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Abstract

Here we report the synthesis and characterization of a membrane-impermeant fluorogenic probe,
hydropropidine (HPr*), the reduction product of propidium iodide, for detecting extracellular
superoxide (O, 7). HPr* is a positively-charged water-soluble analog of hydroethidine (HE), a
fluorogenic probe commonly used for monitoring intracellular O, ™. We hypothesized that the
presence of a highly localized positive charge on the nitrogen atom would impede cellular uptake
of HPr* and allow for exclusive detection of extracellular O, ™. Our results indicate that Oy~
reacts with HPr* (k = 1.2 x 10* M~1s71) to form exclusively 2-hydroxypropidium (2-OH-Pr**) in
cell-free and cell-based systems. This reaction is analogous to the reaction between HE and Oy~
(Zhao H et al. Free Radic Biol Med 34:1359-68, 2003). During the course of this investigation, we
also reassessed the rate constants for the reactions of O, with HE and its mitochondria targeted
analog (Mito-HE or Mito-SOX Red®) and addressed the discrepancies between the present values
and those reported previously by us. Our results indicate that the rate constant between O, ™ and
HPr* is slightly higher than that of HE and O,~ and is closer to that of Mito-HE and O,~. Similar
to HE, HPr* undergoes oxidation in the presence of various oxidants (peroxynitrite — derived
radicals, Fenton’s reagent, and ferricytochrome ¢) forming the corresponding propidium dication
(Pr**) and the dimeric products (e.g., Pr**-Pr**). In contrast to HE, there was very little
intracellular uptake of HPr*. We conclude that HPr™* is a useful probe for detecting O, ™ and other
one-electron oxidizing species in an extracellular milieu.
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Introduction

Hydroethidine or dihydroethidium, (HE or DHE) has become the probe of choice for
detecting intracellular superoxide radical anion (O, ™) (1-3). The diagnostic product of the
reaction between HE and O~ is 2-hydroxyethidium (2-OH-E™) (1,2,4,5). Although other
oxidants (hydroxyl, nitrogen dioxide and carbonate radicals derived from peroxynitrite) also
react with HE to form different oxidation products, O, remains as the only viable reactive
oxygen species that reacts with HE to form 2-OH-E* (6,7,8). In an effort to selectively
detect extracellular O, ~, we synthesized hydropropidine (HPr*), a positively-charged,
water-soluble analog of HE (Fig. 1). We reasoned that the presence of a highly localized
positive charge on the nitrogen atom of the alkyl group will prevent the cellular uptake of
HPr*. Hydropropidine was prepared from a two-electron reduction of propidium iodide
(Pr**e217), a cell-impermeant fluorescent molecule (Fig. 1) that is used frequently in tissue
staining and in the identification of dead cells (9). Due to the structural similarity between
HE and HPr*, we further reasoned that the reaction chemistry between HPr* and O, ~ and
other oxidants might be similar to that of HE.

In this study, we report that the reaction between HPr* and O, "~ yields 2-hydroxypropidium
(2-OH-Pr*) (Fig. 1) as a diagnostic marker product in cell-free and cell-based systems. The
rate constant for the reaction between O, ™ and HPr* was measured to be slightly higher than
that of HE and O,". In addition, we reassessed the rate constant parameters previously
reported for HE and Mito-SOX Red® with O,'~ (1,10,11). Results indicate that these rate
constants were overestimated by 30 to 100-fold in our previous studies (1,10). Reasons for
these discrepancies are discussed. Similar to HE, HPr* also undergoes oxidation in the
presence of other oxidants (derived from peroxynitrite and peroxidases) forming propidium
(Pr**) and characteristic dimeric products such as dipropidium (Prt*-Pr**) (Fig. 1).
Biological implications for the use of this novel probe in monitoring extracellular generation
of O, ™ and other one-electron oxidizing species from NADPH oxidases are discussed.

Materials and Methods

Chemicals

Xanthine oxidase (XO) from cow milk was purchased from Roche Diagnostics GmbH.
Hydroethidine (HE) and mito-hydroethidine (Mito-HE or Mito-SOX Red®) were purchased
from Invitrogen. Superoxide dismutase (bovine erythrocytes), ferricytochrome c¢ (equine
heart), propidium iodide, hypoxanthine (HX), phorbol 12-myristate 13-acetate (PMA),
potassium nitrosodisulfonate (Fremy’s salt), chloranil, menadione bisulfite sodium salt
(MN), hydrogen peroxide, K3FeCNg, KHoPO4, KoPO4, FeSO4 were purchased at the
highest available purity from Sigma Aldrich. Trifluoroacetic acid was purchased from
Thermo Scientific. Catalase (beef liver) was purchased from Boehringer Mannheim.
Peroxynitrite was prepared by reacting nitrite with H,O», according to the previously
published procedure (12). 5- Tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO)
was synthesized as described previously (13).

