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ABSTRACT: The prion protein (PrP) has been identified as a metalloprotein capable of binding multiple
copper ions and possibly zinc. Recent studies now indicate that prion self-recognition may be an important
factor in both the normal function and misfunction of this protein. We have developed fluorescently labeled
models of the prion protein that allow prion-prion interactions and metal binding to be investigated on
the molecular level. Peptides encompassing the full metal binding region were anchored to the surface of
small unilamellar vesicles, and PrP-PrP interactions were monitored by fluorescence spectroscopy as a
function of added metal. Both Cu2+ and Zn2+ were found to cause an increase in the level of PrP-PrP
interactions, by 117 and 300%, respectively, whereas other metals such as Ni2+, Co2+, and Ca2+ had no
effect. The binding of either of these cofactors appears to act as a switch that induces PrP-PrP interactions
in a reversible manner. Both glutamine and tryptophan residues, which occur frequently in the metal
binding region of PrP, were found to be important in mediating PrP-PrP interactions. Experiments
demonstrate that tryptophan residues are also responsible for the low level of PrP-PrP interactions observed
in the absence of Cu2+ and Zn2+, and this is further supported by molecular modeling. Overall, our results
indicate that PrP may be a bifunctional molecule capable of responding to fluctuations in both neuronal
Cu2+ and Zn2+ levels.

The prion protein (PrP)1 is a cell surface glycoprotein
widely expressed in the central nervous system of mammals
and avian species (1, 2). The physiological function of PrP,
which has yet to be precisely determined, appears to be subtle
in nature because PrP-knockout mice exhibit normal devel-
opment and behavior (3). Even close examination of their
brain tissue reveals no significant differences compared to
that of wild-type mice (3), although there is still debate over
these studies (4-6). PrP’s direct connection to fatal neuro-
degenerative diseases, collectively termed transmissible
spongiform encephalopathies, has been the impetus for the
intense research focus on this protein (1, 7). The normal
cellular form of prion is denoted PrPC, and disease results
from the refolding of PrPC to the scrapie isoform, termed
PrPSc. Once PrPSc is generated, it templates the conversion
of endogenously expressed PrPC to PrPSc, causing a buildup
of this pathogenic species and, ultimately, neurodegeneration.

It has been the identification of PrP as a copper binding
protein that has led to the majority of hypotheses about its
normal, cellular function. A major breakthrough was the
discovery that Cu2+ and Zn2+ stimulate the endocytosis of
PrP, thus linking metal binding to a physiological response
(8, 9). Accordingly, PrP is thought to possess a copper-
dependent enzyme function, specifically that of an antioxi-
dant (5, 10), or to participate in copper homeostasis (8, 11,
12). Other research suggests PrP may be involved in signal
transduction (13) and cell-cell adhesion (14) or function as
an anti-apoptosis agent (15).

The metal binding region of PrP resides in the flexible
N-terminal domain (4, 11, 16-18) and spans residues 60-
96 (human sequence). It contains four repeats of the highly
conserved octapeptide PHGGGWGQ sequence followed by
GGGTH (Figure 1a) (11, 16-18). Structural studies have
provided precise details about the two types of equatorial
Cu2+ coordination spheres that exist when PrP is fully loaded
with Cu2+ (Figure 1b). More recently, studies have begun
to provide a picture of the Cu2+ coordination modes
populated at intermediate and low Cu2+ occupancies (19, 20).
PrP constructs lacking the metal binding region fail to
undergo endocytosis efficiently (8, 21), nor do they exhibit
significant antioxidant activity (10, 22). Thus, most of the
major copper-dependent responses measured this far are
clearly linked to this region.

A number of studies now indicate that PrP self-recognition
may be an important factor in both the normal function and
misfunction of PrP. Signal transduction was observed upon
the antibody-mediated cross-linking of PrP (13). Fusion
proteins containing N-terminal regions of PrP exhibit self-
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recognition in a copper- and zinc-dependent manner, but only
when the metal binding region is present (23). Expansion of
this region, which mimics gene inserts associated with
familial Creutzfeldt-Jakob disease (fCJD), leads to irrevers-
ible multimerization (23, 24). Collectively, these studies
suggest that PrP self-recognition is important for the normal
function of PrP and that Cu2+ and/or Zn2+ may be the
“switch” that mediates these reversible interactions. Gasset
and co-workers have published a series of studies character-
izing the amorphous mesh formed by bovine PrP-Cu2+

complexes using turbidity, atomic force microscopy, and
X-ray absorption spectroscopy (20, 25). They provide
evidence of a Cu2+ coordination mode involving ligation by
two histidine (His) residues. When each His is supplied by
a different PrP molecule, Cu2+ can act as a bridge between
PrPs.

The study presented herein focuses on quantitating the
degree of these metal-mediated PrP-PrP interactions and
on building a molecular description of PrP self-recognition
as a function of Cu2+ and Zn2+ loading. We have developed
an assay based on fluorescence spectroscopy that is capable
of providing this information. As the mature form of PrP is
tethered to the cell surface by a C-terminal glycophosphati-
dylinositol (GPI) anchor, the model peptides of the metal
binding region used in this study were similarly anchored
to the surface of small unilamellar vesicles (SUVs). This
strategy serves two important purposes. (1) It aligns the PrP
peptides in a parallel fashion as would be found on the cell
surface, and (2) it allows for incorporation of the C-terminal
fluorophores into the hydrophobic interior of the lipid which
is required for the interaction assay. A number of studies
have drawn attention to the importance of PrP’s cell surface
location, especially as this appears to be where PrPC to PrPSc

conversion may take place (26-28). Although the GPI
anchor directs PrP to certain microdomains on the cell
membrane, neither it nor the membrane appears to signifi-
cantly influence the structure of PrP. Studies of rPrP anchored
to raftlike liposomes demonstrate that the three-dimensional
structure is identical to that of rPrP in solution (29, 30).

