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Abstract

Prion diseases are neurodegenerative diseases causally linked to the partial unfolding and subsequent misfolding
gation of the prion protein (PrP). While most proteins fold into a single low energy state, PrP can fold into two distinct is
In its innocuous state, denoted as PrPC, the protein has predominantlyα-helical secondary structure, however, PrPC can misfold
into an isoform rich in extended structure capable of forming toxic and infectious aggregates. While prion disease is
to be a protein-only disease, one not requiring any non-protein elements for propagation, the different environments th
finds itself in vivo likely influence its ability to misfold and aggregate. In this review we will examine various molecule
valent modifications and environments PrP faces in vivo and the effect they have on PrP’s local environment and, po
conformation. Included in this discussion are: (1) pH, (2) carbohydrates, (3) lipid membranes, (4) metal ions, and (
molecules.To cite this article: M.L. DeMarco, V. Daggett, C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The prion protein (PrP) is a cell-surface glycop
tein that has a half-life of∼6 hours in the body[1].
PrP is found in mammalian tissues, concentrated
marily in neuronal cells and it is believed to play
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1631-0691/$ – see front matter 2005 Académie des sciences. Publis
doi:10.1016/j.crvi.2005.05.001
role in copper metabolism[2] and/or signal transduc
tion [3]. Under certain conditions, the innocuous cel
lar form of the protein, PrPC, can convert to the letha
scrapie prion protein isoform, PrPSc, which can ag-
gregate with other PrP molecules, resist degrada
and destroy neuronal and glial cells. While PrPC is
believed to play a positive role in cellular function
PrPSc is responsible for transmissible spongiform e
cephalopathies (TSE), which include bovine spon
form encephalopathy in cattle, fatal familial insomn
hed by Elsevier SAS. All rights reserved.
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Creutzfeldt–Jakob disease (CJD) and Kuru in hum
and the namesake of PrPSc, scrapie in sheep and goa

PrPSc, while sharing the same covalent structu
as PrPC [4], can be distinguished from PrPC based
on secondary, tertiary and quaternary structure. PSc

is rich in β-structure with someα-helical structure
(43–45% extended structure, 17–30%α-helix) [5–7],
whereas PrPC has littleβ-structure and is largelyα-
helical (3%β-structure, 47%α-helix) [5]. Unlike the
monomeric PrPC, PrPSc can form oligomeric struc
tures that can be cytotoxic and/or infectious (review
in [8]). PrPSc does not arise from misfolding durin
the synthesis of PrP, but directly from PrPC. Newly
synthesized 253 amino acid PrP polypeptide (hum
numbering) is targeted to the rough endoplasmic re
ulum (ER), after cleavage of the N-terminal sign
sequence (residues 1–22), where an initial core
can is attached to one or both possible glycosyla
sites (Asn-181 and Asn-197), the disulfide bond
formed (between residues 179 and 214) and after
cleavage of the C-terminal signal sequence (resid
231–253) a glycosylphosphatidylinisotol (GPI) anch
is attached (Fig. 1A). On its way to the plasma mem
brane, PrPC transits through the Golgi where the gl
cans are further modified. In its final form, PrPC is
comprised of a large unstructured domain and a g
ular domain that contains threeα-helices and two
shortβ-strands (Fig. 1B) [9,10]. At a point after PrPC

reaches the cell surface, PrPC can be converted t
PrPSc [11–13]. Factors that have been linked to t
conversion of PrP include mutations (genetic or sp
taneous), low pH environments, and exogenous PrSc.

Conversion of PrPC to PrPSc in vitro is most com-
monly identified by a change in secondary struct
and quaternary structure (i.e., aggregation) and an
quired resistance to enzymatic digestion. It is imp
tant to note that these characteristics are not suffic
to claim an infectious, and thus biologically releva
PrPSc species. The nomenclature, PrPSc, was origi-
nally used to denote an infectious species, while
used here in a broader sense to denote a misfo
species with structural and chemical features con
tent with brain-derived and infectious PrPSc. Instead
of the term PrPSc, PrPres is often used as it deno
a species resistant to enzymatic digestion[6]. The
term PrPres more appropriately describes the ag
gate state observed both in vitro and in vivo, for wh
the infectivity of the aggregate has either not be
Fig. 1. Sequence and structure of the prion protein. (A) The hu-
man PrP sequence contain two signal sequences (thin gray l
at the N-terminus (residues 1–22) and at the C-terminus (resi
231–253), an octarepeat region that binds copper (residues 5
colored orange), two shortβ-strands (magenta), three helices, H
(light blue), and HB and HC (blue) which are bound by a disulfi
bond. PrP can be glycosylated (purple) at Asn-181 and Asn
and has a GPI anchor (black) attached to the C-terminal Ser-
(B) Structure of PrPC residues 23–230, colored as in (A). Structure
of residues 125–228 were taken from the NMR structure of hu
PrP (1QLX,[9]), with the remaining residues, sugar and lipid grou
modeled in.

