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Metal complexes with superoxide dismutase-like activity
as candidates for anti-prion drug
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Abstract—Various compounds were evaluated for ability to inhibit the formation of the abnormal protease-resistant form of prion
protein (PrP-res) in two cell lines infected with different prion strains. Examination of the structure–activity relationships indicated
that compounds with copper-selective chelating ability and whose copper complexes have high SOD-like activity are candidates for
anti-prion drug.
� 2006 Elsevier Ltd. All rights reserved.
Transmissible spongiform encephalophathies (TSEs) or
prion diseases are a group of fatal neurodegenerative
disorders, and their development is associated with
accumulation of aggregated proteins, oxidative damage
to the brain, and neuronal cell loss. Prion diseases are
characterized by the generation of a protein molecule
termed PrPSc (scrapie isoform of the prion protein),
which is a conformational variant of the normal host
protein, PrPC (cellular isoform of the prion protein).1,2

It is believed that the conversion of PrPC into PrPSc is
the key event in the pathogenesis of TSEs.

The octapeptide repeat region of the PrPC binds several
copper ions with concentration of the micromolar
range3,4 and their dissociation constant for the ion is
reported to be femtomolar range.5 The biological signif-
icance of this interaction is not clear, but it is reported
that PrPC has a copper-dependent superoxide dismutase
(SOD) activity6 and PrPC may be involved in copper up-
take into cells.7,8 Recently, there has been increasing
interest in the role of metal ions, in particular copper,
in prion diseases.9,10

In the early 1970s, it was reported that the copper
chelator cuprizone induced prion diseases-like histopa-
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thological changes in mice.11,12 On the other hand, Sig-
urdsson et al. recently found that a copper chelator, DD-
penicillamine, delayed the onset of prion disease in
infected mice, and suggested that chelator-based therapy
might attenuate the disease.13 Copper has been implicat-
ed in the pathogenesis of prion disease, but numerous
studies have only succeeded in demonstrating the com-
plexity of the effects of copper on the development of
prion diseases, and it remains unclear whether this ion
promotes or inhibits disease progression.

In the present study, we evaluated the ability of a wide
range of compounds14 to inhibit the formation of the
abnormal protease-resistant form of prion protein
(PrP-res), using two cell lines, ScN2a cells and F3,
infected with different prion strains.15,16 We then ana-
lyzed the structure–activity relationships to investigate
what kinds of structure or biochemical characteristics
contribute to anti-prion activity.

Spectrophotometric complexation studies.17–19 The com-
plexes were prepared as previously reported.20,21 Solu-
tions of 10 mM Cu(ClO4)2 and 8-hydroxyquinoline
were prepared in H2O. Cu(II)-chelate formation of
8-hydroxyquinoline was demonstrated by Job’s meth-
od.18,19 The spectrophotometric complexation studies
showed that 8-hydroxyquinoline binds in 2:1 ratio with
Cu(II) (Fig. 1A). 2,2 0-Biquinoline, neocuproine, batho-
cuproine, 4,4 0-dicarboxy-2,2 0-biquinoline, porphyrins,
cimetidine and DD-penicillamine bind in 1:1 ratio with
Cu(II) (2,2 0-biquinoline, Fig. 1B; others, data not
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Figure 1. Continuous variation plots for 8-hydroxyquinoline and

Cu(II) (A) and 2,2 0-biquinoline and Cu(II) (B). (A) 2:1 binding ratio

between 8-hydroxyquinoline and Cu(II), (B) 1:1 binding ratio between

2,2 0-biquinoline and Cu(II). The plots were obtained by Job’s method

in aqueous solution.
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shown). However, it has been reported that the oxida-
tion state of copper may be altered in the DD-penicilla-
mine complex, and the complex prepared in this way
contains both Cu(I) and Cu(II).22

Inhibition of PrP-res formation in ScN2a cells and F3
cells by metal chelators.23–26 1,10-Phenanthroline,
2,2 0,200-terpyridine and 8-hydroxyquinoline did not
inhibit PrP-res formation within a nontoxic dose range
(Table 1), but were cytotoxic at 100 nM. Chelators of
this class can chelate a wide variety of metals.

