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ABSTRACT: The prion protein (PrP) is the key protein implicated in diseases known as transmissible
spongiform encephalopathies. PrP has been shown to bind manganese and copper, the latter being involved
in the normal function of the protein. Indeed, upon expression in yeast we noted a major increase in
intracellular copper and a decrease in manganese. Interestingly, protease-resistant PrPSc-like protein (PrPres)
formation was induced when PrP-expressing yeast cells were grown in copper- and/or manganese-
supplemented media. The pattern of PrP banding in SDS-PAGE was dominantly determined by manganese.
This conformational transition was stable against EDTA treatment but not in the presence of the copper
chelators bathocuproinedisulfonic acid or clioquinol. Conclusively, PrP itself influences manganese and
copper metabolism, and a replacement of copper in PrP complexes with manganese is highly likely under
the condition of copper depletion or if excess amounts of copper and manganese are present. Taken together,
our present study demonstrates the involvement of PrP in the regulation of intracellular metal ion
homeostasis and uncovers copper and, more severely, manganese ions as in vivo risk factors for the
conversion into PrPSc.

A fundamental event in the transmissible spongiform
encephalopathies (TSEs)1 is the conversion of the normal
isoform of the prion protein (PrPC) to a scrapie-associated,
proteinase K-resistant isoform (PrPSc). The accumulation of
PrPSc in the central nervous system of infected animals is a
pathological hallmark (1-3). PrPSc is considered to be the
principal or sole component of the prion, a transmissible
agent consisting of proteinaceous infectious particles (4).
PrPSc features a template-assisted and nucleation-dependent
conversion in the interaction with PrPC (5, 6). This implies
that prions when regarded as genetic elements can induce
conformational changes when acting as adaptive conduits
of memory and inheritance as shown for neuronal members
of the CPEB family (cytoplasmic polyadenylation element
binding proteins) upon adaptation of a prion-like state (7-
9).

To distinguish between PrPSc and structurally altered
isoforms of PrP which have been converted into a newly
misfolded proteinase K-resistant (PrPres) form in a cell-free
system, the term PrPreshas been invented for this potentially
infectious form (10). Nevertheless, as yet, no in vitro
generated full-length PrPres has been shown to be infectious
although experimental evidence has been provided that

infectious prions can be generated from recombinantly
expressed mouse prion protein (residues 89-230) in vitro
(11).

PrPC is mainly localized on the cell membrane, and
accordingly, its physiological role has been associated with
ligand uptake, cell signaling, or cell adhesion (12). Exposure
to Cu and Zn but not to Mn stimulated PrPC endocytosis
(13). Recently, extracellular Cu has been identified as a
possible factor that induces shedding of PrPC into the medium
of cultured neurons (14), and thus Cu reduces the amount
of PrPC bound to neuronal cell membranes (15). PrPC itself
binds Cu (16, 17), Zn, Mn, and Ni (18-21). Cu binding to
PrP was found to be highly cooperative with approximately
five Cu ions binding to the N-terminal domain (22, 23). A
second Cu binding site exists outside the repeat region
between residues 90 and 115 of PrP with two Cu(II) binding
to His96, His111, and His187 independently of each other
(19, 20, 24). Crude membranes and synaptosomal fractions
of the brains of mice lacking the expression of PrPC have a
major deficit in Cu (25). A C4 mouse line expressing the
prion protein that lacks the octameric repeat region exhibited
reduced Cu levels in the brain, almost no Cu binding to PrPC,
and a loss of antioxidant activity.

Taken together, PrP could cause an early change in the
intracellular level of Cu and Mn, and the PrP structure itself
might be controlled by Cu, Mn, and other divalent ions that
directly bind to PrP. Although Mn has been suggested to
participate in the PrP conversion mechanism in vivo and in
the pathogenesis of the disease (26, 27), it is not known if
factors such as Mn, Cu, or other divalent metal ions may
participate in the PrP conversion mechanism in vivo.

