activation system, in which a mixture of membrane (or
purified flavocytochrome b554) and recombinant cytosolic com-
ponents (p47”"*%, p67"°*, and Rac) is generating O~ in the
presence of an anionic amphiphile serving as activator and
NADPH (reviewed in refs. [19, 20]). In a variation of the ca-
nonical cellfree system, activation requires the participation of
p6777* and prenylated Rac only and occurs in the absence of
an anionic amphiphile activator and of p47”"**. This second
system, known as amphiphile-independent, is especially useful
when emphasis is to be placed on activation of Nox2 in the
absence of p477"°~,

The cell-free system was used extensively for assessing the
inhibitory effect of peptides on oxidase activation, an ap-
proach that yielded a vast amount of information about do-
mains in the various components involved in protein—protein
interactions leading to oxidase assembly (reviewed in refs. [21,
22]). Our group has introduced a methodological approach to
study the effect of peptides on oxidase activation in vitro,
known as “peptide walking” [23]. This consists of first synthe-
sizing peptides 15 residues in length “covering” the full or par-
tial length of a protein (in this particular case, an oxidase
component), each peptide overlapping its neighbors by 12 or
13 residues. The peptides are synthesized by the multipin
method [24] allowing the production of a large number of
peptides at a reasonable cost and are not purified individually.
Their initial use is to screen for the peptides exhibiting an in-
hibitory effect on oxidase activation in the cell-free system, an
ability that is normally expressed by clusters of vicinal pep-
tides. This result is followed by its confirmation by using se-
lected, purified peptides corresponding to the most inhibitory
peptide(s) in each cluster, by subjecting the peptides to scram-
bling or inversion of sequence (retro-peptides), by quantifica-
tion of inhibition by dose-response experiments, by establish-
ing the temporal parameters of inhibition in relation to that
of the process of oxidase assembly, by kinetic studies meant to
confirm or negate the competitive nature of inhibition, and by
variations in the cell-free assay (presence or absence of amphi-
philic activator and presence or absence of a certain compo-
nent, such as p47"°).

Peptide walking was applied to the identification of func-
tional domains in Racl [23], p47#"°* [25], and p22/"** [26]. In
this report, we describe its application to the DH region of
Nox2. We have chosen to examine the effect of peptides cov-
ering the cytosolic segment of Nox2, extending from residue
288 to 570, based on the idea that this will lead to the identifi-
cation or confirmation of sites involved in the binding of cyto-
solic components and/or of the ligands of the redox stations.
We found the following; 1) oxidase activation was inhibited by
peptides that associated in 10 clusters; 2) inhibition was appar-
ent in amphiphile- and p47”**~dependent and -independent
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systems, and the pattern of the peptide clusters was markedly
similar; 3) the major clusters of inhibitory peptides overlapped
regions involved in the binding of FAD and NADPH—one
cluster corresponded to one FAD-binding subdomain (out of
two), and four clusters overlapped parts of three NADPH-bind-
ing subdomains (out of four); 4) unlike most oxidase inhibi-
tory peptides described in the past, peptides belonging to two
major clusters, corresponding to the NADPH-binding region,
were also inhibitory when added after the assembly of the oxi-
dase complex; 5) the peptides corresponding to FAD- and
NADPH-binding regions did not exhibit the expected competi-
tive kinetics regarding the respective substrates, indicating a
more complex mechanism of action.

MATERIALS AND METHODS

Synthetic peptides

Ninety-one overlapping pentadecapeptides, spanning the C-terminal se-
quence of Nox2 from aa 288 to 570, were synthesized by the multipin syn-
thesis method [24] by Mimotopes (Clayton, Victoria, Australia). Such sets
of overlapping peptides, synthesized in accordance with specific require-
ments, are available commercially and are known as “PepSets”. Peptides
overlapped by 12 residues and were acetylated at the N-terminus and ami-
dated at the C-terminus. The purity of the peptides ranged from 60% to
70% (based on random sampling) but was not known at the level of indi-
vidual peptides. The freeze-dried peptides were dissolved in a mixture of
75 parts 1-methyl-2-pyrrolidone and 25 parts water (v/v) to a concentration
of 1.5 mM. To assure solubilization, the peptide solutions were subjected to
sonication, using five, 10-s pulses in a VCX 400 W ultrasonic processor
equipped with a cup horn filled with an ice-water mixture (Sonics & Mate-
rials, Danbury, CT, USA). The peptide stock solutions were divided into
100 ul aliquots and kept frozen at —75°C. PepSets peptides were used ex-
clusively for screening experiments. For work with individual peptides
found active by initial screening, purified synthetic peptides were used.
These peptides had a purity of =70%, and the particular purity and molec-
ular size of individual peptides were determined by the manufacturer by
reverse-phase high-pressure liquid chromatography and mass spectrometry,
respectively, and were provided on the purchase of the peptides. For con-
trolling the sequence specificity of oxidase inhibitory peptides, selected
peptides were synthesized in scrambled form using the algorithm described
before [26] or as peptides with reversed sequence (retro-peptides).

Chemicals

The following chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA): ferricytochrome ¢ (from horse heart; 95% pure), NADPH (tetrasodium
salt; 95% pure), FAD (disodium salt), thrombin (from human plasma; =2000
NIH units/mg protein), glutathione-agarose, AEBSF, and n-octyl 8-p-glucopy-
ranoside. LiDS was purchased from Merck KGaA (Darmstadt, Germany). Com-
mon laboratory chemicals at the highest purity available were purchased from
Merck KGaA or Sigma-Aldrich.

Preparation of recombinant proteins

Full-length p47”"** (1-390) and p67”"** (1-526) were prepared in baculovi-
rus-infected §f9 cells (as described in ref. [27]) and purified by preparative
ion exchange chromatography on Hiload SP Sepharose and Q Sepharose
columns, respectively, as described before [28]. p67”’““ (1-212) and Racl
mutant Q61L were expressed as GST fusion proteins in Escherichia coli
BL21-Codon Plus competent cells (Stratagene, Agilent Technologies, Santa
Clara, CA, USA) and purified by affinity chromatography on glutathione-
agarose, followed by cleavage by thrombin in situ, as described before [29].
The proteolytic action of thrombin was stopped by the addition to the
cleaved protein of 1 mM AEBSF. The chimeric protein [p67”"** (1-212)-
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Racl Q61L (1-192)] was expressed in E. coli as a GST fusion protein and
purified as described before [30]. AEBSF was reported to exert an inhibi-
tory effect on cell-free oxidase activation with an IC;, of 0.87 mM [31].
The final concentrations of AEBSF in the cell-free oxidase activation assays,
in which the inhibitory effect of peptides was assessed, were 100-400 times
lower than the IC;,. Nevertheless, we performed control experiments in
which AEBSF (10 uM) was added to the cell-free assays, and we found that
it had no inhibitory effect on oxidase activation.

Determination of protein concentration and purity

The protein concentration of the recombinant proteins was measured by
the method of Bradford [32], modified for use with 96-well microplates
using Bio-Rad protein assay dye reagent concentrate (Bio-Rad Laboratories,
Hercules, CA, USA) and bovine y-globulin as a standard. The level of pu-
rity of the recombinant proteins was assessed by SDS-PAGE analysis, and
the gels were stained with GelCode Blue stain reagent (Thermo Scientific,
Rockford, IL, USA).

Enzymatic prenylation of Racl Q61L

Recombinant nonprenylated Racl was prenylated in vitro by recombinant
mammalian geranylgeranyltransferase type I (a gift of Dr. Carolyn Wein-
baum, Duke University, Durham, NC, USA), as described before [30].

