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Abstract

Resistance to therapy-mediated apoptosis in inflammatory breast cancer (IBC), an aggressive and
distinct subtype of breast cancer, was recently attributed to increased superoxide dismutase (SOD)
expression, glutathione (GSH), and decreased accumulation of reactive species. In the present
study, we demonstrate the unique ability of two Mn(l11) N-substituted pyridylporphyrin (MnP)-
based SOD mimics (MnTE-2-PyP°* and MnTnBuOE-2-PyP>*) to catalyze oxidation of ascorbate,
leading to the production of excessive levels of peroxide and in turn cell death. The accumulation
of peroxide, as a consequence of MnP + ascorbate treatment, was fully reversed by the
administration of exogenous catalase showing that ROS was essential for cell death. Cell death as
a consequence of the action of MnP/ascorbate corresponded with decreases in GSH levels, pro-
survival signaling (PNF-xB, pERK1/2), and in expression of X-linked inhibitor of apoptosis
protein (XIAP), the most potent caspase inhibitor. Although markers of classical apoptosis were
observed, including PARP cleavage and Annexin V staining, administration of a pan-caspase
inhibitor, QVD-OPh, did not reverse the observed cytotoxicity. MnP + ascorbate treated cells
showed nuclear translocation of apoptosis inducing factor (AlIF), suggesting the possibility of a
mechanism of caspase-independent cell death. Pharmacological ascorbate has already shown
promise in recently completed Phase I Clinical Trials, where its oxidation and subsequent
peroxide formation was catalyzed by endogenous metalloproteins. The catalysis of ascorbate
oxidation by an optimized metal-based catalyst (such as Mn porphyrin) carries a large therapeutic
potential as a sole anticancer agent or in combination with other modalities such as radio- and
chemo- therapy.
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INTRODUCTION

At physiological low levels, reactive species function as “redox messengers” in intracellular
signaling and homeostatic regulation. In contrast, when cells are exposed to or accumulate
high levels of ROS in submicro- and micro- molar concentrations, the oxidative
modification of cellular macromolecules, inhibition of protein function, and cell death can
occur [1-4]. Therefore, increased accumulation of ROS leading to cancer cell death is a
prominent mechanism of radiotherapy and many commonly used chemotherapeutics [5-8].
Cells, however, have an innate ability to regulate ROS and modulate apoptosis using various
redox systems which operate on multiple levels, including but not limited to glutathione
(GSH), glutathione peroxidases (GPx), thioredoxins (Trx), peroxiredoxins (Prx), catalases
and superoxide dismutases (SODs); this redox balance is frequently deregulated in cancer
cells, leading to the therapeutic resistance [9, 10]. It is observed that in cancer cells, a robust
redox adaptation often evolves as a survival mechanism which leads to an upregulation of
antioxidant capacity and a shift of redox dynamics (low ROS generation combined with
higher rate of elimination). This allows for maintenance of ROS levels below the threshold
needed to induce cell death [11, 12].

We recently reported this mechanism to be highly prevalent in a model of aggressive breast
cancer called inflammatory breast cancer (IBC), wherein therapeutic resistance was
identified to result from increased antioxidants (such as GSH, SOD1 and SOD2) coupled
with insignificant ROS accumulation [13]. Since cancer cells are more dependent on
antioxidant systems than other non-transformed cells, and are especially vulnerable to
increased oxidative stress, development of exogenous ROS modulatory systems that can
elevate intratumoral ROS levels above the threshold associated with therapeutic apoptosis is
an attractive therapeutic strategy to selectively kill cancer cells [12, 14-17]

SOD is the first line of cellular anti-oxidative defenses and thus controls not only levels of
O, but also its progeny [18]. Therefore, small molecules mimicking its function have been
developed over the last 2 decades in order to augment cellular antioxidant capacity. Cationic
Mn(I11) N-substituted pyridyl- and N,N’-disubstituted imidazolyl- porphyrins are among the
most potent synthetic SOD mimics identified to date [14, 19-21]. They target both
cytoplasmic and mitochondrial compartments, where they can catalyze the dismutation of
O," at similar efficacy to the endogenous SOD proteins. During O, dismutation, a potent
SOD mimic reduces and oxidizes O, with similar reaction constants to the endogenous
enzyme [22]. As O, is only a mild anti- and pro-oxidant, such reactivity makes SOD
mimics mild anti- and pro- oxidants; this in fact suggests that a powerful SOD mimic would
be a perfect modulator of the cellular redox environment, modulating electron trafficking
within the cell [19]. In vivo, due to the high levels of cellular reductants, such as thiols and
ascorbate, SOD mimics will be reduced to Mn!!P with ascorbate and thiols in a 15t step
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(rather than with O,"), and re-oxidized to Mn!!'P with O," in a 2"d step of dismutation
process, giving rise to H,0,. Due to the high in vivo concentration of oxygen, Mn!'P may
also be preferably re-oxidized in a 2" step with oxygen giving rise to O,* and subsequently
to HyO5 again. If the cell is not able to remove this peroxide, a state of oxidative stress will
occur. In other instances, cells may benefit from MnP-based SOD mimic in a similar fashion
as from endogenous SOD enzymes. The comparison of MnP-based SOD mimics to natural
SOD enzymes is valid because they possess nearly identical thermodynamics and similar
electrostatics for O, dismutation [23]. It has indeed been shown that in many cancer cells,
which frequently have peroxide-removing enzymes downregulated (as opposed to normal
cells), the overexpression of MnSOD results in increased H,O, production [14, 15].

When MnPs are administered in combination with exogenous ascorbate, as in our
experiments, they may no longer function as a mimic of an “antioxidant” SOD enzyme. The
production of peroxide may be overwhelming for the cell and the cell would likely undergo
death; such pro-oxidative effects of MnP/ascorbate have previously been explored for
anticancer therapy [24-27]. Indeed, ascorbate was used as an anticancer drug in Phase |
Clinical trials that have been recently completed. Here, the oxidation of ascorbate, which
results in peroxide formation, was catalyzed by endogenous metalloproteins [23, 28, 29].

Herein, we explore two different Mn porphyrins in combination with ascorbate with the
following goals: (1) to optimize peroxide production and in turn induce cell death in an
aggressive subtype of breast cancer (inflammatory breast cancer); and (2) to explore the
cellular pathways involved in cell death. In addition to the degree of optimization of
MnP/asc system, the magnitude of the cell death may depend upon the redox status of the
cell (balance between ROS and endogenous anti-oxidative defenses), the species MnP
would encounter, and the localization of MnP within the cell. Our results reveal that ROS
accumulation is a consequence of MnP and ascorbate treatment, as cytotoxicity was fully
reversed in the presence of exogenous catalase. We also elucidate the molecular mechanisms
that drive the cytotoxicity of this combination in aggressive breast cancer cells and therapy-
resistance cells, including but not limited to the downregulation of NF-xB and ERK
signaling, showing that the excessive peroxide production can overcome mechanisms of
acquired therapeutic resistance in IBC.

