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Abstract

We have observed that oxidation of Mn(III) ion in several manganese chelates to a Mn(IV) state occurs in the
presence of apo-transferrin, and at the same time facile up-take of manganese ion by apo-transferrin proceeds.
This clearly shows that much manganese ions can be transported to the brain by transferrin under the certain
conditions, which may lead to manganism. Based on these results we have prepared the new chelate to capture
only the Mn(III) and Mn(IV) ions selectively, but not Mn(II) ion, and to remove these manganese ions from the
solution without toxicity.
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1. Introduction

Elevated occupational exposures to manganese are known to cause significant neurotoxicity, and epidemiologic
studies have suggested that a relationship between elevated manganese exposure and an increased risk for
parkinsonian disturbances, called manganism, although the exact mechanisms underlying the neurotoxic effects
of manganese remain unclear (Dobson et al., 2004; Choi et al., 2010). It has been reported that rats exposed to
very elevated manganese levels via drinking water from an early age displayed increased brain manganese levels
and altered copper and iron levels in the striatum and in the basal ganglia. Transport of manganese ions into the
central nervous system has been directly investigated in a limited number of studies, and it has become that the
likeliest modes of transport are by transferrin/transferrin receptor and DMT-1 (Dobson et al., 2004). It is
generally believed that iron and manganese ions are able to be complexed and carried by transferrin/transferrin
receptor, with iron being far more prevalent under normal circumstances. Several authors strongly suggest
transport of trivalent manganese complexed to transferrin into the brain capillary endothelium, although the
exact mechanisms underlying the transport of manganese into the brain by transferrin remain unclear (Heilig et
al., 2006).

In our previous study we investigated the manganese ion uptake by apo-transferrin in terms of the capillary
electrophoresis method (Abe et al., 2008), and obtained the clear evidence that oxidation state, +3 and binuclear
unit of a manganese chelate are critical factors for the facile uptake by apo-transferrin, similar to that observed
for Fe(III) species (Nishida et al., 2007). In this study we observed that facile oxidation of Mn(III) ion in several
manganese chelates to a Mn(IV) state occurs in the reaction mixture containing apo-transferrin. The significance
of this oxidase-like function of apo-transferrin will be developed in this study.

2. Experimental
2.1 Reagents

Apo-transferrin (bovine: T1428-100MG) and holo-transferrin (bovine: T1283-100MG) were purchased form
Sigma. Manganese compounds were prepared according to the published methods (Sutoh et al., 2005; Okuno et
al., 1996), Mn"(dpea)Cl,, Mn"(dpa)CICIO,, Mn"(dpal)Cl,, Mn"™,0,(dpa),(C10,), Mn"™"",0,(Me-en-py),
(ClOy)3, the chemical structures of the ligands being illustrated in Figure 1. New binuclear pinkish-brown
manganese(III) complex, Mn"',(Me-en-py),(O)(CH;COO)(PFy), was prepared in this study from the reaction
mixture containing the ligand (Me-en-py), manganese(Ill) acetate, and NH4PFs. Analytical data and magnetic
property (Uegr = 5.04 (295 K) and = 5.06 (81.4 K) are consistent with the assumed structure of the binuclear
manganese(IIl) complex with p-oxo and p-acetate bridge (Nishida et al., 1997). The (dpea), (dpa), (dpal) and
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(Me-en-py) represent N,N-bis(2-pyridylmethyl)ethanolamine, N,N-bis(2-pyridylmethyl)glycine, N,N-bis(2-
pyridylmethyl)-B-alanine, and N,N’-bis(2-pyridylmethyl)-N,N’-dimethyl-ethylenediamine, respectively.
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Figure 1. Chemical structures of ligands cited in this paper

2.2 Measurements

All the manganese chelate solutions used in this study were prepared by dissolving the crystalline manganese
compounds in tris-buffer solution (10 mM, pH 7.3). ESR spectra of the solution containing a manganese chelate
in buffer solution (10 mM, pH 7.3) are obtained with a JEOL ESR Apparatus mode RE-2X at 77 K. Two
solutions in tris-buffer solution (pH = 7.3, 10 mM) containing apo-transferrin (2 mg/Iml) and manganese
complex (5 mM) were mixed.

3. Results and Discussion
3.1 Oxidase-like Function of Apo-transferrin

All the manganese(II) complex solutions used in this study are colorless. The colorless Mn(II)(dpea) in the
buffer solution became pale-brown when the solution was kept stand for more than one day, demonstrating that
Mn(II) ion in the Mn(II)(dpea) chelate is readily oxidized to a Mn(III) ion in the atmosphere (Abe et al., 2008).
The oxidation to a Mn(III) species does not proceed in the compounds with (dpa), (dpal) and (Me-en-py) under
the same conditions. The addition of colorless apo-transferrin to the aged pale-brown Mn(dpea) complex
solution immediately induced the color change to dark-brown, and in our previous paper we have concluded that
the dark-brown solution derived from apo-transferrin and the aged pale-brown Mn-dpea solution should be due
to the formation of Mn(III)-phenolate bonding in Mn(III)-transferrin (Abe et al., 2008).

