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ABSTRACT: A hydrogen peroxide (H,0,)-activated cell-
penetrating peptide was developed through incorporation
of a boronic acid-containing cleavable linker between
polycationic cell-penetrating peptide and polyanionic
fragments. Fluorescence labeling of the two ends of the
molecule enabled monitoring its reaction with H,O,
through release of the highly adhesive cell-penetrating
peptide and disruption of fluorescence resonance energy
transfer. The H,0O, sensor selectively reacts with
endogenous H,0, in cell culture to monitor the oxidative
burst of promyelocytes and in vivo to image lung
inflammation. Targeting H,0O, has potential applications
in imaging and therapy of diseases related to oxidative
stress.

ydrogen peroxide (H,0,) is a reactive oxygen species

(ROS) endogenously produced in living organisms. A
growing body of evidence suggests that H,O, plays an active
role in the regulation of various physiological processes."”
Nevertheless, its overabundance results in oxidative stress that
can lead to extensive cellular damage. Indeed, high levels of
H,0, have been implicated in many pathological conditions
including diabetes,® cardiovascular diseases,*® neurodegener-
ative disorders,® and cancer.” Consequently, there is increased
interest in the role of H,O, in normal and pathological
conditions, as well as in its potential as a target in directed
therapeutics delivery for oxidative stress related diseases.
Traditionally, these objectives are pursued separately, through
the development of dedicated molecular imaging probes® ' or
drug delivery vehicles."”™'* Current H,0, imaging agents that
are in vivo compatible can only be applied to transgenic
animals®’ 1011 while drug

delivery vehicles aimed at H,O, require its presence at
12,13

or through localized administration,

supranatural concentrations to achieve sufficient activation.
Therefore, progress could be made toward both objectives by
developing molecular targeting agents that respond to
physiological levels of H,O, in intact animals, and that could
be harnessed with interchangeable cargo according to need.
An activatable cell-penetrating peptide (ACPP) uses a
generic targeting mechanism based on selective and local
unleashing of a cell-penetrating peptide (CPP)."* It is a hairpin
shaped molecule consisting of a polycationic CPP (p-Arg,) and
an inhibitory polyanion (p-Glu,) connected through a cleavable
linker. When intact, the polyanion neutralizes the polycation
and largely masks the adhesiveness of the CPP. Extracellular
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cleavage of the linker enables dissociation of the inhibitory
polyanion from the CPP, releasing the CPP and associated
cargo to adhere to and then penetrate into nearby cells.
Through appropriate design of linkers, ACPPs have been
directed toward extracellular enzymes such as matrix metal-
and thrombin,®
detection of their spatially localized enzymatic activity by

loproteinases,'® elastases'” enabling in vivo
various imaging modalities. Thus, ACPPs are broadly applicable
tools for concentrating cargo of interest at the site of its
activation.

Here, we report the development of H,O, targeting agents
based on ACPPs and demonstrate their ability to selectively
image endogenous levels of H,0, in live cells and in vivo. We
envisioned making an ACPP reactive toward H,O, by
incorporation of 4-boronic mandelic acid as a keystone in its
linker architecture (Figure 1A). The reaction of a phenyl-
boronic acid with H,0, to form a phenollg_22 has been
extensively utilized to generate a wide range of small-molecule
sensors for H,0,.%?
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Figure 1. Schematic illustration of H,0,-ACPP structure and its
H,O,-triggered fragmentation process. (A) Fluorescence labeling of
H,0,-ACPP peptide domains enables visualization of its cleavage
through FRET disruption. Shown are the fluorescence emissions of
(B) ACPP 1 and (C) ACPP 2 (1 uM each) before (purple) and 20
min after (green) reaction with H,0, (2 mM).
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In our design, oxidation of the boronic acid by H,0, will
form a phenolate that will subsequently undergo a spontaneous
1,6-elimination, resulting in fragmentation of the ACPP and
release of the CPP domain. Visualization of the ACPP’s
reaction with H,O, could be facilitated by fluorescent labeling
of both of its peptide domains. The close proximity enforced by
the hairpin structure should lead to fluorescence resonance
energy transfer (FRET), which would be disrupted by H,O,-
mediated cleavage.