To test the involvement of PrP in the regulation of
intracellular metal ion homeostasis, the methylotrophic yeast
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Pichia pastoriswas used. In this report we found that the
expression of PrP increased the intracellular Cu level by a
factor of 1.6. Even when the four octarepeats that specifically
bind Cu within the N-terminal half of PrPC were deleted,
the intracellular Cu level increased by a factor of 1.4. This
result indicates that PrP had a regulatory or buffering function
for the cellular Cu content not only through the octarepeat
region. Supplementation of the growth medium with Cu and/
or Mn led to the conversion of PrPC into protease-resistant
PrPres, which was stable even in the presence of EDTA but
not in the presence of bathocuproine or clioquinol. When
cells were grown with clioquinol and Cu in the medium,
clioquinol inhibited the formation of PrPres inside the cells.

MATERIALS AND METHODS

PrP Expression in P. pastoris. 3F4 epitope tagged
PrP(23-230) with residues 109 and 112 of murine PrP
replaced by methionine (28) was expressed in the methylo-
trophic yeastP. pastoriswith (PrP) and without the octapep-
tide region encompassing residues 27-89 (PrP∆N). Both
forms lack the N-terminal signal peptide of 22 amino acids
and the C-terminal signal peptide of 23 amino acids that is
required for attachment of the GPI anchor.

To target PrP to the secretory pathway, cloning was done
by fusing the prepro-R-factor signal sequence ofSaccharo-
myces cereVisiaeto the PrP encoding sequence 23-230 using
the EcoRI and NotI cloning sites of the vector pPICZRA
(Invitrogen). In agreement with mass spectrometry data it is
expected that the resulting hybrid molecule is cleaved at the
site -EKR*EAEAEFMKKRPK- by the yeast protease Kex2
that is highly specific for cleavage of their peptide substrates
C-terminal to paired basic sites.

Cell Culture.Yeast cells were grown for 48 h in 75 mL
of BMMY medium [BMGY with 2% (v/v) methanol instead
of glycerol], harvested in the late exponential phase of growth
and centrifuged at 3500 rpm for 10 min, resuspended in 1
mL of H2O, washed once with 0.5 M EDTA, pH 8.0, and
then resuspended again in 1 mL of H2O and further analyzed
by ICP-MS for metal ions and by Western blotting to detect
PrP. For inhibition of PrP glycosylation, tunicamycin was
solubilized in DMSO and was added to the induction medium
to a final concentration of 30µg/mL. To investigate the effect
of copper and manganese on the de novo generation of PrPres

and intracellular metal content, induction medium was
adjusted to 1 mM CuIICl2 or 1 mM MnIICl2, respectively,
by using 1 M stock solutions.

Spheroblasting. Washed yeast pellets were carefully
resuspended in 500µL of 2 M sorbitol, 20 mM potassium
phosphate, pH 7.6, and 10 mM DTT, incubated for 30 min
at 30 °C, washed once with 500µL of 1.2 M sorbitol
followed by 500µL of 1.2 M sorbitol, 20 mM potassium
phosphate, pH 7.5, and 1000 units of lyticase per 1 g wet
weight of cells, and incubated for 1 h at 30°C. Samples
were washed again twice with 500µL of 1.2 M sorbitol.
Supernatants were collected for further analysis by Western
blotting. Microscopic observation confirmed that the cells
were fully converted to spheroplasts.

Cell Lysis and Proteinase K Treatment.Pellets of 1×
109 cells were resuspended in 100µL of lysis buffer [50
mM potassium phosphate buffer, pH 7.4, 5% (v/v) glycerol]
and an equal volume of acid-washed glass beads (0.5 mm,

Sigma) followed by eight cycles of vortexing for 30 s and
alternating cooling for 30 s on ice. Samples were then treated
with 50 µg/mL proteinase K for 1 h at 37°C for 24 h with
end-over-end rotation unless specified otherwise. Proteolytic
digestion was terminated by addition of 2 mM PefablocSC
(Roche). The digested samples were boiled in SDS sample
loading buffer for 10 min prior to electrophoresis. Depending
on the experiment 20 mM CQ, BCS, or EDTA was added
to the lysis buffer.