Preparation of macrophage membrane vesicles

Phagocyte membranes were prepared from guinea pig macrophages ob-
tained by injection of mineral oil into the peritoneal cavity as described
[83]. The membranes were solubilized in 40 mM n-octyl B-p-glucopyrano-
side and then reconstituted into liposomes by dialysis against detergent-free
buffer as described previously [34]. The specific cytochrome b;;4 heme
content of membrane vesicles was measured by the difference spectrum of
sodium dithionite-reduced minus oxidized samples [35].

Cell-free NADPH oxidase activation assays

Two variations of the cell-free oxidase assay were used. The canonical assay,
known as the amphiphile- and p47/"”~dependent assay, involves the partici-
pation of phagocyte membranes (as a source of cytochrome b,g) p47/"*,
p677"** and Rac in the GTP-bound form and an activating anionic am-
phiphile, such as arachidonate or SDS (or LiDS) [33, 36]. The second vari-
ation, known as the amphiphile- and p47”"*-independent assay, involves
the participation of phagocyte membranes p67”"** and prenylated Rac and
does not require an amphiphilic activator [6]. A detailed description of
both methodologies has been published [19].

The amphiphile-dependent assay

The assays were performed in 96-well flat-bottom polystyrene plates (Prod-
uct Number 655101, Greiner Bio-One, Frickenhausen, Germany) at room
temperature. Reaction mixtures contained membrane liposomes equivalent
to 5 nM cytochrome b555 heme and p47”"%, p67"**, and nonprenylated
Racl Q61L, all at a concentration of 100 nM in oxidase assay buffer con-
taining 10 uM FAD [37] supplemented with LiDS (130 uM) in a total vol-
ume of 200 ul. The plates were shaken for 1.5 min, and Oy~ production
was initiated by the addition of 10 ul 5 mM NADPH (resulting in a final
concentration of 240 uM) and quantified by following the rate of cyto-
chrome ¢ reduction at 550 nm in a kinetic assay over a time period of 5
min [19] performed in a SpectraMax 340 microplate reader (Molecular
Devices, Sunnyvale, CA, USA) using SoftMax Pro software. Blank values
were represented by wells containing 200 ul assay buffer to which 10 ul of
5 mM NADPH was added simultaneously with its addition to the oxidase
assay wells. Results were calculated from the linear portion of the absor-
bance at a 550-nm curve and expressed as the amount of Oy~ produced/
time unit/mol membrane cytochrome b,;5 heme (mol Oy~ /s/mol cyto-
chrome b, heme).
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The amphiphile-independent assay

This assay was performed essentially as the amphiphile-dependent assay
with the following differences: 1) no p47”"** was present; 2) Racl Q61L was
prenylated; 3) no LiDS was added; 4) whereas membrane liposomes were
present equivalent to 5 nM cytochrome b5 heme, p67”"°* and prenylated
Racl Q61L were added at a concentration of 300 nM; and 5) the incuba-
tion period was extended to 5 min with shaking. O,~ production was initi-
ated by the addition of NADPH to a final concentration of 240 uM and
quantified and expressed as described for the amphiphile-dependent assay.

Inhibition of NADPH oxidase activation by Nox2
peptides

The effect of overlapping Nox2 C-terminal pentadecapeptides on NADPH
oxidase activation was tested in the two cell-free systems described above.
Peptides from 1.5 mM stock solutions were diluted in assay buffer to a con-
centration of 100 uM, and amounts of 20 ul were added/well as the first
component of the 200 ul reaction mixtures, resulting in a final concentra-
tion of peptide of 10 uM. To control wells, 20 ul assay buffer supple-
mented with 1-methyl-2-pyrrolidone was added to result in a final concen-
tration of organic solvent identical to that found in the peptide-containing
wells. This was followed by the addition of 150 gl of a mixture of p47/"*,
p677"%, and nonprenylated Racl Q61L to reach a final concentration of
100 nM each (in the amphiphile-dependent assay) or 160 ul of a mixture
of p67”"** and prenylated Racl Q61L to reach a final concentration of 300
nM each (in the amphiphile-independent assay). The contents of the wells
were incubated with mixing for 15 min at room temperature on an orbital
96-well plate shaker (Bellco, Vineland, NJ, USA) to allow the interaction
between the peptide and one or more of the cytosolic components. Follow-
ing this, 20 ul macrophage membrane liposomes, equivalent to a final con-
centration of cytochrome b, heme of 5 nM and 10 ul assay buffer con-
taining LiDS to achieve a final concentration of 130 uM, were added in the
amphiphile-dependent assay. The 96-well plate was reincubated for 1.5 min
at room temperature. In the amphiphile-independent assay, 20 ul macro-
phage membrane liposomes only were added, and the plate was reincu-
bated for 5 min. In both cases, O,~ production was initiated by the addi-
tion of 10 ul NADPH to reach a final concentration of 240 uM. The effect
of a peptide on NADPH oxidase activation was expressed as percent inhibi-
tion of NADPH oxidase activation, which was calculated by considering
O, production by control mixtures in the absence of peptide as 100%.
Taking into account experimental variability and past experience with this
methodology [23, 25, 26], we considered arbitrarily values above 10% inhi-
bition of oxidase activation as being significant, but the main criterion for
inhibition being considered meaningful was the grouping of the inhibitory
peptides in clusters, separated by inactive peptides.

The effect of Nox2 peptides added after NADPH
oxidase assembly

The effect of Nox2 peptides after completion of NADPH oxidase assembly
was tested in the two types of cell-free assay. In the first (amphiphile-depen-
dent), reaction components were added in the following order: 20 ul pep-
tide (10 uM), followed by 180 ul of a reaction mixture consisting of mem-
brane liposomes (equivalent to 5 nM cytochrome b, heme) p47/",
p67”"* (1-526), nonprenylated Racl Q61L (all at a concentration of 100
nM), and LiDS (130 uM), which were preincubated for 1.5 min before ad-
dition to the wells. In the second (amphiphile-independent), 180 ul of a
reaction mixture consisting of membrane liposomes (equivalent to 5 nM
cytochrome by heme) p67”"** (1-526) and prenylated Racl Q61L (all at a
concentration of 300 nM), which were preincubated for 5 min in the ab-
sence of LiDS, was added to the wells containing 20 ul peptide (10 uM).
In both situations, the reaction mixtures were incubated with the peptides
for an additional 15 min, and O,*~ production was initiated by the addi-
tion of 10 ul NADPH (to result in a final concentration of 240 uM).
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Determination of IC;, of peptides

The potential of the peptides to inhibit superoxide generation was quanti-
fied by measuring the concentration of peptides that reduced Oy~ produc-
tion by 50% (ICs,). This was determined by performing peptide concentra-
tion versus inhibition of oxidase activation dose-response curves using sev-
eral concentrations of peptides (1.25, 2.5, 5, 10, 20, and 40 uM) in the
amphiphile-independent NADPH oxidase cell-free assay with p67/*° (1-
526) and prenylated Racl Q61L. IC;, values were calculated by using a
nonlinear regression equation fit of the data [sigmoidal dose-response
(variable slope)], plotted using GraphPad Prism Version 4.03 (GraphPad
Software, La Jolla, CA, USA).