tested or observed. Nevertheless, we adhere to the
vailing convention here and use PrPSc throughout this
text. The reader must keep in mind, particularly w
in vitro and computational studies, that it remains u
certain, that besides the structural and chemical res
blances, whether the misfolding observed bears
infectivity and transmissibility properties of in viv
misfolded PrP.

Since TSEs arise from the unfolding and misfo
ing of PrPC, any environmental factors that can affe
the structure, and thus the conversion, of PrP ar
interest. For instance, PrPC is constitutively cycled be
tween the cell-surface and endocytic compartme
At the cell surface PrP experiences a predomina
neutral pH environment whereas once endocytose
enters a low pH environment. How does the struct
of PrPC at the cell-surface differ from that of PrPC

once it enters an endocytic compartment? Any p
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dependent conformational transition could help de
mine where conversion is taking place. Also, th
exist NMR and X-ray crystallographic structures
soluble, non-glycosylated, recombinant (rec) PrP
several mammalian, a reptilian and an avian spec
but how do these structures compare with the struc
of glycosylated, GPI-anchored PrPC found in vivo?
In this review, we will explore small molecules, c
valent modifications and environments that may in
ence PrP structure including: pH, carbohydrate m
eties, lipid membranes, metal ions and small molec
therapeutics.

2. pH

The presence of PrPSc deposits in the endosom
like compartments of scrapie-infected mouse bra
[14] and the lack of PrPSc deposits in cell culture
where endosome formation was inhibited[15] led in-
vestigators to label endocytic organelles as plaus
locations for conversion. Inside an endosome, the
erage pH is 5 and can be as low as pH 4.3[16]. It is
also possible that conversion takes place at the cell
face in caveolae domains as these domains may c
locally acidic environments similar to those of end
cytic compartments[17].

Using endosomal-like conditions, synthetic PrC

can be converted to PrPSc in vitro [18]. At low pH
(usually in the presence of mild denaturants), PC

gains β-like extended structure and tends to agg
gate. Again, the PrPSc product is usually deemed t
be similar to that observed in vivo based on str
tural characteristics alone. There have recently b
claims of infectivity of synthetic PrPSc aggregates in
oculated intracerebrally into transgenic mice over
pressing PrP[19], however, questions regarding t
lack of a control group and possible contaminat
are, as of yet, unanswered. Synthetic models of PSc

aggregates seem to resemble natural PrPSc in struc-
ture and possibly infectivity, and while the latter pro
erty requires further consideration and experimen
tion, rec-PrP conversion systems seem to be suit
models of the misfolding process.

2.1. Recombinant PrP

The dependence of PrP structure on pH has b
studied for a variety of rec-PrP species including,
man (Hu) [18], mouse (Mo)[20], and Syrian ham
ster (SHa)[21]. To characterize the behavior of re
HuPrP (residues 90–231) at pHs ranging from n
tral to highly acidic, equilibrium unfolding, far-UV
CD, and 1,1′-bi(4-anilino)naphthalene-5,5′-disulfonic
acid (bis-ANS) binding and fluorescence experime
were undertaken[18]. To assess the conformations
PrPC and what was identified as a folding interm
diate, the ellipticity of PrP in the presence of 1
guanidine hydrochloride (GdnHCl) at various pHs w
measured[18]. Between pH 5 and 7.2 (with or with
out 1 M GdnHCl) the CD spectra indicate an isofo
with predominantlyα-helical structure. At a lowe
pH range, pH 3.6 to 4, and with 1 M GdnHCl, th
CD signal indicative ofα-structure (double minimum
at 222 and 208 nm) is replaced by a signal charac
istic of β-structure (a single minimum at∼215 nm).
In support of these results, similar experiments,
the structured domain of rec-MoPrP (residues 1
231) and 3.5 M urea instead of 1 M GdnHCl, demo
strate a conformational transition at low pH[20]. The
conformational conversion is characterized by a l
of the α-helical signal and an increase in the s
nal at 215 nm[20]. Bis-ANS binding experiment
also demonstrate a conformational conversion of
HuPrP in the lower pH range in the absence of
naturants[18]. Bis-ANS can be used to monitor co
formational changes because binding of bis-ANS
a protein (typically to solvent exposed hydropho
patches) results in increased fluorescence intens
The results of the small-molecule binding experime
reveal a conformational transition between pH 6 a
4.4 that involves a significant increase in exposure
hydrophobic surfaces.