Syntheses and preparation of probes and reagents

Hydropropidine was prepared by reducing propidium in the presence of sodium
borohydride. Sodium borohydride (6 mg, 0.16 mmol) dissolved in 1 mL of MeOH was
added drop-wise to a solution of propidium iodide (0.1 g, 0.15 mmol) in methanol (5 mL) at
0°C. After 30 minutes, the reaction product was extracted with CH,Cl,. The extract was
washed with water and brine and dried over Na;SO,. The solvent was removed under
vacuum to give the hydropropidine cation (80 mg, 0.14 mmol, 98%). The crude product was
purified by HPLC, as described below for 2-hydroxypropidium. HPr* stock solutions (20
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mM) were prepared in DMSO under anaerobic conditions, and small aliquots (20 pl) were
stored at -80°C. All solutions containing HPr* were protected from light. 2-
Hydroxypropidium (2-OH-Pr**) was synthesized by reacting HPr* with Fremy’s salt (4).
Due to the instability of Fremy’s salt in acidic solutions, stock solutions were prepared in
phosphate buffer (100 mM, pH 7.5) containing 0.2 mM DTPA. Details of synthesis are
identical to our previously published procedure for 2-hydroxyethidium (4). The final
reaction mixture contained 2-OH-Pr** as a major product, and propidium as a minor
product. 2-OH-Pr** was purified by HPLC on a semipreparative C1g column (Beckmann
Ultrasphere, 250 x 10 mm, 5 um) using a gradient of acetonitrile/water containing 0.1 %
trifluoroacetic acid (TFA). Dipropidium (Pr**-Pr**) was prepared by oxidizing HPr* with
excess potassium ferricyanide (14). The reaction mixture contained dipropidium as a major
product, and other oxidation products as minor products. Dipropidium was purified by
HPLC under the same conditions as used in the purification of 2-OH-Pr**,

UV-Vis absorption and fluorescence measurements

The absorption spectra were recorded on an Agilent 8453 photodiode array
spectrophotometer equipped with thermostated cell holder. Fluorescence excitation/emission
matrix (FEEM) spectra were collected using a Perkin-Elmer LS-55 luminescence
spectrometer.

HPLC measurements

HPr* and its oxidation products were separated and monitored by HPLC using an Agilent
1100 apparatus equipped with an UV-Vis absorption and fluorescence detector. Typically,
50 pl of a sample was injected on C1g column (Phenomenex, Kinetex, 100 mm x 4.6 mm,
2.6 um) equilibrated with acetonitrile/water mobile phase (10:90 v/v) containing 0.1 %
TFA. Compounds were separated by a linear increase of the acetonitrile concentration from
10% to 50% over 5 min. Next, the concentration of acetonitrile was increased to 100% over
2 min and kept at this level for 2.5 min. HE, Mito-HE and their oxidation products were
separated using a higher initial concentration of acetonitrile phase, as described previously
(5,6,8). The column was equilibrated with acetonitrile/water mobile phase (20:80 v/v)
containing 0.1% TFA. The concentration of acetonitrile was increased from 20% to 60%
over 5 min, and from 60% to 100% over the next 2 min, and kept at this level for 2.5 min.
All analytes, in both separation methods, were eluted at a flow rate of 1.5 ml/min.
Fluorescence detection was carried out using an excitation wavelength of 490 nm and an
emission wavelength of 567 nm and 596 nm. The absorption traces were collected at 220,
242, 290, 370 and 500 nm.

Mass spectral analyses

The structural identity of products was confirmed by MS analysis using two different mass
spectrometers equipped with electrospray ion sources. The MS spectra were recorded on an
Agilent 6460 and an lonSpec 7.0 T FT-ICR for higher resolution. The compounds were
dissolved in water/acetonitrile (1:1 v/v) mixture containing 0.1% TFA by volume, and their
concentration was in the range of 10-50 M. The samples were directly injected into the
MS spectrometer without HPLC separation. The compounds were detected in the positive
ion mode. The charges of the molecular ions were calculated from the intervals between
isotopic peaks. In the case of Prt*-Pr**, ion cluster formation with trifluoroacetate anion
upon MS analysis was observed. Results showed an excellent agreement between
experimental and calculated MS spectral data. HRMS was also performed on a QStar Elite
(Applied Biosystems SCIEX) with API as a ionisation source.
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NMR analyses

1H NMR and 13C NMR spectra were recorded at 400.13 and 75.54 MHz respectively using
a Bruker DPX AVANCE 400 spectrometer equipped with a QNP probe. Chemical shifts ()
are reported in ppm and coupling constants (J) values in Hertz. Assignments of 1H and 13C
NMR signals of the compounds were made with the help of the APT (Attached Proton Test),
HSQC (Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple
Bond Correlation) sequences. The NMR spectral analyses of compounds are given in the
Supplemental Section (Suppl. Figs. 1-4).

EPR measurements/kinetics

The electron paramagnetic resonance (EPR) spectra were recorded on a Bruker EMX
spectrometer at 9.85 GHz at room temperature. Typical spectrometer parameters were: scan
range, 60 G; sweep time, 42 s; time constant, 1.28 s; modulation amplitude, 1 G; modulation
frequency, 100 kHz; microwave power, 5.0 mW. The competition kinetic approach was
used to determine the rate constants of O,"~ reaction with fluorescent probes. Superoxide
dismutase (SOD) was used as a competitor in kinetic experiments. The concentration of the
probes was kept constant throughout the experiment at the appropriate level to minimize self
dismutation of superoxide radical anion, even in the absence of the competitor. In the
competition kinetic approach, the concentration of specific hydroxylation product of the
probes (2-OH-X™) depends on the rate constants of reaction of O,"~ with both competitor
and the probes investigated (reaction 1 and 2).

