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Based on the hypothetical proposal of Sulkowski [E. Sulkowski, FEBS Lett. 307 (2) (1992) 129] for the implication of transition m
n the structural changes/oligomerisation of normal cellular prion protein (PrPc) resulting in the pathological isoform (PrPsc), w
ur study on the octarepat domain of this protein which has been supposed to be the metal binding site. We have studied the cop

o synthetic prion octarepeat peptides (PHGGGWGQ)n (n= 1, 3, 6) using metal chelate and size-exclusion modes of chromatographie
opper binding induces oligomerisation resulting in multiple aggregates. Moreover, heterogeneity of metal bound octarepeat oli
SI-MS has been demonstrated. In addition, anti prion antibodies specific to the octarepeat region were used to discriminate be

ree and copper, nickel and zinc bound hexamer octarepeat peptide. Differential recognition of Cu(II) and Zn(II) bound complexe
bserved which signify differences in exposed epitopes of aggregated peptides.
2004 Elsevier B.V. All rights reserved.
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. Introduction

According to the Prusiner’s theory, the term “Prions” is
sed to describe the causative agent responsible of Trans-
issible Spongiform Encephalopathies (TSEs) including
reutzfeldt-Jakob disease in human as well as scrapie and
ovine spongiform encephalopathy (BSE) in animals. It is
omposed essentially, if not exclusively, of a protein abnor-
ally folded (PrPsc). PrPsc derives from the normal form

PrPc) through post-translational modifications which induce
conformational change and confer on the PrPsc a partial re-
istance to degradation by proteases as well as a marked insol-

∗ Corresponding author. Tel.: +33 3 44 23 44 04; fax: +33 3 44 20 48 13.
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ubility in the presence of detergents. Conformational ch
in the host cellular prion protein (PrPc) has been report
be the key molecular event associated with the illnesse[2].
The pathological “scrapie” PrP conformation (PrPsc) is c
acterized by increased�-sheet, decreased�-helical contents
higher tendency to self-aggregation, insolubility and prot
resistance[3,4].

The primary sequence of normal PrPc contains fou
five in bovine PrP) tandem octarepeats (PHGGGWGQ
the N-terminal region (residues 61–91). These octare
were found to be the major Cu(II) binding site, as inve
gated by chromatography methods, Raman and adso
spectroscopy[5,6].

Moreover, in some situations, it has been obse
that there is a positive correlation between the p
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ence of additional copies (5–10) of these octare-
peats and the occurrence of Creutzfeld-Jacob disease
[7].

As early as 1992, Sulkowski[1] proposed the hypoth-
esis of metal-induced oligomerisation of octarepeat pep-
tides’s implication in the formation of PrPsc. Recent re-
ports have shown that metal ions, such as Cu(II) could be
implicated in the conversion of PrPc to PrPsc. Stockel et
al. [8] showed by means of circular dichroism (CD) and
tryptophan (Trp) fluorescence spectroscopies that Cu(II)-
induced changes to the tertiary structure of recombinant Syr-
ian hamster prion protein (ShaPrP (29–231)) and also pro-
moted the conformational shift from�-helical to a�-sheet
structure. More recently, Lehmann[9] reviewed the rela-
tionship between the prion protein and metal ions, which
seemed to play a critical role in the physiopathology of prion
diseases.

Other very sensitive methods for studying conformational
changes are the immunological methods, which have been
already used for the diagnosis of prion pathologies[10].
Williamson et al. [11] used 19 PrP-specific recombinant
monoclonal antibodies from phage display libraries and they
could distinguish the epitopes present on PrPc but absent
or non-accessible on PrPsc. Moreover, monoclonal antibod-
ies were reported to be used to determine the sensitivity
o thus,
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2. Materials and methods

2.1. Materials

Octarepeat trimer and hexamer peptides were custom-
synthesized by Genosphere Biotechnology company, Paris,
France.

Monoclonal anti-PrP antibodies were raised in KO mice
(PrP0/0) immunized either with human recombinant protein
(4F2 and 3B5)[14–16]or denatured Scrapie Associated Fib-
rils (SAFs) from scrapie infected hamster brain (SAF-X se-
ries) [12]. They all bind the octarepeat region of PrP as
demonstrated by their capacity to bind a synthetic peptide
of the following sequence (GGWGQPHGGGWGQG, Grasi
et al., unpublished results).