In line with the design presented in Figure 1A, ACPP 1
(Figure S1, Supporting Information (SI)) was prepared
through a combination of in-solution and solid-phase synthesis
(Schemes S1 and S2 (SI)). The polycationic and polyanionic
domains of 1 were labeled with fluorescein (donor) and CyS
(acceptor), respectively. When intact, ACPP 1 produces strong
FRET, as evident by low emission from the donor (fluorescein,
~524 nm) and strong re-emission from the acceptor (CysS,
~670 nm) (Figure 1B). Cleavage of the ACPP by H,0, leads
to disruption of the FRET, which could be visualized through
the increase in donor emission (~6-fold) and decrease in the
acceptor re-emission (~7-fold). The combined ~40-fold ratio
change is comparable with our previously reported FRET-
ACPPs™ and should provide a sufficient dynamic range to
differentiate between H,0, levels. To test whether other
donor/acceptor pairs are permissible in this design, we
synthesized ACPP 2 (Figure S1 and Scheme S3 (SI)), where
fluorescein and CyS were replaced with Alexa488 and Alexa$594,
respectively. Similar to ACPP 1, ACPP 2 showed eflicient
FRET that was disrupted in the presence of H,0, (Figure 1C).

Under normal physiological conditions, H,O,, although
diffusible, forrns a concentration gradient across cellular
membranes,>>*® with an intracellular concentration estimated
at 0.5—7 X 1077 M*”*® and an extracellular concentration that
is ~10-fold higher.”® In pathological conditions, local
extracellular concentrations of H,O, are additionally elevated
to as high as 10—50 u#M.>*~>° Therefore, to effectively target
extracellular H,O,, a sensitivity level in the low micromolar
range is required. To determine its lowest detection limit,
ACPP 1 (1 uM) was incubated with increasing concentration
of H,0, (0—250 uM) and fluorescence emissions at 524 vs 672
nm (4., = 488 nm) were monitored over 20 min. The FRET
ratio change (R/R,) was calculated by dividing the ratio of 524/
672 nm emissions at each time-point (R) by the ratio before
H,0, addition (R,). This assay established a linear dependence
of ACPP 1’s FRET ratio change on H,O, concentration (R* =
0.9962) in a physiologically relevant range, with a detection
limit of ~5 uM (Figures 2A and S2 (SI)).

The changes in FRET could be monitored in real-time
(Figures 2B and S3 (SI)), and cleavage of the ACPP was
further confirmed by SDS-polyacrylamide gel electrophoresis
(PAGE) (Figure 2C) and by high-performance liquid
chromatography mass spectrometry (HPLC—MS) (Figure S4
(SI)). To verify that the observed FRET change is not due to
nonspecific peptide cleavage or damage to the fluorophores, we
synthesized ACPP 3 (Figure S1 and Scheme S4 (SI)), an
uncleavable version of 1, in which the boronic acid-containing
linker was replaced with a polyethylene glycol-6 (PEG)
molecule. No ratio change was observed when the uncleavable
ACPP 3 (1 uM) was incubated with H,0, (2 mM) over a
period of 60 min (Figure S3 (SI)).

The response of ACPP 1 to H,0, requires the occurrence of
the following three consecutive steps: reaction of the boronic
acid with H,O, to form a phenolate, 1,6-elimination and
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Figure 2. Selective and concentration-dependent cleavage of ACPP 1
by H,0,. (A) Fold increase in fluorescein/CyS emission ratio (524/
672 nm) after 20 min incubation of ACPP 1 (1 uM) with indicated
concentrations of H,O,. Error bars represent + standard deviation. *p
< 0.0S. (B) Time course fluorescence emission spectra of ACPP 1 (1
uM) in the presence of H,0, (1 mM). (C) H,0,-dependent cleavage
of ACPP 1 (1 uM) after 30 min incubation with 1 mM H,0,. (D)
Fold increase in fluorescein/CyS emission ratio at indicated times of
ACPP 1 (1 uM) with indicated ROS or their donors (100 uM, catalase
0.5 mg/mL).

