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Abstract Phagocytes utilize reactive oxygen species

(ROS) to kill pathogenic microorganisms. The source of

ROS is an enzymatic complex (the NADPH oxidase),

comprising a membrane-associated heterodimer (flavocy-

tochrome b558), consisting of subunits Nox2 and p22phox,

and four cytosolic components (p47phox, p67phox, p40phox,

and Rac). The primordial ROS (superoxide) is generated by

the reduction of molecular oxygen by NADPH via redox

centers located on Nox2. This process is activated by the

translocation of the cytosolic components to the membrane

and their assembly with Nox2. Membrane translocation is

preceded by interactions among cytosolic components. A

number of proteins structurally and functionally related to

Nox2 have been discovered in many cells (the Nox family)

and these have pleiotropic functions related to the pro-

duction of ROS. An intense search is underway to design

therapeutic means to modulate Nox-dependent overpro-

duction of ROS, associated with diseases. Among drug

candidates, a central position is held by synthetic peptides

reflecting domains in oxidase components involved in

NADPH oxidase assembly. Peptides, corresponding to

domains in Nox2, p22phox, p47phox, and Rac, found to be

oxidase activation inhibitory in vitro, are reviewed. Usu-

ally, peptides are inhibitory only when added preceding

assembly of the complex. Although competition with intact

components seems most likely, less obvious mechanisms

are, sometimes, at work. The use of peptides as inhibitory

drugs in vivo requires the development of methods to

assure cell penetration, resistance to degradation, and

avoidance of toxicity, and modest successes have been

achieved. The greatest challenge remains the discovery of

peptide inhibitors acting specifically on individual Nox

isoforms.
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‘‘Now this is not the end. It is not even the beginning

of the end, but it is, perhaps, the end of the

beginning.’’

Winston Churchill, speech at the Lord Mayor’s

luncheon, November 10, 1942.

The phagocytic NADPH oxidase: Adam and Eve

of the Noxes

A major mechanism used by innate immune defense

against attack by bacterial, fungal, and parasitic pathogens

is the production by phagocytic cells of reactive oxygen

species (ROS) [reviewed in 1]. These are acting principally

by delivery into the vacuoles derived by the invagination of

the plasma membrane in the course of the process of

engulfment of the microorganisms. The canonical concept

is that all ROS are derived from the superoxide anion

(O2
�-), generated by the NADPH-derived one-electron
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reduction of molecular oxygen (O2). This seemingly ele-

mentary chemical reaction is catalyzed by a membrane-

bound 91-kDa protein, known as gp91phox (or Nox2),

which is associated with a 22-kDa protein (p22phox) to form

the flavocytochrome b558 heterodimer. Nox2 contains six

transmembrane a-helices linked by three external and two

cytosol-facing loops and a long cytosolic segment. It is

harboring all redox stations supporting the flow of electrons

from NADPH to oxygen, namely an NADPH-binding site

and non-covalently bound FAD, present on the cytosolic

part, and two hemes, bound to histidine pairs present on the

2nd and 5th membrane helices.

Despite the availability of both electron donor

(NADPH) and acceptor (O2), the initiation of the electron

flow in Nox2 in the resting phagocyte is dependent on the

stimulation of phagocyte membrane receptors by the

microorganisms to be engulfed or by a variety of soluble

stimuli [2], followed by a complex signal transduction

cascade leading to a conformational change in Nox2. This

is the result of its interaction with several regulatory

cytosolic components: p47phox, p67phox, p40phox, and the

small GTPase Rac (1 or 2). These translocate to the

membrane environment of Nox2 to form the activated O2
�--

generating NADPH oxidase (briefly, ‘‘oxidase’’) complex,

a process known as oxidase assembly [reviewed in 3–5].

Under physiological conditions in vivo, p47phox, p67phox,

and Rac are required for the induction of O2
�- production,

whereas the precise function of p40phox is less well estab-

lished. At the molecular level, there is quite a consensus

about p47phox, p67phox, and Rac establishing direct contacts

with Nox2 and about p47phox also interacting with p22phox.

However, whether direct protein–protein interaction of

Nox2 with all three cytosolic components is required for

the induction of the activating conformational change is as

yet unsolved, and a ‘‘monotheistic’’ model proposing a key

role for a single Nox2–p67phox interaction has also been put

forward [6, 7].

The activating encounter of Nox2 with one or more

cytosolic components is preceded by preparatory interac-

tions among cytosolic components meant to facilitate

translocation to the membrane and/or specific binding to

Nox2. These are mediated by well-defined protein–protein

binding modules: src homology 3 (SH3) domains, proline-

rich regions (PRR), tetratricopeptide repeats (TPR), and

Phox and Bem domains (PB1). The two principal interac-

tions are between a PRR at the C-terminus of p47phox and

the C-terminal SH3 of p67phox, and between the TPR of

p67phox and the switch 1 region of Rac (assisted by a more

C-terminal amino acids triad). The p47phox–p67phox com-

plex is present as part of a larger molecular structure in

resting phagocytes, also comprising p40phox (by virtue of a

PB1 to PB1 affinity to p67phox), and its existence seems to

be unrelated to stimulation of membrane receptors. Unlike

the preformed p47phox–p67phox complex, binding of p67phox

to Rac is dependent on two preliminary reactions: the

exchange of GDP for GTP on Rac, mediated by guanine

nucleotide exchange factor (GEF), and the dissociation of

Rac from the regulatory protein, Rho GDP dissociation

factor (RhoGDI), responsible for keeping Rac in the

cytosol in the form of a Rac–RhoGDI complex. If the

concept of the centrality of p67phox–Nox2 interaction is

espoused, both p47phox and Rac can be seen as carriers of

p67phox to the membrane and, ultimately, to a productive

encounter with Nox2. This might require some ‘‘refur-

bishment’’ of the resting state p47phox–p67phox–p40phox

complex to accommodate the new functions of the proteins,

possibly involving fresh protein–protein interactions.

These might involve the C-terminal SH3 of p47phox and the

PRR at the midst of p67phox and the SH3 of p40phox com-

peting with the C-terminal SH3 of p67phox for the PRR of

p47phox.

Yet another intermediary step in NADPH oxidase

assembly consists of protein–protein or protein–lipid

interactions facilitating membrane tropism of cytosolic

components. The most intensely investigated is that

between the tandem SH3 domains of p47phox and the

C-terminal PRR of p22phox. Its role is to bring p47phox in

the close proximity of Nox2 in order to enable the estab-

lishment of direct p47phox–Nox2 contacts and, most likely,

carry along p67phox, leading to the establishment of

p67phox–Nox2 contacts. A different category of contacts is

that between the Phox homology (PX) domains, at the

N-termini of p47phox and p40phox, and specific membrane

phosphoinositides, the concentration of which increases in

stimulated phagocytes. Yet another protein–lipid interac-

tion essential for oxidase assembly is that between the

isoprenylated ‘‘tail’’ of Rac and anionic phospholipids at

the cytosol-facing aspect of the membrane. The marked

affinity of the cytosolic tail of Rac for the membrane is

based both on charge, due to the presence of a C-terminal

polybasic region, and on hydrophobic forces, represented

by the 20-carbon geranylgeranyl group attached to a cys-

teine, bordering the polybasic region. The involvement of

basic physico-chemical interactions in oxidase assembly is

of importance for the interpretation of the effect of peptides

corresponding to specific regions in oxidase components.

Finally, protein–protein interactions within oxidase

components are also of relevance for the regulation of

oxidase assembly. The most prominent example is the

autoinhibitory intramolecular bond in p47phox between the

tandem SH3 domains and a polybasic region at the C-ter-

minus, preventing the establishment of the oxidase

activation-related intermolecular bond between the same

tandem and the PRR at the C-terminus of p22phox. This is

relieved by phosphorylation of specific serines within the

polybasic region, a process also resulting in unmasking of a
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region involved in the prevention of the binding of the PX

domain to the membrane [8, 9]. A schematic representation

of the assembled NADPH oxidase complex is illustrated in

Fig. 1. Figures 2 and 3 show the location of the principal

functional domains in the Nox2–p22phox dimer and in the

cytosolic components, respectively.

‘‘The last will be first’’: the phagocyte oxidase is joined

by the Noxes

While efforts to elucidate the mechanism of activation of

the phagocyte oxidase were under way, enzyme complexes

genetically and functionally similar to their phagocytic

counterpart, were discovered in a vast variety of tissues.

Proteins belonging to this category were grouped under the

shared name of the NADPH oxidase (Nox) family

[reviewed in 10, 11]. Whereas the function of the phago-

cyte oxidase is well defined and clearly linked to host

defense, Nox family proteins have pleiotropic functions,

some related to normal physiology and some to the path-

ogenesis of a variety of diseases involving practically every

organ system [reviewed in 12].

All Nox family members are membrane-associated

proteins with an electron carrier function, comprising all

the conserved functional modules: NADPH- and FAD-

binding sites, six transmembrane a-helices, and the two

histidine-bound hemes. The family includes five members,

known as Nox1, Nox2, Nox3, Nox4, and Nox5; Nox2

representing the catalytic subunit of the phagocyte oxidase,

previously referred to as gp91phox. Nox1–4 are very similar

and are present as heterodimers with p22phox. Nox5 is

independent of p22phox but possesses an N-terminal Ca2?-

binding region, consisting of four EF-hand motifs. An

additional group of Nox proteins are the dual oxidases 1

and 2 (Duox 1 and 2), originally described in the thyroid.

