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ABSTRACT: On the basis of the knowledge that the proline-rich
hot spot PPPRPP region of P(151)PSNPPPRPP(160), an
oligopeptide derived from the cytosolic portion of p22phox (p22),
binds to the single functional bis-SH3 domain of the regulatory
protein p47phox (p47), we designed a mimetic of the tripeptide PPP
based on NMR and X-ray crystallographic data for the
p22(151−161) peptide PPSNPPPRPPA with a peptide construct.
Incorporation of the synthetic pseudo-triproline mimetic Pro-Pro-
Cyp in a molecule derived from molecular modeling studies led to
only a 7-fold diminution in activity in a surface plasmon resonance
assay relative to the same molecule containing the natural Pro-Pro-
Pro tripeptide. The alternative sequence corresponding to a Pro-Cyp-
Pro insertion was inactive. This is a first example of the use of a
triproline mimetic to interfere with the formation of the p47−p22
complex, which is critical for the activation of NOX, leading to the production of reactive oxygen species as superoxide anions.

KEYWORDS: Triproline mimetic, protein−protein interaction, cytosolic proteins, hot spots

The NADPH oxidases (reduced forms of nicotinamide
adenine dinucleotide phosphate oxidases) are a family of

membrane-associated multicomponent enzymes present in
phagocytes and macrophages.1−5 Also known as NOX, they are
widely distributed in eukaryotic organisms and play a crucial
role in maintaining the delicate balance of physiological redox
processes responsible for the maintenance of host defense
mechanisms against invading pathogens as well as in recruiting
inflammatory cells to the site of infection.6−8 This is
accomplished through reduction of molecular oxygen across
membranes and release of reactive oxygen species (ROS) in
the form of superoxide anions (O2

•−) that destroy the
biochemical machinery of invading microorganisms.9 Among
the seven isoforms of these enzymes, NOX2 (NADPH 2, or
gp91phox), a phagocystic oxidase, has garnered much attention
because of its ubiquitous presence in tissues and organs, where
ROS production can trigger physiological responses that
ultimately lead to innate and adaptive immunity.10

NADPH oxidase comprises six subunits, including the trans
membrane p22 and NOX2, which in combination with
flavocytochrome becomes the catalytic site of the oxidase
complex. Regulatory cytosolic proteins such as p47 undergo a
series of phosphorylations, eventually forming reversible
contacts with other multidomain proteins.11

NOX2 becomes catalytically active in vivo when trans-
membrane protein p22 binds to the single functional bis-SH3
domain of the regulatory protein p47, leading to an enzyme
complex that enhances the production of ROS.12−14 Under
normal physiological conditions, ROS production mediated by
NOX2 is highly regulated to defend against invading pathogens
without causing damage to host tissue. Upon the action of
external stimuli, the dormant or resting-state form of NADPH
oxidase is activated through a series of reversible protein−
protein interactions (PPIs) among its regulatory proteins to
produce ROS in such a manner that host tissue is not
damaged.15 However, the beneficial gatekeeper role of NOX2
toward external harmful stimuli can be jeopardized by the
overproduction of ROS under certain pathological conditions,
causing oxidative stress and a cascade of physiological events
resulting in serious diseases such as cancer, cystic fibrosis,
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schizophrenia, Alzheimer’s disease, and a host of cardiac- and
lung-related diseases.1,16−19 Since the activation of the catalytic
site of the NOX2 enzyme complex involves the interaction of
the essential regulatory p47 and p22 proteins to produce ROS
in an inducible manner, it has been suggested that interfering
with this specific PPI can be exploited to render NOX2 as a
druggable target.1,20,21

Developing small-molecule inhibitors of p47 presents
obvious challenges because of the relatively large surfaces of
the interacting proteins at the site of contact.22 Interestingly, a
number of natural products such as apocynin, celastrol, and
glyotoxin have been reported as NOX2 inhibitors.1,21 Among
the synthetic compounds, ebselen, a selenoindazole discovered
by high-throughput screening, continues to attract attention.20

PR-39, a peptide of bacterial origin, has been reported to
inhibit NADPH oxidase activity by binding to the Src
homology domains of p47.23 A series of pyrazolopyridine-
diones showed selective NOX4 activity but were inert toward
NOX2.24 Recently, dimeric 2-aminoquinolines bridged by a
ethylenedioxa ether linker exhibiting in vitro Ki activity in the
20 μM range were obtained using a fragment-based
approach.25

Interfering with PPIs through the use of small peptides or
peptidomimetics has been a successful strategy in drug
discovery.26 In such cases, identifying so-called “hot spots” in
protein partners engaged in PPIs has been the norm. Given the
available structural information related to NOX, we considered
a peptidomimetic approach to interfere with the PPI of p47
with p22 as a proof of concept.
The structure of p47 has been investigated by elegant X-ray

crystallographic studies27 and in solution by NMR spectros-
copy.22 Valuable insights into the conformation of p47 have
identified critical regions for recognition, and relevant amino
acid sequences, including proline-rich domains (PRDs), have
been proposed. The structure of a p47−p22 complex
comprising the conserved tandem SH3 domain of p47
bound to an oligopeptide P(151)PSNPPPRPP(160) derived
from the cytosolic portion of p22 shows that binding involves
the proline-rich sequence PPPRPP of p22.28

