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ABSTRACT: Superoxide dismutase (SOD) and catalase activities of a drug are of great
importance for its effective protection against reactive oxygen species (ROS)-induced injury.
Achievement of catalase activity of a synthetic compound remains a challenge. Water-soluble
Mn-porphyrins have high SOD and peroxynitrite (ONOO™) reducing activities, but not
catalase-like activity. Herein, we are able to retain the fair SOD-like activity of a mononuclear
Mn-S-(N-methylpyridinium-4-yl)-10,15,20-triphenyl porphyrin (MnM4PyP,P), while gaining in
catalase-like activity with its dinuclear complex, 1,3-di[S-(N-methylene-pyridinium-4-yl)-
10,15,20-triphenyl porphynato manganese] benzene tetrachloride (MnPD). Mechanistic study
indicates that catalase-like activity of MnPD is due to synergism of two Mn active sites, where
hydroxo-Mn(IV) complex is formed as an intermediate. The in vivo experiments demonstrate
that MnPD significantly restores the treadmill-running ability of SOD-deficient mouse and thus
indicates the therapeutic potential of MnPD. Furthermore, MnPD may serve as a mechanistic
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tool and indicate the new directions in the synthesis of catalase-like mimics.
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Reactive oxygen species (ROS) are involved in pathogenesis
of a number of diseases such as atherosclerosis, cancer,
and Alzheimer’s diseases as well as aging.'™> Because of the
importance of superoxide and species generated from it
superoxide dismutase (SOD) mimics have been widely studied.
Superoxide would react with *NO to form another highly
oxidizing species, peroxynitrite (ONOO™). Cationic Mn-
porphyrins have been shown to catalyze superoxide dismuta-
tion and ONOO reduction.*> We have synthesized cationic
Mn-porphyrin derivatives with potential clinical utilities such as
neuroprotection and heart protection.®”"'

Hydrogen peroxide (H,0,) is generated as a product of
superoxide dismutation and is a major signaling species and
highly damaging one. It mediates apoptotic cell death or
generates highly toxic hydroxy radical (OH®) via reaction with
Fe?*, resulting in DNA oxidation and lipid peroxidation."”
Formation of OH® via the reaction of Fe site of Fe-porphyrins
with H,O, under physiological conditions has been previously
reported.'> Hence, Mn-porphyrin complexes are more
appropriate for antioxidant than Fe-porphyrins.

Several groups indicate in vivo benefits of catalysts of H,O,
dismutation (catalase activity). For example, the extension of
life-span and the improvement of insulin resistance were
reported by overexpression or administration of catalase."*”"
These reports suggest that not only SOD activity but also
catalase activity are essential for artificial antioxidant. Because of
the increasing importance of catalase activity, we have focused
on the development of water-soluble Mn-porphyrins with
catalase activity. Several approaches have been reported for
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metallo-porphyrins as catalase mimics. For example,

Naruta et al. reported a dinuclear Mn-porphyrin complex as a
mimic of dinuclear Mn catalase from Thermus thermophilus.*"**
They attached two Mn-porphyrins to several rigid aromatic
backbones to fix the interporphyrin distance to approximately
0.4 nm. Although their catalase activity was very low (ca. 107*
M~ min™"), the dinuclear Mn-porphyrin showed the enhanced
catalase activity due to synergetic working of two Mn-
porphyrins. These previous reports have led us to design
water-soluble dinuclear Mn-porphyrin as catalase mimic. As
water-soluble nonporphyrin catalase mimic, anionic Fe-corrole
has been previously reported.”> However, because of its small
size, it may be quickly excreted with urine.

In this study, although the scale-up GMP synthesis is under
consideration, we have synthesized novel water-soluble
dinuclear Mn-porphyrin complex, 1,3-di[S-(IN-methylene-pyr-
idinium-4-y1)-10,15,20-triphenyl porphynato manganese(I1I)]
benzene tetrachloride (MnPD), with multiple antioxidative
activities (see experimental section and Figures S1 and S2 of
the Supporting Information for the synthesis, characterization,
and 3D structure) (Figure 1). We applied m-xylene moiety to
bridge scaffold between cationic Mn-porphyrins, which is
expected to be less hydrophobic than rigid aromatic back-
bones.”> Moreover, the flexible fixing by m-xylene allows Mn-
porphyrins to take parallel conformation, which is necessary for
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Figure 1. Multiple antioxidative activities of MnPD.

synergetic working in catalase activity, and m-xylene moiety is
considered to maintain Mn—Mn distance approximately 0.4
nm, which is crucial for the dinuclear catalase mimic.>"**
MnPD consists of two Mn-porphyrins cross-linked by m-xylene
and has tetracations as a whole, which is essential for increasing
water solubility. Thus, MnPD exhibited solubility in 50 mM
phosphate buffer (pH 7.4).