Similarly to Nox5, Duoxes are independent of p22phox and

contain a Ca2?-binding region, consisting of only two EF-

hand motifs, but they also possess a unique seventh

transmembrane segment ending with an outside-facing

peroxidase-like domain. Soon after the discovery of the

Nox family, homologues of the cytosolic components

p47phox and p67phox were identified. These are the p47phox

homologue NOX organizer 1 (NOXO1) and the p67phox

homologue NOX activator 1 (NOXA1), a nomenclature

which emphasizes the distinct roles of the two components in

the canonical Nox2 system and in the activation of some of the

other Nox isoforms. The function of Noxes 1, 2, and 3 is

dependent on or regulated by NOXO and NOXA components

and by Rac, although the in depth picture is more complex as

far as the interchangeability of cytosolic components and the

requirement for NOXA1 in Nox3 activation is concerned.

Nox4 serves as the best example of a constitutively active Nox

that does not require assistance from cytosolic components
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Fig. 1 ‘‘The target’’. Representation of the assembled phagocyte NADPH oxidase. TPR tetratricopeptide repeat, AD activation domain, SH3 src

homology 3, PRR proline-rich region, PX phox homology
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(but forms a dimer with p22phox and might exhibit a limited

dependence on Rac). Nox5 and Duoxes 1 and 2 are subject to

radically different regulatory mechanisms: they are under the

control of the cytosolic Ca2? concentration, sensed by the EF-

hand regions, and there is no dependence on either cytosolic

components or p22phox. This much too brief and simplistic

description of the Nox family is meant to stress the fact that the

design and use of peptide inhibitors of NADPH oxidases will

have to face the conceptual and practical difficulties raised by

the similarities between the various Noxes and their regula-

tory proteins in the presence of widely differing actions and

targets in health and disease.
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Fig. 2 ‘‘The engine’’.

Representation of the regions in

Nox2 and p22phox exposed to

the cytosol and, thus, likely to

be involved in protein–protein

interactions with the cytosolic

components. Linear sequences

in Nox2, generating the

NADPH- and FAD-binding

domains, are also shown.
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Fig. 3 ‘‘The mechanics - those who make the engine work’’.

Mapping the protein–protein interaction domains in the cytosolic

NADPH oxidase components. The presentation of the domains was

inspired by [4]. PX phox homology domain, SH3-N N-terminal src 3

homology domain, SH3-C C-terminal src 3 homology domain, PRR
proline-rich region, TPR tetratricopeptide repeat, AD activation

domain, PB1 Phox and Bem domain, Insert insert region character-

istic of Rho proteins, p67phox BD2 second Rac-binding domain on

p67phox (in addition to switch I), CLLL C-terminal residues in Rac1

involved in isoprenylation, carboxymethylation, and cleavage of the

three leucines
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A reductionist model of NADPH oxidase activation:

the cell-free system

An essential step in the analysis of complex biological

systems is the development of in vitro models in which

most if not all elements of the in vivo situation are con-

served in a manner that these can be quantified,

manipulated, and controlled with a high degree of repro-

ducibility and, ideally, simplicity. Phagocyte NADPH

oxidase activation proved to be most propitious for the

design of an in vitro system which resembles the events in

the intact cell with some limitations, the most significant

being the lack of a proper model for the part involving

signal transduction from membrane receptors to the oxi-

dase components.

The in vitro model of oxidase activation, known as the

cell-free system, rests on the ability of a mixture of oxidase

components to generate copious amounts of O2
�- in the

presence of substrate NADPH, target oxygen, and an in vitro

activator, commonly represented by an anionic amphiphile,

such as long chain unsaturated fatty acids (e.g., an arachid-

onate salt) or sodium or lithium dodecyl sulfates (SDS,

LiDS). The history, variations and some of the uses of the

cell-free system are reviewed in [13]. In its early form, the

cell-free system was composed of phagocyte membrane and

cytosol, a set-up not permitting standardization and rigorous

quantification of O2
�- production. In its present form, the

system consists of phagocyte membrane (native or solubi-

lized) or purified and relipidated flavocytochrome b558, and

three cytosolic components (p47phox, p67phox, and Rac1 or 2)

as purified recombinant proteins, supplemented with an

activator. In the advanced applications of the cell-free sys-

tem, membrane or flavocytochrome b558 are present in a

known, fixed amount (based on quantification of the heme

content), whereas the cytosolic components are added in a

range of concentrations, to allow the generation of dose-

response curves and the calculation of kinetic parameters

(EC50 and Vmax). Vmax results are expressed as turnovers

[mol O2
�- produced per mol flavocytochrome b558 heme per

time unit (usually, seconds)]. Two main variations of the

cell-free system have found wide application. The first is

based on the original methodology, as briefly described

above. The second is the outcome of the finding that the

phagocyte oxidase can be activated in vitro in the absence of

p47phox and an amphiphilic activator, provided that the Rac

component is prenylated [7, reviewed in 13]. Recently, a

novel potential was added to the cell-free system by the

ability to replace the three individual cytosolic oxidase

components by a p47phox–p67phox–Rac chimera, capable of

oxidase activation in vitro both in the presence [14] and the

absence [15] of an activator.

The cell-free system has been and still is the central

methodology for the identification of NADPH oxidase

inhibitors, in general, and peptide-based inhibitors, in

particular. It has the following advantages: (1) precise

knowledge of the identity of the reaction product (O2
�- or

H2O2) and a capacity for rigorous quantification and

reproducibility; (2) the ability to vary the relative amounts

of oxidase components and inhibitors; (3) the ability to

distinguish between the oxidase assembly phase (Nox–

cytosolic components interaction) and the catalytic phase

(electron flow from NADPH to O2) and, thus, identify the

step interfered by the inhibitor; (4) the fact that the main

effect of anionic amphiphiles is to mimic the serine protein

kinase C (PKC)-mediated phosphorylation of p47phox; (5)

the possibility of focusing on the effect of the inhibitor on a

specific component (such as on p67phox, in the variation

lacking p47phox and amphiphile); (6) ease of eliminating

nonspecific effects, such as ROS scavenging by ‘‘pseudo-

inhibitors’’; (7) yielding of kinetic parameters; and (8) an

excellent potential for high throughput screening and

automation.

However, exclusive reliance on cell-free systems is not

advisable for the following reasons: (1) the system is

focused on the assembly process, proper, and cannot be

used for the analysis of events preceding assembly (such as

signal transduction from membrane receptors, involving

phosphorylation or phosphatase-action related processes,

changes in membrane phosphoinositides, and the action of

GEFs or GTPase-activating proteins (GAPs); (2) the cell-

free system is running until substrate (NADPH) or detec-

tion reagents (such as cytochrome c) are exhausted, thus

lacking an intrinsic ‘‘stop’’ mechanism; (3) the cell-free

system has been successfully used in Nox2-based assays,

but its application to the other Noxes is much less devel-

oped (however, see successful application to the Nox4

dehydrogenase domain in [16]); and (4) the relationship of

the quantitative parameters present in vitro (oxidase com-

ponents, NADPH, oxygen) to those in the intact cell is

unknown, and to this uncertainty is added the absence in

vitro of anything resembling subcellular compartmentali-

zation. All this leads to the conclusion that the cell-free

systems are excellent for the exploratory stage of the search

for oxidase inhibitors, but must be followed by assays in

intact cells, organs, and, ultimately, the whole animal.

Why inhibit Noxes: the rationale for the design of Nox

inhibitors

The design of Nox inhibitors became a favorite preoccu-

pation of numerous investigators associated with both

academic and commercial organizations. It is, probably,

not an extreme oversimplification to state that the driving

force behind these efforts is the acceptance of the following

axioms: (1) Noxes are the major enzymatic pathway for the
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generation of ROS in humans and mammals, serving as

models for human physiology and pathology; (2) ROS can

be helpful, irrelevant, or damaging, depending on their

identity, quantity, locus of generation, length of presence,

and the existence of other factors affecting their effect; (3)

examples of favourable effects of ROS (in the survival of

the host meaning) are their role as killer molecules for

pathogenic microorganisms, normally following phagocy-

tosis, and as necessary molecules in metabolic processes

(such as the H2O2 produced by Duox2 in the synthesis of

thyroid hormones) and signaling pathways (such as the role

of Nox3 in inner ear function); (4) there is a plethora of

examples of damaging effects of ROS, their role as toxic

molecules also being proven by the extensive anti-oxidant

mechanisms present in all living beings exposed to oxygen,

beautifully summarized by Fridovich more than three

decades ago [17]. In a surprisingly large number of dis-

eases, overproduction of ROS is considered a pathogenic

mechanism or an aggravating factor and the idea was put

forward that such harmful potential was not eliminated in

evolution because of its appearance late in life [reviewed in

12]. ROS-induced or exacerbated pathology covers the

cardiovascular, gastrointestinal, central nervous, renal,

endocrine, and osteoarticular systems and extends to

malignancies, with emphasis on chronic and degenerative

diseases; and (5) the use of natural antioxidants, synthetic

ROS scavengers, and free radical spin traps, as possible

approaches to prolonging life span [18].