dissociation of the polypeptides from one another. The linear
dependency of the FRET change on H,0, concentration
suggests that the boronic acid oxidation is the rate-limiting step.
We therefore explored the kinetics of this process by measuring
its second-order rate constant (1 uM ACPP 1 and 1, 2.5, and S
mM H,0,, Figure SS (SI)) to find k = 1. 34 +0.13 M s, in
agreement with previously reported results.” We then evaluated
the selectivity of the H,0,-ACPP to H,O, over other
biologically relevant extracellular ROS. For this, ACPP 1 (1
uM) was incubated with various ROS (100 zM), and the FRET
ratio change was monitored for 60 min. A time-dependent
increase in the FRET ratio was observed when ACPP 1 was
treated with H,0, (~6-fold over 60 min). In contrast, other
ROS, or H,0, in the presence of catalase, had little to no effect
on the FRET ratio (Figure 2D). Taken together, these results
establish that H,0,-ACPP selectively reacts with physiological
levels of H,0, in a concentration-dependent manner,
culminating in fragmentation of the ACPP and release of its
CPP domain.

Next, we explored whether H,0,-ACPP could be used to
detect H,O, in the cellular environment. Initial experiments in
which ACPP 1 (1 uM) was treated with exogenous H,0, (10—
125 uM) in the presence of HL-60 cells, a human
promyelocytic leukemia cell line, demonstrated an increase in
FRET ratio with linear dependency on the applied H,O,
concentration (Figures 3A and S6 (SI), R* = 0.9947).

We then tested the ACPP’s ability to detect endogenous
levels of H,O,. HL-60 cells express both membrane and
cytoplasmic NADPH oxidase (NOX) subunits. Exposure of
these cells to stimulants such as calcimycin, opsonized zymosan,
or phorbol 12-myristate-13-acetate (PMA) triggers assembly of
functional NOX on the cellular membrane and generation of
superoxide,®® which is converted to various ROS including
H,0.,. ¥ NOX activity is the main source of ROS generation in
the oxidative burst mechanism of immune cells. When HL-60
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Figure 3. Detection of H,0, by ACPP 1 in cellular environment. (A)
Fold increase in fluorescein/CyS emission ratio (524/672 nm) after 30
min of ACPP 1 (1 uM) upon exogenous addition of H,0, at indicated
concentration in the presence of HL-60 cells. Error bars represent +
standard deviation. (B) Time course of fold increase in fluorescein/
CyS emission ratio (524/672 nm) of ACPP 1 (1 yM) incubated with
HL-60 cells at the indicated conditions (catalase 0.5 mg/mL, PMA 0.5
#M). Error bars represent =+ standard deviation. *p < 1 X 1071, ##p <
1x107%

cells were treated with ACPP 1 (1 M) and either stimulated
with PMA (0.5 uM) or not, a time-dependent increase in
FRET ratio was observed in the stimulated cells (Figure 3B).

Using the FRET ratio change from the exogenous H,0,
application experiment as a calibration curve (Figure SS (SI)),
we calculated that under the aforementioned conditions, PMA-
stimulated HL-60 cells generate H,O, at a rate of 0.98 + 0.05
nmol/10* cells/h, in agreement with previously reported
measurements.”>® Conversely, addition of catalase (0.5 mg/
mL) to PMA-stimulated cells completely suppressed the ratio
change. Interestingly, nonstimulated HL-60 cells exhibited a
slight, but statistically significant (p < 0.0001), increase in ratio
compared to catalase-treated cells, whether PMA-stimulated or
not, suggesting that nonstimulated cells produce a basal level of
H,0,. The rate of H,0O, production by nonstimulated cells was
calculated to be 0.050 + 0.004 nmol/10* cells/h, about 20-fold
lower than PMA-stimulated cells. These results demonstrate
that H,0,-ACPP has sufficient sensitivity to detect endoge-
nously produced H,0O, in the cellular environment.