To determine the regions where pH-depend
structural conversion were occurring, Matsunaga e
used antibodies to probe the structure of rec-SHa
(residues 90–231) over a pH range of 2 to 12[21].
The results of this anti-PrP antibody binding stu
indicate that the conformation of epitopes localiz
in the C-terminus are insensitive to pH, whereas
conformation of N-terminal residues are pH sensiti
Below pH 4, there is a significant decrease in bind
of antibodies that target N-terminal epitopes (Fig. 2).
The pH dependence of the conformational change
also studied in the absence of denaturants using
UV CD. Rec-SHaPrP folded, after dissolution of t
inclusion bodies, at pH 5.5 is primarilyα-helical and,
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Fig. 2. At low pH, PrPC (residues 90–231, shown as a ribbon
agram with transparent space-filling view) undergoes a confor
tional transition that can be observed by antibody mapping.
epitopes shown (colored regions of the protein) are exposed in PC.
Under low pH conditions, the conformation of PrPC changes and
binding to N-terminal epitopes mapped to residues 94–105 (
genta) and 107–112 (orange) significantly decreases. There
no observed changes in binding to C-terminal epitopes map
to residues 133–157, 138–142, 144–150, 146–154, 152–163
226–231 (cyan).

when the pH is lowered to approximately pH 4, there
a minor shift towardsβ-structure, and at pH 2, a shi
to random coil. Below pH 4.7, PrP undergoes conf
mation changes that likely involve a loosening of t
native tertiary structure and a gain ofβ-like secondary
structure that, based on antibody mapping stud
likely occurs at the N-terminus and includes resid
94–112 (no data available for residues 113–132, wh
are likely involved)[21].

From the above studies we can draw several c
clusions: (1) the structure of PrP is dependent on
(2) the pH-dependent structural changes are linked
marily to N-terminal residues, while the C-termin
structured domain undergoes only minor conform
tional changes; and (3) mild denaturants coupled w
a low pH environment stimulate the conversion
PrPC to a species with secondary structure consis
with that observed in natural PrPSc.

2.2. Brain-derived PrP

Conversion experiments using brain-derived PC

and PrPSc echo some of the findings of conve
sion studies using rec-PrP. In particular, using c
ditions similar to those employed by Matsuna
et al.[21], 1.5 M GdnHCl and pH 3.5, conversion a
says ofPrPC isolated from healthy human brains we
performed[22]. These conditions cause HuPrPC to
change quaternary structure, from soluble monom
to a detergent-insoluble species (aggregate). Ins
bility of PrP is deemed to be pH dependent in no
denaturing conditions (low GdnHCl concentration
with HuPrPC forming detergent-insoluble fractions
a pH � 3.5 and detergent soluble fractions at pH>
4.5. While sharing the detergent insolubility of PrPSc,
the aggregated PrP species does not share other
erties of PrPSc with respect to proteinase K resistan
and epitope inaccessibility. Despite the mix of PrC

and PrPSc properties, the acidic and GdnHCl treat
HuPrP more readily converts to proteinase K resis
aggregates upon exposure to brain-derived PrPSc from
CJD patients, as compared to untreated HuPrPC. Zou
and Cashman[22] hypothesize that HuPrPC in low
pH conditions with mild denaturant initiates an initi
conformational transition that allows for aggregatio
In a second step, PrP can then undergo a confo
tional transition in the presence of a PrPSc template to
a detergent insoluble, proteinase K-resistant spec
PrPSc [22].