It is only fair to recall the fact that the seemingly uni-

versal enthusiasm about combating ROS as an effective

therapeutic measure and a way to prolong life is not uni-

versally shared and has been subject of harsh criticism [19].

The design, potential, and factual applications of Nox

inhibitors was the subject of a number of early [20] and

recent [10, 21–23] comprehensive reviews, in some of

which the accent was placed on a particular organ system,

such as the cardiovascular system [24]. Placing the

emphasis on the development of Nox inhibitors represents

a strategic decision, namely to focus directly on the inhi-

bition of the generation of ROS by interfering with the

basic enzymatic apparatus responsible for their generation.

Alternative approaches are to interfere with the preliminary

steps leading to enzyme activation, such as: stimulation of

membrane receptors or receptor ? enzyme transduction

pathways (phospholipases, phosphatases, phosphoinosi-

tides, Ca2?, GEFs, GAPs, and protein kinases), decrease

NADPH availability, or neutralize the final product, ROS,

by antioxidants.

Interference with ROS generation by inhibitors acting

directly on components of the NADPH oxidase complex

also involves several mechanisms. These comprise: pre-

venting the synthesis of Noxes by small interfering RNAs

(siRNAs), ‘‘neutralization’’ of members of the oxidase

complex by agents reacting with important chemical

groups present on these, disturbance of the electron trans-

port mechanism, preventing the process of oxidase

assembly, usually by inhibiting the translocation of cyto-

solic regulators, and introducing dominant negative

mutants of cytosolic regulators. An ideal, far from having

been reached, is to be able to focus on specific Nox iso-

forms or Nox regulators, and target the inhibitors to

specific cells, tissues, or organs.

Giving peptides a chance

The idea of using peptides, corresponding to defined

domains in Noxes and Nox regulators, as therapeutic

agents to inhibit undesired Nox activity emerged quite

some time after the appearance of reports describing the

ability of such peptides to inhibit oxidase activation in vitro

and in intact cells. The idea that such peptides can affect

oxidase activation was based on several assumptions: (1)

peptides of 7–20 residues can mimic functional and bind-

ing characteristics of the full length protein from which

they are derived; (2) relatively small peptides can assume

at least some of the secondary structure elements of the

corresponding protein segments [see 25]; (3) ‘‘native’’

secondary structure elements in peptides can be further

molded by binding to their natural whole protein targets;

(4) the fact that a peptide represents only a part of a binding

domain, composed of several noncontiguous segments in

the linear representation of the sequence, should not pre-

clude its use as an inhibitor; and (5) ‘‘mutating’’ residues in

the course of peptide synthesis should mimic, in functional

or binding assays, the pathologic or experimental mutations

in the intact protein.

The choice of segments of oxidase components for

representation as peptides, and for further work with these,

is rooted in a number of methodologies. A popular one is

random sequence peptide phage display library analysis. In

this, a peptide bacteriophage library is incubated with an

immobilized recombinant oxidase component and the

bound phage is eluted, amplified, sequenced, and analyzed

for the presence of sequences similar to those present in

oxidase components likely to interact with the intact oxi-

dase component used for phage binding. An example of the

use of this technique is the identification of peptides

reflecting sequences appearing in Nox2, capable of binding

to p47phox [26]. Another approach was based on the choice

of a peptide used to raise an antibody against a selected

region of an oxidase component (such as Nox2), which

antibody was tested for the ability to block oxidase acti-

vation in the cell-free system [27]. A similar approach was

to test a number of peptides, predicted to correspond to

regions in Nox2 facing the cytosol, and, thus, likely to

2288 I. Dahan, E. Pick

123



participate in oxidase assembly [28]. In another case, a

p47phox peptide was chosen based on the fact that it con-

tained a serine phosphorylation motif, but, paradoxically,

its ability to inhibit oxidase activation in the cell-free

system was found to be unrelated to phosphorylation [29].

In yet another atypical approach, a Nox2 peptide was

synthesized resting on the fact that it covered a region

which, in a chronic granulomatous disease (CGD) patient,

harbored an Asp to Gly mutation resulting in the produc-

tion of normal amounts of nonfunctional flavocytochrome

b558 [30]. The peptide was found to inhibit oxidase acti-

vation in a cell-free system, whereas a peptide mimicking

the CGD mutation was inactive. A systematic method for

the identification of oxidase component-derived peptides,

known as ‘‘peptide walking’’, was introduced in 1995 [31],

based on the development of the ‘‘multipin’’ method of

peptide synthesis, allowing the easy production and testing

of large numbers and varieties of peptides [32]. In this

method, overlapping 15-mer peptides were synthesized

(with a 12–13 residues overlap) to cover the full or partial

sequence of a particular component, and their ability to

inhibit cell-free oxidase activation was assessed. A

sequence shared by a cluster of inhibitory peptides is

considered as responsible for the effect and as a lead to the

design of ‘‘focused’’ peptides with a more pronounced

inhibitory potency.

It is a priori assumed that inhibition of oxidase activa-

tion by peptides is the result of interference by peptides

with intermolecular or intramolecular protein–protein

interactions participating in the assembly of the oxidase

complex by a competitive mechanism or, in the case of

Noxes, possibly with the binding of NADPH or FAD. The

chances of small molecules, such as peptides, to serve as

antagonists of binding reactions between two protein sur-

faces is, at present, the subject of intense investigation. The

mechanisms by which small molecule inhibitors act are

much more varied and complex than the naı̈ve picture of

the small molecule representing a binding site on protein A

competing for the binding of the intact protein A to a

binding site on protein B. The intricacies and difficulties of

interpretation but also the many examples of successful

application of this approach, are discussed in two excellent

reviews [33, 34]. Although it is beyond the purpose of the

present review to list these in detail, the following guiding

principles should be considered in relation to the use of

oxidase-derived peptides as Nox inhibitors: (1) good tar-

gets for peptide inhibition are proteins that have ‘‘hot

spots’’ that can be occupied by a small molecule, such as a

peptide; (2) the reality that, frequently, interaction between

proteins involves multiple noncontiguous parts of the linear

protein sequence should not preclude the use of peptide

inhibitors, because interference with a single domain

among several might be sufficient to thwart the binding of

one protein to the other; (3) the fact that, in most cases, the

affinity of a peptide for its target protein is much lower that

that of the protein from which it is derived does not elimi-

nate it as a candidate for inhibition because low affinity can

be compensated by the use of the peptide at concentrations

much higher than those of the interacting proteins; (4) some

peptides might act not as direct competitors by occupying a

binding site but as allosteric inhibitors; (5) in spite of the

assumption that short peptides are not structured, there

are many examples of 10- to 20-mer peptides, derived

from a protein sequence, which compete successfully with a

protein; and (6) surface-exposed domains in proteins, pos-

sessing disulfide constraints, have a better chance to yield

inhibitory peptides.

As will be discussed in a different section of this review,

in the particular case of peptides acting as Nox inhibitors,

parallel testing of inhibition of activation and of peptide–

protein binding, as well as kinetic analysis of inhibition,

frequently do not support the instinctive assumption that

inhibition is the result of direct competition between the

peptide and the oxidase component from which it was

derived, for binding to another component.

Rules of the game: how to work with peptide inhibitors

Exploring peptides corresponding to defined regions in

oxidase components for an inhibitory potential is not for

amateurs. It requires professionalism, expressed in a thor-

ough knowledge of the subject, attention to methodological

details, a quest for and the expectation of reproducibility,

care in interpretation, and an open mind. The warning by

A. Cochran, that in work with peptide inhibitors ‘‘if it looks

too good to be true, it probably is’’, is very sound advice

[33].

The amount of information about synthetic peptides is

overwhelming and the number of commercial suppliers of

peptide synthesis services is very large. The following web

sources might be useful: The Peptide Resource Page (http://

www.peptideresource.com/); Peptide Atlas (http://www.pepti

deatlas.org/); Peptide Prophet (http://peptideprophet.sourcefor

ge.net/); PepBank (http://pepbank.mgh.harvard.edu/), and a

Peptide Calculator, to determine molecular weight, net charge,

isoelectric point, and average hydrophilicity, made available

by the Bachem company (https://www.bachem.com/service-

support/peptide-calculator/). A freely accessible server per-

mitting prediction of peptide structures from amino acid

sequences is PEP-FOLD (http://bioserv.rpbs.univ-paris-dide

rot.fr/PEP-FOLD/). This is based on the publication [35]. A

portal allowing access to a variety of online peptide resources

is http://www.pepso.com.
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Getting to know the peptides

It is as well to be aware from the beginning of the fact that

synthetic peptides, representing segments of oxidase

components, are by definition artifacts that do not exist as

such in nature. When designing and using peptides for

inhibition studies, the following parameters must be

considered.

Nomenclature

Unnecessary confusion is caused by the habit of some

authors not to count the N-terminal methionine in protein

sequences. The result of this is that the same peptide may

appear with different N- and C-terminal residue numbers. It

is recommended that the canonical numbering of amino

acids in proteins is respected, which includes the N-ter-

minal methionine. This rule will also avoid confusion

related to the location of disease-related or artificial

mutations in proteins and their reflection in a peptide

sequence.