Finally, we investigated the potential of H,0,-ACPP to
detect H,0, endogenously produced by activated macrophages
and neutrophils, in a lipopolysaccharide (LPS) model of lung
inflammation. For this, C57BL/6 mice were either treated
(LPS) or not (control) with 10 yug of LPS by intranasal (in.)
administration for four consecutive days.>* Recruitment of
inflammatory cells to the airways of mice treated with LPS was
confirmed by hematoxylin and eosin staining (Figure S7 (SI)).
Mice were then administered ACPP 1 i.n. (10 nmol), and after
6 h, lungs were harvested, inflated, and imaged for the
fluorescein/CyS emission ratio. Lungs of LPS-treated mice
presented ~2-fold increase in fluorescein/CyS emission ratio
compared to control (Figure 4A,B).

To test whether H,O, contributed to the observed increase
in ratio, LPS-treated mice were §iven p-penicillamine (DPA, 1
umol), a H,0, scavc=.ngex‘,40_4 S min prior to ACPP 1
administration. In our in vitro studies, DPA completely
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Figure 4. In vivo targeting of H,0, by ACPPs 1 and 2. (A)
Representative ratiometric fluorescent images of fluorescein/CyS
(ACPP 1) or Alexa488/594 (ACPP 2) emission ratios of mouse
lungs in the indicated conditions treated with ACPP 1 (10 nmol) or
ACPP 2 (5 nmol) for 6 h. Right: scales of appropriate emission ratios.
(B) Mean change in ratios of images presented in (A) with additional
animals (n = S). Error bars represent + standard deviation. *p < 0.0S,
#**p < 0.00S. (C) SDS-PAGE analysis of lung extracts from LPS-mice
treated with ACPPs 1—3 for 6 h. Bands were pseudocolored according
to their emission spectra (Figure S9 (SI)): intact ACPP (purple) or
cleaved ACPP (green).

inhibited the reaction between ACPP 1 and H,O, (Figure S8
(SI)). Lungs of LPS- and DPA-treated mice showed a
decreased fluorescein/CyS emission ratio, at least as low as
control mouse lungs. Cleavage of ACPP 1 in lungs of LPS-
treated mice was confirmed by SDS-PAGE analysis of
homogenized lung extracts (Figure 4C). In contrast, when
similar mice were treated with uncleavable ACPP 3, no cleavage
products were observed. We repeated the experiments
described above with ACPP 2. Results were consistent with
those observed with ACPP 1; i.e., lungs of LPS-treated mice
showed ~2-fold increase in ratio (Alexa488/Alexa594 emis-
sion) that was completely suppressed by DPA (Figure 4A—C),
suggesting that H,0,-ACPP is a platform that can accom-
modate a range of fluorophores. Taken together, these results
suggest that H,0,-ACPP can target and respond to
endogenous levels of H,0, produced in a model of lung
inflammation in vivo.

In conclusion, we developed a H,0, targeting mechanism
based on activatable cell-penetrating peptides (H,0,-ACPP).
Fluorescence labeling of the H,O,-ACPP enabled visualization
of its reaction with H,O, through FRET disruption. The H,O,-
ACPP reacts selectively and in a concentration-dependent
manner with H,0, to release its CPP domain, whose
adhesiveness and nondiffusibility preserve spatial resolution.
Its low micromolar sensitivity enabled detection and
quantification of H,0, secreted by activated HL-60 cells.
Moreover, H,0,-ACPP was sensitive enough to react with
endogenous levels of H,O, in an in vivo model of lung
inflammation. Developing ACPPs for H,0O, targeting will
potentially enable its imaging by a variety of modalities,

dx.doi.org/10.1021/ja411547j 1 J. Am. Chem. Soc. 2014, 136, 874—877



Journal of the American Chemical Society

Communication

including fluorescence, magnetic resonance, and radioactive
techniques. Importantly, a similar targeting mechanism could
be further used for directed delivery of therapeutics to local
sites of oxidative stress related diseases.
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