Most studies focus on the effect of pH on PrC

structure as it relates to the conversion process, h
ever, it happens that PrPSc conformation is also pH de
pendent. Strains of PrPSc (isolated from the brains o
patients diagnosed with sporadic CJD) treated w
proteinase K under acidic, neutral and basic con
tions revealed a conformation dependence on pH
certain strain-types[23]. Full-length PrPSc produces
significantly larger proteinase K resistant fragme
at pH 4 and 6 than at pH 7.4, suggesting that l
pH triggers a conformational change that blocks
gestion sites. N-terminally truncated forms of PrPSc

do not display the same resistance at low pH, as
produce indistinguishable digestion fragments at n
tral and at low pH. It appears that the N-termin
residues, present in full-length PrPSc and absent o
partially absent in truncated forms of PrPSc, are con-
formationally sensitive to pH, similar to what was o
served for brain-derived PrPC [22]. Low pH may cause
N-terminal residues to take on a conformation t
protects them from enzymatic digestion, whereas
conformation of the C-terminus of PrPSc is not altered
by pH, a finding that is supported by antibody bindi
studies to PrP 27–30 rods[21].
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MD
Fig. 3. Conversion of PrPC to PrPSc. (A) Snapshots from a 20-ns MD simulation of the conversion of D147N SHaPrPC that occurred unde
amyloidogenic (low pH) conditions. The wild-type protein undergoes a similar conversion[25]. A misfolded intermediate rich inβ-like struc-
ture formed from 6 to 20 ns (represented by the 8-ns structure). A trimeric representation of a PrPSc protofibril, modeled by docking newly
formed hydrophobic strands of the 8-ns structure, is shown. (B) Representative structures from the misfolding ensembles found in low pH
simulations of hamster, bovine and human PrP fragments (residues 109–219, hamster numbering). The largelyα-helical PrPC converts to a
species with more extended structure (colored magenta).
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2.3. Computational studies of PrP

Conformational conversions that PrPC may un-
dergo as a consequence of pH can be studie
atomic detail using molecular dynamics (MD) sim
lations. Using all-atom, explicit solvent simulation
fragments of PrPC have been explored at both lo
and neutral pH. InFig. 3A, the misfolding path-
way, in silico, of PrPC to a PrPSc-like species is
shown[24]. Several different PrP sequences and th
misfolding pathways have been investigated incl
ing wild-type and mutated SHaPrP[24,25], mutated
bovine PrP and wild-type HuPrP[26]. PrP fragments
comprised of residues 109–219 (SHa numberi
based on the corresponding NMR structure for ha
ster (1B10, residues 109–228 (structure provided
T.L. James and S. Farr-Jones[10]), bovine (1DWY,
residues 124–227[27]), and human (1QLX, residue
125–227[9]). For both the bovine and human form
residues 109–124 of the hamster structure are gra
onto the structures. To simulate at different pH lev
the protonation state of Asp, Glu and His residues
adjusted; at low pH (pH< 4) these residues are pr
tonated and at neutral pH (6< pH < 10) Asp and Glu
are charged, while His is neutral.

For the wild-type PrPC fragments, neutral pH sim
ulations are typified by low root-mean-square dev
tions from the native structure, maintenance of na
secondary and tertiary structure and mobility of
∼15-residue N-terminal sequence. At low pH, all si
ulations show a slight decrease inα-helix and an in-
crease in extended structure. The new extended s
ture nucleates at the existing S1–S2 sheet, as sh
by structures representative of the misfolded ensem
in each of the simulations inFig. 3B. Along with the
commonalities between the PrPSc-like species, there
are local differences in the location of the extend
structure. This suggests that the sequence can i
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duce a level of heterogeneity between PrPSc confor-
mations, a property that may account for the barrie
transmission observed between several species.

Based on MD simulations, the effect of low pH o
PrPC fragments is generally characterized by a lo
ening of tertiary structure and a gain of extend
secondary structure in N-terminal regions of the p
tein. In addition to characterizing the early steps
the misfolding pathway, structures from MD simul
tions, in particular, those representative of PrPSc-like
species, are valuable for exploring the oligomeri
tion process of PrPSc. Using a misfolded species from
an MD simulation, a model of a PrPSc protofibril, in
agreement with experimental observations of PrSc

protofibrils and fibrils, was built[24]. By docking ex-
tended strands, that present new stable hydroph
surfaces, intra-molecular extended sheets form to c
nect subunits (Fig. 3A).