MATERIALS AND METHODS

Cell lines

SUM149 and SUM190 cells were obtained from Asterand, Inc. (Detroit, MI) and were
cultured as previously described [30]. Characterization and authentication of the cell lines
were done at Asterand by short tandem repeat polymorphism analysis. Cells were banked
upon receipt and cultured for no more than 6 months prior to use in this study. rSUM149 is
an isogenic model derived from SUMZ149 in the lab and cultured as previously described
[31]. All cells were cultured at 37 °C, 5% CO».
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MnP-based SOD mimics

Two Mn porphyrins, MnTE-2-PyP>* (AEOL10113, BMX-010) and MnTnBuOE-2-PyP5*
(BMX-001), have been synthesized, purified and characterized by means of thin-layer
chromatography, elemental analysis, ESI-MS, and UV-Vis spectroscopy as earlier described
[32, 33]. The structures and properties of both Mn porphyrins are presented in Figure 1:
catalytic rate constant for O, dismutation, k4t(O»""); rate constant for the reduction of O,
t0 05", kreg(O2); metal-centered reduction potential for Mn''"P/Mn!'P, E1/5 in mV vs. NHE;
and lipophilicity as characterized by partition coefficient for n-octanol and water, log Pgy.

Treatment of cells for determination of viability, proliferation, and signaling analysis

Cells were seeded in either 6-well or 12-well plates (Corning Incorporated, Corning, NY)
and allowed to reach ~80% confluence. Cells were then treated for 4 h or 24 h, as indicated,
in growth media with MnPs (either MnTE-2-PyP>* or MnTnBuOE-2-PyP>*) or sodium L-
ascorbate (Sigma, St. Louis, MO, abbreviation ascorbate or asc was used throughout text as
well as chemical formula HA™ which represents the major species under physiological pH
conditions) alone and in combination. The stock solution of ascorbate was made fresh prior
to each experiment. The concentrations of MnPs and ascorbate explored in this study was
based on our earlier studies [24]. Pan-caspase inhibitor Q-VD-OPh (Calbiochem, San Diego,
CA) was added to cells 30 minutes prior to treatment with staurosporine or MnP+asc
combination. Catalase (Sigma) was added 15 minutes prior to treatment with MnP+asc
combination. Trypan blue exclusion assay was used to determine cell viability as described
previously [30]. MTT assay was used to determine cellular proliferation, metabolic activity,
and reduction capacity as described previously [30, 34].

Western immunoblot analysis

Immunoblot analysis was carried as described previously [31]. Cell lysates were harvested
after the indicated treatments for 4 h. Membranes were incubated with primary antibodies
against NF-xB, p-NF-xB, p44/42 (ERK1/2), p-p44/42 (p-ERK1/2), p38 (MAPK), p-p38 (p-
MAPK), PARP, SOD1 (Cell Signaling Technologies, Danvers, MA, 1:1000), SOD2, XIAP
(BD Bioscience, San Jose, CA, 1:1000 and 1:2000, respectively), or GAPDH (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, 1:4000), overnight at 4 °C. Membranes were washed
and incubated with anti-mouse or anti-rabbit HRP-conjugated antibodies (Cell Signaling
Technologies) for 1 h at room temperature. Chemiluminescent substrate (Thermo Scientific,
Waltham, MA) was applied for 5 minutes, and membranes were exposed to film. Stripping
of membranes for detection of total protein was done as previously described [34].
Densitometric analysis was performed using the NIH ImageJ software [35].

Glutathione content assay

GSH levels were assessed as described previously [13, 36], after 4 h treatment of the cells,
using the GSH-Glo Assay (Promega, Madison, WI) as per the manufacturer's instructions.
Equal amount of protein lysate (3 pg) was loaded for each treatment.
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Spectrophotometrical study of the reaction of MnPs with ascorbate

The time-dependent spectral change of MnP/ascorbate system for both E2 and BUOE2 was
followed. The time-dependent content of MnP (%) catalyst was determined based on the
disappearance of the absorbance of reduced E2 at 438 nm and BUOE2 at 441.5 nm as
previously reported [24, 37, 38]. The oxidation/consumption of ascorbate (%) was followed
spectrally at 265 nm. Also the initial rates for ascorbate oxidation were determined at 265
nm. The reduction and eventual destruction of MnPs (6 M) was followed in the presence of
ascorbate (0.42 mM) at pH 7.8 (maintained by 0.05 M Tris buffer) on a UV-2550 PC
spectrophotometer (0.5 nm resolution) (Shimadzu Instruments, Columbia, MD). While high
concentrations of MnP could not have been used in aqueous system, as too high absorbance
above 4 could not be measured, the ratio of MnP to ascorbate was kept the same in aqueous
and cellular systems.

Detection of Phosphatidylserine Exposure

Cells were cultured in 6-well plates and allowed to reach ~80% confluence. Cells were
treated with the indicated agents for 4 h, then harvested and incubated for five minutes with
Annexin V-biotin staining solution (Immunotech, Marseilles, France). Cells were washed
with 1% BSA/PBS and then incubated 15 min on ice with streptavidin-FITC (Zymed, San
Francisco, CA). Cells were washed and analyzed by flow cytometry. Again, at least 25,000
events were collected; the total cell population was used for analysis.

Apoptosis Inducing Factor (AIF) Immunofluorescence

Cells were plated on coverslips (VWR, Radnor, PA) that had previously been coated with
Poly-L-Lysine (Sigma) and stored in 70% ethanol. The next day, treatments were added for
4 h, and cells were fixed using 4% formaldehyde for 20 minutes. Blocking and
permeabilization was performed with a solution of PBS containing 0.1% Triton X-100 and
5% normal goat serum. Anti-AlF antibody (Cell Signaling Technologies, 1:400), diluted in
blocking buffer, was added to the cells overnight. After two washes with PBS, anti-mouse
FITC secondary (Jackson Immunoresearch, West Grove, PA, 1:200, kindly provided by Dr.
Jack Keene, Duke) was added for 1h. The coverslips were washed with PBS, mounted on
slides with Prolong® Gold Antifade with DAPI (Invitrogen, Grand Island, NY), and imaged
with a Zeiss AxioObserver (Zeiss, Thornwood, NY) complete with imaging software
analysis package. H,O, (5001M) was used as positive control.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (Graphpad, La Jolla,
CA). Differences were considered significant at p<0.05.