Species

Species differences in the amino acid sequence of oxidase

components and of the peptides derived from these have to

be taken into consideration. Most cell-free experiments are

done with recombinant oxidase components corresponding

to human sequences, but the membrane part, representing

Nox2 and p22phox, is normally of either animal (murine or

other) or human origin. When translating results obtained

in vitro to in vivo or from animal in vivo to human in vivo,

looking up possible sequence differences is advisable. As

an example, the frequently studied Nox2 B-loop peptide

86–94 [26, 28] corresponds to the human sequence, and its

use in in vivo experiments in animals required its adjust-

ment to a different sequence.

Length of the peptide

Very short peptides are useful only if found to represent the

‘‘relevant or active part’’ of a longer peptide found active

and subjected to systematic truncations. Examples are an

inhibitory peptide corresponding to residues 84–93 in

p22phox, found to be the active part of peptide 82–95 [36],

Nox2 peptide 86–94, found to be the active part of peptide

78–94 [26], and Nox2 peptide 420–425, found to be the

active part of peptide 418–435 [37]. Very long peptides are

more difficult to synthesize. We found it most convenient

to use peptides of 15–21 residues.

N- and C-terminal ends

Peptides with natural ends (amino and carboxyl) are rarely

used, except for T cell epitope mapping [38]. Normally, the

termini are blocked (acetyl at the N-terminus, and amide, at

the C-terminus). Sometimes, peptides are biotinylated at one

end, in order to be able to use the same peptides for enzyme

linked immunoassay (ELISA)-based binding assays with

streptavidin-coated multi-well plates. A biotin tag is usually

attached to the peptide via a spacer of various chemical

natures. A purist approach is to avoid a biotin tag and a spacer

when using peptides exclusively for inhibition studies.

Charge and hydrophilicity

It is important to realize that peptides may be active inhibi-

tors not due to the sequence identity with a protein domain

but because of similarity of overall charge and/or repartition

of charged residues within the sequence, or hydrophobic

character. Therefore, recording the net charge and hydro-

philicity of all peptides to be used in a ‘‘peptide walking’’

experiment is a highly recommended first step before the

performance of inhibition experiments (see Fig. 4 for an

example). A common negative control procedure is scram-

bling the sequence of residues in the peptide; one should,

however, be aware of the fact that scrambling will not change

the overall charge of the peptide and, if not thoughtfully

executed, might even conserve some of the topology of the

charge. Positively charged residues (Arg, Lys, His) are more

frequently responsible for a nonspecific effect, as illustrated

by the strong oxidase inhibitory effect of peptides compris-

ing the polybasic region present at the C-terminus of several

Rho proteins, including Rac1, RhoA, and RhoC [39]. Sig-

nificantly, a retro-peptide containing residues 178–188 of

Rac1 in reversed order [see review on retro-peptides in 40],

was as effective as the native Rac1 peptide 178–188 and even

some homopolymers of L-Arg, -Lys, and L-His were

inhibitory [39].

Peptide purity

For initial exploration of an oxidase component sequence

for the presence of potential inhibitory peptides, peptide

arrays consisting of non-purified peptides are satisfactory.

Inhibitory peptides that ‘‘light up’’ at this stage will have to

be re-synthesized and purified. Maximal purity is the ideal;

however, reliable results can be obtained with C70 %

purity. Peptide characterization is to be backed by a

reversed phase HPLC record of the degree of purity and by

documentation of molecular weight determination by mass

spectroscopy.
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Presence of residues with a potential for oxidation

Cysteines and methionines are targets for spontaneous

oxidation, yielding a disulfide bridge and a sulfoxide,

respectively. Occasionally, disulfide-bond-mediated pep-

tide dimerization can occur. The usual recommendation is

to take measures to prevent or reverse oxidation by storage

in buffers at a pH below 7 in frozen state, degassing pep-

tide solvents or keeping under nitrogen, or reducing cystine

to cysteine by dithiothreitol (DTT). Many of these mea-

sures are tedious to apply when dealing with large numbers

of peptides, and the end result is impossible to ascertain.

Furthermore, some disulfide bonds within the peptide are

structurally important and, thus, desirable [see discussion

in 33], and, therefore, our recommendation is to address the

issue of thiol oxidation in peptides on an ad hoc basis.

From solubility to solubilization

The available information of the sequence of particular

peptides can help in the choice of optimal conditions for

dissolving the peptide, but there is no ‘‘ideal’’ solvent that

will solubilize all peptides. When dealing with a small

number of individual peptides, conditions can be adapted to

the proportion of hydrophobic residues and to the net

charge of the peptide, but this is impractical when dealing
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Fig. 4 ‘‘Know your enemy’’. Hydrophobicity (a) and charge

(b) maps of Nox2 peptides. The hydrophobicity index of each

peptide was calculated as the sum of indexes of individual amino

acids making up the peptide, as described in [93]. The net charge of

each peptide was calculated as the sum of positive charge units,

contributed by lysine, arginine, and histidine residues, and negative

charge units, contributed by aspartate and glutamate (reproduced from

[43])
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with many peptides, and even more so when using the

‘‘peptide walking’’ methodology. We found that dissolving

peptides of 15–21 residues in a mixture of 75 % 1-methyl-

2-pyrrolidine/25 % water (v/v) to a concentration of

1.5 mM is successful for the vast majority of peptides. It is

essential to make sure that the resulting solution is free of

particles or haziness, and we routinely subject the peptide

solution to repeated 10-s cycles of sonication at 400 W,

using a cup horn instrument, the tubes with the peptide

solution being immersed in a water-ice coolant. The pep-

tide stock solutions are divided in small aliquots and kept

frozen at -75 �C. Should a particular peptide resist solu-

bilization, the use of different conditions might be required.

Detailed instructions for solubilizing peptides of various

charge and hydrophobicity are available from most peptide

synthesis companies [see ‘‘A guide to handling and storing

peptides’’ (Mimotopes) and ‘‘Peptide User Guide’’ (Ba-

chem)]. In case of doubt about the actual concentration of

peptide, this should be determined by spectrophotometry at

280 nm, based on the presence of tryptophans (extinction

coefficient = 5,560 AU/mmole/ml at a 1-cm path) or ty-

rosines (extinction coefficient = 1,200 AU/mmole/ml at a

1-cm path). For use in inhibition assays, peptides are to be

diluted to the desired concentration in aqueous buffers.

Since the working concentration of the peptides is usually

in the 10–25 lM range, the final concentration of the

organic solvent is 0.5–1.25 % (v/v), which was found not

to disturb cell-free oxidase activation assays. It is important

to keep in mind that the actual process of dilution might

result in an improvement in the solubility of a previously

poorly soluble peptide, but this has to be verified by actual

measurement of the concentration of the diluted peptide.

A touch of bioinformatics

Due to the availability of the sequences of most Noxes and

Nox organizers and activators, the sequence specificity of

inhibitory peptides can be investigated by synthesizing

peptides corresponding to the matching by alignment

regions of other isoforms. As an example, the inhibitory

activity of a Nox2 peptide can be controlled by peptides

corresponding to the same region in Nox1, 3, and 4.

Alternatively, the inhibitory potential of a Nox2 peptide

can be tested in Nox1-, Nox3-, or Nox4-dependent acti-

vation systems, if available.

How to measure and interpret the oxidase inhibitory

ability of peptides

Choice of assay

Although the ultimate purpose of identifying oxidase

component peptides with inhibitory action is to be

considered as candidates for drugs acting in vivo, the first

step is always the demonstration of their activity in a

quantifiable, reliable, and reproducible in vitro assay. The

‘‘gold standard’’ for this is, undoubtedly, some variation of

the cell-free assay. A detailed discussion of this method-

ology is found in [13]. One form of its application to the

detection of inhibitory peptides is ‘‘peptide walking’’, in

which overlapping peptides, covering the whole or part of

the sequence of an oxidase component, are randomly tested

‘‘with no preconceived ideas’’. It was used to identify

potential inhibitory peptides on Rac1 [31], p47phox [41],

p22phox [42], and Nox2 [43], and work is in progress with

p67phox-derived peptides (Zahavi and Pick, in preparation).

The commonly used assay is anionic amphiphile-depen-

dent and measures the inhibitory effect of peptides in a

system that contains solubilized, detergent-free membrane

(Nox2–p22phox dimer), recombinant p47phox, p67phox, and

nonprenylated Rac (normally, Rac1), and an anionic

amphiphile, as activator. The second system is amphiphile-

and p47phox-independent and contains solubilized, deter-

gent-free membrane (Nox2–p22phox dimer), p67phox, and

recombinant prenylated Rac. It is sound advice to start

work with peptides in the canonical amphiphile-dependent

system and use the amphiphile-independent system, if one

wishes to focus on interactions not involving p47phox (such

as Nox2–p67phox, p67phox–Rac, or Nox2–Rac). Early work

with the cell-free system was done with unpurified or

partially purified subcellular phagocyte fractions (mem-

brane and cytosol or cytosol fractions), but there is hardly

any justification for using this methodology, at least in the

Nox2 system. As far as other Noxes are concerned, cell-

free systems are being developed [16], and in their absence,

lysates of cells transfected with Noxes and with Nox

organizers and activators can serve as substitutes.

An example of the use of ‘‘peptide walking’’ for the

identification of peptides derived from p47phox with an

inhibitory effect on Nox2-dependent oxidase activation is

shown in Fig. 5. The description of assays for measuring

the effect of peptides on ROS production by whole cells or

organs is beyond the scope of this review.