Kpobe

Probe (X)+05- — 2-OH-X* (1)

k
Competitor+05~ P, Product ()

During the reaction there were no significant changes in the concentration of the probes as
well as the competitor. Thus, the competition model assuming two pseudo-first order
reactions can be applied, and the following equation can be written:

[2-OH-X"]o—[2-OH-X*] k., [ Competitor]
[2-OH-X*] Tk Probe]

©)

Probe [

where [2-OH-X*], is the concentration of 2-OH-X* in the absence of a competitor (SOD).
Two equations that fit a nonlinear (equation 4) and linear (equation 5) relationship were
used:

+ N kp,...[ Probe]
[2-OH-X"]=[2-OH-X"], X - 0
kp,on.[Probe]+k. [ Competitor]
1 1 1 K¢, [ Competitor]
[2-OH-X*] [2-OH-X"]y [2-OH-X"To \_ ky..[Probe]

The flux of O,*~ was generated by xanthine oxidase-catalyzed oxidation of hypoxanthine.
The samples containing hypoxanthine (0.2 mM), XO (1 mU/ml), the fluorogenic probe (40
or 50 uM), and different concentrations of SOD were incubated in phosphate buffer (pH 7.4,
50 mM) containing 100 .M DTPA for 30 min at room temperature. SOD (1 mg/ml final
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concentration) was then added to stop the competition experiment, and the samples were
placed in an HPLC autosampler cooled to 6°C and analyzed by HPLC. After HPLC analysis
of all the samples, the first sample was analyzed again to confirm that the level of 2-OH-X*
was unchanged over the time period of HPLC analysis. The second control sample without
XO was used to check for self-oxidation of the probes during the course of the experiment.
That sample was analyzed at the end of experiment and appropriate corrections were
applied. Each rate constant was determined on the basis of three independent experiments.
All data points shown in Figure 6 represent mean values, and error bars indicate standard
deviations. The molar concentration of SOD in the experiments was determined by UV-Vis
spectrophotometry using an extinction coefficient of 1.03 x 104 M~1ecm=1 at 258 nm.

The flux of O,*~ was determined before each experiment by monitoring the ferricytochrome
c reduction following an increase in absorbance at 550 nm. For this purpose, a difference in
the values of the extinction coefficient between oxidized and reduced form of
ferricytochrome ¢ equal to 2.1 x 10* M~1ecm™1 was used. On this basis, the concentration of
XO was adjusted to obtain the flux of 0.2 wM/min of O,"~ during the kinetic experiments
(15).

Cell culture experiments

Results

DMEM (Invitrogen) medium supplemented with 10% heat-inactivated FBS, 2 mM L-
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin, was used to grow the RAW
264.7 cells (ATCC). Prior to experimentation, cells were washed three times using DPBS
supplemented with pyruvic acid and glucose (DPBS-GP). Cells were then incubated with
PMA (1 M) or menadione (100 wM) in the presence of HPr* in DPBS-GP. During the
incubation period, cells were stored at 37°C in a CO,-free incubator. After incubation, an
aliquot of the medium (100 wl) was collected and immediately frozen in liquid nitrogen. The
cells were washed twice with ice-cold DPBS, scraped with 1 ml of DPBS, transferred into
1.5 ml tube and centrifuged (1 min, 1000 x g). After centrifugation, the remaining
supernatant was discarded and the cell pellets were frozen in liquid nitrogen.

The cell pellets and media were stored at —80°C until the day of HPLC analysis, and were
processed according to the procedure described previously (8,16). Briefly, to 100 I of cell
lysate or medium, a 0.2 M ice-cold solution of HCIO4 in MeOH was added (100 pl) and the
samples were vortexed for 10 s and stored on ice for several minutes. In the next step,
samples were centrifuged for 30 min (20,000 x g at 4°C), and 100 .l aliquots of the
supernatant were transferred to the tubes containing 1 M phosphate buffer (pH 2.6). Again,
the tubes were quickly vortexed and centrifuged for 15 min (20,000 x g at 4°C). Aliquots of
150 pl of supernatants were used in HPLC analyses.

Spectroscopic properties of HPr* and its oxidation products

Figure 2 shows the UV-visible absorption and fluorescence spectra of HPr* and its oxidation
products. HPr* exhibits three absorption maxima in the range below 400 nm (Fig. 2A)
whereas the products, 2-OH-Pr**, Pr** and Pr**-Pr** have a strong absorption band in the
UV range with an additional absorption band in the visible region between 400 and 600 nm
(Fig. 2A). Figure 2B shows the fluorescence excitation and emission spectra. A comparison
between the excitation and emission spectra of HPr* and 2-OH-Pr** shows that HPr* does
not interfere with the fluorescence of 2-OH-Pr**. However, the spectrum of Prt* exhibits a
significant overlap with 2-OH-Pr**. Thus, one has to use the HPLC method in order to
distinguish these oxidation products. Both 2-OH-Pr** and Pr** display a strong fluorescence
intensity above 500 nm, but much like 2-hydroxyethidum and ethidum, the fluorescence
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intensity of 2-OH-Pr** in this region is higher than that of Pr**. The fluorescence intensity
of 2-OH-Pr** and Pr** increases significantly upon binding to DNA (Fig. 2C). The FEEM
spectra of 2-OH-Pr** and Pr** in the presence of DNA are shown (Fig. 2D and 2E). Of
interest is the observation that 2-OH-Pr**, but not Prt*, has an additional excitation band
below 400 nm which is clearly seen in the presence of DNA (indicated by an arrow in Figs.
2C and 2D). Table 1 lists the relevant absorption and fluorescence parameters of HPr* and
its oxidation products. The spectral properties of HPr* and its oxidation products are very
similar to those described for HE and its oxidation products (5,6,8).