The prospects of developing a small-molecule inhibitor of
the PPIs between p47 and the hotspots in p22 to control
overproduction of ROS represents a major challenge because
of the enormous conformational change of the cytosolic p47

component. In fact, p47 needs to adopt an activated
conformation by phosphorylation of serine residues in order
to bind to p22 prior to translocation of the complex from the
cytosol to the membrane.28 As a rule, developing peptidomi-
metics of peptides with fewer than six residues is a good
starting point, whereas peptide sequences consisting of 6−15
residues are considered challenging.29,30

To optimize the bioactive peptide sequence, the hot spots in
the 16 amino acid sequence in p22(151−166) that would
potentially interact with regions of p47 were identified using X-
ray crystallography, surface plasmon resonance (SPR), and an
Ala scan. A cocrystal structure of the extended conformation of
p47 with the truncated undecapeptide PPSNPPPRPPA (1) is
shown in Figure 1 (PDB: 7YXW).
To improve the crystallizability of the protein and to avoid

the domain swap observed by Rittinger,28 a single A200G
mutation was introduced. The N-terminal Pro-Pro (151−152)
is involved in a hydrophobic interaction with Trp(204) and
Trp(193), while the Ser-Asn (153−154) residue acts more like
a linker to the central triproline unit. Of particular interest is
the spatial alignment of the Pro-Pro-Pro (155−157) triad,
which is engaged in hydrophobic and hydrogen-bonding
interactions with Trp(193) and Trp(263), respectively.
To determine the individual roles of the nine central amino

acids in the 16 amino acid sequence PPSNPPPRPPAEARKK,
we conducted an Ala scan from Ser(153) to Glu(162) in
conjunction with binding affinity and free enthalpy changes.
We were pleased to find that the PPPR(155−158) sequence
was the hot spot of p22, and hence, it was considered as a
suitable candidate for peptidomimetic design. Furthermore, the
spatial disposition of the central Pro(156) within the triproline
triad and the ionic interaction of Arg(158) with Asp(243) and
Glu(244) were critical in the conceptual design of the intended
triproline mimetic. The Ala scan revealed that replacement of
Pro(159) in the C-terminal part of PPSNPPPRPPAEARKK
has no impact on binding, while Pro(160) has an important
role in occupying a hydrophobic region. Taken together, these
studies indicated that the pentapeptide EARKK could be
removed, leaving the prol ine-r ich undecapeptide
PPSNPPPRPPA (1) representing p22(151−161) as a
truncated construct. Having garnered sufficient structural
information from the X-ray and Ala scan studies, we
considered undecapeptide 1 to be a starting point in search

Figure 1. Structure of p22(151−161) peptide PPSNPPPRPPA (1) cocrystallized with a tandem protein construct.
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of truncated analogues and potential small-molecule peptido-
mimetics. The main challenge was to replace the natural amino
acid sequence of the PPPR(155−158) hot spot involved in
most of the essential interactions with p47 with a mimetic
molecule that would adopt a well-defined geometry in the
binding groove comprising two SH3 domains.
On the basis of these results and our understanding of the

role of each amino acid, the following structural optimizations
were performed to design a truncated peptidomimetic (data
not shown): Pro(151) and Pro(152) were replaced by
lipophilic groups; Ser(153) and Asp(154) were replaced by a
suitable linker; Arg(158) was truncated or left unmodified; and
Pro(159) and Pro(160) were replaced by lipophilic side
chains. Two of the optimized triproline peptidomimetics are
presented as I and II in Figure 2. The substantial reduction of

molecular weight and the maintained affinity of II resulted in a
significantly better ligand efficiency compared with the
p22(151−166) peptide (vide infra). Compound II was chosen
as a surrogate for further modifications.
As part of our ongoing interest in the design and synthesis of

proline-derived motifs and peptidomimetics,31−35 we recently
reported the stereocontrolled synthesis of a series of
diastereomeric diproline (Pro-Pro) mimetics represented by
a generic pseudo-diproline dimeric Pro-Cyp structure (Figure
3).36 The conceptual design element considered replacing the

second Pro in the Pro-Pro dimer with a cyclopentanecarboxylic
acid (Cyp) in which the stereochemical combinations of three

contiguous stereogenic centers were unambiguously estab-
lished. The use of Cyp as a proline surrogate has been
previously reported sporadically as an effort to simulate a
diproline motif, but seldom in the context of a medicinally
relevant target.37−44 For the purposes of a triproline mimetic
for the Pro-Pro-Pro (155−157) sequence in undecapeptide 1
representing p22 (Figure 1), we envisaged two variants, one in
which the Cyp unit would replace the C-terminal Pro(157)
(B) and another in which the Cyp unit would replace the
central Pro(156) (C) (Figure 4A). Superposition of the Pro-
Pro-Pro subunit (A) representing the natural PPP segment
with the two pseudo-triproline motifs B and C showed
excellent overlap (Figure 4B).
The appropriate stereoisomer of Cyp was selected on the