Furthermore, MnPD is expected to exhibit catalase activity as
well as SOD and ONOO™ reducing activities under almost
physiological conditions (Figure 1). Cationic Mn-porphyrins
are known to exhibit SOD and ONOO™ reducing activities.
Therefore, we first checked those activities of MnPD. For
comparison, Mn-5-(N-methylpyridinium-4-yl)-10,15,20-tri-
phenyl porphyrin (MnM4PyP,P), a half model for MnPD
was also tested for those activities (see Figure S3, Supporting
Information, for '"H NMR spectrum of H,M4PyP,P).

SOD activity was measured by stoﬂ)ed—ﬂow kinetic analysis
according to the previous method.”™ The SOD activity of
conventional SOD mimic, Mn-5,10,15,20-tetrakis(N-methyl-
pyridinium-4-yl) porphyrin (MnM4Py,P) was measured as a
positive control. The obtained SOD activity (ksop) for
MnM4Py,P was ksop= (21.0 + 1.0) X 10° M s7' (Figure
S4, Supporting Information), which is consistent with that of
the previous report.”* Under the same conditions, both MnPD
and MnM4PyP;P accelerated dismutation of superoxide in
initial millisecond time scale (Figures SSa and S6a, Supporting
Information). Thus, MnPD and MnM4PyP,P have SOD
activity. From the plot of k,, we determined kgop (per Mn
ion) for MnPD and MnM4PyP,P to be ksop= (4.7 + 0.2) X
10° M™' s7! and (49 + 02) x 10° M™' 57!, respectively
(Figures SSb and S6b, Supporting Information). MnPD and
MnM4PyP;P exhibited similar kgqp values.

Next, we measured the ONOO™ reducing activity of MnPD.
It was measured by the similar procedure to SOD activity.’ The
obtained k.4 value for MnPD was (1.4 = 0.3) X 10° M~! 57!
(per Mn ion), while that for MnM4PyP;P was (1.4 + 0.9) X
10 M~" s (per Mn ion). The tendency of ONOO™ reducting
activity is similar to that of SOD activity. This result is also in
good agreement with our previous report.” We have confirmed
that SOD and ONOO™ reducing activities are unaffected by
dimerization of mononuclear Mn-porphyrins.

Finally, we measured the catalase activity of MnPD. It was
measured with Clark-type oxygen electrode. The catalase
activity (kcar) was determined as a rate constant of the
following reaction:

2H,0, — 2H,0 + O,
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Time-course of O, production from 1 mM H,0, was
electrochemically monitored for 180 s at 25 °C in 50 mM
phosphate buffer (pH 7.4). The kcap value was determined
from the slope of the plot of the observed rate constant (k)
as a function of the Mn-porphyrin concentration. The results
are shown in Figure 2. Both MnPD and MnM4PyP;P exhibited
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Figure 2. Left: Time-course of O, production from 1 mM H,0, (final
concentration) catalyzed by (a) MnPD and (c) MnM4PyP.P at 25 °C
in S0 mM phosphate buffer (pH 7.4). The concentration of Mn-
porphyrin was varied from 1 to 20 #M per Mn ions. Black, 1 #M; blue,
S uM; green, 10 uM; yellow, 15 uM; red, 20 yM. Amount of O,
production was increased with increasing concentration of Mn-
porphyrins. Five curves are almost overlapped in (c) MnM4PyP,P.
Right: Plot of the observed rate constant (k) of (b) MnPD and (d)
MnM4PyP;P as a function of the Mn-porphyrin concentration. k, for
each concentration of Mn-porphyrin was determined as a rate of O,
production in initial 5 s. kcap value was determined as a mean value
obtained from at least three experiments.

O, production in a dose-dependent manner (Figure 2a,c).
However, it should be noted that the time-course of O,
production catalyzed by MnPD was obviously different from
that catalyzed by MnM4PyP;P as compared at the same
concentration range per Mn ions. MnPD exhibited significant
O, production, whereas MnM4PyP;P exhibited little O,
production. From the plot of kg, we determined kc,r values
of (3.3 +0.1) X 10* M~ s™! for MnPD and 10.9 + 1.8 M~' 5"
for MnM4PyP,P, respectively (Figures 2b,d). MnM4PyP,P is
considered to be almost catalase-inactive. The obtained rate
constants for SOD, ONOO™ reducing, and catalase activities
are summarized in Table 1.