Identification of the product of the reaction between superoxide radical anion and HPr*

The reaction between HPr* and O, ~ was investigated in an incubation mixture containing
hypoxanthine and xanthine oxidase as a source of steady flux of superoxide at pH 7.4. The
identity of the product was confirmed by HPLC analysis by comparison with authentic
standards of 2-OH-Pr** and Pr**. As shown in Figure 3A, a new product eluting at 3.16 min
was detected under these conditions. The peak corresponding to the new product was
abolished by SOD and not by catalase, suggesting that O, ", and not H,O, or H,O»-derived
oxidant, reacts with HPr* to yield this new product (Fig. 3A). The product derived from Oy~
reaction with HPr* eluted at the same time as the authentic standard, 2-OH-Pr**, formed
from Fremy’s salt-mediated hydroxylation of HPr* (Fig. 3A, D). The structures of the
oxidation products were determined by mass spectral and NMR analyses, and by
comparison with authentic standards (Fig. 3C, D). Table 2 lists the mass spectral parameters
for HPr* and its oxidation products.

The NMR spectral analyses of the hydroxylated product formed from HPr* and O,~
reaction indicate that the hydroxyl group is attached at position 2 and not at position 9.
Figures 4A-D show the NMR spectra of HPr*, 2-OH-Pr**, Pr**, and Prt*-Pr**, Table 3
lists the chemical shifts and proton coupling constants of HPr* and its oxidation and
hydroxylation products, Prt*, 2-OH-Pr** and Pr**-Pr**. Both NMR and MS data are
consistent with the proposed structures (Table 2 and suplementary Figs 1-4).

Fremy's salt dependent oxidation of HPr*: Reaction stoichiometry

Fremy’s salt dissociates into nitrosodisulfonate radical dianion (NDS) in water (Fig. 1) and
has been used in the syntheses of 2-hydroxylated phenols and aromatic amines (17). We
have previously used the Fremy’s salt to prepare 2-OH-E*, the product of HE/O, ™ reaction
(4). We followed the same approach to prepare 2-OH-Pr**, the product of HPr* and O,~
reaction. As NDS is a relatively stable nitroxide radical at pH 7.4, we monitored the reaction
between HPr* and NDS by EPR (4). Concomitantly, the changes in HPr* and 2-OH-Pr**
concentration were monitored by HPLC. Figure 5A (fgp) shows the three-line EPR spectrum
of NDS (8 M) in phosphate buffer. In the presence of HPr* (4 M), the intensity of the
three-line signal was greatly diminished (Fig. 5A, bottom). Figure 5B shows the changes in
the EPR signal intensity of NDS as a function of its initial concentration in the absence and
presence of HPr* (4 wM). As shown, in the presence of 4 uM HPr* the EPR signal intensity
began to increase above 8 wM of NDS (Fig. 5B, solid squares). The EPR results indicate
that two molecules of NDS react with one molecule of HPr*. Next, we investigated the
reaction stoichiometry by monitoring the HPLC peak areas of HPr* and the product (which
was determined to be 2-OH-Pr**) in the presence of NDS (Fig. 5C). With increasing NDS
concentration, the peak area due to HPr* decreased, and that of 2-OH-Pr** increased, until
the stoichiometry between HPr* and NDS reached approximately 1:2. The HPLC results
also suggest that one molecule of HPr* reacts with two NDS radicals to produce one
molecule of 2-OH-Pr**. At higher concentration of NDS, HPr* was completely consumed
and NDS reacted with 2-OH-Pr**, leading to a decrease in the peak area corresponding to
this product.

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.
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Kinetics of O, reaction with HPr*

The rate constant between O, and HPr* was determined by a competition kinetic technique
in the presence and absence of the enzyme bovine Cu, Zn-SOD, as discussed in the
Materials and Methods section. Figure 6A shows the HPLC traces of 2-OH-Pr** formed
from incubating HPr* in the presence of hypoxanthine and xanthine oxidase and different
concentrations of SOD for 30 min at room temperature. With increasing SOD concentration,
the HPLC peak intensity due to 2-OH-Pr* decreased (Fig. 6A). The rate constant between
O, and HPr* was calculated from the nonlinear graph (equation 4) as shown (Fig. 6D). The
curve fitted using a linear equation (equation 5) is also shown (Fig. 6D, /nsef). Figure 6B
shows the effect of SOD on 2-OH-E™ formed from incubating HE and HX/XO. The kinetic
analysis of this data is shown in Figure 6E. Similar experiments were carried out for Mito-
HE, and the results are shown in Figures 6C and 6F. Table 4 lists the rate constants
determined for the reaction between O, and the fluorogenic probes (HE, HPr*, and Mito-
HE).

Oxidation of HPr* by one-electron oxidants

Next, we determined the oxidation products formed from the reaction between HPr* and
other biologically-relevant oxidants and compared with the products formed from reacting
these probes with ferricyanide (one-electron oxidant) and chloranil (two-electron oxidant).
Oxidants tested included peroxynitrite, ferricytochrome ¢, horseradish peroxidase/H,0»
system, Fenton’s reagent, and hydrogen peroxide. The two-electron oxidant (chloranil) and
one-electron oxidizing agent (ferricyanide anion) were used in order to understand the
reaction mechanisms of product formation.

The HPLC traces obtained from the incubation mixtures containing HPr* and the various
oxidants are shown in Figure 7. Incubation of HPr* with chloranil leads primarily to Pr**. In
the presence of ferricyanide anion we detected several other products in addition to Pr*™.
These products were ascribed to various dimers of HPr* (Fig. 7). A similar set of products
was also observed in the presence of peroxynitrite, ferricytochrome ¢, Fenton’s reagent and
horseradish peroxidase/H,0,. Incubation of HPr* with hydrogen peroxide alone did not
yield a significant amount of the aforementioned reaction products. Lack of a reaction
between H,0O, and HPr is in agreement with results obtained from hypoxanthine/xanthine
oxidase system (Fig. 3B). In the case of peroxynitrite, ferricytochrome ¢and Fenton’s
reagent, small amounts of 2-OH-Pr** were formed during prolonged incubation. As
explained in earlier publications, this small increase in SOD-sensitive 2-OH-Pr* formation
could be due to DTPA-derived radicals (10).