2.4. Summary

These results serve to highlight the influence
pH on the structure of the N-terminal sequence
PrPSc versus the lack of influence on more C-termin
regions of PrPSc. As for PrPC, the N-terminal re-
gion appears to undergo the greatest structural ch
as a result of variations in pH, although the C-t
minal structured domain also undergoes more mo
changes in response to lower pH.

3. Carbohydrates

Despite the focus on the protein portion of PrP, P
can be glycosylated with very large and complex c
bohydrate moieties that also play a role in disea
Glycoforms can attach to two sites on the prote
Asn-181 and Asn-197 (human numbering)[28,29].
N-linked glycosylation of the two PrP glycosylatio
sites, identified by the AsnXaaThr sequence, is b
a co- and post-translational event occurring in the
and the Golgi. In the first step of PrP glycosylation,
AsnXaaThr sequences are identified (in the ER)
high-mannose core glycans are linked to the polyp
tide. Upon exiting the ER, PrP glycosylation sit
contain a core glycan typical ofN -glycosylated pro-
teins: twoN -acetylglucosamine, eight mannose a
two glucose residues. This standard glycan is then
ther modified in the Golgi. Mature PrP glycoform
have in the range of 8–20 carbohydrate residues
there are greater than 60 different types of carbo
drates residues in hamster and mouse PrP-glycofo
including charged sialic acid, which is found in bo
PrPC [28,30,31]and PrPSc [32]. Analysis of in vivo
PrP proteins has yielded the identification of over 4
different PrP glycoforms[28] and identification of un-
mono- and di-glycosylated forms of PrP in cell cu
tures[1].

No specific glycoform (or group of glycoforms) o
glycosylation pattern has been linked to prion disea
However, glycosylation does play a role in the dise
process. Using transgenic mice, and selectively de
ing the first, second or both glycans, DeArmond et
found that the glycans were involved in PrP expr
sion, distribution (within the brain and among diffe
ent types of neuronal cells) and deposition of PrSc

plaques[33]. Deletion of the first glycan results i
low levels of PrPC and unusual distribution of PrPC

(accumulation in nerve cell bodies and decreased
position in dendritic trees). Deletion of the seco
glycoform results in expression levels of PrPC com-
parable to wt-PrP and partial mis-trafficking of PrPC

to neuronal cells. The second glycoform deletion m
tant alters the deposition pattern of PrPSc as compared
to diglycosylated PrPSc. Since different regions of th
brain express different PrP glycoforms[34], PrPSc de-
posits could be targeted to regions of the brain expr
ing similar glycosylation patterns. Supporting this h
pothesis is the observation that glycoforms found
PrPSc deposits of patients with variant-CJD, a disea
causally linked to an outbreak of BSE, are similar
those in cattle infected with BSE[35]. From these re
sults it was hypothesized that glycosylation can m
ify the conformation of PrPC and/or affect the affinity
of PrPC for a strain (particular conformation) of PrPSc.

3.1. Brain-derived glycosylated PrPC

All structures of PrPC, whether a product of NMR
or X-ray crystallographic experiments, are of rec-P
expressed inEscherichia coli (E. coli). Therefore, they
lack post-translational modifications except for t
disulfide bond. Then, one wonders, is rec-PrP is s
ilar in structure to brain-derived PrP? To answer t
question, Hornemann et al. compared PrPC from calf
brains to that of rec-bovine PrPC expressed inE. coli
[36]. To isolate ‘natural’ PrPC, neuronal cells were
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treated with phosphatidylinositol-specific phospho
pase C (PIPLC) to release PrPC from the membrane
and in the subsequent purification steps the us
detergents was avoided to maintain the non-pro
portions of PrP, namely the remaining GPI anch
and the carbohydrate moieties. The secondary st
ture and stability of PrP were characterized using
UV circular dichroism. The two types of PrPC, ‘nat-
ural’ (likely residues 23–230, as the isolated spec
contains the N-terminal sequence that follows
cleaved N-terminal signal sequence and a portion
the GPI anchor) and recombinant (residues 23–2
have nearly identical spectra, indicating little, if an
differences in secondary structure content. The t
mal unfolding transitions, also monitored by far-U
CD, have similar sigmoidal shapes, indicative of co
erative unfolding. The melting temperatures of natu
diglycosylated PrPC and unglycosylated recombina
PrPC are 60.6 and 61.0◦C, respectively. Tertiary struc
ture was studied using 1D 1H-NMR spectrosco
showing that the two PrP types have similar conf
mations within the structured domain of PrP. Desp
the attractive proposition that glycosylation can aff
PrPC structure or stability, it appears that PrP glyc
forms do not alter the thermostability or structure
PrPC and that rec-PrPC is an adequate structural mod
for natural di-glycosylated PrPC [36].