Our results show that PrP-PrP interactions are indeed
promoted by addition of Cu2+ and Zn2+. Interestingly, Zn2+

appears to promote these interactions to a much greater

degree than Cu2+. Further, through mutation studies, we
demonstrate that glutamine (Gln) and tryptophan residues
(Trp) play important roles in PrP-PrP interactions. This
study advances the understanding of these interactions and
thus may provide further insight into the mechanism of
endocytosis and the normal physiological function of the
prion protein.

MATERIALS AND METHODS

Synthesis and Purification.All peptides were prepared by
solid-phase synthesis using standard fluorenylmethoxycar-
bonyl (Fmoc) methods. The peptides were all acetylated at
the N-terminus and amidated at the C-terminus. The fluo-
rescent molecule 1-pyrenebutyric acid (1-PBA) was pur-
chased from Aldrich (97% pure) and attached via amide bond
formation to the side chain of lysine, previously methyltrityl
protected, using HBTU, HOBt, and diisopropylethylamine
in DMF. Peptides were cleaved from the Rink Amide MBHA
resin over a 2 h period using a 95% trifluoroacetic acid/
2.5% water/2.5% triisopropylsilane solution (v/v/v). Finally,
all peptides were purified by reverse-phase HPLC, using a
C18 column, and characterized by electrospray ionization
mass spectrometry (ESI-MS) (Bruker Esquire 3000plus
quadrupole ion trap).

The molecule 4-pyren-1-yl-N-[2-(4-pyren-1-ylbutyrylami-
no)cyclohexyl]butyramide (Dipyrene; see Figure 3) was
synthesized in a one-step reaction by combining 1.92 mmol
of (1R,2S)-1,2-diaminocyclohexane, 3.87 mmol of 1-pyreneb-
utyric acid, 3.88 mmol of HBTU, and 3.85 mmol of
diisopropylethylamine in 25 mL of DMF for 1 h. The
molecule was purified by washing with DMF, as it had
limited solubility in this solvent whereas all the starting
reagents readily dissolve in it, followed by extensive rinses
with ethanol. The molecule was characterized by1H NMR.

Liposome Preparation.For all experiments, small unila-
mellar vesicle (SUV) liposomes were prepared by making a
0.40 M stock solution of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) in ethanol (DMPC purchased from
Avanti Polar Lipids). A 50µL aliquot of the DMPC solution

FIGURE 1: Sequence information and structural details of SHaPrP.
(a) The metal binding region of PrP resides in the flexible
N-terminal domain, and the five main Cu2+ binding sites are located
in the region of residues 60-96. (b) The structure of a single
octarepeat binding site (left) was determined from crystallographic
and spectroscopic data. The coordination sphere for residues 91-
96, GGGTH (right), is a model based on spectroscopic data.

FIGURE 2: General illustration of pyrene-labeled peptides anchored
to the outer surface of a SUV. When pyrene fluorophores (colored
blue at the left) come into the proximity of one another, they form
excimers (colored red at the right) which produce a distinct
fluorescence signal at a longer wavelength.
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was then added dropwise to 15 mL of a stirring phosphate
buffer solution (0.026 M NaH2PO4 and 0.041 M Na2HPO4

in water) with a pH of 7.25. The mixture was then sonicated
at 40°C for 5 min to produce SUV liposomes (31). Peptides
were dissolved in dimethyl sulfoxide (DMSO) so that they
would remain monomeric in solution, and stock concentra-
tions ranged from 1.0 to 3.0 mM, as determined by the
absorbance of the pyrene fluorophore at 345 nm (ε ) 4.3×
104 M-1 cm-1). High peptide concentrations were necessary
to ensure that the final concentration of DMSO was
negligible in the liposome solution. Pyrene-labeled peptides,
1-pyrenebutyric acid or Dipyrene, were introduced into the
liposome by adding an aliquot of stock solution dropwise to
the stirring SUV liposome solution. Addition of pyrene-
labeled peptides to solutions of preformed liposomes ensures
that the peptides anchor to the outer surface of the liposome.
The peptide to liposome molar ratios were less than 1:100.

Fluorescence Spectroscopy.All fluorescence spectra were
collected on an ISS PC1 photon counting spectrofluorometer.
In all cases, sample volumes of 3.0 mL were placed in a
1.0 cm quartz fluorescence cell for measurement. The sample
was excited at 345 nm, and an emission spectrum from 350
to 650 nm was recorded. Titrations were conducted by adding
small aliquots (1-5 µL additions) from a CuSO4 solution
in 10 mM N-ethylmorpholine buffer (pH 7.4). The sample
was agitated for approximately 1 min, and the fluorescence
spectrum was then recorded. All experiments were performed
in triplicate unless otherwise indicated.

The excimer/monomer ratio (E/M) was calculated by
integrating the signal intensity from 370 to 429 nm for the
monomer contribution and from 430 to 600 nm for the
excimer contribution. The E/M ratio of 1-PBA was taken to
represent 100% monomer contribution (0% fluorophore
interaction), and the E/M ratio of Dipyrene was taken to
represent 100% excimer contribution (100% fluorophore
interaction). The percent of interacting pyrene fluorophores
was calculated using eq 1.

where (E/M)1-PBA ) 0.05 ( 0.02 and (E/M)Dipyrene ) 8.67
( 0.01.