Western Blotting. Culture supernatant and lysed cell pellets
were analyzed for protein expression. After centrifugation
the cell lysate as well as the supernatant of the cell culture
was mixed with SDS-PAGE gel loading buffer [4% (w/v)
SDS, 40% (v/v) glycerol, 0.04% (w/v) bromphenol blue, 20%
(v/v) mercaptoethanol, 250 mM Tris-HCl, pH 6.8], boiled
for 7 min, and loaded on a 10-20% SDS gel (ANAMED).
After electrophoresis proteins were transferred to nitro-
cellulose (Schleicher & Schuell) by tank blotting (380 mA,
4 °C for 3 h). Unspecific binding sites were blocked with
10% (w/v) milk powder in 1× PBS, incubated with primary
antibody (3F4, 1:10000 in 1× PBS), and incubated with
the secondary antibody (anti-mouse IgG HRP, 1:10000;
Promega). The detection of immunoreactivity was performed
by using the Enhanced-Chemi-Luminescene system (Am-
ersham Biosciences) according to the manufacturer’s instruc-
tions.

InductiVely Coupled Mass Spectrometry (ICP-MS). Washed
cell pellets were analyzed by ICP-MS. ICP-MS was per-
formed by using a HP4500 Series 300 ShieldTorch system
instrument (Agilent, Waldbronn, Germany) in peak-hopping
mode with spacing at 0.05 atomic mass unit, three points
per peak, three scans per replicate, and an integration time
of 300 ms per point as described (29, 30). The rate of plasma
flow was 15 L/min with an auxiliary flow of 0.9 L/min and
a blend gas flow rate of 0.1 L/min. The radio-frequency
power was 1.2 kW. The sample was introduced by using a
cross-flow nebulizer at a flow rate of 1.02 L/min. The
apparatus was calibrated by using a 6.5% HNO3 solution
containing Cu and Zn at 1, 5, 10, 25, 50, 100, 200, and 400
ppb with Rh-103 as internal standard for all isotopes of Cu
and Zn. Obtained data were normalized by the amount of
yeast cells to compare the determined intracellular amount
of metal ion per cell; samples were measured three times.
Statistical analysis was performed using three independent
measurements by calculating the standard error of the mean
(SEM). Statistical significance was determined by the
Student’st test.

RESULTS

The analysis of PrP expression revealed the fusion proteins
within the yeast plasma membrane fraction but not in the
media. When cell walls were digested with lyticase followed
by Western blot analysis, formerly insoluble PrP showed
bands of 38, 33, and 23 kDa that were released into the
supernatant without disruption of the plasma membrane
(Figure 1A). Upon deglycosylation the 38 kDa band shifted
to 33 kDa, and the minor band of 23 kDa remained
unaffected (Figure 1B).

Since we had previously shown that yeast is an appropriate
system to examine the influence of recombinant metallo-
proteins on ion homeostasis when overexpression of secreted
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forms of the human amyloid precursor protein (APP)
decreased intracellular Cu levels (31), we tested whether
similar biochemical properties were also present in PrP-
transfected yeast cells. Whereas APP is suggested to be
involved in Cu efflux (31-33), there is evidence from several
groups that Cu is taken up by PrPC into cells (13, 34). In
agreement with previous studies showing substantially lower
Cu content in PrP knockout mice relative to wild-type (25)
and increased cellular Cu binding associated with increased
levels of PrPC expression (35), PrP increased the cellular
Cu level in yeast cells 1.6-fold and PrP∆N 1.4-fold compared
with mock control cells as determined by ICP-MS analysis
(Figure 2A). Whereas Zn levels remained unchanged, PrP
expression reduced intracellular levels of Co to 54% (data
not shown). When the cells were grown in the presence of
1 or 5 mM Cu, the increase of intracellular Cu was limited
by PrP expression to 14-fold for both concentrations tested
(Figure 2B, white bars). In contrast, mock control cells
showed a 52-fold increased intracellular Cu level upon
treatment with 1 mM Cu, which further increased to 94-
fold when cells were grown in medium supplemented with
5 mM Cu (Figure 2B, black bars). This suggests that PrP
expression has a regulatory or buffering function for the
cellular Cu content of yeast cells, most likely due to its
multiple Cu binding sites. On the basis of the finding that
Mn was found incorporated into native PrP from cells
cultured with Mn in the medium, it had been suggested that
PrPC would also influence Mn metabolism (18). Upon
expression of PrP, intracellular levels of Mn were signifi-
cantly reduced by 50% for nonsupplemented medium and
when 1 or 5 mM Cu was added to the culture medium
(Figure 2C, white bars). To obtain information regarding the
cellular Cu level influenced by Mn, the medium was
supplemented with 1 or 5 mM Mn. The analysis showed
that the intracellular Cu level remained constant upon Mn
supplementation in mock- and PrP-transfected cells (Figure
2D). An increase of intracellular Mn levels was observed in
PrP-expressing cells and in mock-transfected cells (Figure
2E). Taken together, PrP expression increased the cellular
Cu level and had no effect on intracellular Zn concentrations
but lowered cellular Co (data not shown), and Mn levels
decreased by∼50%. PrP limited the increase of intracellular