The HPLC-based titration of HPr* with ferricyanide anion indicates formation of at least
three dimeric oxidation products of HPr* (Fig. 8). At lower concentrations of ferricyanide,
the homodimer (HPr*-HPr*) was predominantly observed (Fig. 8A, B). With increasing
ferricyanide concentration, one of the rings is oxidized to form a heterodimer (HPr*-Pr**).
The ESI-MS analysis of product obtained from oxidation of HPr* at a much higher
ferricyanide concentration revealed a homodimeric structure, i.e., dipropidium (Pr*-Prt+)
(Fig. 8C). The structure of dipropidium was confirmed by 1H and 13C NMR analyses (Fig
4D and Suppl. Fig. 4).

Relative intracellular uptake of HE and HPr*

Because of the localized positive charge on the nitrogen atom in HPr*, we surmised that
HPr* will not penetrate into the cell. This is in contrast to Mito-SOX Red® (or Mito-HE)
where the positive charge is delocalized over the aromatic rings and is sequestered into
mitochondria (11). RAW macrophages were treated with HE or HPr* for 1 h, and their
concentrations in cell lysates and cell culture media were monitored by HPLC with
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fluorescence detection. Results show that the cell lysate to cell culture medium ratio for HE
is significantly higher that of HPr* (Fig. 9A). However, the reverse was true for HPr* (in
that a significantly larger amount of HPr* remained in the medium as compared to cell
lysate) (Fig. 9B).

Measurement of extracellular O, ~ using hydropropidine

We used two sources of O, generation in cells. RAW 264.7 macrophages were stimulated
with PMA or treated with menadione (Fig. 1), a redox-active quinone that generates O,*~ via
redox-cycling of the semiquinone radical derived from menadione. RAW macrophages were
activated with PMA (1 uM) in DPBS-supplemented with pyruvic acid and glucose
containing HPr* probe in the presence and absence of SOD and incubated for 1 h at 37°C.
The diagnostic marker product of HPr*/O, ™ reaction was subsequently monitored by HPLC
in cell lysates and in the media. As shown in Figure 10A, 2-OH-Pr** formation was
stimulated by 3 to 4-fold in the extracellular compartment of macrophages stimulated with
PMA. This increase in 2-OH-Pr** formation was abrogated by SOD. A negligible amount of
2-OH-Pr** was detected in macrophage cell lysates. Figure 10B shows the time-course of 2-
OH-Pr** formation from the media isolated from macrophages stimulated with and without
PMA and SOD.

Addition of menadione to macrophages in the presence of HPr* induced >2-fold increase in
2-OH-Pr** formation in the media (Fig. 10C). Time-course measurements also showed the
same trend (Fig. 10D). This increase in 2-OH-Pr** was abrogated by SOD. A negligible
amount of 2-OH-Pr** was detected in the cell lysates as compared to the medium (Figs. 10A
and 10C). These results indicate that HPr* is a suitable probe for detecting extracellularly
generated Oy~

Discussion

We report here the development of a novel fluorogenic probe, HPr*, which is specific for
measuring extracellular superoxide and other one-electron oxidation species in cell-free and
cell-based systems. Reaction between O, and HPr* led to the identification of a
characteristic marker product, 2-hydroxypropidium. In the presence of one-electron
oxidizing species (peroxynitrite-derived radicals, peroxidases), the corresponding propidium
dication and homo- and heterodimeric products were formed. The reaction chemistry
between HPr*, O,~, and one-electron oxidants is analogous to that of hydroethidine, a well-
known probe for tracking intracellular O,'. On the basis of similarity of HPr* to HE and the
reaction stoichiometry of HPr* with NDS (Fig. 5), we assume that the reaction stoichiometry
between HPr* and O, ~ is 1:2. The hypothetical mechanism is shown in Figure 11A.

Similarities in redox chemistry between HE, Mito-HE, and HPr™*

Results indicate that the reaction chemistry between O, ™ and reduced phenanthridinium
compounds investigated in this study are identical (18). HE, HPr*, and Mito-HE (or Mito-
SOX Red®) react with O, to ultimately form the corresponding hydroxylated products (2-
OH-E™*, 2-OH-Pr**, and 2-OH-Mito-E*) (Fig. 11B). Contrary to a previous assertion that
ethidium is the major product of HE oxidation (19), the hydroxylated products were detected
as the only major product at various fluxes of O,~ with no significant change in the two-
electron oxidation product, E*. Treatment with two-electron oxidation agent, chloranil,
yielded E*, Pr**, and Mito-E* from HE, HPr*, and Mito-HE (Fig. 7) (5,6). In the presence
of other oxidants (peroxynitrite-derived radicals, cytochrome ¢, and higher oxidants from
peroxidase/H,05, reaction) that oxidize HE, HPr, and Mito-HE via a one-electron transfer
mechanism, various reduced homodimers (HE-HE, HPr*-HPr*, Mito-HE-Mito-HE),
heterodimers (HE-E*, HPr*-Pr**, Mito-HE-Mito-E*) and oxidized homodimers (E*-E*,
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Prt+-Prt+*, Mito-E*-Mito-E*) are formed. The similarity in the redox chemistry of these
probes, combined with their different cellular localization, potentially opens up new
possibilities to simultaneously monitor O, generation in different cellular locales.