Molecular Dynamic (MD) Modeling Simulations.The
generalized Born (GB) model was utilized in the molecular
modeling to represent solvation effects. The GB model
effectively depicts the electrostatics of molecules in an
aqueous environment by representing the solvent as a
continuum with the dielectric properties of water, including
the charge screening effects of a salt. The main advantage
to using the GB model is a significant reduction in the
computational time and power required to perform the
calculation. The MD modeling consisted of three separate
simulations. The first simulation minimized the peptide
conformation so that it was in a low-energy form at a
temperature of absolute zero. Next, a warming simulation
was performed on the minimized conformation that increased
the temperature of the system from 0 to 300 K in 6 ps. The
final MD simulation was then run until the rms value
stabilized, indicating equilibrium within the system, which
was on the order of several nanoseconds. The MD simula-
tions were performed with AMBER (32) on an SGI Origin
350 workstation.

RESULTS

PrP Model Peptide and Metal Effects.We have synthe-
sized PrP peptides that contain fluorescent lipophilic anchors
covalently attached at their C-termini. When incorporated
on the outer surface of liposomes, these model peptides allow
PrP-PrP interactions to be probed as a function of added
metal. Further, these peptides are synthesized, so the role of
single residues is easily explored through mutation. The
fluorescence assay is based on the proximity of pyrene
fluorophores, which are located inside the lipid bilayer
(Figure 2). When two pyrene molecules are close in space,
they form an excimer species which has an emission
spectrum distinct from that of monomeric pyrene. The ratio
of the excimer signal to the monomer signal provides a means
of quantitating the level of interactions.

The excimer/monomer ratio (E/M), which was calculated
by integrating the signal intensity from 370 to 429 nm for
the monomer contribution and from 430 to 600 nm for the
excimer contribution, helps to illustrate the degree of
interaction in a quantitative manner. Using the model
compounds 1-pyrenebutyric acid (1-PBA) and Dipyrene, a
scale corresponding to percent fluorophore interaction was
developed. Figure 3 shows the overlaid fluorescence spectra
of these two compounds in DMPC liposomes. At low
concentrations (<100 µM), the E/M ratio of 1-PBA was
taken to represent 100% monomer contribution and thus 0%
fluorophore interaction. Similarly, the E/M ratio of Dipyrene
was taken to represent 100% excimer contribution and thus
100% fluorophore interaction.

The model peptide of the metal binding region of PrP is
shown in Figure 4 (and Table 1) and is termed the native
PrP model. It also contains the KKRPKP solubilizing
sequence at the N-terminus, corresponding to residues 23-
28, and glycine spacers at the C-terminus surrounding the
lysine-linked pyrene anchor. The glycine spacers were added
to increase the synthetic yield of the peptide and to provide
sufficient distance between the lipophilic anchor and metal
binding region. Peptides like this, albeit without the pyrene
fluorophore, have been shown to bind copper in a manner
consistent with that observed for the full-length protein

FIGURE 3: Overlay of the fluorescence spectra of 1-PBA and
Dipyrene, each at a concentration of 1.55µM, in a DMPC liposome
solution. The spectrum of 1-PBA exhibits maxima at 375 and
395 nm, indicative of noninteracting fluorophores, whereas the
broad peak at∼459 nm for Dipyrene is characteristic of excimer
formation.

% interaction) [(E/M)measured- (E/M)1-PBA]/

[(E/M)Dipyrene- (E/M)1-PBA] × 100 (1)
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(see Figure 1) (16-18). The fact that PrP-PrP interactions
have been observed between fusion proteins containing the
octarepeat region (residues 60-91) and between full-length
rPrPs indicates that study of the metal binding region itself
should provide meaningful information about the nature of
these interactions (20, 23, 25).

A series of quenching experiments were undertaken to
ensure that the pyrene fluorophore was being incorporated
into the liposomes. First, the lipid soluble quencher bro-
mobenzene (BB) was added during preparation of the
liposomes. When a concentration of 240µM bromobenzene
was used (which yielded an 18:100 BB:DMPC molar ratio),
the total fluorescence intensity was reduced by approximately
55% for the native peptide system and for 1-pyrenebutyric
acid itself. Further quenching was not achieved because
increasing the BB concentration disrupted the liposomes. The
fact that a lipid soluble quencher is effective at quenching a
large percentage of the fluorescence intensity indicates that
a high percentage of the pyrene moieties is incorporated into
liposomes. If a significant amount of the pyrene fluorophore
was partitioning into another lipophilic environment, e.g., if
the peptide folded upon itself to provide a hydrophobic
interior, then the BB would not be present there to cause
quenching, and one would expect a more intense fluorescence
signal.

Almost no fluorescence signal was observed when the
pyrene-labeled peptides were prepared without DMPC. Thus,

it can be concluded that any of the fluorophore not
incorporated into the liposome does not produce a fluorescent
signal. The Cu2+ titration of the native PrP model
(Figure 5a) shows that exposure to metal does not cause
significant dissociation of the pyrene moiety from the
liposome because a significant reduction in fluorescence
intensity would have been observed. In all cases, the
fluorescent counts, as measured by integration of the entire
spectrum, at 100 equiv of Cu2+ were within (10% of the
counts at 0 equiv of Cu2+. Last, to ensure that the pyrene-
labeled peptides did not self-associate over extended time
periods, a time dependence study was conducted. The E/M
ratio of the native PrP model in liposome solution showed
little variation over a 4 hperiod, which corresponds to the
length of time for a single complete titration experiment.

Figure 5a displays the fluorescence spectrum of the native
PrP model in the liposomal system at pH 7.25. Visual
examination of the spectrum reveals the presence of a low-
intensity excimer peak at 0 equiv of added Cu2+. The
concentration of the peptide was 4.15µM, which in control
experiments with 1-pyrenebutyric acid and control peptides

FIGURE 4: Composition and details of the peptide model of PrP’s
metal binding region. The pyrene fluorophore was linked to the
side chain of a C-terminal lysine.