3.2. Computational studies

Molecular dynamics simulations of di-glycosylat
PrPC also support these experimental findings. Zu
and Gready have simulated PrP, residues 90–231
primary proteinase K-resistant fragment, with a
without sugars for∼2 ns each[37]. In these simula-
tions, native secondary and tertiary structure (NM
structure) are preserved in both diglycosylated
unglycosylated forms. Interactions between the p
tein and carbohydrate groups are limited and prima
involve the regions near the attachment sites. A
solvent accessible surface area of the two PrP fo
is similar. Preliminary analysis of our 15-ns simu
tions of di-glycosylated and un-glycosylated HuP
(90–231), also indicate that secondary structure
both models is similar to that observed in the u
glycosylated HuPrP NMR structure 1QLX[9] (Fig. 4).
As well as making transient short-range local inter
tion with the C-terminal helices, the glycoform at As
Fig. 4. Glycosylation of PrPC has a minimal effect on its con
formation. Snapshots from MD simulations of (A) unglycosylated
(10 ns), (B) diglycosylated (10 ns), and (C) diglycosylated and
membrane-bound (5 ns) HuPrPC (residues 89–230). Seconda
structure colored as inFig. 1, with residues 89–108 colored gree
(C) HuPrPC is linked to a POPC bilayer (space-filling view
with nitrogens colored blue and phosphorous colored gold) via
GPI-anchor.

187 is capable of making long-range interactions w
the N-terminal unstructured portion of the prote
In our di-glycosylated HuPrP simulations, the As
181 glycoform interacts with the loop preceding S
These long-range interactions do not distort the na
structure and in fact may serve to further stabilize
globular portion of PrPC (manuscript in preparation)

3.3. Summary

Both experimental and theoretical results are
agreement; glycosylation does not significantly aff
the structure of glycosylated PrPC as compared to ung
lycosylated PrPC.
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4. Lipid membranes

The availability of PrP structures of soluble re
PrP fragments have been invaluable for the study
prion disease, unfortunately little is known about t
structure of the membrane-bound form of PrP. T
importance of the membrane-bound form has b
made apparent by several studies that lead to the
clusion that conversion of PrPC to PrPSc occurs ei-
ther at the cell-surface or in the endosomal/lysoso
pathway [12,15]. Typically, PrPC is bound to the
extra-cellular side of the plasma membrane and
cles between the cell surface and the early en
somal pathway, a round-trip taking approximate
60 minutes[38]. The cleavage of a 22-residue C
terminal sequence in the ER and subsequent att
ment of a GPI-anchor in the Golgi (Fig. 1) sequesters
PrPC to a specific domain once it reaches the plas
membrane[39–41]. As with other proteins with GPI
anchors, PrPC is localized in areas rich in cholester
and sphingomyelin known as lipid rafts or caveo
domains [39–41]. Once presented on the cell su
face, PrPC is eventually internalized for either cyclin
back to the membrane or degradation, or conve
to PrPSc.