Essential parameters to take into account

The basic assumption of how peptides inhibit oxidase

activation is that they interfere with a protein–protein

interaction by competing with a protein for binding to

another protein. Since de novo protein–protein interactions

in oxidase assembly occur in the cytosol and at the cyto-

solic aspect of the plasma membrane, most peptides

investigated for an inhibitory capacity are derived from

fully cytosolic components (p47phox, p67phox, and Rac1) or

from parts of Nox2 and p22phox exposed to the cytosol

(cytosolic Nox2 loops B and D, and C-terminal tail of
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Nox2, and the cytosolic loop and C-terminal tail of

p22phox). To the best of our knowledge, there are no data on

the use of peptides derived from p40phox and RhoGDI. The

following issues deserve special attention:

1. Concentrations of oxidase components present in

peptide inhibition assays must be chosen carefully by

performing preliminary dose response experiments [see

13]. It is essential to use concentrations of components

in the middle or upper segment of the linear part of the

sigmoidal curves; only then will competition by peptide

result in a significant reduction in activity.

2. The concentration of peptides added to the assay is

usually in considerable excess over that of the

components. 50- to 500-fold molar concentration

excesses of peptides over oxidase components are

commonly reported. Although the use of such ratios is

defended on the theoretical basis that the affinities of

protein–protein interactions are expected to be much

higher than those of peptide–protein interaction, ‘‘one

peptide concentration’’ data are not very useful, and

reliable data on the ability of a peptide to inhibit

oxidase activation require the performance of dose

response curves and the calculation of peptide IC50

values. Examples of dose response curves of inhibitory

peptides are shown in Figs. 4 and 5 (see also issue

discussed at point 3). The choice of the concentration

of oxidase components in peptide dose response

experiments has to be judicious and is to be stated

whenever IC50 values are calculated from peptide

dose response curves. A less common but sometimes

valuable approach is to use a fixed concentration of

peptide and variable concentrations of the oxidase

component to be competed for by the peptide. This

should enable the calculation of the effect of the

peptide on the Vmax of the reaction and the EC50 of the

relevant oxidase component.

3. Finding out whether the inhibition by a peptide is

sequence-specific is an important step in the process on

understanding the mechanism of inhibition. Two

common procedures are scrambling the sequence of

the synthesis of peptides with the order of amino acids

reversed (retro-peptides). As briefly discussed above, it

is not always easy to choose the right algorithm for

scrambling, and synthesis of some scrambled peptides

might be technically difficult. Although peptide

scrambling software is available, the common method

is to ‘‘fill a hat with paper notes containing the amino

acid symbols and pick the notes one after the other’’.

Figure 6 illustrates the dose response of a ‘‘sequence-

specific’’ Nox2 peptide, in comparison to that of the

scrambled peptide, the latter being much less active.

As opposed to this situation, Fig. 7 shows the dose

responses of five p22phox-derived peptides, which were

essentially undistinguishable from those of their

scrambled counterparts, indicating lack of sequence

specificity. Paradoxically, some peptides in which the

sequence was reversed (retro-peptides) or both

Fig. 5 ‘‘Taking peptides for a

walk’’. Peptide walking

illustrated by inhibition of

NADPH oxidase activation by

overlapping p47phox

pentadecapeptides. Peptides

were assayed for the ability to

inhibit O2
�- production in an

amphiphile-activated cell-free

system. Peptides were added

either before the induction of

activation (a) or 90 s after the

induction of activation (b).

a–h the clusters of inhibitory

peptides (reproduced from [41])
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sequence direction and residue chirality were inverted

(retro-inverso-peptides) conserve their biological

activities and found applications in biotechnology

[reviewed in 40]. As mentioned above, another useful

control for the sequence specificity of an inhibitory

peptide is to synthesize the peptide with an amino acid

substitution corresponding to a CGD-associated muta-

tion in the intact protein resulting in an expressed but

nonfunctional component [30].

4. The time of addition of the peptide in relation to that of

the oxidase components in the cell-free assay is of key

importance for the interpretation of results. Because the

basic tenet of peptide-based inhibition is that peptides

interfere with oxidase assembly, it is standard procedure

to compare the effect of a peptide added before the

initiation of oxidase assembly with that of adding the

peptide after the completion of assembly. Figure 5b

illustrates the lack of inhibitory effect of p47phox peptides

added after assembly. In most cases, peptides are

inhibitory when added as the first component of the

reaction and inactive when added after assembly [31, 39,

41–43]. Adding the peptide at progressively increasing

lengths of time from the initiation of assembly, defined

by the addition of the anionic amphiphile or of the last

missing oxidase component, results in gradually reduced

degrees of inhibition [31]. Thus, there is a variable length

of time after activation where the peptide is partially

inhibitory, indicating the existence of unassembled,

partially assembled, or unstable oxidase complexes. At

longer time points after activation, oxidase complexes

are fully assembled and are resistant to the effect of

peptides. On much less frequent occasions, peptides are

also inhibitory when added after the completion of

assembly. It is of interest that, in two reports describing

such an occurrence, the peptides were derived from

Nox2 [37, 43]. The two possible interpretations of post-

assembly inhibition are the ability of the peptide to cause

dissociation of the assembled complex (a possibility that

might be of considerable therapeutic interest) or to

interfere with the electron transport (catalytic) stage of

O2
�- production. The second possibility was suggested to

be the mechanism of inhibition by Nox2 peptide

420–425 [37], based on the finding that it also occurred

in a cell-free system in which activation was independent

of cytosolic components [44].

5. Another variation of the order of addition of compo-

nents is to preincubate the peptide for defined time
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Fig. 6 ‘‘An ideal husband’’. An example of sequence specificity for

an oxidase inhibitory peptide. Nox2 peptide 414–428, in native and

scrambled form, was assayed for the ability to inhibit oxidase

activation in the amphiphile-dependent cell-free system, at concen-

trations ranging from 1.25 to 40 lM. The native peptide exhibits a

typical sigmoid dose response curve. Scrambling results in a marked

decrease in inhibitory potency and an atypical dose response curve. A

similar inhibitory peptide was described in [37] and found to lose

inhibitory activity upon alanine substitution of residues 420 and

423–425 (reproduced and modified from [43])

Fig. 7 ‘‘False pretenses’’. An example of comparing the oxidase

inhibitory activities of native and scrambled p22phox peptides.

Selected p22phox peptides, in native and scrambled form, each

representing a different cluster, were assayed for the ability to inhibit

oxidase activation in the amphiphile-dependent cell-free system, at

concentrations ranging from 0.6 to 40 lM. The results shown were

obtained with: peptide 9–23 (a), peptide 31–45 (b), peptide 47–61 (c),

peptide 85–99 (d), and peptide 113–127 (e). In each panel, tracings

illustrate the effect of native (filled circles) and scrambled (filled
triangles) peptides (reproduced from [42])
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intervals with the likely protein target(s) of the

peptide; examples are preincubating p22phox [42] or

Nox2 [43] peptides with a mixture of p47phox, p67phox,

and Rac for 5–15 min before adding membrane

(representing the Nox2–p22phox dimer) and amphi-

phile. Further focusing on certain interactions can be

achieved by using the amphiphile-independent cell-

free system, which eliminates the participation of

p47phox, by the use of truncated, deleted, or mutated

oxidase components [such as p47phox (1–286) and

p67phox (1–212)], or by assays involving chimeras of

cytosolic components [5, 45, 46].

6. The method of detection and quantification of the ROS

produced in vitro should be sensitive, precise, and

reproducible. Measuring cytochrome c reduction by

O2
�- in a kinetic assay fulfils these criteria and is

applicable to most peptide inhibition studies [see 13].

It hardly needs mentioning that the specificity of

cytochrome c reduction has to be checked by its

inhibition by superoxide dismutase. Recently, electron

paramagnetic resonance (EPR) was used to measure

the effect of Nox2 peptide 86–94 on O2
�- production by

a transfected cell lysate [47]. When the ROS produced

is H2O2, such as in the Nox4 system, the amplex red

assay is the most popular [16]. Whenever a peptide is

found to exhibit an inhibitory effect on ROS produc-

tion, the possibility that it acts as radical scavenger

(‘‘antioxidant’’) has to be tested with a Nox-indepen-

dent ROS generating enzyme such as the xanthine/

xanthine oxidase system.

7. The inhibitory potency of a peptide is commonly

expressed as % inhibition compared to that measured

in the absence of the peptide. Presenting results

exclusively in this manner can be thoroughly mislead-

ing in the absence of full disclosure of the control

oxidase activity values. Thus, all % inhibition data

should list in parallel the 100 % activity values

expressed as turnover (mol O2
�-/s/mol membrane

flavocytochrome b558). In the absence of this informa-

tion, both a peptide that reduces a turnover of 100 to a

turnover of 20 and a peptide that reduces a turnover of

2 to a turnover of 0.4, in a Nox2 -dependent cell-free

system, can be described as causing 80 % inhibition.

This is thoroughly misleading, because a turnover of

2 mol O2
�-/s/mol membrane flavocytochrome b558

reflects a hardly significant oxidase activity in this

type of assay. Whenever the addition of peptide

represents a non-negligible part of the reaction volume

and/or contributes a novel component to the reaction

(such as an organic solvent), it should be controlled by

the addition of an identical volume of buffer with the

same composition as that in which the peptide was

dissolved.