Table 1: PrP-Derived Peptide Sequencesa

a All peptides contain a pyrene (Pyr) fluorophore attached to the
side chain of a C-terminal lysine.

FIGURE 5: (a) Fluorescence spectra of the native PrP peptide (4.15
µM) at three different Cu2+ loadings in a liposomal solution. (b)
E/M ratio for the native PrP peptide as a function of titrated Cu2+

(O) and Zn2+ (9). (c) Fluorescence spectra of the native PrP peptide
(4.26µM) at three different Zn2+ loadings in a liposomal solution.
The percent of interacting fluorophores presented at the right,y-axis,
was calculated using eq 1. The metal ion concentration is reported
in equivalents per peptide. Error bars represent one standard
deviation.
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was well below the threshold at which pyrene concentration
alone could account for excimer formation. Thus, we
conclude these peptides interact with each other to a small
degree in the absence of metal. Point mutation studies, which
will be discussed below, further serve to support this
conclusion.

When copper is titrated into the peptide/liposome solution,
the excimer peak grows in intensity with a concomitant
decrease in the magnitude of the monomer peak (Figure 5a).
A plot of the E/M ratios versus the number of equivalents
of copper added is shown in Figure 5b. Overall, addition of
Cu2+ increases the E/M ratio from 0.53( 0.02 to 1.15(
0.09, which represents a 117% change. Alternatively, this
can be viewed in terms of the percent of interacting peptides,
with an initial value of 5.6% in the absence of Cu2+ and
reaching 13% at 100 equiv of Cu2+. The half-maximal effect
is reached at approximately 8 equiv of added Cu2+. These
data suggest that Cu2+ does in fact promote interactions
between PrP molecules. The effect observed here is also
reversible; for instance, when the metal chelator histidine is
added in an amount equivalent to the copper concentration,
the magnitude of the excimer peak is reduced to its pre-
copper-loaded value (i.e., E/M) 0.53( 0.02; see Table 2
for all E/M values and percent interactions). Addition of
glycine was also effective, but a higher concentration was
necessary to reduce the intensity of the excimer peak (data
not shown).

Addition of zinc to the peptide/liposome solution produces
an effect similar to that of copper, although it is more
pronounced (Figure 5b,c). Addition of Zn2+ increases the
E/M ratio from 0.50( 0.02 to 2.0( 0.3, representing a
300% change. At 100 equiv of added Zn2+, 23% of the
peptides are interacting. The half-maximal effect is reached
around 3.0 equiv of added Zn2+, and there is clearly a
saturation point at 10 equiv of Zn2+. These results suggest
that Zn2+ is more effective at bringing fluorophores close
together and thus promoting PrP-PrP interactions more
effectively.

Other divalent metals such as Ni2+, Co2+, and Ca2+ did
not cause excimer formation; as an example, the titration of
the native PrP peptide with Co2+ is shown in Figure 6. This
demonstrates that the effect being observed is specifically
promoted by Cu2+ and Zn2+.

Exploring Residues Responsible for PrP-PrP Interactions.
Model peptides with point mutations were synthesized to
explore the residues responsible for the metal-induced PrP-
PrP interactions and to gain a better understanding of the
types of interactions between peptides. Given the repetitive
nature of the metal binding region of PrP, our initial approach

involved the complete mutation of one residue type with
alanine. We selected Gln and Trp as the residues to mutate
because they possess functionalized side chains and are not
essential for directly coordinating Cu2+ or Zn2+ (11). The
constitutions of the Glnf Ala and Trpf Ala peptides are
listed in Table 1.

Binding studies have shown that glutamine is not necessary
for Cu2+ coordination by PrP. This, in conjunction with the
fact these Gln residues are highly conserved in mammalian
prions (2), led to the hypothesis that they facilitate intermo-
lecular interactions between neighboring, membrane-an-
chored PrPs (11). Figure 7 displays the E/M ratio for the
Cu2+ titration of the Glnf Ala peptide. Although the initial
E/M ratio of 0.41( 0.04 was close to that of the native PrP
model (E/M) 0.53( 0.02), the growth of the excimer peak
as a function of added Cu2+ was noticeably different. Overall,
addition of Cu2+ increases the E/M ratio from 0.41( 0.04
to 0.76( 0.03, a change of 85%, and the half-maximal effect
was reached at approximately 20 equiv of added Cu2+. From
these data, it can be concluded that the Gln residues play a
role in mediating Cu2+-induced PrP-PrP interactions. The
effect of the Gln mutation is more subtle in the case of Zn2+-
promoted interactions, as shown in Figure 7. This titration
curve follows the same trend as that of the native PrP model,
with an apparent foldover point at 10 equiv of added Zn2+

and a half-maximal effect at approximately 3 equiv of added
Zn2+. The major difference was found in the overall change
in the E/M ratio from 0.42( 0.04 to 0.92( 0.09, which is
a 119% change.

The second residue that was examined was tryptophan.
The metal binding region of PrP has a high frequency of
Trp residues, a residue which is also highly conserved across

Table 2: E/M Ratios and Percent Interaction for PrP-Derived
Peptides

% of peptides interacting

peptide and metal (E/M)initial (E/M)final initial final

native PrP and Cu 0.53( 0.02 1.15( 0.09 5.6( 0.5 13( 1
native PrP and Zn 0.50( 0.02 2.0( 0.3 5.2( 0.3 23( 3
Gln f Ala PrP and Cu 0.41( 0.04 0.76( 0.03 4.2( 0.5 8.2( 0.4
Gln f Ala PrP and Zn 0.42( 0.04 0.92( 0.09 4.2( 0.5 10( 1
Trp f Ala PrP and Cu 0.05( 0.01 0.27( 0.01 0.03( 0.02 2.6( 0.3
Trp f Ala PrP and Zn 0.05( 0.03 0.63( 0.03 0.03( 0.02 6.7( 0.4
OR2 PrP and Cu 0.38( 0.03 0.65( 0.03 3.8( 0.4 6.9( 0.4
OR2 PrP and Zn 0.26( 0.07 1.46( 0.07 2.4( 0.8 16.4( 0.9
Trp73f Ala PrP 0.34( 0.01 - 3.4( 0.3 -

FIGURE 6: E/M ratio for the native PrP peptide (4.78µM) as a
function of titrated Co2+. This experiment was performed in
duplicate, and error bars represent 10% of the largest E/M value
measured.