Prepacked HPLC gel-filtration column Superdex 75,
Sephadex G75 and HiTrap chelating column were purchased
from Amersham Biosciences, Sweden. All other reagents
were of analytical grade and ultrapure water was used
throughout.

2.2. Chromatography procedures

2.2.1. Immobilized metal-ion affinity chromatography
(IMAC)

IMAC was performed on HiTrap chelating column with
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f abnormal prion protein (PrPres) to proteases, and
hey could be new tools to facilitate the progress in q
tative and quantitative studies of prion proteins[12]. Re-
ently, Leclerck et al.[13] have shown using a panel
ecombinant antibodies reactive with different parts of
al ShaPrP (23–231) that structural rearrangements

pontaneously within 6 days of immobilization of PrP o
ensor chip. Using surface plasmon resonance (SPR
howed the significant modifications in the central p
ion (residues 90–120) and also loss of antibody bindin
-terminus of alpha helix and to the octarepeat regio

he immobilized PrP. Thus, the antibodies have high po
ial for studying conformational changes of PrP, whic

promising approach for understanding the prion pa
gy.

In our study, based on the hypothesis of Sulkow
1] that metal binding to PrP could induce conformatio
hanges/oligomerisation by the coordination of trans
etal ions to the octarepeats, we investigated the co
inding to monomer, trimer and hexamer octarepeat pep
y size-exclusion and metal chelate affinity chromato
hies and correlated with the binding of anti-octo-re
ntibodies. Appearance of oligomeric forms and het
eneity of the mixture containing copper were detecte
ize-exclusion chromatography and ESI-MS analysis.
rion antibodies specific to the octarepeat region were
lied to study metal free and metal bound hexamer oc
eat peptide. Differential binding of the free and the Cu
ound octarepeat hexamers to the antibodies suggeste

ormational changes resulting in modified epitope ex
ure.
-

ed volume of 5 ml (Amersham Biosciences, Sweden)
ow rate of 1 ml/min. The column was charged with 0.05
uSO2 in sodium acetate buffer 20 mM pH 4, NaCl 1 M. U
ound metal ions were removed by H2O and sodium aceta
uffer 20 mM pH 4, NaCl 1 M washes. The column was t
quilibrated with HEPES 20 mM, pH 7, NaCl 1 M. 0.1 mg
eptide was injected and a pH decreasing step gradient
H 7 to 4 was applied. After each run, the gel was regene
y flushing with five column volumes of 0.05 M EDTA a

horoughly washed with water before a new metal load
pplied.

.2.2. HPLC and low pressure liquid size-exclusion
hromatography

Chromatographies were performed at flow of 1 ml/
n Superdex 75 (HPLC) and 0.1 ml/min on Sephade
5. Amount of 0.1 mg or 1 mg of synthetic octarepeats
nd without metal ion preincubation, were applied on HP
r low pressure gel-filtration columns, respectively, in
.05 M, pH 7, NaCl 1 M. Elution pattern was followed
70 nm absorbance.

.2.3. Electrospray ionisation mass spectrometry
ESI-MS)

Octarepeat hexamer peptide and metal (Cu(II), N
nd Zn(II))–hexamer complexes were analysed by a s
uadropole mass spectrophotometer (Finnigan SSQ 71
ose, CA, USA) with 110◦C drying gas electrospray ionis
ion source (Analytica source of Brandford, CT, USA) un
.5–3.5 kV. One volume of octarepeat hexamer sample
iluted in one volume of methanol–acetic acid (100:1, v
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In the case of the non-covalent metal–hexamer complexes,
a sheath liquid of methanol was used when aqueous solution
(1.5 mM Tris, pH 7) were injected in the mass spectrometer.
Drying gas temperature was 70◦C.

The flow rate was set at 1�l/min by a syringe pump (Har-
vard Apparatus, South Natick, USA). Multiply charged ions
from horse myoglobin were used to calibrate them/zscale of
the mass spectrometer.

2.3. ELISA

Microtiter plates coated with the eight different anti-
octarepeat antibodies (4F2, 3B5, SAF-15, SAF-32, SAF-
33, SAF-34, SAF-35, SAF-37) as well as the correspond-
ing biotin-labelled conjugates were prepared as previously
described[17]. Final detection was obtained using acetyl-
cholinesterase streptavidine conjugates[17].