Kinetic analysis of inhibition by peptides

The assumption that oxidase inhibitory peptides act by a

competitive mechanism is rarely checked and, when

checked, is frequently found not to be true. The ideal

requirement is to submit all peptides found to possess

oxidase inhibitory activity in vitro to Michaelis–Menten

kinetic analysis. Classical competitive inhibitor patterns

were reported for peptides corresponding to the C-terminus

of Rac1 [48] and for a number of p47phox peptides [41]. A

typical competitive inhibition pattern is illustrated in

Fig. 8. However, the first sign that the a priori assumption

of a competitive mechanism is risky came from the kinetic

analysis of Nox2 peptide 559–565, found to inhibit oxidase

activation in vitro and proposed to act by competing with

Nox2 for binding of p47phox [27, 49]. Contrary to expec-

tations, an excess of p47phox did not suppress the effect of

the peptide and kinetic analysis did not yield a competitive

but a mixed pattern of inhibition [50]. A more scathing

analysis of a seemingly competitive mechanism of oxidase

inhibition by Nox2 peptides overlapping NADPH binding

sites is offered in [37]. Thus, Nox2 peptides 418–435 and

420–425 were found to be inhibitory even in the absence of

cytosolic components and also when added to the assem-

bled complex. A kinetic analysis performed in relation to

NADPH concentrations yielded an uncompetitive pattern

with Km values in the presence of the peptides being lower

than in the absence of peptides. This was explained by the

binding of the peptides to flavocytochrome b558, probably

after the binding of NADPH, causing disturbance of the

electron flow. Kinetic analysis of two other Nox2 peptides,

partially overlapping segments of the linearly noncontigu-

ous NADPH binding site, also indicated an uncompetitive

pattern in relation to NADPH and were inhibitory when

added after complex assembly, whereas a Nox2 peptide,

overlapping a part of the FAD-binding site, exhibited a

mixed inhibition pattern in relation to FAD [43]. As

expected from these results, in none of these situations

were the inhibitory effects of the peptides reversed by

increasing the concentrations of NADPH or FAD (the

binding of the latter to Nox2 being non-covalent). These

data should serve as a warning against simplistic inter-

pretations of the mechanism of oxidase inhibition by

peptides; some of these are incorrect and much remains to

be understood.

Inhibition of oxidase activity by peptides versus binding

to oxidase components

This review is limited to a discussion of peptides func-

tioning as oxidase activity inhibitors but, frequently,

peptides are used for the identification of domains in one

oxidase component involved in binding to another. This is
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done either with random peptide libraries by panning

(peptide phage display) [26] or by measuring the binding of

one oxidase component to a series of overlapping peptides

or to selected individual peptides derived from the

sequence of another oxidase component [41–43]. Finally,

peptides derived from one component can be tested for the

ability to block the binding of the parent component to

another oxidase protein [51]. In some cases, the finding that

a peptide derived from one oxidase component binds to

another oxidase component participating in oxidase

assembly leads to its successful application as an inhibitor

in vitro and even in vivo. Examples are the Nox2 C-ter-

minal peptide 559–565 [49] and the Nox2 peptide 78–94,

the active part of which is the B-loop peptide 86–94 [26],

which were selected because they form part of regions in

Nox2 involved in p47phox binding and were found to be

potent oxidase inhibitors. Nox2 peptide 86–94 was also

found to be active as an oxidase inhibitor in cells, organs,

and the whole animal [52, 53]. Such straightforward attri-

bution of a mechanism of action should be weighed against

alternative interpretations. An example for this is the

finding that the Nox2 B loop sequence 86–94 contains

basic residues (arginines 91 and 92) essential for activity

and for the translocation of cytosolic components [54], but

these are also conserved in Nox4 [55], which is not

dependent on p47phox. In both Nox2 and Nox4, this region

binds to the cytosolic dehydrogenase region, a link that is

critical for electron flow from the cytosolic (NADPH,

FAD) to the membranal (hemes) redox centers. It is

remarkable that Nox2 peptide 86–94, which is one of the

most intensively studied and tested in several in vivo sit-

uations, and which has a potential for clinical applications,

has never been subjected to a proper kinetic analysis in

relation to its role as a binding site for p47phox, such as the

one applied to Nox2 peptide 559–565 [50]. It has been

suggested that p47phox might not bind directly to the B loop

in Nox2 and that, in fact, the B loop–dehydrogenase region

interaction affects the binding of p47phox to the dehydro-

genase region [55].

Therefore, in addition to the obvious possibility of

peptides preventing the establishment of essential inter-

molecular interactions between two oxidase components,

less obvious mechanisms, such as interfering with the

status quo of intramolecular bonds or with events following

their opening, are worth considering. The latter apply to

processes occurring in p47phox [8], Nox2 and 4 [55], and,

possibly, also in p67phox [56]. Finally, an ‘‘autologous’’

effect of peptides on the parent oxidase component has also

been proposed [37].

It is also important to realize that positive peptide–

protein binding data do not always allow us to predict that

the peptide will act as an inhibitor. Thus, peptides corre-

sponding to the C-terminal PRR of p47phox, found to bind

p67phox [41], peptides corresponding to the PRR at the

C-terminus of p22phox, found to bind p47phox [42, 57], and

all Nox2 peptides capable of binding p67phox [43], lacked

significant oxidase inhibitory activity when tested in the

cell-free system. A peptide corresponding to the PRR

149-162 in p22phox had the same poor inhibitory activity as

the same peptide with a Pro ? Gln substitution at position

156, which corresponds to a CGD mutation resulting in

lack of binding of p47phox to p22phox [57]. It appears that

the hopes related to the inhibitory potential of peptides

representing PRRs were not fulfilled; in this respect, it is of

interest that a leukocyte-derived antibacterial peptide,

comprising a PRR and found to bind to the SH3 domains of

p47phox, was inhibitory by virtue of the presence of an

adjacent polybasic motif [58].

Commercial sources of peptide arrays

If the approach to the identification of inhibitory peptides is

to be based on ‘‘peptide walking’’, the use of commercial

sources for the overlapping peptide arrays is recommended.

Within the limitations elaborated in the preceding section,

the theoretical basis of the use peptides derived from oxi-

dase component sequences as inhibitors rests on the

concept that they interfere with seminal interactions in the

Fig. 8 ‘‘Do not forget Michaelis–Menten’’. An example of kinetic

analysis of inhibition of NADPH oxidase activation by p47phox

peptides. The oxidase activation inhibitory effect of peptide 325–339

(belonging to the polybasic region), at two concentrations of peptide,

was assayed at constant concentrations of membrane cytochrome

b558, p67phox, and Rac1-GTPcS, and concentrations of p47phox varying

from 15 to 40 nM. A Lineweaver–Burk plot characteristic for

competitive inhibition is shown (reproduced from [41])
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assembly of an active oxidase complex. An excellent

review on the use of peptide libraries for studying protein–

protein interactions in general has recently been published

[59]. Peptide arrays to be synthesized in accordance to the

specifications of the investigators are offered by a number

of companies. Some examples are: Mimotopes International

(http://www.mimotopes.com), JPT Peptide Technologies

(http://www.jpt.com), ProImmune Ltd (http://www.

proimmune.com), New England Peptide (http://www.New

EnglandPeptide.com), and GenScript (http://www.gen

script.com). To the best of our knowledge, the only com-

mercially available peptide derived from an oxidase

component is Nox2 B-loop peptide, residues 86–94 (murine

sequence), fused with a 9-residues peptide of the HIV

transactivator of transcription (HIV-tat) to promote

entrance into cells [53] [Anaspec (http://www.anaspec.com

), catalogue number 63818].

The players: examples of inhibitory peptides

Small molecular weight inhibitors of the oxidase have been

the subject of several recent reviews, but inhibitory pep-

tides represent only a minor part of the compounds

discussed [21–24]. Drummond et al. [24] provide an

excellent and up to date introduction to the application of

rational drug design to oxidase inhibitors, and emphasize

the importance of applying advanced structural methods to

the analysis of protein–protein interaction sites, essential

for oxidase assembly. This recommendation is accompa-

nied by a thorough analysis of the many opportunities for

interfering with the intramolecular and intermolecular

interactions, as exemplified by focusing on p47phox, which

also happens to provide a degree of specificity by acting as

an organizer only for Nox2 and vascular Nox1.

The only comprehensive review fully dedicated to

inhibitory oxidase-derived peptides is that by El-Benna

et al. [60]. In Table 1, we provide a list of peptides, derived

from Nox2, p22phox, p47phox, p67phox, and Rac, found to

inhibit oxidase activation in vitro, in most cases by using

some variation of the cell-free assay. Whenever the same

or a similar peptide has been used in intact cells, organs, or

the whole animal, this is also indicated. A graphic repre-

sentation of the location of most of the listed inhibitory

peptides in the respective sequences of the oxidase com-

ponents from which they were derived is shown in [60].

Because of the multiple roles of Rho GTPases in health and

disease, a considerable effort has been directed to the

development of peptides, or peptidomimetic compounds

derived from Rho GTPase sequences, to be used as drugs.

The subject was reviewed recently and a subsection is

devoted to Rac-derived inhibitors interfering with NADPH

oxidase function [73].