Kinetic analysis of inhibition by peptides

The mechanism of inhibition of superoxide generation by Nox2 peptides with
respect to the concentrations of NADPH and FAD was examined in an am-
phiphileindependent cellfree assay with p67”** (1-526) and prenylated Racl
QG61L by assessing the effect of varying the concentrations of NADPH or FAD on
the inhibition of NADPH oxidase activation by selected peptides, present at two
concentrations. Kinetic parameters were determined by the Michaelis-Menten
equation using linear regression fitting of the data, calculated, and plotted in Lin-
eweaver-Burk format using GraphPad Prism Version 4.03.

RESULTS

Rationale and methodological optimization of peptide
walking through Nox2

Ninety-one ovelapping peptides, 15 residues long and with a
three-residues offset covering the entire length of the cytosol-
exposed segment of Nox2 (residues 288-570), were synthe-
sized. In accordance to the recommendation of the developers
of epitope mapping by overlapping peptides, the N- and C-ter-
minal ends were capped by acetylation and amidation, respec-
tively [38]. The full list of peptides is illustrated in Fig. 1. Pep-
tide synthesis was limited to the cytosolic tail of Nox2, based

on the reasoning that this is the region most likely to be in-
volved in interactions with cytosolic components and on the
fact that it also comprises the NADPH- and FAD-binding do-
mains. This choice leaves out the cytosolic loop B, reported to
participate in the binding of p47#*°* [18, 39] and in intramo-
lecular interactions with the DH region [40], and loop D,
which was implicated in electron transport from FAD to hemes
and oxygen [41]. On the other hand, arguments were also put
forward for the Nox2 C-terminus harboring all of the binding
sites for the cytosolic components [42]. The full length of the
cytosolic part of Nox2 was subjected to peptide walking; no
preference was given to regions predicted to be hydrophilic, as
reported in an earlier study [39], based on an analysis of the
membrane topology of flavocytochrome b4 [43].

The peptides were synthesized based on the amino acid sequence
of human Nox2 [44]. This raises the question of the extent of se-
quence similarity between human Nox2 and guinea pig Nox2, which
forms part of the cytochrome by heterodimer present in the mac-
rophage membranes used in the cellfree assays for assessing inhibi-
tion of oxidase activation by Nox2 peptides. We were not able to
find information about the sequence of guinea pig Nox2 in the liter-
ature [15, 45]. Davis et al. [15] reported a 90.7-92.4% identity
among the sequences of human, bovine, porcine, and murine Nox2.
However, if one focuses on the two FAD-binding and the four
NADPH-binding subdomains (which are at the core of the present
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PEPTIDE | SEQUENCE OF PEPTIDE AND LOCATION IN NOX2 PROTEIN | PEPTIDES CLUSTER | [ PEPTIDE | SEQUENCE OF PEPTIDE AND LOCATION IN NOX2 PROTEIN | PEPTIDES CLUSTER
NUMBER | | AND DOMAIN | NUMBER | AND DOMAIN
1 288 FWRSQQKVVITKVVT 302 l\ 47 426 KYCNNATNLKLKKIY 440
2 291 SQQKVVITKVVTHPF 305 48 429 NNATNLKLKKIYFYW 443
3 294 KVVITKVVTHPFKTI 308 49 432 TNLKLKKIYFYWLCR 446 F
4 297 ITKVVTHPFKTIELQ 311 50 435 KLKKIYFYWLCRDTH 449
5 300 VVTHPFKTIELQMKK 314 51 438 KIYFYWLCRDTHAFE 452
6 303 HPFKTIELQMKKKGEF 317 52 441 FYWLCRDTHAFEWFA 455
7 306 KTIELOMKKKGFKME 320 53 444 LCRDTHAFEWFADLL 458 F1
8 309 ELOMKKKGFKMEVGQ 323 54 447 DTHAFEWFADLLQLL 461
4 312 MKKKGFKMEVGQYIF 326 B 55 450 AFEWFADLLQLLESQ 464
10 315 KGFKMEVGQYIFVKC 329 56 453 WFADLLOLLESOMOE 467
11 318 KMEVGQYIFVKCPKV 332 57 456 DLLOLLESOMOERNN 470
12 321 VGQYIFVKCPKVSKL 335 58 459 QLLESQMQERNNAGF 473
13 324 YIFVKCPKVSKLEWH 338 59 462 ESOMOERNNAGFLSY 476
14 327 VKCPEVSKLEWHPET 341 60 465 MOERNNAGFLSYNIY 479
15 330 PKVSKLEWHPFTLTS 344
61 468 RNNAGFLSYNIYLTG 482 G
16 333 SKLEWHPFTLTSAPE 347 62 471 AGFLSYNIYLTGWDE 485
17 336 EWHPFTLTSAPEEDF 350 63 474 LSYNIYLTGWDESQA 488
B e e
20 345 APEEDFFSIHIRIVG 359 65 480 LTGWDESOANHFAVH 494
66 483 WDESQANHFAVHHDE 497
21 348 EDFFSIHIRIVGDWT 362 (:
22 351 FSIHIRIVGDWTEGL 365 67 486 SQANHFAVHHDEEKD 500
23 354 HIRIVGDWTEGLENA 368 68 489 NHFAVHHDEEKDVIT 503
24 357 IVGDWTEGLENACGC 371 69 492 AVHHDEEKDVITGLK 506
25 360 DWTEGLFNACGCDKQ 374 70 495 HDEEKDVITGLKQKT 509
26 363 EGLENACGODKQEFQ 377 71 498 EKDVITGLKQKTLYG 512
27 366 FNACGODKOEFODAW 380 72 501 VITGLKQKTLYGRPN 515
28 369 CGCDKQEFQDAWKLP 383 73 504 GLKOKTLYGRPNWDN 518
29 372 DKQEFODAWKLPKIA 386 74 507 QKTLYGRPNWDNEFK 521
30 375 EFODAWKLPKIAVDG 389 75 510 LYGRPNWDNEFKTIA 524
31 378 DAWKLPKIAVDGPFG 392 76 513 RPNWDNEFKTIASQH 527
32 381 KLPKIAVDGPFGTAS 395 77 516 WDNEFKTIASQHPNT 530
33 384 KIAVDGPFGTASEDV 398 78 519 EFKTIASQHPNTRIG 533
34 387 VDGPFGTASEDVFSY 401 79 522 TIASQHPNTRIGVFL 536
35 390 PFGTASEDVFSYEVV 404 80 525 SQHPNTRIGVFLCGP 539
36 393 TASEDVFSYEVVMLV 407 [) 81 528 PNTRIGVFLCGPEAL 542 **
37 396 EDVFSYEVVMLVGAG 410 82 531 RIGVFLCGPEALAET 545
38 399 FSYEVVMLVGAGIGV 413 83 534 VFLCGPEALAETLSK 548
39 402 EVVMLVGAGIGVTPF 416 84 537 CGPEALAETLSKQSI 551
40 405 MLVGAGIGVTPFASI 419 85 540 EALAETLSKQSISNS 554
41 408 GAGIGVTPFASILKS 422 86 543 AETLSKQSISNSESG 557
42 411 IGVTPFASILKSVWY 425 87 546 LSKQSISNSESGPRG 560
43 414 TPFASILKSVWYKYC 428 E 88 549 QSISNSESGPRGVHF 563
44 417 ASILKSVWYKYCNNA 431 89 552 SNSESGPRGVHFIEN 566
45 420 LKSVWYKYCNNATNL 434 90 555 ESGPRGVHFIENKEN 569 |
46 423 VWYKYCNNATNLKLK 437 91* 556 SGPRGVHFIFNKENF 570
*1 residue offset from peptide No.90

Figure 1. List of overlapping Nox2 DH region synthetic pentadecapeptides used in the inhibition of NADPH oxidase activation experiments. Resi-
dues in the peptides are in single-letter abbreviations. The numbers at the N- and C-terminus of each peptide indicate the location of the corre-
sponding 15 residues in the amino acid sequence of Nox2. Residues highlighted in yellow represent residues shared by a cluster of peptides exhib-
iting NADPH oxidase inhibitory properties. The sequences corresponding to the peptides, in each cluster with the maximal inhibitory activity are
considered as representing the closest approximation of the inhibitory “domains”, although the precise limits of these domains remain, at this
stage, hypothetical. The blue boldface, uppercase letters at the right of the list of peptides indicate the nomenclature of the clusters of inhibitory
peptides (and corresponding sequence domains), as used throughout this article.

report), there is a 100% identity in the four species, increasing the
likelihood that this is also the case with respect to guinea pig Nox2.