Neocuproine, bathocuproine, 2,2 0-biquinoline and 4,4 0-
dicarboxy-2,2 0-biquinoline are highly specific copper
chelators. The chelators of this class, except 4,4 0-dicarb-
oxy-2,2 0-biquinoline, effectively inhibited PrP-res forma-
tion in ScN2a cells and F3 cells in a dose-dependent
manner (Fig. 2). The concentrations giving 50% inhibi-
tion (IC50) of PrP-res formation in ScN2a cells relative
to the DMSO-treated or untreated control ranged from
5 to 80 nM (Table 1). These compounds showed no
apparent cytotoxicity at concentrations up to 1 lM.
However, neocuproine was ineffective in F3 cells within
a nontoxic dose range. Findings from these experiments
suggest that compounds having copper-selective chelat-
ing ability are more effective inhibitors than non-selec-
tive metal-chelating compounds, but not an exclusive
factor.

Inhibition of PrP-res formation in ScN2a cells and F3
cells by porphyrins.23–26 Porphyrins can form 1:1 stable
chelates with various metal ions. The order of stability
for divalent metal ions is Cu > Fe > Zn > Mn, regard-
less of the type of substituents on the porphyrin ring.
Porphyrins were effective inhibitors of PrP-res forma-
tion, with IC50 values ranging from 5 to 320 nM in
ScN2a cells and F3 cells (Table 2). And Mn(III)–por-
phyrins complexes showed higher anti-prion activity
than the metal-free compounds (Table 2).

SOD-like activity and correlation with anti-prion activity.
It is known that Mn(III)–porphyrin complexes show
high SOD-like activity in vitro and in vivo.27,28 We
thought that SOD-like activity might contribute to the
anti-prion activity of such compounds, since the SOD
activity of PrPC is decreased by conversion to PrPSc.
Therefore, we focused on chelators having SOD-like
activity. Many low-molecular metal complexes, mainly
copper, manganese and iron complexes, have been syn-
thesized and their SOD-like activity examined in vitro
and in vivo,29–33 and some of them showed activity in vi-
vo.34–36 As shown in Table 3, SOD-like activity of these
compounds was measured in vitro by our methods.37

The SOD-like activity in cell lysates was significantly in-
creased when these metal-free compounds were added to
the cell cultures (data not shown). Therefore, the chela-
tors that showed anti-prion activity formed metal com-
plexes and had SOD-like activity.

Among these compounds, we chose cimetidine34,38 and
TPEN39 for further examination, as well as Mn-TCPP
(Mn-TBAP), which we had already examined. Cimeti-
dine effectively inhibited PrP-res formation, with IC50

values of 5 nM in ScN2a cells and 200 nM in F3 cells.
TPEN inhibited PrP-res formation, with IC50 values of
5 nM in ScN2a cells and 200 nM in F3 cells.

We found that the compounds, shown in Tables 1 and 2,
with higher anti-prion activity in ScN2a cells had higher
SOD-like activity (Table 3). Statistical analysis exhibited
a significant linear correlation between these two activi-
ties (r = 0.93) (Fig. 3).

Despite numerous studies, it remains unclear whether
copper ions promote13 or inhibit40 prion disease. In Alz-
heimer’s disease, another neurodegenerative disease, the
copper- and zinc-selective chelator clioquinol was effec-
tive in decreasing b-amyloid deposits.41 However,
Doh-ura et al. found that clioquinol and related com-
pounds, quinoline hydrochloride, 8-hydroxyquinoline,
and 8-acetoxyquinoline, were ineffective in scrapie-in-
fected mouse neuroblastoma (ScNB) cells.25 Thus, che-
lating drugs that are effective in inhibiting b-amyloid
formation may not inhibit the conversion of PrPC to
PrPSc.

In this study, we evaluated the anti-prion activity of var-
ious compounds having metal-chelating ability in order
to identify the requirements for anti-prion activity. We
found that many, but not all, compounds having selec-
tive copper-chelating ability are effective inhibitors of
PrP-res formation in ScN2a cells and F3 cells. Thus,
copper-selective chelating ability per se may not be
essential for anti-prion activity. This idea is supported
by the observation that porphyrins chelating manganese



Table 1. Inhibition of PrP-res formation in ScN2a cells and F3 cells by metal chelators

Compound Structure Metal(M) Inhibition PrP-res IC50 (nM)

ScN2a cells F3 cells

1,10-Phenanthroline N.E. N.E.