RESULTS

Combination of SOD mimic+asc decreases cell viability of therapy -sensitive and -resistant
IBC cells

We evaluated both MnTE-2-PyP>* (E2) and MnTnBuOE-2-PyP°* (BUOE2) (whose distinct
physical and chemical characteristics are shown in Figure 1) in cellular models of IBC, a
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highly aggressive breast cancer subtype with increased deregulation in apoptotic and
oxidative response gene signaling [13, 30, 39, 40]. The cell lines tested are SUM190 (ErbB2
overexpressing), SUM149 (basal type), which are well established IBC models isolated from
patient primary tumors and rSUM149, an isogenic derivative that shows significant
resistance to ROS-mediated apoptosis due to high levels of key antioxidants (GSH, SOD1,
SOD2) when compared to parental SUM149 cells [13, 31, 40]. We first characterized cell
viability with increasing doses (0-50 uM) of the two MnPs in combination with ascorbate by
trypan blue exclusion assay (Figure 2). Neither of the MnPs or ascorbate alone had a
significant effect on viability in any of the cell lines (data not shown). Data in Figure 2 (A-
C) show that both E2 and BUOEZ2 in combination with ascorbate caused decreased viability
in all three cell lines. The E2 compound, however, decreased viability at lower
concentrations (ECsg of 10 uM for E2 as compared to 30 uM of BUOE?2). The viability data
in Figure 2 (A-C) agrees well with the ~4-fold higher kq(O>) for E2 (Figure 1). Table 1
lists the approximate, calculated ECsq values for each combination across the cell lines.

In three cell lines tested, ascorbate alone increased formation of formazan (the purple
colored reduced tetrazolium MTT reagent measured as explained in Methods section)
(~30-50% over untreated) which is commonly used to measure the cellular reducing
potential as well as proliferation (Figure 2, D-F) [41]. E2 alone also increased the reduction
of MTT dye to formazan in both SUM149 and SUM190 cell lines (~40% over untreated),
but not in the therapy-resistant rSUM149 line, while BUOE2 alone caused no significant
increase in any of the three cell lines. When combined with ascorbate, E2 induced a
significant decrease when compared to E2 alone (~ 70-120% decrease), while BUOE2
yielded a lower decrease (~30-45%). We also assessed increased proliferation by total cell
counts and observed results are similar to those shown in Figure 2D-F. The administration of
MnPs decreased the growth rate for cells ~4 hours, bringing the SUM149 line doubling time
from 22.5 hours to 17.5 hours (data not shown). The cytotoxic pro-oxidative effects were not
seen with either of the MnPs as single agents at given concentrations.

H->05 is essential for MnP+asc cytotoxicity and decreases pro-survival signaling in IBC

cells

As it has been previously postulated that the combination of MnP and ascorbate acts as a
pro-oxidant, we tested the levels of endogenous antioxidant defenses in the cells after
treatment with E2+asc. Western immunoblot of SOD1 and SOD2 show that in SUM149
cells, addition of excess ascorbate, either alone or in combination with MnPs actually caused
increased SOD1 expression (Figure 3A, top). E2 alone also produced a slight increase in
SOD1 expression. This slight upregulation is most likely a response to ROS accumulation in
the cell. SOD2 expression showed no significant changes under any of the indicated
conditions (Figure 3A, middle). We also assessed levels of glutathione (GSH) in the cells
after treatment. Neither ascorbate nor E2 alone had any effect on GSH levels, however, the
combination of E2+asc significantly depleted GSH levels in the SUM149 cells, which
correlates with oxidant accumulation (Figure 3B).

In order to prove H,0, involvement in MnP+asc cytotoxicity, we examined whether the
administration of exogenous catalase, an H,O, scavenger, would reverse the cell death. Data
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in Figure 3C show that the treatment of cells with E2+asc and BUOE2+asc in the presence of
catalase provided protection against the HoO,-mediated cell death and significantly
increased the cellular viability (p<.01 and p<.05, respectively) (Figure 3C).

Since the E2+asc combination leads to excessive H,O, production and in turn decreased cell
viability, western immunoblot was carried out to elucidate the expression of proteins
involved in ROS and cell survival signaling. Immunoblots in Figures 4A, B, and C show a
dose-dependent decrease in ERK1/2 phosphorylation [p44/42]), nuclear factor kappa-light-
chain-enhancer of activated B cells phosphorylation (NF-xB), but no significant changes in
p38 MAPK phosphorylation in E2+asc treated lysates, respectively, which is consistent with
the increased ROS production and decreased viability.

MnP+asc-induced apoptosis is caspase independent and correlates with AlF translocation

As the E2+asc combination exhibited high cytotoxicity in the aggressive breast cancer cells
tested, Annexin V staining (marker of early apoptosis) was carried out with E2, alone and in
combination with ascorbate to gain further insight into the mechanism of cell death. Figure
5A shows a dose-dependent increase in the number of Annexin V positive cells in the
SUM149 cells. Analysis of X-linked inhibitor of apoptosis (XIAP) expression, the most
potent cellular inhibitor of apoptosis, in SUM149 cells showed a decrease in XIAP
expression with the combination of E2+asc (Figure 5B top panel). BUOE2+asc, however,
had little to no effect (data not shown). A cleavage product of XIAP was also observed in
E2+asc treated cells at both doses, while BuOE2+asc showed negligible cleavage. PARP
cleavage is another marker of apoptosis that was measured to elucidate the mechanism of
cell death. Combination of E2 and ascorbate at lower doses led to a decrease in total PARP
expression and as the concentration of the combination increased to a dose corresponding to
the ECgp, PARP cleavage as well as a laddering effect was observed (Figure 5B, middle
panel).

Interestingly, MnP+asc mediated cell death was not reversed when cells were pre-treated
with a pan-caspase inhibitor (QVD-OPh). Staurosporine, a known apoptosis inducer that is
semi-dependent on the caspase activity [42], was used as a control, and pre-treatment with
QVD-OPh significantly reversed staurosporine-mediated cell death, while having no
significant effects on cell death mediated by MnP+asc combination (Figure 5C).