Because of the potential importance of hydrophobicity and
charge in the inhibitory effect of peptides on oxidase activa-
tion, we have listed these two parameters for each of the pep-
tides used in peptide walking, in a graphic form that allows
relating these easily to the effect of the peptides on oxidase
activation (Fig. 2A and B).

Inhibition of NADPH oxidase by Nox2 peptides was exe-
cuted under conditions resulting in maximal sensitivity. This
was assured by: 1) testing the peptides at a concentration (10
uM) 4000-fold higher than that of the flavocytochrome b5
present in the assays (b nM heme, equaling 2.5 nM protein)
and 2) having the cytosolic components in amphiphile-depen-
dent and -independent, cell-free assays at concentrations lo-
cated on the slope sections of dose-response curves (see ref.
[19]), assuring a significant decrease in activity in a situation
in which a Nox2 peptide would compete with the Nox2 pro-
tein for a cytosolic component or a redox site ligand.

www jleukbio.org

The first group of peptide inhibition experiments was per-
formed in the canonical amphiphile- and p47”"*~dependent
system with fulllength p67””**. When these were repeated in
the amphiphile- and p47/"*~independent system, we found an
identical pattern of clustering for the inhibitory peptides with
minor changes in the intensity of inhibition, mostly in the up-
ward direction. This suggested that the assay methodology cho-
sen reveals events principally or exclusively in the oxidase as-
sembly process involving Nox2 and the cytosolic components
p67/7°* and Rac. Consequently, most of further work (peptide
dose responses, sequence specificity of peptides, and kinetic
analyses) was executed in the amphiphile- and p47”**~inde-
pendent system. This might appear as less physiological, be-
cause of the absence of p47”"*, but this is amply compensated
by the use of a physiological form of Rac (prenylated) and by
the emphasis on the Nox2-p67”"** interaction, which is consid-
ered as the central event in oxidase activation.

A further methodological issue was the order of adding the
peptides in relation to the oxidase components to the cell-free

Volume 91, March 2012 Journal of Leukocyte Biology 505
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Figure 2. Hydrophobicity (A) and charge (B) plots of 0.0
Nox2 DH region peptides. The hydrophobicity index of 0.1

each peptide was calculated as the sum of indexes of indi-
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assay. In all situations, the Nox2 peptides were preincubated
with the cytosolic components for 15 min to offer an advan-
tage to the Nox2 peptides over the Nox2 protein, represented
by the membrane liposomes. Preliminary exploration of
shorter and longer times of incubation did not yield results
that were significantly different from the 15-min interval (incu-
bation for 5 min was used in peptide walking applied to
p22#%°* [26]). To gain more information about the mechanism
of inhibition by peptides, we also designed an assay in which
oxidase assembly preceded the addition of peptides.

Some Nox2 peptides, grouped in well-defined
clusters, inhibit oxidase activation in amphiphile-
dependent and -independent systems

As apparent in Fig. 3A, approximately one-quarter of the 91
overlapping Nox2 peptides exhibited significant inhibitory
ability in the aphiphile-dependent assay with full-length p67/**
when present at a concentration of 10 uM. One-half of the
peptides inhibited oxidase activation at a level equal to or ex-
ceeding 40%, and some inhibited oxidase activation 80-90%.
As expected from overlapping peptides and as found in simi-
larly designed studies performed with Racl, p47/"%, and
p22r°* [23, 25, 26], the inhibitory property was shared by
groups of neighboring peptides, defined as clusters. As seen in
Fig. 3A, we found four major clusters (B, C, E, and F), charac-
terized by the intensity of inhibition and the number of
strongly inhibitory peptides present in the cluster, and two mi-
nor clusters (D and F1). Three individual peptides were also
found to be inhibitory (peptides 1, 61, and 81, based on num-

506 Journal of Leukocyte Biology Volume 91, March 2012

Position of amino-terminal residue of peptide in the sequence of Nox2 C-terminus

bering of peptides as appear in Fig. 1), and these were labeled
A, G, and H, following the cluster nomenclature.

The peptides were next tested in the amphiphile- and
p47P"*free assay with full-length p67”"**. As seen in Fig. 3B, a
pattern of inhibition and clustering essentially identical to that
seen in Fig. 3A was found. Small differences were associated
with peptides 61 and 81, now appearing as members of minor
clusters (G and H), and with the emergence of an additional
cluster (I) for the existence of which there was a hint in the
results shown in Fig. 3A.

This section of the work was completed by examining
whether replacing fulllength p677"°* with p67#"** truncated at
residue 212 will influence the pattern of inhibition by Nox2
peptides in the amphiphile- and p47”"**free assay. Truncation
of p677"°* at residue 212 conserves the TPR and ADs but
leaves out the PRR and both SH3 domains. We found that C-
terminal truncation of p67”"** does not cause a major change
in the peptide inhibition pattern in comparison with that
found in the parallel assay with full-length p677"°* (Fig. 3C).
The only differences are of a quantitative nature and are ex-
pressed in a reduction in the intensity of inhibition by pep-
tides in most clusters, with the exception of clusters E and F,
and in the absence of cluster G.

In a more limited number of experiments, we also exam-
ined the effect of Nox2 peptides in a cell-free oxidase acti-
vation system, in which the individual components p67”"°*
(1-212) and Racl Q61L were replaced by the recombinant
chimeric construct [p677"°* (1-212)-Racl Q61L (1-192)].
This chimera was shown to be an effective oxidase activator

www jleukbio.org
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Nox2 DH region peptides. (A) Inhibition in an am-
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phiphile-dependent, cell-free system. Peptides, at a con-
centration of 10 uM, were tested for the ability to inhibit
Oy~ production in a LiDS-activated, cell-free system, con-

sisting of solubilized macrophage membrane liposomes
(equivalent to 5 nM cytochrome b555 heme) and recom-

binant p47”"** and p67”"** (1-526) and nonprenylated
Racl Q61L, all at a concentration of 100 nM. The pep-
tides were preincubated with the cytosolic components
for 15 min before the addition of the membrane. LiDS
was then added at a concentration of 130 uM, and fol-
lowing incubation for further 1.5 min, Oy~ production
was initiated by addition of 240 uM NADPH. (B) Inhibi-
tion in an amphiphile- and p47”"*~independent, cell-free
system. Peptides were preincubated with p672"** (1-526)

and prenylated Racl Q61L, each at a concentration of
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phox

in nonprenylated (with amphiphile and p47”"**) and preny-
lated (in the absence of amphiphile and p47”°*) forms

(ref. [30] and reviewed in ref. [47]). The peptide inhibition
pattern in an amphiphile-independent, cell-free assay, in
which the activator was prenylated [p677*** (1-212)-Racl
Q61L (1-192)] chimera, was identical to that obtained
when oxidase activation was elicited by the nonfused com-
ponents (results not shown).