FIGURE 7: E/M ratio for the Glnf Ala PrP peptide (4.66µM) as
a function of titrated Cu2+ (O) and Zn2+ (9). Error bars represent
one standard deviation.
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mammalian prions (2). The crystal structure of the HGGGW-
Cu2+ complex reveals that Trp may participate in Cu2+

coordination, although in a peripheral manner. The nitrogen
of the indole side chain may participate in a hydrogen bond
with the oxygen of an axially bound water. The fluorescence
spectra of the Trpf Ala model as a function of added Cu2+

are noticeably different from those of the native PrP model
(Figure 8a). First, the photon counts are much higher; in fact,
they are the same as those observed for an equal concentra-
tion of 1-pyrenebutyric acid incorporated into a liposome.
It appears this peptide incorporates itself into the liposome
in such a way that the pyrene is less effectively quenched,
perhaps due to deeper penetration into the lipid membrane.
Again, incorporation of BB reduced the fluorescence intensity
in the expected manner, ensuring the pyrene is incorporated
into the liposome. Second, there is no evidence of an initial
excimer peak in the absence of added metal. The E/M of
0.052 ( 0.02 is similar to that of 1-pyrenebutyric acid
(E/M ) 0.050 ( 0.02). This feature was particularly
interesting, and this will be addressed further in the following
section. As Cu2+ was added, the counts reduced dramatically
(at 100 equiv of Cu2+, the counts were 20% of their initial
value at 0 equiv of Cu2+), and an excimer peak grew in
intensity. We hypothesize that metal binding reorganizes the
peptide, causing the pyrene to relocate closer to the lipo-
some-water interface. Normalizing the most intense peak
at 372 nm allows the excimer formation to be seen (data
not shown). The titration plot (Figure 8b) shows an overall
increase in the E/M ratio as a function of added Cu2+. Prior
to the addition of Cu2+, there are almost no peptide-peptide
interactions, as E/M) 0.03 ( 0.02, and at 100 equiv of
added Cu2+, this value grows to an E/M of 0.27( 0.01,
which means only 2.6% of the peptides are interacting at
this high Cu2+ load.

The Zn2+ titration was similar to that with Cu2+, but no
change in the E/M ratio was observed until 4 equiv of Zn2+

was added (Figure 8b). Addition of Zn2+ increased the E/M
ratio from 0.05( 0.03 to 0.63( 0.03. Again, prior to the
addition of Zn2+, almost no peptide interactions are present.
At 100 equiv of Zn2+, only 6.7% of the peptides are
interacting. Overall, this model peptide behaves in a manner
very different from that of the native PrP model.

Truncated Models of PrP’s Metal Binding Region.The
repetitive nature of the metal binding sequence led us to
question whether the metal-dependent interactions required
the full metal binding region or whether it could function in
a segmental manner. To explore whether smaller segments
could promote PrP-PrP interactions, albeit to a lesser degree,
we synthesized the OR2 model peptide (Table 1). This
peptide spans residues 76-98 and contains two octarepeats
and the GGGTH binding site. A plot of the E/M ratios versus
the equivalents of copper added is shown in Figure 9.
Overall, addition of Cu2+ increases the E/M ratios from
0.38( 0.03 to 0.65( 0.03, a change of 71%, and the half-
maximal effect is reached at approximately 34 equiv of added
Cu2+. Again, the titration with Zn2+ is noticeably different,
where addition of the metal increases the E/M ratio by 462%
(from an E/M of 0.26( 0.07 to 1.46( 0.07), and the half-
maximal effect is reached at approximately 4.9 equiv
(Figure 9). This very large percent change is due to the low
level of peptides initially interacting (i.e., 2.4% prior to
addition of Zn2+).

Computational Studies of PrP-PrP Interactions in the
Absence of Added Cu2+ and Zn2+. The metal free fluores-
cence spectrum of the Trpf Ala model showed no excimer
peak, indicating that Trp is necessary for PrP-PrP interac-
tions in the absence of metal. We hypothesize that the Trp
residues may be interacting either in a hydrophobic manner
or by π-π interactions. To explore this, we performed
molecular dynamic (MD) modeling simulations. The gen-
eralized Born (GB) model was utilized for the molecular
modeling to represent solvation effects. The sequence shown
in the caption of Figure 10 was used for molecular dynamic
simulations, and it encompasses the full-length PrP metal
binding region. The initial starting coordinates for the model
were taken from a NMR structure of HuPrP(61-84) contain-
ing three octarepeat units (PDB entry 1OEI) (33). The
remaining octarepeat and GGGTH binding site were then
added to this file along with the solubilizing sequence. It
should be noted that the molecular modeling was performed
on peptides in free solution and not anchored to a membrane.

FIGURE 8: (a) Fluorescence spectra of the Trpf Ala PrP peptide
(4.51 µM) at three different Cu2+ loadings. (b) E/M ratio for the
Trp f Ala PrP peptide (4.51µM) as a function of titrated Cu2+

(O) and Zn2+ (9). This experiment was performed in duplicate,
and error bars represent 10% of the largest E/M value measured.