Given that caspase inhibition did not reverse the cell death seen with combination treatment,
we sought to investigate the possibility of a caspase-independent mechanism of apoptosis.
To further characterize the cell death mechanism, cells were treated and immunostained for
apoptosis inducing factor (AlF) following treatment with MnP+asc. Translocation to the
nucleus was indicated by the overlap of the AIF fluorescent signal (FITC) with DAPI
nuclear staining. HoO, was used as a positive control, as it has been previously linked to
caspase-independent cell death and AIF translocation [43, 44]. In untreated cells (Figure 6
top panel), AIF was seen to surround the nucleus in a pattern consistent with the normal
mitochondrial localization of the protein. However, upon treatment with H,O, or MnP+asc,
AIF translocated into the nucleus, and staining overlapped with DAPI (Figure 6, middle and
lower panels).
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Ascorbate oxidation/consumption catalyzed by E2 is moderately faster than by BuOE2

In order to further understand the differences in cytotoxicity and ROS production between
E2 and BUOE2, we spectrophotometrically measured the loss of MnP at 438 nm for E2 and
441.5 nm for BUOE2, which correspond to Soret bands of reduced Mn!!Ps (Figure 7A). The
data in Figure 7A only relate to the presence of reduced Mn!!P in solution, but did not
account for species which bear Mn in +3, +4, and +5 oxidation states. With ascorbate in
solution only reduced Mn!'P was detected (Figure 7B). Once ascorbate is fully consumed
(detected as disappearance of HA™ absorption band at 265 nm), we saw the appearance of
Mn'!'P at 90 min for E2 and 125 min for BUOE2 (Figure 7B). The H,0,, which is produced
as a consequence of MnP/ascorbate cycling, oxidizes Mn''P to (0),MnVP [49,50,51]. Mn in
(0),MnVP then oxidizes the porphyrin ring which in turn falls apart [45]. Aside from Mn!!P
and Mn"""P, which were clearly detected spectrally, other features of a complicated spectrum
relate to the high-valent Mn oxo species (Figure 7B). We also assessed the oxidation/
consumption of ascorbate (HA™) spectrally as the disappearance of its absorption band at
265 nm (Figure 7C) via initial rates approach. The initial rates, vo(HA ) are given in
Figure 1B. The differences in initial rates of ~30% between E2 (vo(HA )ox = 1.7 x 1077 M
s71) and BUOE2 (Vo(HA )ox = 1.2 x 107 M s71) (Figure 7B). The Ey/, of BUOE2, relative
to E2, is ~50 mV more positive; this indicates that it is more electron-deficient than E2 and
likes accepting electron. Therefore, the BUOEZ2 is stabilized in the Mn +2 oxidation state
more than E2. In turn, it would be less prone to re-oxidation with O, (eq [3]) and peroxide
formation than E2, thus to peroxide-driven oxidative degradation. Based on the estimated
rate constant for Mn!!P re-oxidation with O, to Mn!!'P [eq [3]), kyeq(O>) (Figure 1B) [46],
presumably the rate-limiting step in peroxide production, the ~2.6-fold faster H,O,
production by E2 than by BUOE2 may be anticipated. The estimation of kgq(O5) is based on
the Marcus equation and suffers from the limitations (See Discussion under subtitle E2 vs.
BUuOE?2). Yet, the data on the metabolic activity (MTT assay, Figure 2) and cell viability
(trypan blue exclusion assay, Figure 2 and 3) agree well with such estimation; they indicate
that: (i) 10 uM E2+asc inflicts equal loss of cell viability as 30 uM BuOE2+asc (Figure 3);
and (ii) 30 M BuOE2+asc is up to few-fold less cytotoxic than 30 pM E2+asc (Figure 2).

The ascorbate oxidation, H,O, production and subsequent MnP degradation

The favorable properties of the catalyst would involve not only the rate of ascorbate
oxidation and in turn H,O, production, but also the rate of its oxidative degradation. As long
as it is present in solution, ascorbate supports Mn!'"P/Mn!!P and suppresses Mn!!'p/
(0),MnVP redox (Figures 7A and B). Once ascorbate is oxidized/consumed (at ~90 or 125
min, respectively for E2 and BUOE?2) (Figure 7C), the Mn!!!P starts undergoing oxidation to
(0),MnVP with subsequent porphyrin ring degradation (Figures 7A and B) [45]. The
(0),MnVP was identified as two-electron oxidized species based on the H,0,/MnP kinetic
studies of a very similar MnTDE-2-ImP>* analog [23, 47]. The (0),MnVP readily decays to
O=Mn!VP [48, 49]. In vitro and in vivo the high-valent Mn oxo species cycles back to
Mn!!'P with cellular reductants [49]. Once ascorbate is consumed, thus H,0, accumulated,
the spectral scans show similar spectral profiles to those obtained in MnP+ H,05 system.
The MnP degradation in the presence of MnP/asc and MnP/H,0, shows the same
spectrophotometrical profile [32, 37, 38], which is additional proof that peroxide is produced
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in the reaction of MnP with ascorbate [24, 37, 50]. The BUOEZ2 is less prone to re-oxidation
from Mn''P to Mn!!'P than E2. Therefore, within same time period its catalytic action upon
ascorbate oxidation results in lower peroxide levels than with E2. Thus, oxidative
degradation of BUOE2 begins with certain delay (~30 min), which gives impression that it
appears more resistant in the reaction mixture than E2. More studies are needed to gain
further insight into its resistance towards oxidative degradation with H,O», relative to other
Mn(111) N-substituted pyridylporphyrins..

DISCUSSION

We report herein the assessment of the cytotoxic effects of two MnPs in combination with
ascorbate on inflammatory breast cancer cells and the pathways involved in cell death
mediated by this combination. Two MnPs of different physical and chemical properties
listed in Figure 1 were explored in order to understand their ability to act as catalysts for
ascorbate oxidation and peroxide formation. We have previously reported the reducibility of
cationic Mn(l11) N-substituted pyridylporphyrins with cellular reductants and our data
suggest that the MnP+asc system may represent a prospective anticancer treatment for
aggressive inflammatory breast cancer [22, 23, 32, 51].

Switch from the SOD-like “anti-oxidative” effects of MnP to cell-killing pro-oxidative
effects

During O, dismutation, a powerful SOD mimic (such as MnTE-2-PyP>* or MnTnBuOE-2-
PyP>*) (Figure 1) with Eq, at ~midway potential between the oxidation and reduction of
0," (~ 300 mV vs. NHE) (Figure 1B) [22] favors reducing and oxidizing superoxide to a
similar extent, thus acting as both a mild pro- and anti-oxidant (Figure 8A and B). Due to the
high mM levels of intracellular reductants, MnPs would prefer coupling with them and
acting as superoxide reductase, rather than superoxide dismutase, eqs [1] and [2]. Thus,
instead of oxidizing O,*", MnP would oxidize ascorbate (HA™) in a 1st step of dismutation
process [eq 1], and will reduce O, in a 2" step (eq [2]) [14, 19, 20, 23]:

MaTP5T AT = MnTP*T4HA®, v,(HAT), [
HA® < A* +H", pK,(HA®)=-045 [1a
MnHpSt A — Mnlip*t+A [1p]
MnlTp*tio H 40, — M’n”IP5++H202, superoxide reductase activity of MnP
MrH P10y = MM PP 40,°7,  kpeq (02) [3]