basis of docking the candidate compounds into p47 protein.
The Cyp diproline unit was placed in the two possible
positions corresponding to the triproline core of compound II.
All possible diastereomers were modeled, and thus, a total of
16 isomers were docked. Compound II maintains all of the
specific and necessary hydrogens bonds and salt bridges as
p22(151−161). The cyclopropylethyl chain in II replacing the
last proline in undecapeptide 1 sits on a hydrophobic surface.
The succinamide moiety takes the place of the first four amino
acids of the undecapeptide, while the appended 3,4-
dichlorobiphenyl ring is well-positioned relative to the
hydrophobic surface formed by Trp(204) and Trp(193).
The Pro-Pro-Cyp 2S,6R,7R,8R isomer III, replacing both Pro-
Pro(155−156) and Pro-Pro(156−157), maintained the
helical structure and most of the specific interactions with
the protein. It was therefore chosen for synthesis and
evaluation. When Pro-Pro(155−156) was replaced, rotation
of the amide bond between Cyp and the linker was observed in
some of the docking poses as a result of the subtle
conformation change of Cyp compared with diproline, causing
strain on the linker. In either case, the Cyp-containing pseudo-
triproline unit would expose a hydrophobic surface similarly to
proline and provide possible polar interactions with the
stereodefined OH group replacing an amide carbonyl.
Preliminary data on the two pseudo-triproline analogues I
and II as internal reference compounds revealed that the latter
would be a better analogue to use as a control. Pro-Pro-Cyp B
and Pro-Cyp-Pro C motifs were elaborated to include an N-
terminal 3,4-dichlorobiphenyl succinamide and a C-terminal
hydrophobic cyclopropylethylarginine amide, leading to the
fully decorated analogues III and IV, respectively (Figure 5),
each having a 6R,7R,8R stereochemistry comprising three
contiguous stereogenic centers.
We were pleased to find that analogue III, in which

Pro(157) was replaced by a cyclopentanecarboxamide, was
only 7 times less active in the SPR assay relative to triproline

Figure 2. Structures of triproline mimetics I and II.

Figure 3. Pro-Pro and pseudo-diproline Pro-Cyp motifs.

Figure 4. (A) Structures of Pro-Pro-Pro trimer A, Pro-Pro-Cyp trimer B, and Pro-Cyp-Pro trimer C. (B) Gas-phase optimized geometries of A
(green), B (magenta), and C (yellow). Oxygen atoms ares shown in red and nitrogen atoms in blue.
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analogue II. The SPR ligand efficiencies (SPR LEs) of control
analogue II and triproline mimetic analogue III were
comparable to that of p22(151−166). In contrast, analogue
IV was totally inactive. Thus, replacement of the pivotal
Pro(157) in undecapeptide model 1, a surrogate for p22, with
a cyclopentanecarboxamide in the form of synthetic mimetic
III does not negatively affect the PPI with p47. Moreover, it
appears that the presence of the middle Pro(156) in the Pro-
Pro-Cyp triad in III is essential for activity (Figures 5, 6 and

Table 1). The replacement of the Pro(156) amide carbonyl in
the PPPR segment of undecapeptide 1 with an R-configured
secondary alcohol facing the solvent in the active analogue III
is beneficial, since it does not disrupt the specific hydrogen-
bonding interactions in the complex.
The side chains of peptidomimetic III could potentially be

further optimized to improve the affinity and drug-likeness.
The arginine amino acid or the guanidine derivatives seem to
be a bottleneck for cellular penetration. Because of their strong
basic character, they are invariably in a protonated state under
physiological conditions, which may disfavor membrane
penetration. The lipophilic side chain and linker connected

to the N-terminal unit in III could be optimized to reduce the
flexibility.45

Although the proline side chains in undecapeptide 1 are only
capable of hydrophobic interactions and the backbone forms
two hydrogen bonds with p47, the essential helical structure is
difficult to mimic perfectly. Further studies are required to
develop better di- or triproline mimetics in proline-rich
polypeptides to achieve higher affinity while improving drug-
likeness.
In conclusion, inasmuch as the design and synthesis of

pseudo-triproline mimetic III was part of a proof-of-concept
study, the result represents a first example of a rationally
designed and novel synthetic triproline mimetic to exhibit
submicromolar in vitro activity against the binding of p47 with
p22, two critical proteins involved in the activation of NOX1
and NOX2 in relation to regulation of ROS overproduction.
Large numbers of biologically relevant PPIs in eukaryotic
cells28 involve linear motifs46 in which proline-rich domains
encompassed within structurally distinct polyproline type II
helices play critical roles in recognition and specificity with
other proteins acting as partners.47,48 Incorporation of our Pro-
Cyp dipeptide mimetic as a pseudo-diproline or extended
versions of it with Pro-Cyp combinations with optimized N-
and C-terminal residues to simulate the action of natural
oligoproline sequences in designated proteins would augur well
for the development of new drug prototypes as modulators of
PPIs in medicinally relevant projects.49−51
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