FIGURE 9: E/M ratio for the OR2 peptide (3.61µM) as a function
of titrated Cu2+ and Zn2+. This experiment was performed in
duplicate, and error bars represent 10% of the largest E/M value
measured.
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The purpose of these modeling studies is to provide the first
step in exploring the feasibility of intermolecular Trp-Trp
interactions between PrPs via their metal binding region.

Panels a and b of Figure 10 display the equilibrated GB
model of the PrP model peptide as a ribbon model and the
surface potential diagram, respectively. In Figure 10a, we
notice that the C-terminus extends away from the rest of the
peptide, a conformation that could allow the pyrene fluoro-
phore to extend into a liposome. The solubilizing sequence
at the N-terminus of the peptide model extends away from
the copper-coordinating region. Interestingly, one of the Trp
residues (Trp73) is exposed to the water potential as
illustrated in the surface potential diagram of PrP. Because
tryptophan possesses a hydrophobic side chain, one would
expect all the indole rings to be shielded from the hydrophilic
environment by clustering inside of the peptide. The sug-
gestion that Trp73 may be solvent-exposed led us to
hypothesize that a Trp73-Trp73 interaction may be respon-
sible for the self-association in the absence of metal. Again
we used MD modeling to address this possibility.

A dimer was constructed by bringing two PrP molecules
together so that the Trp73 residues stacked in a face to face
manner. This dimer model served as a starting point for MD
calculations, and the simulation ran for 3 ns before reaching
equilibrium. The starting and final MD structures are shown
in panels a and b of Figure 11, respectively. Two noteworthy
points from this simulation are (1) the dimer remained intact
and (2) a number of Trp residues migrated close to one
another, forming what appears to be a hydrophobic cluster.
These simulations provided the basis for synthesizing and
testing the Trp73f Ala model peptide, the fluorescence
spectrum of which is shown in Figure 12. An excimer peak
is still present in this case, but the E/M of 0.34( 0.01 is
noticeably lower than that of the native peptide model where

E/M ) 0.53( 0.02. This finding strongly suggests that Trp
residues might be important for low-level PrP-PrP interac-
tions that facilitate PrP clustering.

DISCUSSION

The findings reported here demonstrate that both Cu2+ and
Zn2+ promote interactions between the metal binding regions
of PrP molecules (Figure 5), as modeled by the C-terminally
pyrene-anchored PrP(23-28,57-98) peptide. These interac-
tions are reversible because addition of chelators reduces the
E/M ratio to its original metal-free value. Further, these
interactions are specific to Cu2+ and Zn2+ because other
divalent cations did not increase the E/M ratio significantly.
Together, these results bear a striking parallel to cell studies
showing that only Cu2+ and Zn2+ stimulate endocytosis (9)
and to oligomerization studies demonstrating the involvement
of metal ions (20, 23, 25).

It is particularly notable that Zn2+ promotes PrP-PrP
interactions more effectively and to a much greater extent
than Cu2+ (23 and 13%, respectively). A number of studies
have examined the metal binding affinity of PrP for metals
other than Cu2+, and the general conclusion is that Zn2+

bound weakly. Although Qin et al. (16) were unable to
directly detect any Zn2+-bound forms of HuPrP23-98 using
MALDI-MS, they did find that addition of Zn2+ protects one
or two histidine residues from diethyl pyrocarbonate (DEPC)
modification, in contrast to the five protected by Cu2+.
Working with PrP57-91, Whittal et al. observed Zn2+

binding by ESI-MS and concluded that theKd exceeds
25 µM (34). None of the mass spectrometry studies report
detection of peptide oligomerization caused by the addition
of Zn2+. This may be explained, in part, by the fact that the
MS studies were performed on peptide solutions, whereas

FIGURE 10: Generalized Born model of the equilibrated PrP peptide. (a) Three-dimensional rendering and (b) surface potential diagram.
Tryptophan residues are highlighted in purple. The peptide sequence and numbering system used for computations is illustrated below.
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this study used liposome-anchored peptides, which should
better approximate in vivo conditions. Further, the interac-
tions responsible for oligomer formation may be disrupted
by the desolvation conditions encountered in the MS experi-
ment. Jackson et al. report that the Zn2+ binding affinities
of both HuPrP91-231 and HuPrP52-98 are several orders
of magnitude weaker than for Cu2+, although the absolute
Kd values they determined are unusually low and far outside
the range most other studies report (35). Despite the finding
that PrP’s affinity for Zn2+ appears to be very weak, the
fact that other divalent metals, especially Co2+, were unable
to promote PrP-PrP interactions leads us to conclude that
membrane-anchored PrP does indeed specifically bind Zn2+.

The hypothesis that PrP is involved in neuronal zinc
homeostasis has already been put forth on the basis of the
observations that Zn2+ stimulates PrP endocytosis and the
levels of Zn2+ present in the brain are very high (36). The
zinc concentration is much higher in the brain parenchyma
than that of copper, with one report of 350µM Zn2+ versus
70µM Cu2+ (37). Other researchers have reported measuring
similar Zn2+ concentrations for wet brain tissue (38). It is
difficult to specify the extracellular Zn2+ concentration, but
if the Zn2+ concentration of the cerebral spinal fluid (CSF)
is taken to represent the extracellular Zn2+ concentration,
then it is in the nanomolar range (39, 40). It is unlikely that
PrP could successfully compete for Zn2+ at concentrations
below the tens of micromolar range. However, at the peak
of stimulated neuronal activity, the concentration of Zn2+