Quite interestingly, there was a remarkable difference in
catalase activity between MnPD and MnM4PyP,P, which is a
notable point. One reason for this difference is the induction of
synergetic working of two Mn-porphyrins cross-linked by m-
xylene. Naruta et al. reported a catalytic H,O, dismutation cycle
including synergetic working but not independent working of
the two Mn-porphyrins by isotopic experiments and com-
parative studies with half models.”"** From their previous
reports, we have proposed a catalytic mechanism of catalase
activity of dinuclear Mn-porphyrins represented in Figure 3. In
the catalytic cycle, the oxidation process from Mn™ to Mn",
the formation of the reactive intermediate is a rate-determing

dx.doi.org/10.1021/ml400493f | ACS Med. Chem. Lett. 2014, 5, 639—643



ACS Medicinal Chemistry Letters

Table 1. SOD (kgop), ONOO™ Reducing (k,.q), and Catalase
Activities (kcar) of Mn-Porphyrin Derivatives

6kSOD1 1 6 k'edl 1 kCATl 1\b
compound (x10° M s7H)?  (x10° M7t s (xI0M ' sTY)
MnPD 47 + 02 14 £03 33.0 £ 1.0
MnM4PyP,P 49 + 02 14 £ 09 1.1 +£02

“SOD activity was determined by stopped-flow kinetic analysis. The
time decay of O,*” was spectrophotometrically monitored at 245 nm
(Amax of O,°7) in HEPES buffer (pH 8.1) at 21 °C. The ko, value was
determined from the slope of the plot of observed rate constant (k)
as a function of Mn-porphyrin concentration. ONOO™ reducing
activity was determined by the similar procedure to that for SOD
activity. Time decay of ONOO~ was spectrophotometrically
monitored at 302 nm (4, of ONOO~) in phosphate buffer (pH
7.4) at 36 °C in the presence of 1 mM ascorbic acid. The k,.q value was
determined from the slope of the plot of k, as a function of the Mn-
porphyrin concentration. “Catalase activity was determined with
Clark-type oxygen electrode. O, production from 1 mM H,O, was
electrochemically monitored in phosphate buffer (pH 7.4) at 25 °C.
The k,,, was calculated as a rate of O, production in the initial $ s. The
kcar value was determined from the slope of the plot of kg, as a
function of the Mn-porphyrin concentration.
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Figure 3. Proposed mechanism of catalase activity of MnPD. L = OH™
or H,O.

step, where high-valent hydroxo-Mn(IV) complex (3) is the
likely intermediate.*"

To gain further information on the mechanism of catalase
activity of our MnPD, we first examined pH-dependence of
catalase activity. Jin et al. reported that the coordination and
dissociation of peroxides (such as H,0,, m-chloroperoxyben-
zoic acid, HSO;~, and +-BuOOH) on Mn-porphyrins are pH-
dependent reactions.”®> Moreover, they reported that the
coordination (forward reaction) is accelerated at a higher pH
region and that the subsequent O—O bond cleavage leading to
the formation of high-valent oxo-Mn(V) or oxo-Mn(IV)
species is a pH-independent irreversible reaction. These results
suggest that the coordination of peroxides is a crucial step for
the formation of high-valent Mn species.”> Our proposed
mechanism of catalase activity involves the coordination of
H,0, (formation of 2), which is considered to be pH-
dependent as well. Therefore, we hypothesized that formation
of the reactive intermediate 3 is accelerated at pH 9.4 and
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catalase activity is increased as compared at pH 7.4. As shown
in Figure 4, O, production of MnPD in 50 mM borate buffer
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Figure 4. (a) Time-course of O, production from 1 mM H,0, (final
concentration) catalyzed by MnPD at 25 °C in 50 mM borate buffer
(pH 9.4). MnPD concentration was varied from $ to 30 uM. Black, §
uM; blue, 12 uM; green, 20 uM; red, 30 uM. (b) Plot of kg, as a
function of MnPD concentration. k., was determined as a rate of O,
production in the initial $ s. kcap value was determined as a mean
value obtained from at least three experiments.

(pH 9.4) was significantly higher than that in phosphate buffer
(pH 7.4) (Figure 4a). kcar value under this condition was
determined to be kcar = (2.3 + 0.1) X 10° M~ 57!, which is
approximately seven times higher than that at pH 7.4 (Figure
4b). This indicates that the rate-determing step was faster at pH
9.4 than at pH 7.4.