A*"+0, <= A+02"7; [4]
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2 0 42 HT < 05+Hy05 [4q]

In a 2" step, under aerobic conditions (up to ~0.3mM O, and nM levels of O,"), Mn!!P4*
however prefers reducing oxygen to superoxide (eq [3]) with relatively high rate constant,
Kred(O2) (Figure 1B) (See further Discussion below under subtitle E2 vs. BuoE?). Eventually
superoxide will dismute to H,O, with or without SOD enzyme or its mimic (rate constant of
0, self-dismutation, k ~ 5 x 10° M1 s71). In parallel, deprotonated ascorbate radical, A™,
will undergo oxidation (i) with either oxygen to O»* (eq [4]] (which would give rise to
peroxide either through self- or enzyme-driven dismutation) (eq [4a]); or (ii) with O,™ (4b)
and will ultimately produce peroxide [52] (Figure 8A). The rate constants for the reactions
between ascorbate, O,, and O, have been previously published [24]. The H,05 is a major
signaling species under nM levels, due to its long half-life and its ability to cross cell
membranes [53]. The k.q(O>) for eq [3] (Figure 1B), was estimated primarily on
thermodynamic grounds and is based on: (i) the metal-centered reduction potentials for
Mn!!"P/Mn!'P redox couple, E1/» (Figure 1B); (ii) the Marcus equation where a change in
Eq/ of 120 mV induces 10-fold difference in a rate constant [54, 55]; and (iii) kyeq(O>) for
MnTM-4-PyP>* [32, 46]. The estimation suffers from certain simplifications. Additional
approach with initial rates for ascorbate (HA™) oxidation with Mn''P was implemented and
the data presented in Figure 1B. Both approaches were compared under subtitle: E2 vs.
BuOE2.

The reactions described in equations [1] to [3] indicate that MnP/ascorbate system carries a
therapeutic potential for cytotoxicity if certain conditions are met. The cellular balance
between the oxidants and antioxidants would determine the outcome — cell survival or cell
death. With excessive ascorbate levels added exogenously, under aerobic conditions, in the
presence of an optimized catalyst for ascorbate oxidation, and with peroxide-removing
enzymes down-regulated, the excessive production of peroxide could outbalance the cellular
defense systems and could ultimately result in cell death. The extracellular action of MnP-
based catalyst will depend upon (i) a fine ratio between the reducibility of MnP with
ascorbate and its re-oxidation with oxygen (leading to H,O, production); and (ii) the
susceptibility of a catalyst to oxidative degradation. Both factors will depend upon the
physical and chemical properties of a MnP catalyst.

The degradation of MnP (the loss of catalyst) occurs through its oxidation to (0),MnVP
species given by eq [5] [48, 49]. Presumably high-valent Mn, (O),MnVP, oxidizes the
porphyrin ring which falls apart as noticed by the loss of color due to the loss of
chromophoric structure of porphyrin ring [45]. In vitro and in vivo, the redox cycling of
MnP between (0),MnVP and Mn!""P may occur at the expense of cellular reductants (shown
for GSH in eq [6]) [51]. Therefore, in addition to the direct reaction of GSH with peroxide,
GSH might have been consumed in this study in the reaction with Mn(V) or Mn(1V) species
(Figure 3B) by eq [6]. Reduction of Mn(V) and Mn(1V) porphyrin species with other
reductants is possible also [56]. The rate constants for the reduction of high-valent Mn(V)
and Mn(1V) porphyrin oxo species with ascorbate, glutathione, N-acetyl cysteine, and uric
acid to Mn"""P are in the range of 4 x 10% for glutathione to 3 x 106 M1 s71 for ascorbate
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[56]. The rate constant for the oxidation of cationic ortho N-alkylpyridylporphyrins with
H,0, producing (0),MnVP species is estimated to be ~ 103 M~1 s based on the reported
reactivity of MnTM-2-PyP5* [23, 47]. The reactive species of MnP towards H,0, has been
identified as monohydroxoaqua Mn'''P, eq[5] [51]:

(H20) (OH) Mn' ' P*T 1 H,05 <= (0),Mn P**+2 HyO+H' [5]

(0),Mn VP32 GS*+4H" = (H,0),Mn'"P**+GSSG (g

The MnP/reductant pro-oxidative system may be beneficial even in non-cancerous, yet
diseased states. This was shown to be true in a recent study on a rat kidney/ischemia model
where MnTnHex-2-PyP°*, in a combination with a simple thiol, N-acetyl cysteine, induced
a robust upregulation of endogenous antioxidants, including mitochondrial and extracellular
superoxide dismutases among many others [57]. Since two SOD enzymes were upregulated,
it is logical to assume that MnP had not acted as a SOD mimic in this instance. Redox
cycling of MnP with N-acetyl cysteine produces mild pro-oxidative conditions, which in
turn may have induced the adaptive responses observed in this model.

E2 vs. BUOE2. Based on thermodynamic parameters, i.e. Marcus equation, one would
predict a faster rate of peroxide production with E2+asc rather than with BUOE2+asc
system. Thus, upon the reduction with ascorbate, due to the more positive E1», the Mn
center of BUOE2 would be stabilized in the +2 oxidation state, and would thus be less prone
than E2 to cycle back to Mn'!'P in order to produce peroxide; this is suggested with ~2.6-
fold lower kyeg(O2) of BUOE2 than E2 (Figure 1B), and with reappearance of Mn'!'P within
90 min for E2 and 125 min for BUOE2 post ascorbate addition (Figures 7A and B). The
Kred(O2) (Figure 1B), which was estimated based on Marcus equation, suffers from certain
limitations. The Marcus equation, which describes the electron transfer, was originally
applied to predominantly outer-sphere reactions. It has been subsequently extended to inner-
sphere- and heterogeneous reactions also. It assumes that the species reacting are weakly
coupled and retain their individuality. The reaction of Mn!'P with oxygen, relative to the
reaction of Mn!'P with superoxide (described by structure-activity relationships [22, 32],
which obeys Marcus equation), likely involves the (transient) oxygen binding to Mn(l1) and
thus bears at least in part the inner-sphere character. Due to the involvement of binding, the
magnitude of the reaction described by the keq(O5) may be affected by trans-axial kinetic
effect, which is ruled by the electron-deficiency of the Mn site. Also, the rate constants
would, to some extent, be affected by the length of the N-pyridyl substituents which, if long,
could impose steric hindrance towards the approach of oxygen (please see for further details
references [22, 23, 50, 58]). Therefore, due to the interplay of different effects, the
estimation of keq(O>) based on Marcus equation is approximate (Figure 1).