Several independent studies demonstrate the im
tance of the membrane-bound state of PrPC and its
possible role in the conversion process. Firstly, PrSc

aggregates are found bound to the plasma membr
in late endosomes and in extracellular spaces[40–42].
Whilst PrPC can be cleaved from the plasma me
brane using PIPLC, PrPSc is resistant to PIPLC an
remains attached to the cell-surface[43]. Either the
conformation of PrPSc itself is (sterically) preventing
cleavage of its GPI anchor or it is interacting w
the membrane in a manner that prevents acces
the PIPLC cleavage site. When bound to the me
brane PrPSc, like PrPC, is found in lipid rafts[39]
and this localization of PrPC and PrPSc appears to be
critical for efficient propagation of PrPSc. In scrapie-
infected neuroblastoma cells, the GPI anchor of PC

was replaced with transmembrane helices to pre
localization of PrPC in lipid rafts while still present-
ing PrP in a membrane-bound form on the surface
the cells[13]. This modification of the GPI ancho
prevents propagation of PrPSc, as detected by a lac
of proteinase K resistance[13]. Similarly, destruction
of lipid rafts via cholesterol depletion inhibits PrPSc
,

formation[13]. In vitro experiments corroborated th
necessity of co-localization of PrPC and PrPSc for ef-
ficient production of PrPSc [44,45].

Besides the GPI-anchored form of PrP, seve
other forms of PrP have been identified. GPI-anch
less PrP can be released from the cell or form tra
membrane PrP in which either the N- or C-termin
remains in the lumen[46–48]. The latter transmem
brane forms inhibit PrPSc formation [49], possibly
through a delocalization mechanism similar to t
of GPI-replaced PrP[13]. Also to be considered
are experiments using soluble, unglycosylated, G
anchorless rec-PrP in the absence of a membr
Conversion, at leastin vitro, can occur in the ab
sence of the membrane. In cells, conversion occ
after PrPC reaches the plasma membrane[11–13],
making membrane-association, whether through
GPI-anchor or through protein–lipid interactions,
necessary component of the disease process.

4.1. Soluble PrP

Morillas et al. observed the interaction of solub
synthetic HuPrP (23–231) with the acidic phosph
lipid membrane palmitoyloleoylphosphatidylseri
(POPS) and a lack of interaction with the zwitterion
palmitoyloleoylphosphatidylcholine (POPC) mem
brane[50]. The PrP–POPS interaction is pH depe
dent, becoming stronger in acidic conditions. A slig
increase in ordered secondary structure of HuPr
observed by CD spectroscopy. This increase in s
ondary structure is hypothesized to occur within
N-terminus based on experiments with HuPrP (2
231), HuPrP (90–231) and a peptide spanning resid
23–145 of HuPrP. Both HuPrP (23–231) and the
structured peptide gain structure upon interaction w
the POPS membrane while the N-terminally trunca
species, HuPrP (90–231), does not[50]. Binding of
PrP to negatively charged membranes and not to
tral membranes has also been reported for sol
rec-SHaPrP (90–231)[51]. In addition to negatively
charged phospholipid membranes, rec-SHaPrP
also found to bind to raft-like membranes at pH
and not at pH 5[51]. Binding of rec-SHaPrPC to neg-
atively charged membranes results in an increas
β-structure, membrane-lysis and formation of am
phous PrP aggregates. Binding of rec-SHaPrPC to the
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biologically relevant raft-like membranes results
an increase inα-helix content without destabilizatio
of the membrane[51]. Binding between PrP and th
membrane surface is believed to occur via hydrop
bic and electrostatic interactions between the pro
and the membrane[52].

4.2. Membrane-bound PrP

PrPC is found primarily bound to membrane, n
in the soluble form, and therefore membrane-PrPC in-
teractions in this state may be of greater biologi
relevance. To examine the interactions of membra
bound PrPC with lipid mixtures and to differentiate
between the interactions of the membrane-bound
soluble forms of PrPC with lipid bilayers, Eberl et al
considered both soluble and PrPC covalently bound
to liposomes[53]. PrPC was covalently bound to li
posomes via a C-terminal extension with a free th
group, which was then coupled to a thiol-react
lipid in the liposome. Two different mixtures of lipid
were used: a mixture of POPC and cholesterol (
molar ratio), and a raft-like mixture of POPC, pho
phatidylethanolamine, sphingomyelin, cerebrosi
and cholesterol (1:1:1:1:2 molar ratio). Far-UV spe
tral analysis indicates similar secondary structure
membrane-bound PrP and soluble PrP at both p
and pH 5. When membrane-bound and soluble
in the presence of a membrane are subjected to
teolysis, similar digestion products form, suggest
that membrane-bound and soluble rec-PrP have a
ilar conformation [53]. In addition to far-UV and
proteinase K digestion, antibody mapping has b
used to probe the structural differences between s
ble rec-PrPC and membrane-bound PrPC [54]. While
this study indicates discrepancies between antib
binding in the two forms of PrP, it is attributed
the conformational heterogeneity of the membra
bound PrP and not to specific differences betw
soluble and membrane-bound forms[54]. The excep-
tion to this conclusion is the antibody that targ
residues 138–141. This antibody shows a signific
decrease in binding in the membrane-bound form
compared to the soluble form, although it is not de
mined whether this is due to a conformational cha
in PrPC, interactions between PrPC and other mole-
cules [54], or the orientation and proximity of th
epitope to the membrane.
4.3. Computational studies