Cu levels only in the presence of additional Cu but did not
limit the increase of Mn in the presence of additional Mn.
Since only Mn could substitute for Cu binding to PrP (18),
we tested if the combined supplementation of the growth
medium with 1 mM Mn and varying Cu concentrations from
1 to 10 mM had an effect on intracellular Cu levels.
Surprisingly, the Cu levels of PrP-expressing cells remained
constant even when the Cu concentration in the medium was
further elevated (Figure 2F, white bars). In contrast, in mock-
transfected cells the cellular Cu level increased with increased
Cu concentrations in the medium tested for concentrations
of up to 10 mM Cu (Figure 2F, black bars). The varying
concentrations of Mn and Cu in the medium let the ratio of
intracellular Mn/Cu raise from 1:1 under normal conditions
to 150:1 in PrP-transfected cells and from 2:1 to 20:1 in
mock-transfected cells (Figure 2F). Cell viability assessed
by counting was not impaired by any of the treatments. These
results indicate that PrP expression downregulates intra-
cellular Cu levels in yeast cells even in the presence of excess
Mn.

Analysis of Protease Resistance.Prion-infected brains
contain both protease-sensitive and protease-resistant forms
of PrPSc-like molecules (36). Therefore, it is important to
identify possible mechanisms involved in the conversion of
PrPC into PrPSc molecules through the formation of PrPres

molecules in vitro. Fractions enriched for scrapie infectivity
primarily contain molecules relatively resistant to protease
digestion (PrPres), which possibly might be equivalent to PrPSc

(37). There is increasing evidence that PrPSc exists in variable
structures and that these structures are controlled by Cu or
other divalent ions.

To investigate the effect of those metal ions on PrP
protease resistance, yeast cells were grown either in normal
or in Cu-, Co-, or Mn-supplemented medium. When we
performed protease digestion assays using proteinase K in
crude yeast cell homogenates, we discovered that PrP
molecules were protease-sensitive under normal conditions
(lanes+/0 in Figure 3) in the absence of transition metals.
When tested at concentrations of 1 mM (lanes+/1) and 5
mM (lanes+/5), Cu ions were most effective at inducing
PrPres formation (Figure 3A), whereas Mn was less effective
at 1 mM but highly effective at the higher ionic strength
(Figure 3B). Co was ineffective even at a concentration of
5 mM (data not shown).

Control experiments indicated that Cu or Mn effects on
protease resistance of PrP molecules could not be attributed
to inhibition of proteinase K activity. Qualitatively, bands
recognized by the monoclonal antibody 3F4 after PK
treatment differed between Mn- and Cu-treated cells (Figure
3A,B). PrP from Mn-treated cells was more resistant to PK
treatment (Figure 3B) as revealed by the higher size of the
bands generated (33, 27, and 24 kDa). Cu treatment alone
revealed two specific bands at 23 kDa (double band) and 10
kDa that were not observed upon Mn treatment (Figure
3A,B). When PrP metal ion binding was analyzed, it was
found that only Mn could substitute for Cu (18). Therefore,
we tested in medium supplemented with Cu plus Mn if one
of the metal ions can dominantly determine the pattern of
banding in SDS-PAGE. Unexpectedly, at equimolar con-
centrations (1 mM Cu and 1 mM Mn; Figure 3C) and even
in the presence of a 5-fold molar excess of Cu (5 mM Cu
and 1 mM Mn; Figure 3C) bands of higher electrophoretic