The system explored herein is a complex as depicted in Figure 8. In addition to reduced and
oxidized species of MnP and O, it involves differently protonated, reduced and oxidized
ascorbate species, thus also complex protonation equilibria. We have therefore implemented
the initial rate-approach to estimate the rates of HA™ oxidation by Mn!!'P which in case of
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electron-efficient Mn porphyrins E2 and BuOE? are limited by Mn''P re-oxidation. While it
suffers from its own limitations, such an approach has been heavily utilized to solve the
complex biological systems. It accounts for the event/s occurring during only short, initial
periods of time, assuming those are fairly simple and result in a linear [HA™] time response.
The reaction of ascorbate, HA~, with Mn!!'Ps likely involves ascorbate binding to Mn site.
As with oxygen, differential binding of ascorbate to E2 or BUOE2 may be affected by: (i)
differently shielded cationic charges on nitrogen by longer butoxyethyl chains than shorter
ethyl chains; and (ii) differential electron-deficiency of E2 and BUOE2 Mn sites, described
by E4/,. Using initial rates these two compounds differ by ~30%; the calculated initial rates
in M s~1 are given in Figure 1B. In addition to H,0, arising from Mn!'P oxidation with O
(due to the high levels of oxygen this reaction is preferred over the oxidation with O,™),
there is a contribution in H,O, formation from other reactions also: (i) the reaction of Mn!'P
with O * o; (i) the reaction of HA™ with Oo; (iii) the reaction of A* with O5; and (iv) the
reaction of A" with O, (Figure 8) (Please see also [21, 24]). The formation of Mn!!P via
reduction of Mn!"'P with A*- (eq [1b]) may contribute to Mn'!"P/asc interactions as well. The
initial rates approach does not account for the oxidative degradation of MnP. The porphyrin
oxidative degradation, involving several reactions (complex in its own right, depicted in part
with equation [5]), involves binding of peroxide to the metal site. It may be affected by the
steric hindrance imposed by long butoxyethyl chains and perhaps by the presence of oxygen
atoms in those chains [19, 23]. Our data do not allow us to assess the differences in MnP
sensitivity to oxidative degradation. Based on Figure 7A, BUOE2 remains longer in the
reaction mixture as compared to E2. However, this higher apparent stability of BUOE2 vs E2
might be a result of its slower production of H,O,. Further comparative exploration of a
MnP/H,05 system is needed.

The data obtained from biological assays are in reasonable agreement with kinetic data
(Figure 1B). The differences in the loss of cell viability imposed by E2/acs and BUOE2/asc
are given in Figures 2 and 3. The same loss in cell viability was achieved by 3-fold higher
concentration of BUOE2 (Figure 2). In another experiment, the 30 uM E2/asc inflicts up to
~3-fold higher loss in cell viability than BUuOE2 (Figure 3).

Neither kinetic approach describes accurately the interactions which gave
rise to H,O, in MnP/ascorbate system, but provide us with reasonable
information on the differences between the BUOE2 and E2—To add an additional
layer of the complexity to the MnP/ascorbate system, the transport into cells and the inner
compartments (mitochondria, nucleus etc) would be greatly affected by up to ~5,000-fold
difference in the lipophilicities of E2 and BUOE2 [27]. Therefore, the ultimate answer on the
superiority of one MnP over the other will be provided by in vivo experiments.

Earlier reports on the cellular studies showed that extracellular peroxide, formed as a
consequence of MnP/ascorbate interactions, is the cause of cell death [18, 59, 60]. Similar to
our previous report [24], the ~5,000-fold difference in the lipophilicity of E2 and BUOE2
(Figure 1) is of no great importance in this cellular model of IBC. However, shape,
planarity, lipophilicity, and in turn bioavailability will likely play a significant role in animal
models and clinical settings. We have already shown that the lipophilic BUOE2 distributes to
mitochondria (relative to cytosol) and crosses the blood brain barrier to a higher extent than
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E2 [61]. A most dramatic example how lipophilicity can compensate for insufficient
reactivity of Mn porphyrin has been the aerobic growth of SOD-deficient E. coli [62]. The
meta isomeric MnTE-3-PyP5* (E3), which has 10-fold lower k¢5(05"), exhibits identical
protection to aerobic growth of SOD-deficient E. coli as the ortho isomeric E2 due to its 10-
fold higher lipophilicity [62].

Cellular pathways involved in cell death imposed by MnP/asc

Our data show that the rapid production of H,O, led to decreased pro-survival ERK and NF-
kB signaling (Fig. 8, 2) and decreased mitochondrial integrity (Fig. 8, 3). The cell death was
dependent on ROS, specifically H,0,, as addition of exogenous catalase, effectively
reversed cell death. Increased accumulation of ROS decreased p-NF-xB and p-ERK levels.
This is of particular interest in IBC as high NF-xB activity is a feature of IBC pathogenesis
[63, 64]. Another group has shown that, under conditions of increased H,O5 as a
consequence of glucocorticoid treatment, and in the presence of glutathione, MnTE-2-PyP°*
would glutathionylate the p65 subunit of NF-xB and deplete GSH preventing its anti-
apoptotic activity [17, 65]. Similar to our study, GSH levels were depleted with combination
treatment.

Cell death parameters assayed in the E2+asc treated cells showed increased Annexin V
positivity, decreased XIAP, and cleavage of the caspase substrate PARP, revealing
apoptosis-mediated cytotoxicity in cells. Remarkably, addition of a potent pan-caspase
inhibitor (Q-VD-OPh) did not reverse the cell death mediated by E2+asc. Correspondent
with this inability to reverse cell death with a caspase inhibitor, we observed that in these
treated cells, apoptosis inducing factor (AIF) was translocated to the nucleus (Fig. 8, 4). AIF
is a 67 kDa, mitochondria-localized flavoprotein that is known to activate caspase-
independent cell death upon mitochondrial damage [66]. After cellular insult, AIF
translocates to the nucleus and can cause cell death while also inducing classical apoptotic
features such as phosphatidylserine exposure and chromatin condensation; this cell death
mechanism has been shown to be PARP1-dependent in some systems, consistent with
findings in Figure 5 [66-68]. This phenomenon of AIF induction after H,O,treatment has
been reported in various cell types including B cells, myoblasts, and neurons, among others
[68, 69]. Continuous influx of H,O, was seen to induce caspase-independent cell death in
Jurkat T cells [70]. Indeed, data in the current study show that the interaction between MnPs
and ascorbate can continuously produce superoxide and hydrogen peroxide (until all
ascorbate is consumed) (Fig. 8, 1), which is most likely the cause for AlF-mediated,
caspase-independent cell death in this pro-oxidant model. Conversely, in a model of
cardiomyocytes, AIF nuclear translocation via doxorubicin-driven mitochondrial lipid
peroxidation was attenuated by the administration of various MnPs alone [71]. The
differential effects, pro-oxidative (with cancer cells) vs. anti-oxidative with cardiomyocytes
(normal cell), are at least in part a consequence of differences in the cell types. These
studies, along with our observations, support a caspase-independent mechanism of cell death
induced by E2+ascorbate.
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Therapeutic potential of MnP/asc system

Earlier work has shown the efficacy of pharmacological administration of ascorbate in
treating cancer cells in vitro and in vivo [28, 59, 72] and paved the way to clinical trials.
Ascorbate administration for 8 weeks increased both progression-free survival and overall
survival in these clinical trials [29, 73].