Hundred microliters (10 ng/ml) of hexamer with and with-
out metal ion preincubation in 2.5 mM Tris, pH 7.4, BSA
1 mg/ml, NaN3 0.01% were reacted for 1 h 30 at room tem-
perature (RT) on the antibody coated solid phase. After a
first washing biotin-labelled antibodies (SAF32, SAF 34 or
3B5) were incubated for 4 h 30 at RT. After second washing,
streptavidine acetylcholinesterase conjugate was added and
reacted for 2 h RT and solid-phase bound enzyme activity
w
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Table 1
IMAC (IDA-Cu(II)) retention of different octarepeat oligomers

Peptide Migration time (min)

Acetylated monomer 14.65
Monomer 14.72
Acetylated trimer 14.96
Trimer 15.13
Acetylated hexamer 15.56

Chromatography conditions: matrix, HiTrap chelating column (5 ml)
charged with Cu(II); flow rate of 1 ml/min; injection sample of 0.1 mg. Elu-
tion with decreasing pH gradient (see Section2 for details).

pathologies occurred we were interested in the interaction
between chelated Cu(II) and synthetic peptides with increas-
ing number: one, three and six octarepeats, named monomer,
trimer and hexamer. One prompted hypothesis could be the
differential recognition of Cu(II) ions by different peptides
and detection of structural changes/oligomerisation due to
the reorganization of peptide structure.

We demonstrated that the strength of binding to
Cu(II) chelate was monomer (PHGGGWGQ)1 < trimer
(PHGGGWGQ)3 < hexamer (PHGGGWGQ)6 (Table 1).
Consequently, His are accessible for Cu(II) chelate and when
their number increases the affinity is stronger which is in ac-
cordance with the ground rules in IMAC for protein recog-
nition established by Sulkowski[23]. Thus, IMAC could
be a useful method for identifying the presence of extra
copies of the octarepeat sequence possibly involved in the
development of some forms of CJD. Moreover, we also
studied the chromatographic behaviour on IDA-Cu(II) of
acetylated peptides in order to prevent the contribution to
the binding of the amino group[24]. Our results show that
monomer and trimer without acetylation have higher affinity
for chelated Cu(II) compared to the acetylated forms mean-
ing that the amino group contributed to the binding. Conse-
quently, acetylated peptides were used for all further studies
in order to ensure the metal binding due only to the histidine
r
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as measured as previously described[17].

. Results and discussion

.1. Affinity of prion octarepeat peptides for chelated
u(II)

Each PrP octarepeat peptides contains one hist
esidue and also one tryptophan which are amino acids k
o be involved in the coordination of transition metal io
.g. Cu(II), Ni(II), Zn(II), Co(II). Metal ions, and especia
u(II) were supposed to play an important role in pr
athologies. Many reports have shown that the cellular p
rotein binds Cu(II) in vivo and that the main binding sit

ocated in the N-terminal region where four octarepeat
ides (PHGGGWGQ)4 were identified[6,9,18]. Metal bind-
ng could induce conformational changes/oligomerisatio
ctarepeat region and it could be, as postulated by Sulko

1], the nucleation site for spontaneous conversion of
o PrPsc. Thus, to explore the binding of prion peptide
u(II) we first used the immobilized metal-ion affinity ch
atography (IMAC)[19]. IMAC is not only one of the mos
opular purification method, but it is widely used for prot
tructure studies[20,21] and it may give an information o
he possible conformational changes of prion peptides
aining different copies of octarepeats bound to Cu(II).

Prion octarepeat peptide (PHGGGWGQ)1 has alread
een shown to bind chelated Cu(II)[5]. Based on the find

ng that in many cases of CJD genetic forms[22] additiona
opies of prion octarepeats were accumulated when the
esidues.
However, we also explored if IMAC/metal-ion tran

ert (MIT) events took place, and if the octarepeat p
ides scavenged metal ions when passed through
u(II) chelated column which can exert conformatio
hange/oligomerisation. Mixed, IMAC/MIT events ha
een already observed in the case of proteins, like a
rboxypeptidase A and albumin, having higher affinity
etal ions[23,25,26]. To find out if MIT phenomenon oc

urred, ESI-MS analysis of fractions retained on IDA-Cu
ere carried out (data not shown). Important heterog

ty was detected in the fractions and mass-spectra wer
onclusive. This heterogeneity could be due to the bin
f Cu(II) to the peptide in the fractions after retention

DA-Cu(II) and formation of different conformation pe
ides/oligomers. Consequently, we further investigated p
eptide binding to free Cu(II) by size-exclusion chroma
aphy which could allow the detection of oligomeric form
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3.2. Binding of free Cu(II) to prion peptides