FIGURE 1: Expression and biochemical characterization of PrP in
P. pastoris. (A) Yeast cells were treated with lyticase which
specifically disrupts yeast cell walls. Cell lysates were subjected
to immunoblotting with the anti-PrP antibody 3F4 without (lane P,
-lyticase) and with lyticase treatment and were released into the
supernatant (lane SN,+lyticase). (B) Yeast cells were grown with
the N-glycosylation inhibitor tunicamycin (30µg/mL) for 24 h (lane
+) and without (lane-). The protein loaded was adjusted according
to the cell number; samples were separated on 10-20% SDS gels.
Arrows indicate PrP specific bands at 38, 33, and 23 kDa.
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mobility (33, 27, and 24 kDa) resembled the characteristic
pattern as obtained for Mn treatment alone (Figure 3B).

To investigate if the effects observed were reversible in
the presence of a divalent metal ion chelator, cells were lysed
in the presence of 0.5 M EDTA and subsequently treated as
described with proteinase K with 20 mM EDTA in the
digestion buffer. The banding pattern of the samples obtained
after SDS-PAGE was identical to the one generated without
EDTA (data not shown). But when clioquinol (CQ) (20 mM)
was added during the lysis of yeast cells, PK resistance was
lost in cells grown in Cu-supplemented medium (Figure 4A)
but not when cells were grown in the presence of Mn and/
or Mn/Cu (Figure 4A). This further confirms the specific
effects of Mn or Cu on the conversion of PrP, which was
evident by the different pattern of bands upon Cu or Mn

treatment (Figure 3A,B). To assess if the specific effect of
CQ on PrPres from cells treated with Cu was possibly due to
the formation of CQ-Cu complexes, the experiment was
performed with BCS, which is a specific chelator for Cu(I)
(38). Indeed, BCS was able to convert PrPres back into the
proteinase-sensitive form (Figure 4B). We followed persistent
PrPres formation upon exposure of cells to the membrane-
permeable CQ. When cells were grown in the presence of
Cu and CQ, CQ inhibited the formation of PrPres in living
cells (Figure 5). This was either due to the inhibition of Cu
uptake, which is less likely because CQ was shown to enable
the cellular uptake of CQ-Cu complexes, or due to a
competition between CQ and PrP for Cu(I), which is the
intracellular transport form of Cu. This explanation is
supported by the results obtained for the divalent metal ion

FIGURE 2: Effect of PrP expression on intracellular Cu and Mn levels. PrP, PrP∆N, and mock-transfected yeast cells were grown for 48
h in BMMY medium to the same density, and cell pellets were analyzed by ICP-MS for Cu or Mn. The normal copper concentration in
the medium was 0.5µM. (A) The increase of intracellular Cu is significant for PrP versus mock-transfected (p < 0.00001), PrP∆N versus
mock-transfected (p < 0.0001), and PrP versus PrP∆N-transfected cells (p < 0.00046). (B) A statistically significant difference of intracellular
copper concentration was found among mock-transfected cells at 1 mM (p < 0.0001) or 5 mM (p < 0.0001) supplemented copper, respectively.
(C) A statistically relevant reduction of intracellular Mn was found for normal medium (p < 0.0003) and for Cu-supplemented growth
medium (p < 0.0001). (D) In the presence of 0, 1, or 5 mM MnIICl2, a statistically significant difference was found among PrP-transfected
cells and mock-transfected cells (p < 0.0001). (E) Total Mn content was determined of vector and PrP-transfected cells. A significant
increase of intracellular Mn for PrP- and mock-transfected cells was found with a statistical significance ofp < 0.0001. (F) Yeast cells
grown in medium supplemented with 1 mM MnIICl2 and 1, 3, 5, or 10 mM CuIICl2 , respectively, showed a statistically significant difference
only among mock-transfected cells with increased supplemented Cu (p < 0.0001) whereas PrP expression limited the increase up to the
maximum concentration of 10 mM Cu tested. Values were obtained from two to four independent experiments using different yeast clones.
Values need to be multiplied by 10-3. The mean( SD was calculated from three measurements each.
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chelator EDTA that did not have an effect on PrPresstability
(see above).