It could be deduced from the results obtained so far that
the vast majority of inhibitory peptides could be identified by
all of the assay variations used. Some differences in detection
were apparent with clusters F1, G, H, and I, which were lo-
cated in the C-terminal one-half of the cytosolic part of Nox2.
A comparison of the peptide inhibition pattern with the hy-
drophobicity map (Fig. 2A) suggests no relationship between
the two properties as far as the major clusters are concerned; a
possible connection might apply to clusters G and H consist-
ing of hydrophobic peptides. An analysis of the relationship
between peptide charge (Fig. 2B) and inhibitory ability reveals
a possible relationship between the strong positive charge
(+4) and the inhibitory potency of the three most inhibitory

www jleukbio.org

peptides in cluster F (peptides 48, 49, and 50; based on num-

bering of peptides as appear in Fig. 1) and a possible role for

a positive charge in the inhibitory effect of peptides in clusters
A, B, and L.

In the experiments described above, the peptides were
present at a uniform concentration of 10 uM. To gain infor-
mation about their relative inhibitory potency, we ran pep-
tide dose-response experiments, in which selected peptides
representing the various clusters (the most inhibitory pep-
tide in the cluster) were tested at concentrations from 1.25
to 40 uM in the amphiphile-independent NADPH oxidase
cell-free assay with p67/"°* (1-526) and prenylated Racl
Q61L. The results of these experiments are summarized in
Table 1. IC;, values for all peptides ranged between 3.58
and 9.15 uM, a result indicating that the choice of 10 uM
as the concentration used in the screening experiments was
appropriate. When taking into account the fact that the
PepSets peptides were not purified, the true IC;, values are
probably lower. At a later stage of this investigation, IC;,
values were determined for purified peptides and for the
corresponding scrambled or retro-peptides.
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TABLE 1. IC;, Values of Representative (Most Inhibitory) Nox2 Peptides

Peptide number Peptide Cluster 1G5, (uM)
(se(guence and location in Nox2)
1 SFWRSQQKVVITKVVT?’? A 3.58
9 32MKKKGFKMEVGQYIF?2¢ B 4.08
21 S48E DFFSIHIRIVGDWT?%2 C 6.08
36 293 TASEDVFSYEVVMLV*?” D 3.92
43 HATPFASILKSVWYKYC*28 E 6.09
49 2TNLKLKKIYFYWLCR**® F 5.18
61 16SRNNAGFLSYNIYLTG*#2 G 6.54
81 528pPNTRIGVFLCGPEAL®*? H 9.15
89 552SNSESGPRGVHFIFN®%¢ I 5.38

Selected Nox2 peptides, representing clusters A-I, derived from the PepSets peptide array used to screen for oxidase inhibition (Fig. 3), were
tested for inhibition of oxidase activation in peptide dose-response experiments. The amphiphile- and p47”***independent, cell-free system was
used with p67”"** (1-526) and prenylated Racl Q61L, and IC;, values were calculated as described in Materials and Methods. Results are those of
a representative experiment. “Based on numbering of peptides as appear in Fig. 1.

Two clusters of Nox2 peptides are capable of refs. [21, 22]). We thus performed peptide walking experiments
reversing oxidase assembly in which oxidase components were first mixed, resulting in as-
On most occasions, when peptides were tested for an inhibitory sembly, and the PepSets peptides were added as the last compo-
effect on oxidase activation, they were found to act only when nent. Experiments were performed in the amphiphile-dependent
added before the assembly of an active complex (reviewed in system (Fig. 4A) and in the amphiphile- and p47/**~independent
A 60
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prenylated Racl Q61L was preincu-
bated with 130 uM LiDS for 1.5
min (resulting in oxidase assem-
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15 min incubation, NADPH was
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Inhibition of NADPH oxidase activation (%)
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system (Fig. 4B). The results illustrated in these two figures
should be compared with the parallel situations, in which pep-
tides were added as the first components of the assay (Fig. 3A
and B, respectively).

In both types of assay, peptides belonging to clusters E and
F exhibited significant inhibitory action; some effect was also
seen with cluster F1 peptides in the amphiphile-dependent
assay (Fig. 4A). The degree of inhibition was less pronounced
than in the assays in which peptides were added first. It is also
apparent that the postassembly effect is more pronounced in
the amphiphile- and p47”"**independent assay.

These results could be interpreted as indicating that peptides
in clusters E and F interfere with an event in the catalytic phase
of Oy~ production, involving the binding of NADPH or FAD
(which is noncovalently bound to Nox2 [48]). We thus per-
formed the above experiments in the presence of concentrations
of FAD or NADPH, tenfold higher than those present in the
standard reaction mixtures. This caused no change in the postac-
tivation peptide inhibition pattern (results not shown).

Sequence specificity of oxidase inhibition by peptides
To ascertain that the dose-response studies performed with non-
purified peptides were accurate, we repeated these experiments
with purified representative peptides belonging to clusters D, C,
E, F, and G. The peptides selected were those that were the most
effective in the clusters identified by the peptide walking experi-

Dahan et al. Peptide walking through the DH region of Nox2

ments. We attempted to have scrambled peptides synthesized for
each of the selected peptides. As a result of the fact that synthesis
of a scrambled version of peptide 21 (cluster C) was repeatedly
unsuccessful, we replaced this with a retro-peptide, as retro-pep-
tides are frequently used as controls for sequence specificity (re-
viewed in ref. [49]). Dose-response experiments were successful
for all peptides with the exception of purified peptide 36 (cluster
D), which did not yield a sigmoid curve, required for calculation
of 1C;, values. The dose-response plots and ICy, values of native
and scrambled peptides of clusters C, E, F, and G are shown in
Fig. 5. It is apparent that the ICy, values of the native purified pep-
tides are similar to those found with nonpurified PepSets peptides
(Table 1). Scrambling of representative peptides belonging to clus-
ters E, F, and G resulted in the reduction of inhibitory of potency,
which was pronounced for clusters E and G (leading to an inability
to determine IC;, values for the scrambled peptides), and moderate
for cluster F (resulting in a close to twofold increase in IC,). Unex-
pectedly, the retro-peptide corresponding to the peptide represent-
ing cluster C was as potent an inhibitor as the native peptide, as ex-
pressed in no significant change in ICy,.