released into the extracellular space has been reported to
reach as high as 300µM (41). This concentration is within
the range used by Harris to stimulate endocytosis in PrP-
expressing N2a mouse neuroblastoma cells (100-500 µM)
(8). Therefore, the interaction of PrP with Zn2+, which
promotes PrP-PrP interactions, is potentially relevant from
a physiological standpoint. Our findings here also support
similar arguments for PrP’s involvement in Cu2+ homeostasis
(8, 11, 12). It appears PrP may be a bifunctional molecule
capable of responding to fluctuations in both neuronal Cu2+

and Zn2+ levels.
Differentiation between the formation of dimeric species

and higher-order multimeric species is not possible using
the method to detect peptide-peptide interactions, i.e., the
proximity of pyrene fluorophores and their ability to form
excimer complexes. At a minimum, we can conclude at least
dimers form, but the results of other researchers strongly
suggest that PrP interacts in such a way that they form higher-
order multimeric species (20, 23, 25). The nature of the Cu2+-
induced PrP-PrP interaction has been investigated in depth
by Gasset and co-workers (20). Using X-ray absorption
spectra of BoPrP(24-242) and numerous octarepeat peptide
models, they concluded that at half-site occupancy the Cu2+

coordination sphere consisted of four equatorial nitrogens,
two from histidine imidazole rings and two from deproto-
nated glycine amides. From this, they proposed that the
coordination of a single Cu2+ by two histidine residues, each
provided by a different PrP molecule, constitutes the mech-
anism of PrP cross-linking. The existence of different
coordination modes as a function of Cu2+ occupancy has
been further investigated by Chattopadhyay et al. (19).
Similarly, they provide evidence of the coordination of a
single Cu2+ by two or more His imidazoles at intermediate
Cu2+ occupancy. As the Cu2+ load is increased, ultimately
resulting in full Cu2+ occupancy, the coordination mode of
the octarepeat unit changes such that a pentacoordinate
complex forms involving the specific HGGGW residues
(11, 18). At this point, each octarepeat histidine coordinates
a single Cu2+ (11, 18-20). This binding mode does not
support metal cross-linking via coordination of multiple His
residues. Given that we observe that the frequency of PrP-
PrP interactions to increase as a function of added Cu2+ or
Zn2+, at levels where full saturation is expected, suggests
that either the binding mode characterized at low and
intermediate Cu2+ loads persists at or near full Cu2+

saturation, a finding in line with Chattopadhyay et al.’s work,
or another cross-linking mechanism is operative. Since we

FIGURE 11: Generalized Born model of a PrP-PrP dimer. (a)
Starting structure for GB molecular modeling of a PrP dimer based
on interaction between Trp73 of each peptide. (b) Equilibrated GB
structure. Trp residues are highlighted in orange, and three indole
side chains (Trp73 being the left molecule and Trp65 and Trp73
the right molecule) are displayed as space filling representations.

FIGURE 12: Fluorescence spectrum of the Trp73f Ala PrP peptide
(3.10 µM) in a liposomal solution.
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have yet to spectroscopically characterize the Cu2+-bound
forms of the pyrene-anchored PrP molecules in their lipo-
somal environment, the possibility that the coordination
mode, or population of coordination modes, differs from that
observed in solutions without liposomes exists. Both the
truncated PrPs and those with point mutations, discussed
below, will serve to help resolve the mechanism of metal-
mediated PrP cross-linking.

Direct structural investigation of binding of Zn2+ to PrP
is complicated by the fact it is a d10 metal which is EPR
silent and NMR inactive. Thus, it eludes direct detection by
both electronic and magnetic resonance spectroscopy. Even
though structural information about PrP-Zn2+ binding is
lacking, it is likely that the mechanism of PrP-PrP interac-
tion promoted by Zn2+ involves multiple-His coordination
from different PrP molecules. The majority of Zn2+ binding
proteins make use of the imidazole nitrogen of histidine, the
carboxyl group of glutamic acid (Glu), and the sulfhydryl
group of cysteine (Cys) as ligands (42, 43). Since PrP’s metal
binding region lacks all of these residues except His, and
given that Zn2+ is not widely reported to bind to deprotonated
amide nitrogens as Cu2+ does, His is the only reasonable
candidate as a ligand. Again, the truncated PrPs and those
with point mutations will serve to help resolve the mechanism
of Zn2+-mediated PrP cross-linking.

The OR2 peptide, which contains two octarepeats plus the
GGGTH binding site, serves to answer the question of
whether the metal-dependent interactions require the full
metal binding region. In the case of Cu2+ addition, the
titration curve significantly deviates from that of the corre-
sponding native PrP model. The percent of PrP-PrP interac-
tions at first decreases as a function of added Cu2+, and at
the end point, the overall percent interaction is 6.9% versus
13% for the native PrP model. Interestingly, the OR2 model
does interact with itself in a Cu2+-dependent manner,
although the maximum degree of interaction has been
reduced by close to 50% (when compared to that of the native
peptide). Thus, the full octarepeat region is needed for normal
titration behavior, but not a requirement for interactions to
occur. It is interesting to note that the percent interaction
appears to scale with the number of octarepeat units (note,
the native PrP peptide has four octarepeat units). The
behavior of OR2 as a function of Zn2+ is remarkably similar
to that of the native PrP model, the only difference being
that the amount of Zn2+ needed to produce the half-maximal
effect has increased by 40% and the overall percent interac-
tion has decreased by 40%. These numbers appear to scale
with the total number of binding units or His residues, of
which the native PrP peptide has five.