Size-exclusion chromatography, in both low pressure
and HPLC modes, were carried out in order to investigate
the behaviour of trimer and hexamer synthetic prion pep-
tides with and without preincubation with Cu(II). In both
modes of sieving separation at pH 7, oligomeric structures
of octarepeats–Cu(II) complexes, four to five times bigger
than the octarepeat peptides alone, were observed (Fig. 1).
These oligomers could be attributed to Cu(II) coordination

F
c
0

to the His residue(s) which could prompt a hypothesis that
Cu(II) ions could trigger oligomerisation of PrPc and this
may be implied in the spontaneous conversion of PrPc to
PrPsc. Previously, it has been postulated that (His-X)n re-
peats may give rise to protein dimers via transition metal
bridges[27]. ESI-MS analysis showed important heterogene-
ity in both trimer and hexamer synthetic prion peptides with
and without preincubation with Cu(II) (data not shown). The
heterogeneity of the trimer and the hexamer in solution at
pH 7 could be due to the structural rearrangements of prion
ig. 1. Size-exclusion separation using Sephadex G 75: (A)trimer and trime
onditions: matrix, Sephadex G 75; flow rate, 0.1 ml/min; injection sample, 1 m
.05M, pH 7, NaCl 1 M. Vo: blue dextran (2103000 relative molecular mass).
r–Cu(II) complex; (B) hexamer and hexamer–Cu(II) complex.Chromatography
g of synthetic octarepeats with and without metal ion preincubation; buffer, Tris
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peptides. This observation is supported by the findings of
Leclerck et al.[13] that under physiological solvent condi-
tions, monomeric PrPc is an intrinsically unstable molecule
prone to conformational rearrangement. Thus, the propensity
of PrPc regions to spontaneously undergo conformational
changes may have important implications for investigation
of prion pathology and the implication of metal ions could
induce/accelerate the formation of different conformational
structures.

Since the presence of extra copies of the octarepeat se-
quence is associated with CJD genetic forms, we further

F
a

focused our study on the hexa octarepeat (hexamer) prion
peptide and its metal complexes.

3.3. Study of hexamer–metal complexes by electrospray
ionisation mass spectrometry (ESI-MS)

ESI-MS has been shown to be a suitable method
for monitoring metal complex formation[28]. Re-
cently, ESI-MS has been employed in order to mea-
sure the binding of Cu(II) ions to synthetic pep-
tides, especially the octarepeat domain conserved be-
ig. 2. ESI-MS spectra of (A) hexamer; (B) hexamer–Cu(II) complex. The a
nalysis (A).
bsence of Cu(II) ions in the sample of free hexamer was confirmed by ESI-MS
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tween various species, of the mature prion protein PrPc
[29].

In our experiments, two populations one of 4719 relative
molecular mass, corresponding to the theoretical mass and
another species of 4857 relative molecular mass were de-
tected in the commercial preparation of hexamer (Fig. 2A).
ESI-MS spectra of Cu(II)–hexamer complex clearly show the
binding of one, two and three Cu(II) ions at pH 7 (Fig. 2B
andTable 2). Whittal et al.[29] studied the stoichiometries
of prion peptides metal complexes and they found that the
binding is pH dependent: a peptide containing four octare-
peats chelates two Cu(II) ions at pH 6 but four Cu(II) ions
at pH 7.4. Recently, Burns et al.[30] studied the molecular
features of the Cu(II) binding sites in the octarepeat domain
of PrPc and they established the first atomic resolution view
of the Cu(II) binding site (HGGGW) within an octarepeat.

However, the ESI-MS spectra of Ni(II) and
Zn(II)–hexamer complexes showed the binding of one
metal ion to the peptide (Table 2). The weaker affinity of
hexamer octarepeat prion peptide for Ni(II) and Zn(II) in
solution at pH 7 compared to Cu(II) coincides with the
requirements for specific structure conformation of His
residues; at least two His should be fully exposed for binding
to Ni(II) and a cluster of His (His-X2,3-His) is required for
binding to Zn(II). Our ESI-MS spectra confirmed that at
p I) but
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cations induced by Cu(II) binding, we undertook immuno-
logical approaches which are highly sensitive methods for
studying conformational changes of molecules.