‘‘Illegal immigrants’’: how to get into the cell

The study of peptides capable of inhibiting the NADPH

oxidase has two main purposes. The first is theoretical and

is meant to help elucidate the mechanism of assembly of

the various Nox-based complexes. In this endeavor, the

information derived from peptides was most rewarding.

The second purpose is to lay the foundations for their use

as therapeutic agents in the many pathological situations

involving excessive Nox activity. Unfortunately, successes

in this aim are very scarce and the concluding sentence in

the review by Jaquet et al. [22], that ‘‘presently, no single

available Nox-specific inhibitor is ready for use in clinical

trials’’, is still, essentially, correct and even more so as far

as pepides are concerned.

Nevertheless, it is important to prepare for the future and

think about practical measures for the use of oxidase

inhibitory peptides in clinical medicine. The primary

requirement for this is the availability of methods to deliver

peptides into cells and organs. The average peptide does

not cross the lipid bilayer of the plasma membrane or of the

endocytic vesicles in an efficient manner. In addition,

assuming that intracellular delivery can be achieved, there

are a number of issues to be considered. These are: (1)

what concentrations are attainable in the cells; (2) for how

long will peptides persist in the cell (speed and manner of

degradation); (3) how can a desired subcellular localization

be achieved (oxidase component-derived peptides are

supposed to interfere with protein–protein interactions

taking place in the cytosol or at the cytosol–inner aspect of

the membrane interface); (4) possible toxicity to the cells;

and (5) to what degree can experiments centered on pen-

etration of mostly isolated cells be extrapolated to delivery

to more or less complex organs or to the whole animal

(human). Whole body delivery raises multiple questions

that are obviously beyond the scope of the present review.

Two main approaches of delivering peptides to cells

were used. In the first, the target cells are treated by a

method to make them more permeable to small molecules,

and the dominant technique is electropermeabilization,

using a gene pulser. This methodology has been used quite

extensively with phagocytic cells, but is applicable mostly

as an experimental tool to study the effect of peptides

found to be inhibitory in vitro in a situation representing a

simplified mimicry of the in vivo reality [reviewed in 52].

A method involving exposure of cells to a hypotonic

osmotic shock [74] was applied to p47phox peptide 314-331,

found to be inhibitory in vitro [68]. As listed in Table 1,

several peptides derived from Nox2 [27, 52] and p47phox

[52, 69] were found to exert an inhibitory action when

introduced into neutrophils by electropermeabilization.

In the second approach, the peptides are ‘‘attached’’ to a

carrier of peptide or lipid nature, known to penetrate cells
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Table 1 The most studied NADPH oxidase inhibitory peptides derived from sequences of oxidase components

Location of peptide

in oxidase component

sequence

Assay method References

Principal in vitro

assay

Effects assessed in cells,

organs, whole animal

Other assays and/or

refinements of assay

Nox2

559–565 Amphiphile-elicited

cell-free assay

Electropermealized neutrophils

stimulated with fMLP or

PMA

[27]

559–565 Amphiphile-elicited

cell-free assay

[49]

559–565 Amphiphile-elicited

cell-free assay

Substitutions of some

residues to alanine

cause loss of inhibition

[61]

551–570 Amphiphile-elicited

cell-free assay

[62]

491–504 Amphiphile-elicited

cell-free assay

Mutant peptide

(D500 ? G) is inactive

[30]

78–94 Amphiphile-elicited

cell-free assay

[26]

559–565 Amphiphile-elicited

cell-free assay

Kinetic analysis does

not support competition

for p47phox

[50]

78–94; 552–569 Also tested in

amphiphile-elicited

cell-free assay [26,

61]

Electropermealized neutrophils

stimulated with PMA

[52]

87–100; 282–296;

304–321; 434–455;

559–565

Amphiphile-elicited

cell-free assay

[28]

418–435; 420–425;

441–435; 559–565

(focused on NADPH

binding sites)

Amphiphile-elicited

cell-free assay

Substitutions of some residues

to alanine in peptide

420–425 cause loss of

inhibition

Peptide 418–435 also inhibits

when added after assembly

Peptide 418–435 also inhibits

in a cell-free system without

cytosolic activators [44]

Peptides 418–435 and 420–425

exhibit uncompetitive
kinetics in relation to

NADPH

[37]

86–94 fused to HIV-tat PMA-induced O2
�- production

by neutrophils; O2
�-

production by aortic rings;

angiotensin-induced systolic

blood pressure

Scrambled peptide is inactive [53]

86–94 fused to HIV-tat Vascular O2
�- production and

neointimal hyperplasia after

endovascular injury

Scrambled peptide is inactive [63]

86–94 coexpressed in

adenovirus

Transfection of arteries with

adenovirus coexpressing the

peptide, followed by

assessing the effect on

neointimal hyperplasia after

endovascular injury

[64]

419–430 and 419–430

fused to HIV-tata
Amphiphile-elicited

cell-free asay

Neutrophils stimulated with

fMLP or PMA

Scrambled peptide is inactive [65]
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Table 1 continued

Location of peptide

in oxidase component

sequence

Assay method References

Principal in vitro

assay

Effects assessed in cells,

organs, whole animal

Other assays and/or

refinements of assay

86–94 fused

to HIV-tat
Effect on cerebrovascular

alterations in a mouse

Alzheimer’s disease model

Scrambled peptide is inactive [66]

Additional

references to in

vivo effects of

peptide 86–94

fused to HIV-tat
are cited in [47]

288–302; 312–326;

348–362; 393–407;

414–428; 432–446;

468–482; 528–542;

556–566

Amphiphile-elicited

cell-free assay

(peptide walking)

Scrambled peptides 414–428,

432–446, and 468–482 are

inactive or less active

[43]

86-94 Amphiphile-elicited

cell-free assay

O2
�- is also detected by EPR

No ROS scavenging effect

Scrambled peptide is inactive

[47]

p22phox

176–195 Amphiphile-elicited

cell-free assay

[62]

84–93 (87–89) Amphiphile-elicited

cell-free assay

Alanine substitutions in peptide

87–89 reduce inhibition

[36]

9–23; 31–45; 47–61;

85–99; 113–127

Amphiphile-elicited

cell-free assay

(peptide walking)

Scrambled peptides are

inhibitory; retro-peptide

85–99 is also inhibitory

[42]

Proline and arginine

rich peptide based on

sequence published in

[58]

Multiple assay systems US patent No.

6133233, cited in

[23]

p47phox

323–332 Amphiphile-elicited

cell-free assay (two

stage variation [67])

[29]

314–331; 324–331 Amphiphile-elicited

cell-free assay

Peptide 325–331 is not

inhibitory

[68]

315–328; 323–332;

334–347

Amphiphile-elicited

cell-free assay

Electropermealized neutrophils

stimulated with PMA

[69]

323–332 Amphiphile-elicited

cell-free assay

[51]

323–332 Also tested in

amphiphile-elicited

cell-free assay [29,

51, 69]

Electropermealized neutrophils

stimulated with PMA

[52]

5–19; 21–35; 37–51;

105–119; 149–163;

193–207; 253–267;

305–319; 325–339;

373–387

Amphiphile-elicited

cell-free assay

(peptide walking)

Kinetic analysis shows

competitive inhibition in

relation to p47phox for

peptides 105–119, 149–163,

193–207, 305–319, 325–339

[41]

339–350 fused to HIV-tat Inhibition of priming of

neutrophils from blood or

synovial fluid stimulated by

fMLP

Scrambled peptide is inactive [70]

37–51; 357–371 Interference with lung

organogenesis in vivo

[71]
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Table 1 continued

Location of peptide

in oxidase component

sequence

Assay method References

Principal in vitro

assay

Effects assessed in cells,

organs, whole animal

Other assays and/or

refinements of assay

Rac

Rac1 (178–188); Rac2

(178–188)

Amphiphile-elicited

cell-free assays

(neutrophil

membrane ? cytosol

and

semirecombinant)

Rac1 (178–188) peptide is

active and Rac2 (178–188) is

inactive in both Rac1- and

Rac2-dependent systems

Peptides Inhibit only when

added before assembly

Kinetic analysis shows

competitive inhibition in

relation to Rac1

[48]

Rac1 (178–188); Rac2

(178–188); RhoA

(179–189); RhoC

(179–189)

Amphiphile-elicited

cell-free assay

Rac1 (178–188) peptide is

active and Rac2 (178–188) is

inactive in both Rac1- and

Rac2-dependent systems

Peptides inhibit when added

before assembly

Inhibition is positive charge-

dependent; not sequence

dependent (Rac1 188 ? 178

retro-peptide is inhibitory)

Homopolymers of basic amino

acids are inhibitory

[39]

Clusters of peptides sharing

residues 73–81;

103–107; 123–133;

163–169; 183–188

Amphiphile-elicited

cell-free assay

(peptide walking)

Peptides inhibit only when

added before assembly

Surprisingly, peptides

corresponding to the switch I

region are not inhibitory

[31]

178–192 Amphiphile-elicited

cell-free assay with

p67phox–Rac1

chimeras

[45]

177–191 Amphiphile-elicited and

amphiphile-

independent cell-free

assays

Peptide is inhibitory in the

amphiphile-dependent

system but is not inhibitory

in the amphiphile-

independent system, with

prenylated Rac1

Effect of Rac1 peptide is

mimicked by the cationic

antibiotic neomycin sulfate

[72]

[13, 72]

178–192 Amphiphile-elicited and

amphiphile-

independent cell-free

assays with p67phox–

Rac1 chimeras

Peptide is inhibitory in the

amphiphile-dependent

system but is not inhibitory

in the amphiphile-

independent system with

prenylated chimera

[46]

Rac1 and Rac2-derived

peptides

Multiple assay methods US patent No.