Location of domains deduced from clusters of oxidase
inhibitory peptides in the Nox2 cytosolic segment

Relying on the experience of previous peptide walking studies
[23, 25, 26], we defined sequence domains for each cluster of
inhibitory peptides. These domains represent the most likely

Cluster C Cluster E
100 100
O Peptide 414-425
754 754 A Scrambled peptide
8 Figure 5. Dose-response curves of rep-
% 50 O Peptide 348-362 504 resentative peptides belonging to clus-
< ) ters C, E, F, and G in comparison with
A Peptide 362-348 .
o 25 25 the scrambled or retro-peptide ver-
T X sions. Selected, synthetic Nox2 peptides
n — = in the native and scrambled or retro-
a g 0 T T 0 T T peptide forms (=70% pure), represent-
< = 1 10 1 10 ing clusters G, E, F, and G, were as-
E © Cluster F Cluster G sayed for the ability to inhibit NADPH
O = 100 5 - 40 . oxidase activation in an amphiphile-
c 8 O Peptide 468'482' and p47”"*free, cellfree system, con-
o 752 Scrambled peptide 304 [&_Scrambled peptide sisting of membrane, p67"** (1-526),
E and prenylated Racl Q61L at concen-
= 50 20- trations ranging from 1.25 to 40 uM.
< Assay conditions were as detailed in the
25 104 legend of Fig. 3B. Dose-response curves
are depicted in the four panels. The
table beneath the panels displays the
0 T T T T T 0 T T T IC;,, values and (not determinable)
1 10 1 10 indicates that the IC;, could not be
Peptide concenration (1M) deermined e o e nonignl
- - scrambled forms of the peptides repre-
Nox2 peptlde Cluster in Nox2 IC50 (}J-M) senting clusters E and G. The results
(reS|dues) sequence Native | Scrambled? or retro-peptideb represent means * seM of three to six
348-362 C 4.19 3.62" experiments.
414-428 E 8.07 nd®
432-446 F 7.24 12.78°
468-482 G 10.41 nd®
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Figure 6. Location of oxidase activation inhibi-
tory domains in the linear representation of the
Nox2 DH region in relation to the FAD- and
NADPH-binding subdomains. (A) Nomenclature
of inhibitory domains and the corresponding
residues in the Nox2 sequence. (B) Location of
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Start of peptide walking at residue 288 \

parts of the FAD and NADPH molecules, pro-
posed to be engaged in binding to Nox2, are
listed below the Nox2 sequence in red and
green fonts, respectively.

Nox2 sequence segment shared fully or in part by a cluster of
oxidase inhibitory peptides. Defining the precise borders of
such domains was beyond the purpose of this investigation
and would have required N- and C-terminal truncations on
numerous peptides. Thus, establishing the N- and C-terminal
borders of the domains was principally based on the hypothe-
sis that the peptide with the maximal inhibitory activity in
each cluster is likely to comprise all or most of the domain.
When a cluster did not contain a peptide with maximal activ-
ity, the domain was defined by the longest sequence shared by
all peptides in the cluster (see clusters F1 and I). The way the
clusters were defined is made obvious by the yellow highlight-
ing of residues, shown in Fig. 1. The placement of the do-
mains within the sequence of the DH region of Nox2 and
their relationship to the known subdomains, of which the non-
contiguous binding sites for FAD and NADPH are composed,
are shown in the linear representation of the sequence

(Fig. 6) and in the spatial illustration of the regions in the se-
quence contacting FAD and NADPH (Fig. 7).

It is apparent that there is a complete overlap between domain C
and the ribityl chain-binding FAD subdomain. There is also signifi-
cant, although lesser, overlap between domains D (C-terminus) and
E (N-terminus) and the pyrophosphate-binding NADPH subdomain
and considerable overlap between domain F (Cterminus) and the
ribose-binding NADPH subdomain and between domain H and the
nicotinamide-binding NADPH subdomain (in the latter case, the
inhibitory domain comprises the full length of the NADPH-binding
subdomain). It is of interest that a representative cluster C peptide
(related to the ribityl chain-binding FAD subdomain) was equally
active in the retro form, whereas peptides representing clusters E
and F, belonging to NADPH-binding subdomains, exhibited high
and moderate sequence specificity, respectively (Fig. 5).

No known, functionally important regions of Nox2 correspond to
inhibitory domains A, B, and G. Domain F1 overlaps a region (resi-
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dues 451-458), described previously as involved in the binding of
p47/"°* [18]. Our results are not capable of providing a definite an-
swer to this claim, but in our hands, inhibition of oxidase activation
by cluster F1 peptides was also evident in the p47”"* and am-
phiphile-independent system (Fig. 3B). In addition, recent evidence
from our group indicates that Nox2 peptide 447-461, which over-
laps domain F1, is involved in binding of p67*** (1-526) but not
p677% (1-212; unpublished results). As seen in Fig. 3B and C, pep-
tides in cluster F1 are indeed preferentially interfering with oxidase
activation by p67”** (1-526) and have a lesser effect on activation
involving p67/"** (1-212).

Domain I comprises residues 559-565, which correspond to yet
another region reported to participate in the interaction of Nox2
with p47/"%, This proposal was based on mapping by peptide-phage
display libraries [18] and on inhibition of oxidase activation by a
Nox2 peptide containing these residues [51], but careful kinetic
analysis did not support the proposed mechanism of the peptide
competing with Nox2 for binding of p47* [52].

Kinetic analysis of the mechanism of inhibition of
oxidase activation by peptides comprising sequences
belonging to FAD- and NADPH-binding subdomains
The fact that five out of 10 domains are connected to regions in-
volved in the binding of FAD or NADPH suggested that inhibitory
peptides could act by competing with the binding of the redox li-
gands to the DH region of Nox2. We approached this question by
first performing a kinetic analysis of oxidase inhibition by a represen-
tative peptide of cluster C (comprising residues 348-362), which
overlaps the full extent of the ribityl chain-binding FAD subdomain.
The peptide was assayed in the p47””“* and amphiphile-indepen-
dent system with membranes preincubated with various concentra-
tions of FAD (from 1 to 10 nM). To make possible the assessment of
the effect of varying the concentration of FAD on inhibition, the
assay buffer in these experiments did not contain FAD. The peptide
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SO

was assayed at two concentrations, encompassing the 1C;, value, strating that C cluster peptides do not act by competing with Nox2
shown in Fig. 5. As apparent in Fig. 8, the cluster C peptide caused a for the binding of FAD.
two- and threefold decrease in the V, ,  value in proportion to in- We next performed a kinetic analysis of oxidase inhibition by rep-
creasing concentrations of peptide. However, there was no signifi- resentative peptides of clusters E (comprising residues 414-428) and
cant change in the K, for FAD, and the Lineweaver-Burk plot was F (comprising residues 432-446) in the p47”"- and amphiphile-
compatible with a noncompetitive inhibition mechanism, demon- independent system, and the catalytic phase was initiated with NA-
O No peptide _ g 0.20-
A Peptide 348-362 (2.5 uM)| 2 2
V Peptide 348-362(5 M) | 2 £ 5]
QN g )/ Figure 8. Kinetic analysis of inhibition of amphiphile-indepen-
g, £ 0104 dent NADPH oxidase activation by a peptide from cluster C
= 8 in relation to FAD concentration. Cluster C comprises oxidase
> inhibitory peptides sharing a sequence fully overlapping the
M ribityl chain subdomain of the FAD-binding region of Nox2.
Peptide 348-362 (belonging to cluster C), at concentrations
T T T of 2.5 or 5 uM, was incubated with a mixture of p67”"** (1-

T
-2 -08 04 -00 04 08 12 526) and prenylated Rac Q61L for 15 min. This was followed
1/[FAD] nM by the addition of membrane liposomes preincubated with
FAD for 5 min (to result in final concentrations of FAD in the
reaction of 1, 2, 4, 6, 8, and 10 nM) and incubation for 5

Peptide Cluster in Peptide Vinax Kn min. Oy~ production was initiated by addition of NADPH
residues Nox2 | concentration | (mol Oy/s/mol | (nM FAD) (238 uM). Control mixtures were prepared under the same
sequence (M) cytochrome bssg conditions but in the absence of peptides. The kinetic data
heme) are presented in double-reciprocal (Lineweaver-Burk) plots
and represent means * sem of three experiments. The table
; beneath the plot displays V, .. (NADPH oxidase activity) and
No peptide 33.90+1.41 |0.81+£0.04 P PIAYS Vinax
pep K, values (for FAD), derived by the kinetic analysis.
2.5 17.67+ 0.50 1.06
348-362 C
5 11.60 £ 0.30 1.00
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Peptide 414-428 Peptide 432-446
O No peptide 0.351 O Nopeptide | 0357
A 5 uM peptide | 0.30 A 5 pMpeptide | 0.304
V 10 uM peptide| o | V_10 uM peptide | 55 |