Previously, it has been proposed that the Gln side chains
of the metal binding region facilitate intermolecular recogni-
tion between neighboring PrPs. Both Gln and Asn rich
regions are thought to participate in regulatory processes
through protein-protein contacts (44). Glutamine residues
are also key components in the formation of “polar zippers”,
which are â-sheets strengthened by side chain hydrogen
bonding interactions (45). Interestingly, a number of neu-
rodegenerative diseases are linked to abnormally expanded
glutamine repeats (46). The Cu2+ titration of the Glnf Ala
peptide demonstrates the importance of this residue in PrP-
PrP interactions. Addition of a much greater amount of Cu2+

to this mutant is required before a significant increase in the

level of interactions occurs. Despite the absence of Gln, Cu2+

is still able to promote PrP-PrP interactions but to a lesser
degree (36% less compared to the native PrP model). On
the other hand, the behavior of the Glnf Ala peptide as a
function of Zn2+ is notably similar to that of the native PrP
model. The amount of Zn2+ needed to produce the half-
maximal effect is essentially unchanged, even though the
overall percent interaction has decreased by 50%. Overall,
Gln plays a very important role in PrP-PrP interactions,
especially those promoted by Cu2+, but another cross-linking
mechanism must also be operative. Two ways can be
envisioned by which Gln can facilitate PrP-PrP interactions.
(1) It forms H-bonds, very likely to another Gln residue, or
(2) it exerts a steric effect given the restricted rotation of its
φ andψ angles.

The mutation of the Trp residues, as assessed by the Trp
f Ala peptide, had a profound effect on not only the metal-
induced interactions but also the amount of PrPs associating
in the absence of metal. The Cu2+ and Zn2+ titration behavior
of the Trpf Ala peptide was significantly altered from that
of the native PrP model, with only minimal increases in the
percent of interactions. The photon counts observed for this
peptide are much higher than for any other peptide system
that has been studied; in fact, they are the same as observed
for an equal concentration of 1-pyrenebutyric acid incorpo-
rated into a liposome. It appears this peptide incorporates
itself into the liposome in such a way that the pyrene anchor
is located deeper inside. As Cu2+ was added, the counts were
reduced dramatically (at 100 equiv of Cu2+, the counts were
20% of their initial value at 0 equiv of Cu2+), and an excimer
peak grew in intensity. We hypothesize that metal binding
reorganizes the peptide, causing the pyrene to relocate closer
to the liposome-water interface. Since this system behaved
differently than the others, it is difficult to completely
separate the effects of the altered membrane anchoring from
Trp’s influence on PrP-PrP cross-linking. Although it is
possible that Trp-Trp interactions provide the mechanism
of cross-linking, to a lesser degree without metal and to a
greater degree with metal bound, it is also possible that
substitution of the Trp residues alters PrP’s metal binding
modes and affinities. Zahn finds that the HGGGW segment
of each octarepeat exists in a “loop” conformation at
physiological pH (33). This HGGGW loop conformation has
a backbone fold similar to that observed in the HGGGW-
Cu2+ crystal structure. Disruption of the apparently preor-
ganized binding site may lower the Cu2+ binding affinity
and/or promote the population of a coordination mode that
does not facilitate PrP-PrP interactions.

Our findings that Trp is responsible for PrP-PrP interac-
tions in the absence of metal also support Zahn’s proposition
that the HGGGW loop conformation promotes PrP aggrega-
tion (33). We used molecular modeling to explore the
possibility of Trp-Trp interactions being the basis for a low
level of PrP-PrP interactions observed in the absence of
Zn2+ or Cu2+. Two noteworthy points from this simulation
are (1) the dimer remains intact and (2) a number of Trp
residues migrate close to one another, forming what appears
to be a hydrophobic cluster. Interestingly, mutation of a
single Trp, in this case Trp73, to an Ala causes a noticeable
decrease in the percent interaction with no metal present
(5.6% in the native PrP model vs 3.4% in the Trp73f Ala
model peptide). Combined, these results support the hypoth-
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esis that the Trp residues of the metal binding region are
responsible for metal-free PrP-PrP interactions. These
interactions may explain the baseline degree of PrP endocy-
tosis observed in the absence of added metals (8, 47). It is
interesting to speculate that the hydrophobic clustering of
tryptophans may also be the basis of irreversible aggregation
when the octarepeat domain is expanded, as found by
Leliveld et al. (23) and observed in certain fCJD cases (24).
Analysis of these interactions and the nature of the PrP-
PrP structures formed may provide a target for drug design.

The distribution and behavior of GPI-anchored PrPC on
the cell surface is increasingly being regarded as a key to
understanding the normal cell biology of PrPC and perhaps
the pathogenesis of TSEs. So far, Cu2+- and Zn2+-stimulated
PrP endocytosis is the only well-established physiological
response with which this protein is associated. Thus,
understanding the mechanisms involved in endocytosis is
greatly important. PrPC has been shown to reside primarily
in detergent-insoluble lipid rafts on the surface of neuronal
cells, regions reportedly rich in cholesterol and glycosphin-
golipids (28, 48, 49). Exposure to Cu2+, and presumably
Zn2+, causes PrPC to move out of the rafts into detergent-
soluble regions before it is endocytosed via clathrin-coated
pits. Taylor et al. (49) argue that Cu2+ binding lowers PrPC’s
affinity for unspecified raft components, thus freeing PrPC

so it can dissociate from the raft domain and then be
internalized. Our findings here, that Cu2+ and Zn2+ cause
PrP to self-associate, provide a plausible mechanism for this
proposal. Alternatively, the self-association of PrP may give
the newly formed oligomers the ability to exit the raft
domain, a proposal similar in nature to that of Zahn, where
pH-dependent aggregation of PrPC molecules within lipid
rafts may concentrate the protein sufficiently to stimulate
endocytosis [although in this case no reference was made to
Cu2+ stimulating endocytosis (33)]. Whatever the case may
be, PrP dimers or oligomers are sure to play an important
role in Cu2+- and Zn2+-stimulated endocytosis.
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