5726155, cited in

[23]

2300 I. Dahan, E. Pick

123



effectively, and the inhibitory peptide is transported into

the cell by the ‘‘Trojan horse’’ subterfuge. An alternative is

incorporation in liposomes expected to be taken up. Dis-

cussion of all the carriers used for delivery of peptides to

cells is not possible in this article, and several expert

reviews [75–77] and a book [78], specifically dedicated to

the subject, are available. A key role for a positive charge,

resulting from the presence of multiple arginines, in the

process of entry into the cell has been proposed [75, 79].

Four to six arginines appear to be optimal, and bonding of

the guanidino moieties of arginine with membrane phos-

pholipids seems to be the underlying mechanism. At least

one commercial reagent kit for introducing peptides into

cells is available (JBS Proteoducin kit; Jena Bioscience;

http://www.jenabioscience.com).

The most popular penetration-enhancing molecule, and

the only one used repeatedly with oxidase components-

derived peptides, is a peptide derived from HIV-tat. Two

less popular molecules are Pep-1 (commercially known as

‘‘chariot’’) and peptides belonging to the DNA-binding

domain of the Drosophila transcription factor Antennape-

dia (known as penetratins). HIV-tat was identified as an

agent promoting delivery of proteins and peptides, chem-

ically linked to it and to cells, and administration in vivo to

animals resulted in high levels of the conjugate in many

organs [80]. It was next found that residues 37–72 of HIV-

tat possess full activity, and this region was further reduced

to residues 47–57 (YGRKKRRQRRR) or 49–57

(RKKRRQRRR) [81], the latter two being the peptides

most commonly used at present. As mentioned above, the

cell-penetrating activity is linked to the presence and close

packing of six arginines.

Peptides fused with HIV-tat were used mostly for test-

ing the in vivo effectiveness of Nox2 loop B peptide 86–94.

The principal reports describing its use in vivo [53, 63, 65,

66] are listed in Table 1 and more are referred to in [47].

An original and rarely used method for introducing

peptides into organs is transfection with adenovirus coex-

pressing the peptide. An example of successful application

of this technique is the prevention of injury-induced neo-

intimal hyperplasia in the rat carotid artery following local

adventitial application of the adenovirus–HIV-tat-Nox2

peptide 86–94 [64].

A further consideration in administering peptides in vivo

is their persistence in the cell. Although we could not find

specific examples related to peptides derived from oxidase

components, a much used approach is to convert active

peptides to their retro or retro-inverso forms and test for the

conservation of inhibitory activity [reviewed in 40]. C-ter-

minal Rac1 retro-peptides [39] and some p22phox-derived

retro-peptides [42] were found to have oxidase inhibitory

activity in vitro. In a recent publication, the successful

application in vivo of a peptide with anti-lymphoma effect,

by combining conversion to the retro-inverso configuration

with the inclusion of the HIV-tat domain, was described

[82]. Other means to enhance the stability of peptides to be

administered in vivo are glycosylation, addition of poly-

ethylene glycol molecules, and cyclization by the

introduction of a disulfide bond or by side chain cyclization

resulting in the formation of an amide bond. Some of these

modifications might also affect the binding specificities of

the peptides, as exemplified by the marked increase in the

affinity of a Nox2 peptide for p67phox by the introduction of

a disulfide bond [83]. Important parameters affecting the

Table 1 continued

Location of peptide

in oxidase component

sequence

Assay method References

Principal in vitro

assay

Effects assessed in cells,

organs, whole animal

Other assays and/or

refinements of assay

p67phox b

p67phox with a V204A

mutation in the activation

domain, coexpressed in

adenovirus

Transfection of arteries with

adenovirus expressing

protein, followed by

assessing the effect on

neointimal hyperplasia after

endovascular injury

[64]

Multiple mutations,

insertions and deletions

of residues in C-terminal

SH3 domain, activation

domain, and PB1 domain

Multiple assay methods US patent No.

7582606, cited in

[23]; see also [92]

fMLP formyl methionil leucyl phenylalanine, PMA phorbol myristate acetate
a This is the only Nox2 peptide shown to correspond to a Rac2 binding site
b We are not aware of published work reporting results with ‘‘genuine’’ p67phox peptides. We list results of work done with p67phox mutants,

occasionally defined as ‘‘polypeptides’’
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effectiveness of peptides administered in vivo are the pep-

tide delivery technologies. These comprise parenteral,

mucosal (nasal, pulmonary, sublingual), oral, and trans-

dermal routes, each with a number of variations, including

methods for controlled release, micronization, penetration

enhancers, iontophoresis, and protection from degradation.

Finally, the use of HIV-tat linked peptides in vivo might

also have some limitations: the possibility that neutralizing

antibodies will be generated and the risk associated with

the appearance of cytotoxic, apoptotic, and angiogenesis-

inhibitory effects [84, 85].

The neighbour’s lawn: the booming therapeutic

peptides industry

A survey of the use of synthetic peptides as therapeutic

agents in areas of medicine unrelated to ROS-induced

diseases reveals that more than 60 synthetic peptides, with

a size of less than 50 amino acids, are in the American,

European, and Japanese pharmaceutical market, and serve

as therapeutic means in a variety of diseases, such as

diabetes, obesity, Crohn’s disease, osteoporosis, cardio-

vascular diseases, immunologic diseases, acromegaly,

neurological diseases, enuresis, bacterial and fungal

infections, and cancer [reviewed in 86–89]. Peptides pos-

sess several advantages over other drugs, such as good

tissue penetration potential due to small size, built-in

selectivity when representing a small functional domain of

a protein, degradation products of low toxicity, easy and

well-developed technology of chemical synthesis, high

degrees of purity, and well-developed strategies for

chemical optimization of lead peptides [see 89 for in depth

discussion of the latter]. The market for synthetic thera-

peutic peptides equaled €8 billion in 2005 and is expected

to reach €11.5 billion in 2013 [90].

All this suggests that, in spite of the fact that, so far, we

have met with only limited success in our endeavors to

apply the information obtained from experimental work

with inhibitory peptides derived from oxidase components

to clinical medicine, we are just at the beginning of a

promising future. We can be assured that what has become

true for the tens of peptides in therapeutic use at present

will also be realized with peptides acting as drugs in dis-

eases associated with an overproduction of ROS, involving

different Noxes. Our lawn is likely to become as green as

that of our more prosperous neighbors.

Take home messages

1. Synthetic peptides corresponding to specific domains

in the sequences of NADPH oxidase components

were found to act as effective inhibitors of oxidase

activation in vitro. Identifying the most likely can-

didates for therapeutic use is one of the best examples

of rational drug design.

2. ‘‘Successful’’ inhibitory peptides ideally mimic

regions in oxidase components exposed to the cytosol

and, therefore, likely to participate in protein–protein

interactions.

3. The canonical interpretation of their mechanism of

action is that they compete with the ‘‘reflected’’

region in the intact components in protein–protein

interactions essential for the assembly of an ROS-

generating oxidase complex. These interactions occur

among cytosolic components, and among cytosolic

components and segments of membrane-associated

subunits exposed to the cytosol.

4. On most occasions, peptides are active only when

added preceding assembly of the complex, but, on

rare occasions, they were also found capable of

dissociating a preformed complex.

5. Not infrequently, peptides do not act by an intermo-

lecular competitive mechanism, and kinetic analysis

suggests less obvious pathways, such as interference

with intramolecular interactions or binding to the

parent component resulting in a functional impairment.

6. Although the ideal peptide inhibitor is expected to be

sequence-specific, this is frequently not the case, and

inhibition can be due to similarity in electrical charge

and/or hydrophobic character.

7. These limitations in specificity can be of practical use

when designing peptides for in vivo use, as exem-

plified by retro-peptides with conserved inhibitory

potential.

8. In contrast with the plethora of information on the

effectiveness of oxidase component-derived peptides

in vitro, much less is known on their effectiveness in

intact cells and organs, and even less in animal or

human models.

9. The use of peptides in in vivo situations requires the

design of methods to assure penetration into cells,

resistance to degradation, prevention of neutraliza-

tion, and avoidance of toxicity. These are linked to

methodological advances applicable to therapeutic

peptides in general.

10. The greatest challenge in the field is, most definitely,

the discovery of peptide inhibitors acting specifically

on individual Nox isoforms (Nox1, 2, 3, 4, and 5) or

on their organizers (p47phox, NOXO1) and activators

(p67phox, NOXA1) [see discussion in 91 and the

demonstration of a Nox2-specific effect in 47].

11. We think that a most important take home message,

learned from working with peptides for almost two
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decades, is that impeccable controls are as important

if not more important than the actual experimental

samples.

Perhaps it is most appropriate to end this review in the way

that we started it, with a quotation from Winston Churchill:

‘‘Out of intense complexities, intense simplicities emerge’’.
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