Discrepancies in the rate constants

Implications

Comparison

The rate constant for Oy~ reaction with HE that is reported in this work is more than an
order of magnitude lower than the previously reported value (1). We attribute the higher rate
constant value previously reported for the HE/O, ™ reaction to the higher literature rate
constant value (for BMPO and O, ™) (20,21) that we used in the competition kinetic analysis
(1). We have reevaluated the BMPO/O, ™ rate constant using the competition kinetic
approach as described in the Materials and Methods Section (Fig. 12). The new rate constant
for the BMPO and O, reaction was calculated to be ca. 13.1 M~1 571, In the pulse
radiolysis work (10), the reaction between HE and O, was determined in a 1:1 ethanol/
water mixture. In such a mixture, it is likely that the pK, of the hydroperoxy! radical (HO,',
the protonated form of superoxide) is higher than in water. Assuming that HO,' reacts with
HE much faster than O™, this may explain the higher reactivity of superoxide in a such
solvent mixture, as compared to water alone. Nevertheless, in this work (Table 2) we have
rectified the previously reported incorrect rate constant values for the HE/O, ™ reaction
(1,10).

in the detection of cellular O, in biological systems

The NADPH oxidase (Nox) family (Nox 1-5, DUOX1 and 2) is one of the major biological
sources of oxidant generation (22,23). Nox enzymes (Nox 1-3, and 5) catalyze the NADPH-
dependent one-electron reduction of oxygen to O, ™ (22,23). The only known function of
Nox enzymes is to generate ROS, and the function of this enzyme is typically assessed by
measuring O,~ generation (24). Currently available assays for determining Nox activity use
nonspecific and artifact-prone probes for ROS (25,26). The most investigated Nox member
is Nox2 that is expressed abundantly in neutrophils and macrophages (27). This enzyme
complex consists of different protein components that are located in the cytosolic and
membranous compartments (28). Upon Racl or Rac2 activation, the various components
(e.g., gp91phox, p22phox, p67phox, p47phox, and p40phox) are assembled at the plasma
membrane to form a functionally active NADPH oxidase which transfers electrons from
NADPH to oxygen, producing either O,'~ and/or H,0, (28). Nox5 is activated by elevated
cytosolic calcium and generates extracellular O, (29). The actual identity and site(s) of
ROS generation from Nox isoforms remain an active area of investigation. Development of
site-specific fluorogenic probes will help in the determination of the identity, the source, and
the location of oxidants generated by Nox isoforms in cells exposed to pro-inflammatory
conditions.

of HPr* with the existing probes

In addition to the artifact-prone assays employing probes capable of self-generation of
superoxide (e.g., lucigenin and luminol), two other probes, used for measurement of
extracellular superoxide radical anion include ferricytochrome cand spin traps (e.g., BMPO,
DEPMPO) (30). The major advantage of both of those probes is that the product is formed
in a single step, which minimizes the possibility of interference with assay.

However, the rate constant of the reaction of nitrone spin traps with superoxide is very low
and the resulting nitroxide spin adduct is unstable. Also, there is a limited access to EPR
instrumentation in most biochemical labs. In the case of ferricytochrome based method, the
major disadvantage for cellular assays is the mode of detection (spectrophotometric assay),
which not only limits the sensitivity of the assay but also dictates the need of time-dependent
probing the extracellular medium by transferring an aliquot to spectrophotometer for the
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measurement in case of adherent cells. Also, the propensity of cytochrome ¢ to undergo
superoxide-independent reduction (e.g. by flavoproteins, redox-cycling intermediates, thiol
compounds) limits the applicability of the probe. On the other hand, hydropropidine gives
unique and stable product upon reaction with superoxide and the rate constant is at least
three orders of magnitude higher than most nitrone spin traps. The HPLC based detection of
the specific product can be accompanied by fluorescence-based real time monitoring in
cellular system to obtain both reliable oxidant identification and the dynamics of oxidant

production.

Conclusions

We conclude that 2-OH-Pr** and the dimeric products (e.g., Pr**-Pr**) derived from HPr*
are reliable indicators of O, and one-electron oxidizing species formed in an extracellular

milieu.
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Refer to Web version on PubMed Central for supplementary material.
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2-OH-Pr**
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DPBS
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PMA
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X0

HRP
DTPA
BMPO
TFA

EPR
Prtt-prtt

HPr*-pr**

hydropropidine

propidium

2-hydroxypropidium
hydroethidine

nitrosodisulfonate radical dianion
mitochondria-targeted HE analog

Dulbecco’s PBS

Dulbecco’s PBS supplemented with pyruvic acid and glucose

phorbol 12-myristate 13-acetate

menadione bisulfite sodium salt

hypoxanthine

xanthine oxidase

horseradish peroxidase
diethylenetriaminepentaacetic acid
5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide
trifluoroacetic acid

electron paramagnetic resonance

dipropidium (propidium-propidium homodimer)
hydropropidine-propidium heterodimer
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HPr*-HPr* hydropropidine-hydropropidine homodimer
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Figure 1.
Chemical structures of hydropropidine, 2-hydroxypropidium, other oxidation products of
hydropropidine and other selected agents.

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Michalski et al.

o
)
e

Absorbance

o
N

o
o

(v )

Fluorescence signal

(@

Fluorescence signal

o
S

Page 15

D g 1000

800

2-OH-Pr""/DNA

| i 1 i | i |

300 400 500 600
Wavelength [nm]

"
5 (R 50 a.u.
vy

HPr

Pr ' /DNA

300 400 500 600 700 800
Wavelength [nm]

]:50 a.u.