3.4. Study of hexamer–metal complexes by
immunological methods

Anti-octarepeat antibodies binding to metals (Cu(II),
Ni(II) and Zn(II))–hexamer complexes with the reference to
free hexamer was investigated. Eight antibodies which recog-
nise the octarepeat region of PrP were used in a conven-
tional two-site immunometric assay (sandwich immunoas-
say) based on the use of two anti-octarepeat monoclonal an-
tibodies (see methods). The results showed that in some cases
of Cu(II) bound hexamer, when SAF15 and SAF37 solid
phase antibodies and SAF 32, SAF 34 and 3B5 secondary an-
tibodies were used, an increase of immunological response
was observed (Fig. 3, Table 3). Statistically, in the 58% of
immunoassays, the increase in the immunological response
in the case of hexamer–Cu(II) metal complex was observed,
whereas, in almost all the cases (80% of immunoassays) of
Zn(II) bound hexamer complexes, a decrease of immunolog-
ical response was detected.

In contrast, Ni(II) bound to hexamer did not exert a signif-
icant effect on the antibody binding—58% of immunoassays
g thout
p
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N d
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r s of
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c

F im-
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H 7 these three His residues are exposed to the Cu(I
hat no His cluster structure exist. Moreover, the ESI-
nalysis was carried out in the appropriate conditions
onitoring non-covalent complexes. However, the ESI

pectra gave us only information on the stochiometr
he binding of Cu(II) to the hexamer. Although we co
learly identify the appearance of oligomeric forms
ize-exclusion chromatography, the detection of t
tructures by ESI-MS was not possible probably due to
mportant heterogeneity.

These findings showed that the Cu(II) is the major tra
ion metal involved in the oligomerisation of prion octarep
eptides. In order to check for any conformational mo

able 2
etal binding to prion hexa octarepeat peptide determined by ESI-MS

etal Molecular mass of Me–hexamer
complex, relative molecular mass

Number of bound
Me ions

u I 4780.6 1
4844.4 2

II 4918.4 1
4980.4 2
5045 3

i I 4776.6 1
II 4916 1

n I 4782.6 1 NS
II 4920.1 1 NS

S, not significant; I, Me(II) binding to the first species of hexamer of 4
elative molecular mass; II, Me(II) binding to the second species of hex
f 4857 relative molecular mass.
ave binding response similar to those of the hexamer wi
reincubation with metals (Table 3).

These variations in the immunological responses in
ase of different metal (Cu(II), Ni(II) and Zn(II))–hexam
omplexes may suggest differential epitope exposure
robably conformational changes of metal complexes. M
ver, Cu(II) binding site is probably different from those
i(II) and for Zn(II) resulting in different conformation, an

hus, in differential recognition by anti-octarepeat antib
es. These findings show that metal ions may induce
ormational changes of prion peptides, which in turn m
esult in the pathology of prions. Moreover, the epitope
examer–metal complexes recognized by the anti-octar
onoclonal antibodies seem to be differently exposed
ending on the bound metal. This is the first report on the

erential recognition of prion peptides–metal (Cu(II), Ni
nd Zn(II)) complexes by monoclonal antibodies and
ould be of help in understanding of the prion diseases.

ig. 3. Metal binding to hexamer as investigated by ELISA two site
unometric assay.
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Table 3
Binding response of metal hexa octarepeat peptide complexes

Solid phase antibody Secondary antibody Binding response (%)

Hexamer Hexamer–Cu(II) Hexamer–Ni(II) Hexamer–Zn(II)

SAF15 SAF32 100 189.5 75.7 131.5
SAF34 100 163.4 84.7 77.5
3B5 100 139 71.5 56.5

SAF37 SAF32 100 116.2 116 65.2
SAF34 100 145.9 120 83.5
3B5 100 144.9 135.4 96.6

3B5 SAF32 100 119.4 102.6 67.4
SAF34 100 121.3 97.9 82.5
3B5 100 92.5 85.3 101.6

SAF35 SAF32 100 78.3 88.1 50.6
SAF34 100 106.5 101.3 65.8
3B5 100 110.6 111.3 60.3

4F2 SAF32 100 94.2 103 53.8
SAF34 100 109.1 98 65.9
3B5 100 105.8 86 59.6

SAF34 SAF32 100 101 97.8 96.2
SAF34 100 104.8 97.6 92.8
3B5 100 91.9 96.6 65.8

SAF32 SAF32 100 90.4 100.2 62.8
SAF34 100 102.1 101.2 69.3
3B5 100 97.7 105.1 48.7

SAF33 SAF32 100 88 90.7 63.5
SAF34 100 94.1 93.3 70.3
3B5 100 89.5 102 55.2
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