Thus, our results suggest that the events leading to the
initial formation of PrPresin living cells may differ from those
reported for PrPres formation from recombinant protein in
several in vitro studies. Taken together, Mn and Cu(I) rather
than Cu(II) may represent risk factors for the formation of
different forms of PrPres inside the cell and primarily during
cellular synthesis of the protein. This could, at least in part,
explain the very rare reports of PrPres formation in PrP
expressing cells, which may essentially occur under the
conditions of cellular metal ion imbalances.

DISCUSSION

Recently, the gene encoding for the prion protein has been
identified in a gene expression profiling approach in chronic

copper overload to be responsible for a copper-specific
homeostatic response (39). Current theories link the normal
activity of PrPC to Cu binding and suggest that (i) PrP is a
transmembrane Cu transporter which is involved in Cu
uptake (34) and (ii) PrP is a Cu buffer that sequesters excess
metal ion at the plasma membrane (35). In the present work
we demonstrate that the methylotrophic yeastP. pastorisis
useful to examine these hypotheses at the cellular level and
to study the influence of PrP expression on intracellular
concentrations of Cu or Mn. Yeast is an appropriate system
as most of what we know about Cu transport in eukaryotes
is derived from yeast studies (40-42). Moreover, the yeast
genome does not encode a direct structural homologue of
PrP, making it an attractive model system for analyzing the
role of PrP in Cu homeostasis. We have derivedP. pastoris
lines that produce murine PrP, which was trapped in the cell
wall from where it could only be released after lyticase
digestion as full-length PrP23-230. Therefore, we were able
to investigate how PrP influences metal ion utilization during
cellular synthesis and transport before it is withdrawn from
the cellular turnover without being secreted or internalized.

Previous experiments with overexpression of PrPC did not
have a dramatic effect on Cu metabolism. The lack of
increased brain Cu in transgenic mice suggested that although
PrPC is involved in Cu metabolism, it would not have a major
role in Cu uptake, transport, or removal (43). Mn was earlier
speculated to be incorporated into native PrP from cells
cultured with Mn in the medium (18). We found that PrP
expression increased the cellular Cu level 1.6-fold and
decreased the Mn concentration by 57%. PrP∆N showed a
similar increase of the cellular Cu level (1.4-fold). This is
in accordance with data indicating that the affinity for the
fifth copper binding site of PrP is increased when the
octarepeat region is lacking (44). Due to the small differences
of wtPrP and PrP∆N on the metal ion homeostasis the
following experiments were only performed with wtPrP.
Under the condition of Cu excess PrP expression limited the
increase of the total number of Cu atoms per cell to a
maximum of 14-fold and independently from the presence
of excess Mn. In contrast, in Mn-treated cells PrP did not
limit the intracellular increase of Mn. Moreover, cosupple-
mentation of the medium with a defined concentration of
Mn and varying concentrations of Cu revealed that PrP

FIGURE 3: Proteinase K resistance of yeast cells treated with metal
ions. PrP-transfected yeast cells treated with proteinase K (50µg/
mL) showed PK-resistant core proteins after Cu (A), or Mn (B),
Cu and Mn supplementation (C) of the growth medium, respec-
tively. Protein amounts loaded were standardized according to the
cell number, samples were separated on 10-20% SDS gels, and
PrP was detected with the monoclonal antibody 3F4 by using the
ECL technique.

FIGURE 4: Proteinase K resistance of metal-treated yeast cells lysed
in the presence of CQ or BCS. PK-resistant core proteins disap-
peared after CQ (20 mM) or BCS (20 mM) treatment, respectively,
during cell lysis and PK digestion. Protein amounts loaded were
standardized according to the cell number, samples were separated
on 10-20% SDS gels, and PrP was detected with the monoclonal
antibody 3F4 by using the ECL technique.