400 500 600 700
Wavelength [nm]

Figure 2.

Spectroscopic properties of hydropropidine and its oxidation products. (A) The UV-Vis
absorption spectra of HPr* (10 wM) (b/ack), Prt* (10 wM) (blue), 2-OH-Pr+* (10 M) (red)
and Prt*-Pr** (10 wM) (green) in phosphate buffer (50 mM, pH 7.4) containing 0.1 mM
DTPA. (B) The florescence excitation (dashed /ine) and emission spectra (solid line) of
HPr* (1 M), Prt (10 pM), 2-OH-Pr** (10 pM) and Pr*+-Prt* (10 pM). (C) The
fluorescence excitation (dashed fine) and emission spectra (solid line) of Prt* (1 uM), 2-
OH-Pr** (1 wM) and Pr**-Pr** (10 wM) in the presence of DNA (0.1 mg/ml). (D) The
FEEM spectrum of 2-OH-Pr** (10 wM) in the presence of DNA (0.1 mg/ml). (E) The
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FEEM spectrum of Pr** (10 M) in the presence of DNA (0.1 mg/ml). The arrow marked in
(C) and (D) indicates an additional excitation band for 2-OH-Pr** (Amax = 391 nm).
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Figure 3.

HPLC and mass spectral analyses of products formed from O, ~ and Fremy’s salt-mediated
oxidation of HPr*. (A) HPLC traces of HPr* (10 wM), Pr** (10 wM), reaction mixtures
containing Fremy’s salt and HPr* or HPr* and hypoxanthine/xanthine oxidase with and
without SOD and catalase. Prior to HPLC analyses, HPr* (10 wM), hypoxanthine (HX) (0.1
mM) and xanthine oxidase (XO) (10 mU/ml) were incubated in phosphate buffer (50 mM,
pH 7.4) containing 0.1 mM DTPA for 30 min. Where indicated, incubations contained SOD
(0.1 mg/ml) or catalase (0.1 kU/ml). The incubation mixture containing HPr* (10 wM) and
NDS (20 M) was analyzed immediately after mixing the components. The HPLC traces
were recorded at 290 nm. The HPLC traces were scaled by a factor 0.1 and 0.2, respectively,
so as to fit the absorptions of Pr** and HPr*/Fremy’s salt product on the same scale. (B) The
mass spectrum of HPr*. (C) The mass spectrum of Pr**. (D) The mass spectrum of 2-OH-
Prt*. Arrows in (B), (C) and (D) indicate isotopic peaks.
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1H NMR spectra of (A) hydropropidine (HPr*), (B) 2-hydroxypropidium (2-OH-Pr**), (C)

propidium (Pr**) and (D) dipropidium (Pr*-Pr**), as measured in DMSO- .
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Figure 5.
The stoichiometry of the reaction between HPr* and Fremy’s salt. (A) The EPR spectrum of

NDS (8 M) in phosphate buffer (50 mM, pH 7.4) containing DTPA (0.1 mM) in the
absence (fop) and presence (bottom) of HPr* (4 wM). (B) The double-integrated EPR signal
intensity of NDS as a function of its concentration in the absence (gpen circles) and presence
(solid squares) of HPr* (4 wM). (C) HPLC peak areas of HPr* (gpen circles) and 2-OH-Pr**
(solid squares) as a function of NDS concentration. HPLC absorption traces were recorded
at 290 nm. The peak areas of 2-OH-Pr** were scaled by a factor of 0.2 to fit on the same
scale as that of HPr* peak area. The final concentration of HPr* was 42 uM.
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Figure 6.

The competition kinetic data for the reaction between O,°*~ and fluorogenic probes. (A)
HPLC traces obtained from a mixture containing HPr* (40 wM), hypoxanthine/xanthine
oxidase, DTPA, and SOD (where indicated), incubated in phosphate buffer (50 mM, pH =
7.4) for 30 min. Prior to HPLC measurements, SOD (0.1 mg/ml) was added to stop further
oxidation of the probe. (B) Same as (A) except in the presence of HE (50 iM). (C) Same as
(A) except that Mito-HE (40 uM) was used. (D) The dependence of the peak area of 2-OH-
Pr** on the concentration of SOD. The so/id linetrace represents the result of nonlinear
fitting (equation 4) to data points for 2-OH-Pr** using HPr* (40 wM) as a probe. (/nset)
Results of fitting the experimental data using the linear relationship (equation 5). (E) Same
as (D) except that HE was used. (F) Same as (E) except that Mito-HE (Mito-SOX Red®)
was included. HPLC traces were collected using a fluorescence detector with an emission
wavelength at 595 nm and an excitation wavelength at 485 nm.
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Figure 7.

HPLC profiles of the products of the reaction of HPr* with various oxidants. Incubations
contained HPr* (10 M) and 0.1 mM DTPA in phosphate buffer (50 mM, pH 7.4) and
various oxidants as indicated: chloranil (5 wM), ferricyanide anion (20 M), peroxynitrite
(20 M), ferricytochrome ¢ (5 pM), horseradish peroxidase (HRP, 5 mU/ml) /H,0, (5uM),
Fenton’s reagent [Fe2* (20 wM) and H,0, (1 mM)], or H,0, alone (1 mM). With
ferricyanide anion, peroxynitrite and HRP/H,O, system, incubation mixtures were analyzed
immediately after mixing the components. With respect to chloranil, ferricytochrome, the
Fenton’s reagent or H,O,-dependent oxidation of HPr*, HPLC analysis was performed after
incubation at room temperature for 15-60 min. In the case of ferricytochrome, the reaction
was stopped by mixing (1:1) with an ice-cold solution of 0.2 M HCIO,4 in MeOH and the
supernatant was diluted with phosphate buffer 1 M (pH = 2.6). HPLC traces were recorded
at 290 nm. Because of differences in the intensities of absorption peaks, the scale was set
individually for each HPLC trace, as shown on the figure.