2,2 0,200-Terpyridine N.E. N.E.

8-Hydroxyquinoline N.E. N.E.

Bis(8-quinolinolato) Copper(II) Cu2+ N.E. N.E.

Bis(8-quinolinolato) Zinc(II) Zn2+ N.E. N.E.

Neocuproine 80 N.E.

Bathocuproine 80 200

2,2 0-Biquinoline 5 250

4,4 0-Dicarboxy-2,2 0-biquinoline N.E. N.E.

N.E., no effect.

IC50, concentration of a compound causing 50% inhibition of PrP-res formation relative to the control.

Figure 2. Anti-prion activity of 2,2 0-biquinoline in prion-infected cells.

Various concentrations of the compound were added to freshly passaged

ScN2a cells (A) or F3 cells (B), and the PrP-res levels were analyzed

by Western blotting. Lanes: 0, cells treated with DMSO alone;

others, treated with the indicated concentration of 2,2 0-biquinoline.

Bars on the left indicate molecular mass markers at 35 and 21 kDa.
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showed greater anti-prion activity than the metal-free
compounds. Therefore, we examined whether SOD-like
activity was associated with anti-prion activity, and dis-
covered that this was the case.

PrPC plays an important role in cell protection
from oxidative stress, and modulates the activity
of antioxidant enzymes by regulating the intracellu-
lar copper concentration, but it can also play a di-
rect role owing to its intrinsic SOD activity.6,42,43

Cells with accumulated abnormal PrPSc displayed
the phenotypes of decreased copper-binding capacity
and higher sensitivity to oxidative stress.16,44 Inter-
estingly, we found a significant correlation
(r = 0.93) between SOD-like activity and anti-prion
activity. Furthermore, we confirmed that the copper
complex of DD-penicillamine, which has been reported



Table 2. Inhibition of PrP-res formation in ScN2a cells and F3 cells by

porphyrins

Compound R Metal(M) Inhibition

PrP-res

IC50 (nM)

ScN2a cells F3 cells

TPP 10 320

TCPP 250 160

Mn-TCPP

(MnTBAP)

Mn3+ 40 60

TPPS 200 160

TMPyP 130 160

Mn-TMPyP Mn3+ 5 40

IC50, concentration of a compound giving 50% inhibition of PrP-res

formation relative to the control.

Table 3. SOD-like activity of metal complexes

Chelating

metal

Compound SOD-like activity

IC50 (lM)

Cu 8-Hydroxyquinoline 263

Clioquinol 140

Neocuproine 50

Bathocuproine 32

2,2 0-Biquinoline 3

4,4 0-Dicarboxy-2,2 0-biquinoline 263

Cimetidine 0.4

DD-Penicillamine 28

Mn TCPP 8

TMPyP 0.3

Fe TPEN 0.4

IC50, concentration of a compound giving 50% inhibition of WST-1

reduction.

Figure 3. Correlation between SOD-like activity and inhibition of PrP-

res formation in ScN2a cells. The plot shows data from seven

compounds for which both SOD activity and inhibition of PrP-res

formation were determined. (r = 0.93) SOD-like activity IC50: concen-

tration of a compound giving 50% inhibition of WST-1 reduction.

Inhibition PrP-res IC50: concentration of a compound giving 50%

inhibition of PrP-res formation relative to the control.
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to show anti-prion activity, exhibits SOD-like
activity.13

It is not easy to find molecules with both good metal-
binding ability and high SOD-like activity, because, tak-
ing copper ions as an example, the former property
means the Cu(II) complex is rather stable, while the lat-
ter property implies that the complex is prone to be re-
duced to the Cu(I)-chelator state.45 This might explain
why compounds such as clioquinol that are good copper
chelators are nevertheless ineffective in terms of anti-pri-
on activity.25

On the other hand, cimetidine can form complexes
with both Cu(I) and Cu(II), and has satisfactory
SOD-like activity in both states, so it may be a good
candidate for anti-prion activity. Furthermore, cimeti-
dine can cross the blood–brain barrier to act in the
central nerve system.46 This type of compounds may
provide a possible therapeutic approach for prion
diseases.

In conclusion, we suggest that compounds which have
copper-selective chelating ability, and whose copper
complexes have high SOD-like activity are candidates
for anti-prion drug.
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