In order to obtain the more information of the above process, we have measured the ESR spectra of the solutions.
No ESR signal was observed for the pale-brown solution of Mn(II)(dpea) complex (see Figure 2-(A)), which is
consistent with the general concept that almost all the Mn(III) species are ESR-non-detectable (Abragam &
Bleaney, 1970). On the other hand, we have found 16 lines in the ESR spectrum of the dark-brown solution, as
illustrated in Figure 2-(B). The same 16-line ESR signals was also observed in the solution containing
apo-transferrin and the binuclear Mn(IIl) complex with (Me-en-py), Mn'"",(Me-en-py),(O)(CH;COO)(PF),.
These are clearly implying that in the solution containing apo-transferrim, the Mn(III) ion of the several chelates
is readily oxidized to a Mn(IV) state, forming a binuclear Mn(IIT)/Mn(IV) species with di-p-oxo bridge, because
it has been pointed out that 16-line ESR signal observed in the figure is diagnostic for the binuclear
Mn(IIT)/Mn(1V) species with di-p-oxo bridge (Okuno & Nishida, 1996). Thus it seems very rational to assume
that formation of a Mn(IV) species in the solution plays a key step for the transport of a manganese ion to
apo-transferrin, which should be supported by the fact that facile transport of manganese ion was observed in the
solution containing apo-transferrin and a binuclear Mn(II1)/Mn(IV) complex with di-p-oxo-bridge (Abe et al.,
2008).

As stated in Introduction (Dobson et al., 2004), it is generally believed that iron and manganese ions are able to
be complexed and carried by transferrin/transferrin receptor, with iron being far more prevalent under normal
circumstances. But, this is only true under the circumstance that the manganese ion exists as a manganese(II) ion,
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i.e., the prevalency of the iron ion over the manganese ion is not valid when the Mn(IIl) and Mn(IV) ions are
present in the plasma, and such condition may be induced by the normal conditions as described in this paper.
Thus the present results may give important information to understand the mechanism of the manganese ion
transport to the brain, which should induce manganism.
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Figure 2. ESR spectra of (A) pale-brown solution of Mn(II)(dpea) complex, and (B) apo-transferrin was added to
the solution (A)

The oxidase-like function of apo-transferrin observed in this study suggests that the ferroxidase function by
apo-transferrin may occur in the solution containing iron(II) ions. Thus, the present observation should be very
important to elucidate the origin of the excessive neurovisceral accumulation of iron detected in the brains of
aceruloplasminemia patients (Yoshida et al., 2000).

3.2 Manganism and Prion Disease

Recent studies on mice experimentally infected with scrapie suggested that large increase in the levels of
manganese ion occurs in blood and brain prior to the onset of symptoms of the prion disease; at the same time
the elevated manganese ion in several central nervous systems and the increase of labile plasma iron in certain
regions of the brain were observed (Brown, 2009). It is quite likely that much hydrogen peroxide is produced by
the misfolded Cu-PrP* protein through its SOD-like function in the mice infected with scrapie (Nishida, 2011a),
and this hydrogen peroxide may induce the increasing of the labile manganese ion which contain manganese
ions with high oxidation states, Mn(III) and Mn(IV), in the blood as described in our previous paper (Abe et al.,
2008). Excess accumulation of manganese ion in the brain induces the abnormality in the synthesis of several
neurotransmitters, and the abnormality in the iron metabolism, leading to the increase of the labile plasma iron
which gives a serious damage to the proteins, DNA, and other important substances (Nishida, 2004, 2011a;
Hider et al., 2008). Thus, it is reasonable to conclude that the prion diseases including both the sporadic and
infected types should be elucidated by the combined toxicity due to the labile plasma manganese and iron ions.

Figure 3. Left; the solution of Mn"™",0,(dpa),(Cl0O,) (I mmol). Right, at 5 minutes after addition of the new

chelate (10 mg) to the solution. Middle, at 30 minutes after the addition. The solution became completely clear
with the formation of brown deposits

Above discussions clearly demonstrate that the delete of the labile plasma manganese and iron ions should be
one of the best ways to prevent the prion diseases and other neurodegenerative disorders. Very recently we have
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synthesized the special chelates which capture labile plasma iron ions and exclude them from the solution
without toxicity (Nishida, 2011b), and found that one of these chelates can capture only the Mn(IIT) and Mn(IV)
ions selectively, but not Mn(II) ion (Brazier et al., 2010), and remove these manganese ions from the solution
without toxicity (see Figure 3). We hope that our new chelates should make notable contribution to the
prevention and therapeutics for the manganism, prion disease, schizophrenia, and dementia, etc.

4. Conclusion

We have observed that oxidase-like function by the apo-transferrin operates in the solution containing a Mn(III)
chelate, and it seems quite likely that this activity by apo-transferrin may occur in the presence of a Fe(Il)
compound. Thus, our observation should be very important to elucidate the origin of the excessive neurovisceral
accumulation of iron detected in the brains of aceruloplasminemia patients.
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