Based on present understanding of anticancer therapy the most promising strategies would
combine several approaches. We have already shown that MnTE-2-PyP>* enhances
radiation [19, 20, 61, 74] and glucocorticoid therapy [17, 65]. For the latter, the evidence
was provided that it occurs via glutathionylation of NF-xB, catalyzed by MnP in the
presence of H,O, and GSH system. Future studies would clarify if the radiotherapy
enhancement shares the same apoptotic pathways. In order to correctly predict which cancer
cell type would be responsive to any of these strategies alone or combined, and at what ratio
of MnP to ascorbate the system would be therapeutic, one would need to explore the ability
of the cell to handle excess of peroxide. This would include the determination of the cellular
redox environment, which would include the measurements of the levels and activities of
cellular antioxidants.

MnTE-2-PyP5* (E2) is available as GMP grade and a Phase | clinical trial in mice and
monkeys has shown excellent safety/toxicity profile [75]. Such data provide the feasibility
of the development of this compound in IBC therapy and pave the way to many other
compounds that operate via similar mechanisms [23]. Our data show its high potential to
play a role as anticancer drug and most so when administered with other compounds or
anticancer modalities.

CONCLUDING REMARKS

The peroxide generating system MnP+ascorbate leads to cellular apoptosis in inflammatory
breast cancer. Moreover, it overcame the high antioxidant-mediated apoptosis resistance in
the rSUM149 aggressive breast cancer cellular model. Reduction of NF-xB and ERK pro-
survival signaling as well as caspase-independent apoptosis was observed with MnP
+ascorbate administration. The current study substantiates the therapeutic potential of a
system where the metal-based catalyst favors redox cycling with ascorbate, producing
peroxide, which along with its progeny, causes cell death. Further optimization of the
system may be necessary to move forward with its development as anticancer treatment.
Studies are needed to explore the redox status of each cancer type to be treated in order to
correctly predict which one would be responsive to excessive levels of peroxide. This
system may be combined with other therapeutic strategies that kill cancer cells via enhanced
oxidative stress.
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Abbreviations

AlF apoptosis inducing factor

asc ascorbate

BuOE2 MnTnBuOE-2-PyP5* (BMX-001), Mn(l11) meso-tetrakis(N-n-butoxyethyl-
pyridinium-2yl) porphyrin

E2 MnTE-2-PyP5* (AEOL10113, BMX-010), Mn(I11) meso-tetrakis(N-ethyI-
pyridinium-2yl) porphyrin

GSH glutathione

IBC inflammatory breast cancer

MnP manganese porphyrin

ROS reactive oxygen species

SOD superoxide dismutase

XIAP X-linked inhibitor of apoptosis
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Parameters MnTE-2-PyP5* MnTnBuOE-2-PyP5*
k., (0,7), M5! 5.75 x 107 6.76 x 107
k. g(0,), M1 51 8 x 10* 3% 10
v, [(HAY), ], M 5! 1.7 x 107 1.2 x 107
E,,,, mV vs. NHE +228 +277
log P, -7.79 -4.10

Figure 1. Structure, physicochemical characteristics, and redox properties of two Mn porphyrins

used in this study

A) Chemical structures for the two manganese porphyrins MnTE-2-PyP>* (E2) and
MnTnBuOE-2-PyP>* (BUOE?2) used in this study. B) Table contains the catalytic rate
constant for O™ dismutation, kgq:(O2™), which describes their SOD-like activities; the rate
constant for one-electron reduction of molecular oxygen, O, to superoxide, O»", Kyeq(O>);
the initial rate of ascorbate oxidation, v [(HA™)ox]; the metal-centered reduction potential
for Mn""'P/Mn!'P redox couple, E1/, in mV vs. NHE; and the partition coefficient for n-
octanol and water (log Poy,) as a measure of lipophilicity. The values presented were
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compiled from [24, 33]. Two kinetic approaches were used to evaluate the efficacy of MnPs
as catalysts in the ascorbate-oxidation driven HoO, production: Marcus equation and initial
rates. @The kreq(O2) was estimated based on Marcus equation as previously reported

[46]. PThe initial rates of ascorbate oxidation by MnPs, were determined
spectrophotometrically following the decrease in the ascorbate absorption at 265 nm over 5
minutes.
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Figure 2. MnP+asc treatment enhances cell death in IBC cells
A) SUM149, B) rSUM149, and C) SUM190 viability as determined by trypan blue
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exclusion of cells treated with E2 or BUOE2 (0-50 uM) in the presence of ascorbate (3.3
mM) measured after 24 hours. Data represent mean=SEM viable cells taken as a percentage
of total cells (n=2-3). MTT reduction of D) SUM149, E) rSUM149, and F) SUM190 cells
treated with E2 or BUOE2 (50 uM) or ascorbate (3.3 mM), alone and in combination. Bars

represent mean+SEM (n=8-16, **p<0.005, #p<0.001).
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Figure 3. MnP+asc actsas a pro-oxidant in IBC cells
A) Western immunoblot analysis of SOD1 and SOD2. E2 doses in combination with 3.3

mM ascorbate: 1 uM and 10 uM. GAPDH was used as control. Numbers represent
densitometric analysis compared to untreated, except 3A (top) where compared to ascorbate.
B) GSH content of cells treated with ascorbate, E2 alone (10 uM), or the combination for 4
hours. Bars represent mean+SEM (n=2-3, *p<0.05, **p<0.005). C) Viability of SUM149
cells treated with the combination of E2+asc (10 uM) or BuOE2+asc (30 M) in the
presence or absence of 1500 U/mL catalase, after 24 hours. Bars represent mean+SEM
(n=2-3, *p<0.05, **p<0.005).
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Figure4. HoO5 production is essential for cytotoxicity and reduces pro-survival signaling by
antagonizing redox sensors