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Michalski et al.

Figure 8.

A

HPr HPr'-HPr'
: Pr“ Pr
HPr -Pr”

5uM Fe(CN); ﬁ

—J\—4 S —
45uM Fe(CN),

80uM Fe(CN)} | ,&.‘

120pM Fe(CN) f.

HPLC peak area [a.u.]

(@)

Relative abundance

26 28 3.0 32 3.4 36 3.8

Time [min]
25
< HPr*
20 L \\ - prto {'/v
\ -« HPr+-HPr* /
151 \ -« HPr+-pPr++ /f'
- Pr+prit 1Y
10} i
\ e
\ AN, -/ '/x"'\
St A"‘\ AT [
re e V SA o \
oL dle s ey N e
0 20 40 60 80 100 120
Fe(CN), (uM]
100} PrPr (H) PrPr”
miz cale.= 2751777 | (42.¢F COO)
f - 77
80+ TUESNDE STRATID miz calc.= 526.2556
l m/z exp.= 526.2563

60+
40+
20+

0 A

Page 22

Oxidation of HPr* by ferricyanide anion. (A) HPLC traces obtained after incubating 40 M
HPr* and 0.1 DTPA in phosphate buffer (50 mM, pH 7.4) in the presence of 5, 45, 80, and

120 uM potassium ferricyanide. HPLC traces were recorded at 290 nm. (B) The profiles of
different oxidation products with varying concentration of ferricyanide. (C) Mass spectrum

of Prtt-Pr** dimer.
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Figure 9.

The cellular uptake of HE and HPr* upon incubation of the probes with macrophages RAW
264.7. The cells were incubated with 10 wM HE or HPr* for 1 h in cell culture media.
Samples were then prepared according to the procedure described in the Materials and
Methods section and analyzed by HPLC.
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Figure 10.

Measurement of extracellular superoxide radical anion production using the HPr* probe. (A)
RAW macrophages were stimulated with PMA (1 tM) in cell culture media containing
HPr* (60 M) (as described in the Materials and Methods section) in the presence and
absence of SOD (0.1 mg/ml) for 1 h min and 2-OH-Pr** levels were measured in cell
culture media (extracellular) and cell lysates (/ntracellular). To directly compare the amount
of 2-OH-Pr** inside the cell or media, the amount of the product was normalized to the total
amount of protein in the cell lysates. (B) Time course measurements of extracellular 2-OH-
Pr** under different experimental conditions, as indicated. Experimental conditions: PMA
(1 wM), HPr* (60 wM) and SOD (0.1 mg/ml). (C) Same as (A) except that superoxide
production was stimulated by adding menadione (100 wM) and incubated for 30 min. (D)
Same as (B) except that macrophages were treated with menadione (MN, 100 pM) instead
of PMA.
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Figure 11.

(A) Proposed mechanism of reaction of HPr* with O,"~. (B) Scheme showing the oxidation
of HE, HPr* and Mito-HE probes by O,"~ to the hydroxylated fluorescent product and by
one-electron oxidants with the formation of fluorescent, non-hydroxylated cation and non-
fluorescent dimeric products. For the sake of clarity, the structures of other intermediate
dimeric products are not shown.

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Michalski et al.

Page 26
A [ oF
i B 106
"‘ \\ n |'\
| N\ \
| \ no SOD
”’"“jj.””ﬂ(‘j mlu/lyr‘““
\ . l
P
A f\ \n'\ l‘\ 1 nM SOD
epuint’ LN”/v P w‘rf\
\'| kvr \M
- 15 nM SOD
B 15
| no SOD
s 12‘»
3 13
L
5 | 1 nM SOD
) AT
£
x
@
Q
Q
3 15 M SOD
Of ap—ssa—awrr=i "
0 5 10 15 20
Time [min]
C 10
0.015} =
> <3
S8 s 2o.010 .
sty 3
E‘?GA X = 0.005} .
5 9
2w 0.000 L1 D
sE, Y 0 3x10° 6x10°
o2 \ [SOD}Y[BMPO]
QO
o 3
v B2l .
© .
®© e
LR B e R §
0

0 B 12 16

8
SOD [nM]

Figure 12.

Reevaluation of the kinetic data for the reaction between O,°~ and BMPO. (A) The EPR
spectra of BMPO-"OOH adduct obtained from a mixture containing BMPO (0.2 M),
hypoxanthine/xanthine oxidase (O, flux of 0.8 wM/min), 0.1 mM DTPA, and SOD (where
indicated) in phosphate buffer (pH, 7.4, 50 mM) after a 10 min incubation at room
temperature. The spectra shown are average of four consecutive scans. (B) Changes in the
signal height of BMPO-"OOH spin adduct with time (initial slopes of the fitted lines were
used in the kinetic caluclations). (C) The dependence of a rate of spin adduct formation on
the concentration of SOD.
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Table 4

Rate constants for the reactions between HPr*, HE, Mito-HE and O~ as determined from the competition
kinetics with SOD

Probes sopa
HPr* (1.19 £0.05) x 10* M~1s71
HE (6.2+0.8) x 103 M 172

Mito-HE (1.6 +0.1) x 10* M~1s7!

Ik=2x109 M 151
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