Furthermore, we attempted to directly detect the reactive
intermediate 3 during the catalase reaction. When excess H,O,
was added to the solution of MnPD (1) at pH 9.4, the Soret
band at 464 nm decreased and new band at 434 nm appeared
(compare Figure S7 and Figure S8, Supporting Information).
The new band at 434 nm is different from those of oxo-Mn(V)
(MnY(=0)(OH)PD) complex and oxo-Mn(IV) (Mn"(=
O)(OH)PD) complex prepared according to the previous
report (Figure S9, Supporting Information).*® Consequently,
Mn"(=0)(OH)PD complex, another possible intermediate
during the dinuclear catalase reaction other than the hydroxo-
Mn"" complex (Mn"(OH),PD),** can be ruled out as the
reactive intermediate. Moreover, the increase in O, production
at pH 9.4 is not due to the accelerated four-electron oxidation
of water, which involves dinuclear oxo-Mn(V) complex as a
reactive intermediate.”® Thus, the new spectrum should be
Mn"(OH),PD complex (3), and 3 would oxidize the second
H,0, molecule to produce O,.

The new band at 434 nm was rapidly decreased in the initial
S min of the incubation and was almost constant (Figure S10,
Supporting Information). Time-course of the absorption
spectrum gave a clear shift of A, from 434 to 464 nm
(Figure S7, Supporting Information) with isosbestic points,
indicating the reduction reaction from 3 to 1. This is consistent
with the time-course of O, production (reduction from 3 to 1)
from H,0,. We did not see any spectral changes of MnPD (1)
at pH 7.4 even in the presence of excess H,0,, presumably due
to the fast dissociation of H,0, from Mn center (reverse
reaction from 2 to 1) (see Figure S11, Supporting Information,
for ground-state absorption spectrum of MnPD at pH 7.4).
Mn"(OH)(H,0) PD complex (3) should be the reactive
intermediate at pH 7.4. The spectral changes observed for
MnPD at pH 9.4 were not observed for MnM4PyP;P. From
these results, we tentatively suspect that MnPD dismutes H,O,
via the catalytic cycle as proposed in Figure 3. Acceleration of
H,0, coordination on Mn center may be effective to increase
the catalase activity of dinuclear Mn-porphyrins under
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physiological conditions, although a precise mechanism still
needs to be elucidated.

Moreover, as a preliminary study, we examined antioxidative
activity of MnPD in vivo. MnM4Py,P was used as control
because both MnPD and MnM4Py,P have 4-pyridinium
cations in common. As a model of ROS-related disease,
skeletal muscle-specific SOD deficient mice show short running
time on treadmill due to severe oxidative stress in skeletal
muscle.”’”

The intraperitoneal injection of MnPD significantly restored
the running time after 8 and 24 hours, whereas the injection of
MnM4Py,P did not (Figure S). This result demonstrates that
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Figure S. In vivo antioxidative activity of Mn-porphyrin derivatives.
MnPD and MnM4Py,P were intraperitoneally injected (36 mg/kg) in
SOD deficient (HSA-Sod2 ~/~) mice. Time on treadmill was recorded
8 and 24 h after the injection. The running time is depicted as a mean
value obtained from three mice per group (N = 3, one male and two
females). *P and **P means that the results are statistically significant
(student’s ¢t test).

MnPD exhibited antioxidative activity in vivo. MnPD as SOD/
catalase mimic exhibited antioxidative activity, whereas
MnM4Py,P as SOD mimic did not. This may suggest that
H,0, from SOD reaction still needs to be detoxified for
effective protection against oxidative stress. However, these
differences in in vivo effect may be attributed to several factors
such as blood circulation, biodistribution, and metabolism,
other than SOD or to catalase activity. Therefore, further
investigations such as pharmacokinetic analysis, in vivo ROS
quantification, and interactions with biomolecules are now in
progress. Besides, a catalase mimic with no SOD activity should
be applied to prove that this model is sensitive to H,O,.

In conclusion, we have synthesized dinuclear Mn-porphyrin
MnPD cross-linked by m-xylene. MnPD exhibited water
solubility and high catalase activity under almost physiological
conditions, maintaining its SOD and ONOO™ reducing
activities. Mechanistic study indicates that catalase-like activity
of MnPD is due to synergism of two Mn active sites, where
hydroxo-Mn(IV) complex is formed as an intermediate. We
have overcome the obstacle of water insolubility of Mn-
porphyrins as catalase mimics reported previously. To the best
of our knowledge, this is the first report on water-soluble
dinuclear Mn-porphyrin bearing high catalase activity. Our
results provide a new insight into the development of water-
soluble dinuclear Mn-porphyrins with catalase activity.
Furthermore, the running test with SOD deficient (HSA-
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Sod2™7) mice suggests that MnPD exhibited antioxidative
activity in vivo. For effective protection against ROS-induced
injury, both SOD and catalase activities are essential. Thus,
MnPD would be a new candidate for therapeutic antioxidant.
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