Figure 9. Kinetic analysis of inhibition of amphiphile-inde-
pendent NADPH oxidase activation by peptides from clus-
ters E and F in relation to NADPH concentration. Clusters
E and F comprise oxidase inhibitory peptides sharing se-
quences partially overlapping the pyrophosphate and ri-
bose subdomains of the NADPH-binding region of Nox2,
respectively. Peptides 414-428 (cluster E) and 432-446

1/(mol Oy"/s/mol cytochrome bss9 heme)

0.20 0.20
0.154 0.154
0407 0.4
M/E/Q/ %MA/A/

/wﬁ

T T T T T T T 1
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

T T T T T T T 1
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04

(cluster F), at concentrations of 5 and 10 uM, were incu- 1/[INADPH] uM
bated with p67”"** (1-526) and prenylated Racl Q61L for
15 min. This was followed by the addition of membrane
liposomes, and after incubation for 5 min, Oy produc-
tion was initiated by addition of NADPH at concentrations Peptide | Cluster in Peptide Vinax Km
varying from 28.37 to 454 uM (in twofold dilutions). Con- residues Nox2 [ concentration [ (mol Oz7/s/mol | (uM NADPH)
trol mixtures were prepared under the same conditions sequence (nM) cytochrome bsssg
but in the absence of peptides. The kinetic data are pre- heme)
sented in double-reciprocal (Lineweaver-Burk) plots and
represent means * Sem of three experiments. The table No peptide 114.00 £2.21 | 113.03+£8.14
beneath the plots displays V... (NADPH oxidase activity)
and K, values (for NADPH) derived by the kinetic analy- 5 14.50 £ 0.32 41.16
o 414-428 E 10 7.91£0.16 37.44
5 26.44 +0.67 39.59
432-446 F 10 9.56 £ 0.29 29.59

DPH at concentrations varying form 28.37 to 454 uM in twofold
dilutions. Peptide 414428 partially overlaps the pyrophosphate
binding and peptide 432-446, the ribose-binding NADPH sub-
domain. Both peptides were assayed at two concentrations encom-
passing the IC;, values shown in Fig. 5. As apparent in Fig. 9, both
peptides caused a concentration-dependent decrease in the V.
value, in proportion to the increasing concentrations of the pep-
tides. Unexpectedly, both peptides caused a three- to fourfold de-
crease in the K, for NADPH in comparison with the value found
for the uninhibited reaction. The Lineweaver-Burk plots for both
peptides suggest that peptides in clusters E and F act via the rela-
tively rare, uncompetitive inhibition mechanism and do not inhibit
oxidase activation by simply competing with Nox2 for the binding of
NADPH.

DISCUSSION

Our group is engaged in the systematic mapping of functional re-
gions in all oxidase components by peptide walking. We have, so far,
applied this approach to Racl, p47”", and p22¢"** [23, 25, 26], and
the present report represents its application to the cytosol-exposed
DH region of Nox2. Synthetic peptides, corresponding to restricted
or extended regions of oxidase components, were used in functional
assays, in which they served as inhibitors of oxidase activation (re-
viewed in refs. [21, 22]) and to a more limited extent, as partners in
peptide—protein-binding assays (see general review, ref. [53] and its
application to p47”"** [25] and p22/"** [26]).

Earlier work using synthetic peptides to explore Nox2 used a lim-
ited number of Nox2 peptides. These were chosen by one of the
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following approaches: screening by phage display library analysis for
sites of interaction with p47/%* [18], testing a peptide used to gener-
ate an anti-Nox2 antibody found to block oxidase activation in the
celHree system [54], or testing selected Nox2 peptides correspond-
ing to the most hydrophilic regions [39], based on Nox2 topology
predictions [43]. To the best of our knowledge, ours is the first
study using overlapping peptides covering the full length of the DH
region of Nox2. All peptides were tested in a uniform way by strictly
adhering to the methodological principles reiterated in a recent re-
view [22]. A key issue was that the initial peptide walking was per-
formed with all 91 peptides in the nonpurified form, but the quant-
tative and kinetic data were derived from the use of purified pep-
tides.

The most studied, previously described oxidase inhibitory
peptides, corresponding to the Nox2 DH region, include the
following:

e Peptide 559-565 was described as corresponding to a
Nox2 domain involved in the binding of p47#"°* [18, 39,
51, 54, 55] and exhibiting sequence specificity [56]. It was
claimed that it acted as a competitive inhibitor [55, 56],
but kinetic analysis did not support this claim and sug-
gested a more complex mechanism of action, such as
binding to and altering the conformation of Nox2 [52].

e Peptide 452-464, first identified by mapping by peptide-
phage display libraries, was found to be a rather weak oxi-
dase inhibitor in vitro (IC;, of 230 uM) [18].

e Peptides 282-296, 304-321, and 434-455 were described
as inhibitors in the canonical cell-free system [39]; among
these, peptide 434—455 was found to prevent translocation
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of p47*"** and p67”"** to the membrane in vitro. The 1Cy,
values of these peptides and of peptide 559-565 were be-
tween 70 and 100 uM.

o Peptides 418—435 and 441-450, selected on the basis of the
claim that they overlap NADPH-binding subdomains, were
found to act as inhibitors in the canonical cellfree system with
IC;, values between 10 and 60 uM [57]. One has to note that
peptide 418—-435 does not fit any of the accepted NADPH-bind-
ing subdomain sequences [14-16]. This peptide was reported
to possess three unusual properties: it was inhibitory also when
added after oxidase assembly; it was effective in a cellfree system
activated in the absence of cytosolic components, as described
in ref. [58]; and it exhibited uncompetitive kinetics with respect
to NADPH.

e Peptide 491-504 was found to inhibit cellfree oxidase activation
and the translocation of p47”"** and p67”"** in vitro. The pep-
tide was studied because of the finding that a D500 to G muta-
tion in a patient with the X91™" form of CGD was associated
with normal amounts of cytochrome b4 but impaired translo-
cation of p47"** and p67/"** [59].

e Peptide 419-430 was reported to inhibit cellfree oxidase
activation and was proposed to be involved in the binding
of Rac2 to Nox2 [17]. It is of interest that this peptide
represents part of the sequence of peptide 418-435, to
which different properties were attributed [57].

We have identified 10 domains in Nox2, the vast majority of
which were represented by clusters of peptides with marked oxidase
inhibitory activity in vitro (see Fig. 6). Domains A (288-302), B
(312-326), and F + F1 (432-446+447-455) are likely to corre-
spond to peptide sequences 282-296, 304-321, and 434—-455, re-
spectively, described in ref. [39]. Domain F + F1 also resembles the
sequence of peptide 441-450 [57]. Domain E (414-428) corre-
sponds to peptide 418-435, the minimum inhibitory sequence of
which was found to be 420—425 [57], and to peptide 419-430 [17];
for the latter two peptides, contradictory functions in oxidase activa-
tion were proposed. Domain H (528-542) corresponds to peptide
526-549, described as a poor inhibitor [39]. Finally, domain I (556—
566), which surprisingly, comprised peptides with rather modest in-
hibitory potency, closely resembles the sequence of the most investi-
gated inhibitory Nox2 peptide 559-565 [18, 39, 51, 52, 54-56]. No
equivalent to the inhibitory peptide 491-504 [59] was detected
by us.