A) Phosphorylated ERK1/2, B) phosphorylated NF-«xB, and C) phosphorylated MAPK in
SUM149 cells treated with ascorbate or E2, alone and in combination. E2 doses in
combination with 3.3 mM ascorbate: 1 uM and 10 uM. Total ERK1/2, total NF-xB, or total
MAPK, and GAPDH (not shown) were used as loading controls. Numbers represent
densitometric analysis compared to untreated.
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Figure 5. Cell death caused by M nP+asc shows classical markers of apoptosis, but is caspase-
independent
A) SUM149 cells were treated with sublethal doses (corresponding to ECyg and ECys,

respectively) of E2 + ascorbate or ascorbate alone for 4h and stained with Annexin-FITC.
Histograms shown are representative of 2-3 independent experiments. Staurosporine was
used as a control. B) Western immunoblot analysis of X-linked inhibitor of apoptosis
(XIAP, top panel) and poly-ADP ribose polymerase (PARP, middle panel) in SUM149 cells
treated with ascorbate or E2, alone and in combination. E2 doses in combination with 3.3
mM ascorbate: 1 pM and 10 uM. GAPDH was used as loading control. Arrows denote
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cleavage products. C) Viability as determined by trypan blue exclusion assay of SUM149
cells treated with 10 uM E2+ascorbate or staurosporine for 24 hours, alone (white bars) or
after 30 minute pre-treatment with 20 pM QVD-OPh (black bars), a pan-caspase inhibitor.
Data represent mean+SEM viable cells taken as a percentage of total cells (n=2-3, *p<0.05).
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DAPI

untreated

MnP + asc

Figure 6. Translocation of apoptosis-inducing factor to the nucleusis observed after combination
treatment with MnP+asc
Immunofluorescence images of cells stained with a monoclonal anti-AlF antibody taken

with an inverted fluorescence microscope. Cells were left either untreated (top), treated with
500 uM H,0, (middle), or ~ECsq dose of E2+asc (10 pM) or BuOE2+asc (30 uM) (bottom,
E2+asc shown) for four hours and counterstained with DAPI before analysis. A
representative result (both 20x and 40x) from two independent experiments is shown.
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Figure 7. HoOo-driven degradation of Mn porphyrinsin the presence of ascor bate, and

oxidation/consumption of ascorbate

A) Ascorbate (0.42 mM)-driven reduction of Mn'"'P (6 uM) and its subsequent H,0,-driven
oxidative degradation , as registered spectrophotometrically at the Soret band of the reduced
Mn!!P (437.5 nm for E2 and 441.5 nm for BUOE2) ; as Mn 0xo species appear over time,
our data do not allow for the assessment of the total MnP content. As long as ascorbate was
present in solution it kept reduced Mn!'P in solution (indicated as flat line); once ascorbate is
consumed and peroxide accumulated, Mn!'P gets reoxidized to Mn'''P which subsequently
reacts with HoO,. The oxidation of MnP with H,O5 leads to its degradation and is indicated
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with a large drop in MnP absorption (see below); B) and C) Time dependent spectral
change of MnPs in the presence of ascorbate. The first spectrum was recorded in the absence
of ascorbate (HA™), described as E2 or BUOE2, and relates to Mn!!'P. Upon addition of
ascorbate, the Mn'""P got reduced to Mn!!'P (E2/asc, 0 min and BUOE2/asc, 0 min) which
stays present in solution as long as there is ascorbate available. Once the ascorbate is
consumed (disappearance of band at 265 nm), under aerobic conditions, the MnP ceased to
be maintained in a reduced form. Consequently, the disappearance of the reduced Mn!'P was
observed, which was accompanied with the reappearance of Mn!!'P (~90 min for E2 and 125
min for BUOE?2). The Mn!!'P subsequently got oxidized with H,05 to a highly oxidizing
Mn(V) oxo species, (0),MnVP (eq [5]), which in turn oxidizes the porphyrin ring thus
leading to its degradation. The (O),MnVP readily decays to O=Mn!VP [48, 49]. The Soret
bands of differently oxidized/reduced E2 species, that are present in solution at time-
dependent ratios, are: Mn''P at 438 nm, £=1.81 x 10° M~1 571, Mn"!'P at 454 nm, &= 1.29
x 10° M~1s71, 0=Mn!VP at 425 nm, £= 9.0 x 10* M1 571, and (0),MnVP (pH 14) at 433
nm, &= 1.38 x 10° M~ cm™1 [49]. C) Time-dependent oxidation/consumption of ascorbate,
based on the spectrophotometric measurements of ascorbate at 265 nm, is accompanied by
peroxide accumulation in the system. Inset of Figure 7C: Initial rates of ascorbate oxidation
catalyzed by two Mn porphyrins differ by ~30%. The conditions are: 5 uM MnP, 150 uM
ascorbate in 50 mM Tris buffer (pH 7.8). Initial rates are: for noncatalyzed HA™ oxidation,
Vo(HA )ox = 3.0 x 1079 M s71; for E2-catalyzed HA™ oxidation, Vo(HA )ox = 1.7 X 107/ M
s~1: and for BUOE2-catalyzed HA™ oxidation vo(HA )ox = 1.2 x 1077 M s™1 (Figure 1B). Al
experiments were performed in a cell-free tris-buffered system (pH 7.8).
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Figure 8. Interaction of MnP with ascorbate which leads to peroxide production
A) Mn'"P reacts with ascorbate (HA™), to form ascorbyl radical (A*) and Mn!'P. Mn!!P

undergoes re-oxidation with oxygen (O,, rate constant ~10*-10°> M1 s71) to form
superoxide (O,™), which readily dismutes with and without SOD enzyme into H,O, (1). In
aqueous solution the oxygen concentration is orders of magnitude higher than that of
superoxide, making this reaction more preferred than reaction of Mn!'P with O .
Superoxide can also react with ascorbyl radical to form H,0, at a rate constant of >108 M1
s71 (1). Ascorbyl radical, A*- could be oxidized further with oxygen to form
dehydroascorbate, A, giving rise to superoxide and eventually peroxide. Ascorbyl radical,
A~ could also be oxidized to A with Mn'"'"P. A~ will self-dismute at a rate constant of ~10°
M~1s71[76]. B) Mn!'P will also undergo a reaction with superoxide (rate constant ~5 x 107
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M~1 571 to form peroxide. Subsequently, the increased peroxide production leads to
decreased phosphorylated p-ERK and p-NF-xB levels in cells (2). Increased ROS levels also
can lead to permeabilization of the outer membrane of the mitochondria and to the release of
apoptosis-inducing factor from the mitochondria (3). Upon release, AIF translocates to the
nucleus, and can mediate caspase-independent cell death (4).
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Calculated, approximate ECsq (in uM) of each MnP+ascorbate combination in the SUM149 isogenic lines.

SUM149 | rsUM149 [ SuM190
MnTE-2-Pyp5* (E2) 113+11 | 125+15 | 10.2+1.8
MnTnBUOE-2-PyP5* (BUOE2) | 30.0+1.3 [ 39.9+32 | 17.1x15
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