FIGURE 5: Proteinase K resistance of yeast cells grown in the
presence of Cu and CQ. PrP-transfected yeast cells treated with
proteinase K (50µg/mL) showed PK-sensitive PrP after supple-
mentation of the growth medium with Cu and CQ. Protein amounts
loaded were standardized according to the cell number, samples
were separated on 10-20% SDS gels, and PrP was detected with
the monoclonal antibody 3F4 by using the ECL technique.
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expression facilitated the intracellular increase of Mn up to
a ratio of 150:1 in PrP-expressing cells compared with
controls reaching a ratio of 25:1. When Mn binding to PrPC

was observed to lead to its conversion into an abnormal form
of PrP (18), it was suggested that an imbalance in brain trace
elements, such as the loss of Cu and an excess of Mn, might
have led to the formation of this misfolded form. However,
we found that PrP itself influences Mn and Cu metabolism,
and a replacement of Cu in PrP-Cu complexes with Mn is
highly likely when excess amounts of Cu and Mn are present.
Cu depletion might obviously not be a prerequisite in the
presence of excess Mn.

It is known that in CJD brain homogenates the electro-
phoretic mobility is controlled by Cu and Zn ions (45), the
level of PrPres detected in scrapie-infected mouse brain is
increased upon addition of Cu to the homogenate (46), and
Cu enhances the reversal of scrapie inactivation by guanidine
hydrochloride (47). Also, the method of cyclic amplification
applied to normal hamster brain homogenates upon addition
of a number of transition metals (Mn, Cu, Fe) led to the
conversion of PrPC into protease-resistant PrPres (48). How-
ever, there is no consistency in transition metals tested to
increase the protease resistance of PrPSc. Co and Ni caused
only small increases, and Mn was mostly reported to be
ineffective. The effects caused on PrPSc conformation
reported so far were always reversible when EDTA was used
to chelate divalent metal ions in a stoichiometric manner.
This indicates that metal ion induced conformational changes
were only partially preserved in PrPres. Most interestingly,
we have shown that specific PrPres formation was induced
when PrP-expressing yeast cells were grown in Cu- and/or
Mn-supplemented media. Mn- and Cu-generated PrPres-
derived bands qualitatively differed in their size. Although
Cu treatment specifically led to the formation of a 10 kDa
band, cotreatment of Mn and Cu revealed that Mn mainly
determined the physical characteristics of PrPres even in the
presence of excess Cu. Thus, PrPreshad been generated most
likely during the de novo synthesis and adopted a structure
that was not interconvertible by EDTA but by BCS and CQ
when cells were grown in Cu-supplemented medium. Several
trials to charcterize the PrP-specific bands by mass spec-
trometry were unsuccessful due to the limited amount of
protein enriched from yeast cell homogenates. Although the
individual roles for the two metal ions Cu and Mn for the
conformational change into PrPres are evident, their mech-
anism of action is unknown. It is possible that the Cu(I)-
specific chelator BCS and CQ which can also be assumed
to bind Cu(I) could successfully compete for the Cu(I) ion
bound to PrPres. Alternatively, metal(chelator)2 complexes
could have formed and functioned as fibril inhibitors as it
was earlier shown for phthalocyanine compounds which are
structurally very similar to the metal(chelator)2 complexes
used in these experiments (49).

Therefore, it is possible that the methods used so far to
study Cu or Mn effects on PrP in cell-free systems were not
adequate to transform the molecule into PrPres or PrPSc,
respectively. We showed that not a loss in the amount of
Cu is required but an excess of Mn over Cu is sufficient.
This implies that imbalances in environmental Mn entering
the food chain might favor the formation of proteinase-
resistant PrP as formerly predicted for the cause of scrapie,
CJD, and chronic wasting disease occurring in disease

clusters in Iceland, Slovakia, and Colorado where the soil is
high in Mn in these specific regions (50). Mn is found in all
body tissues as it is essential for many enzymatic reactions,
including synthesis of amino acids, lipids, proteins, and
carbohydrates (51). In laboratory animals Mn deficiency was
observed to cause impaired growth, skeletal defects, reduced
fertility, birth defects, abnormal glucose tolerance, and altered
lipid and carbohydrate metabolism (52).

Taken together, we conclude that Cu stabilizes the native
conformation of PrPC. This is further supported by the finding
that PrP downregulates the Mn(II) level even in cells treated
with Mn(II). Only an excess of Mn revealed specific forms
of PrPres that could not be folded back again into PrPC in
the presence of chelators. PrP might belong to protective
systems that operate in cells heavily exposed to Cu and/or
Mn. In prion disorders there is now an established link to
Mn metabolism which increases the need to better understand
its involvement in the pathogenesis.
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