Our study revealed three previously unknown domains: C, D, and
G (see Fig. 6). Domain C (348-362) is of special significance be-
cause of its perfect overlap with the ribityl chain-binding FAD sub-
domain (350-360). This is the first report of inhibition of oxidase
activation by peptides belonging to a FAD-binding subdomain. It is
of interest that this is limited to the sequence responsible for bind-
ing the ribityl chain and that peptides derived from the isoalloxa-
zine-binding subdomain were not inhibitory. This is surprising in
light of the fact that all mutations in the X91" form of CGD affect
ing FAD binding are located in the isoalloxazine-binding subdomain
(ref. [60] and reviewed in refs. [61, 62]).

Oxidase activation inhibition by a representative domain C
peptide was found to be independent of the amino acid se-
quence, as shown by the quasi-identical IC;, of a retro-isomer
of the peptide. The most likely explanation for this finding is
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that the interaction between domain C peptide and its target
involves hydrophobic and/or electrostatic forces. Indeed,
Nox2 peptide 348-362 has a high hydrophobicity index (0.52,
based on the scale described in ref. [46]), as a result of the
presence of many hydrophobic residues. Lack of amino acid
sequence specificity of oxidase activation inhibitory peptides
was described in the past for C-terminal Racl peptides [63]
and for peptides belonging to several domains in p22/"** [26].
In the latter case, scrambled and retro-peptides were inter-
changeable. Furthermore, oxidase inhibition by domain C
peptides is not overcome by an excess of FAD and exhibits
noncompetitive kinetics with respect to FAD. Thus, these pep-
tides do not compete with the Nox2 protein for FAD binding
and do not alter the affinity of FAD for Nox2 (no significant
change in the K, for FAD). The situation might be even more
complex, as it was found that binding of FAD to Nox2 is af-
fected (facilitated) by the oxidase-activating amphiphile and by
the binding of cytosolic components [64]. Such noncompeti-
tive (or mixed) kinetics were found unexpectedly to apply to
the inhibition of oxidase activation by peptide 559-565 with
respect to all cytosolic components [52].

Domain D peptides join those belonging to domains E, F, and
H as representing a Nox2 sequence participating in the binding
of NADPH. Thus, domains D and E contain residues involved in
the binding of pyrophosphate, whereas domains F and H contain
residues required for the binding of ribose and nicotinamide
moieties of NADPH, respectively. The fact that domains F and F1
are contiguous, and their limits were decided on rather arbitrarily
raises the possibility that domains F and F1 participate in binding
of the ribose moiety and are de facto segments of a single larger
domain. Oxidase inhibition by cluster E and F peptides is not
reversed by an excess of NADPH and is characterized by the
rather rare, uncompetitive kinetics with respect to NADPH. Such
a kinetic pattern was described for oxidase inhibition by Nox2
peptide 418-435, which does not overlap an actual NADPH-bind-
ing subdomain but corresponds to the C-terminal part of domain
E and the N-terminal part of domain F [57]. The conventional
explanation for uncompetitive kinetics is that the inhibitor (peptide)
binds to the enzyme-substrate complex (in our case, Nox2-NADPH)
and causes a structural distortion, which renders it catalytically inac-
tive without negatively affecting the affinity for the substrate, as
shown by the paradoxical decrease in K, for NADPH.

Peptides belonging to clusters E and F were also inhibitory when
added after the completion of oxidase activation, which is a bidirec-
tional process and is to a certain degree, reversible. We do not know
which step, specifically, is reversed by E and F domain peptides, but
the fact that these domains are involved in the binding of NADPH
suggests that the peptides are likely to reverse a late, catalytic step
involving interaction with NADPH. Interestingly, domain E and F
peptides also shared with Nox2 peptide 418—-435 the ability to act
after the completion of oxidase assembly [57].

It is also significant that the two point mutations in the X91 ™"
form of CGD, shown to impair oxidase function by interfering with
the binding of NADPH—P415 to H and C537 to R (ref. [60] and
reviewed in refs. [61, 62])—are located in domains E and H, respec-
tively. It should be made clear that kinetic analysis of oxidase inhibi-
tion by peptides belonging to domains C, E, and F was based on
experiments performed with single representative peptides for each
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domain in the belief that the results are applicable to all peptides in
the clusters.

Our results do not permit to confirm or negate earlier reports
linking particular Nox2 domains, defined by peptide-mediated inhi-
bition of oxidase activation, to their role as binding sites for p47/"**
or Rac. As noted in Results, some of these proposals were not sup-
ported by our finding that inhibition by Nox2 peptides in the cell-
free system in the presence and absence of p47/"** revealed identical
clusters. Our results do not permit us to offer an explanation for the
mechanism of action of inhibitory peptides belonging to clusters A,
B, G, and I It is worth noting that peptides belonging to cluster G
are hydrophobic, and those belonging to clusters A, B, and I are
positively charged. The latter might interact by an electrostatic mech-
anism with anionic proteins, such as p677"* (1-526; pI=5.88) or the
DH region of Nox2 itself (pI=6.82).

We believe that the very complex nature of the process of
oxidase assembly and the fact that Nox2 interacts with all cyto-
solic components do not allow the drawing of direct conclu-
sions on the identity of binding sites on Nox2 for these com-
ponents from peptide inhibition of oxidase data only. The dif-
ficulties intrinsic to such an approach are illustrated by the
findings that peptides belonging to the PRRs of p47”*** and
p227"** were found to bind p67"°* and p47”"*, respectively, in
peptide—protein-binding assays but were inactive as inhibitors
of oxidase activation in vitro [25, 26]. The same caveat applies
to the use of kinetic analysis; such analysis is most appropriate
for a two-component enzyme: substrate situations and the fact
that Nox2 interacts with three cytosolic components and two
redox ligands, each containing more than one binding moiety,
raise considerable difficulties of interpretation. The possibility
that peptides may act by interfering with essential intramolecu-
lar interactions should be given serious consideration. A good
example for such a situation is the recently described interac-
tion between Nox4 and Nox2 loop B and the N-terminal one-
half of their respective NADPH-binding domains, which was
proposed to facilitate electron transport from the cytosolic to
the membrane-localized redox centers [40]. Interference by
DH region peptides with such an interaction seems an attrac-
tive hypothesis and might be associated with complex kinetics.

A more adequate interpretation of our findings will only be possi-
ble when the actual molecular structure of the DH region of Nox2
will become known, or at least, an adequate three-dimensional
model will become available.

We conclude that inhibition of oxidase activation by Nox2 pep-
tides is most useful in revealing sites involved in binding FAD and
NADPH and thus, serving as redox centers. Only one of two FAD-
binding and three out of four NADPH-binding subdomains were
revealed by peptides; the isoalloxazine-binding site for FAD and the
adenine-binding site for NADPH did not yield inhibitory peptides.
The reason for the preference for subdomains binding smaller (ribi-
tyl, ribose, pyrophosphate) over those binding larger (isoalloxazine,
adenine) polycyclic moieties is not clear.

Finally, peptide walking through the DH region of Nox2
also has an important practical aspect as a method for the
design of peptides to be used as drugs for the therapy of
the multiple disease states associated with the overproduc-
tion of Nox2-derived ROS. This issue has been the subject
of two recent reviews [21, 22].
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