To gain a better understanding of the effect of lip
membranes on PrPC structure, we have begun mol
cular dynamics simulations of diglycosylated HuP
(90–231) anchored to a POPC bilayer via its G
anchor (Fig. 4C). Preliminary results, in agreeme
with experimental observations, indicate that the str
tured region of HuPrPC does not undergo a confo
mational change at the membrane surface. The
terminal unstructured region transiently interacts w
the lipid head groups and traverses the surface o
membrane, remaining largely unstructured. There
no significant changes in either secondary or tert
structure of the membrane-bound protein as it ma
tains a conformation similar to what is observed in
NMR structure of rec-HuPrP[9].

4.4. Summary

Sensitivity to experimental design has been blam
for the discrepancies between published reports
PrP’s ability to bind to certain membranes. We can fi
consensus among experiments by narrowing the fo
to the two most important membrane structures, r
like membranes and POPC membranes, the for
being where PrPC is located in vivo and the latter be
ing the major lipid component of the membrane reg
near PrP in neuronal cells[55]. For POPC membrane
there is no observed binding of rec-PrP (whether
uble or membrane-bound) to the membrane. For r
like membranes, there are indications that PrPC gains
α-helical structure as it binds to the membrane in
soluble form and that membrane-bound PrP may
experience a slight conformational change.

5. Copper and other metal ions

To determine the function of PrPC, Prnp knockout
mice (mice lacking the gene encoding PrP) were
netically engineered[56–58]. Clues as to the functio
of PrP could have been drawn from the differen
between the normal (PrP-expressing) and knock
mice; however, the knockout mice displayed little d
ference between their wild-type counter parts dur
development. In some cases, older-aged mice prov
clues asPrnp knockout mice had impaired synapt
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inhibition, memory functions and motor coordinatio
and a loss of cerebellar Purkinje cells[58–60]. Besides
providing evidence for possible functions of PrP, the
studies were critical for establishing the necessity
host PrP production for infection and disease prog
sion, that is, knockout mice were resistant to PrSc

infection. Not long after the first knockout studies,
was demonstrated that synthetic PrP peptides[61,62]
and PrP in vivo bound copper[63]. These experiment
led to the hypothesis that PrP is involved in cop
homeostasis.

The copper binding ability of PrP was first linke
to the octarepeat region, which is common to all ma
malian prion species. The eight-residue sequence
pressed in a variable number of repeats dependin
the species (humans have five octarepeats), con
residues P(H/Q)GGGWGQ and can coordinate c
per. There are also residues downstream of the oc
peat region, His-96 and His-111 that have been
plicated in forming a copper coordination site[64] as
well as more C-terminal locations[65]. NMR struc-
tural studies of PrP constructs containing the octa
peat region reveal that, at least in the absence
metal cations, the N-terminal residues, approxima
residues 23 to 124 (depending on the species),
highly flexible and unstructured[9,27,66,67]. Copper
and other metal ions are found in relatively high co
centrations in the brain, making the structure of PrC

in the presence of these cations of interest with res
to function and also disease pathology.

5.1. Recombinant PrP

The ‘unstructured’ region of PrP is, in fact, partia
structured in the presence of copper[68]. Peptides
of the octarepeat region, like the octarepeat reg
in the full-length protein, are unstructured in the a
sence of copper and gain structure in the presenc
copper[69]. The coordination of copper by PrP (an
water) is shown inFig. 5A [70]. While the structure
was solved for a peptide from the PrP sequence b
ing copper, based on EPR data for the peptide-cop
complex[70] and EPR data from the full-length pro
tein [71], copper coordination by the peptide and t
full-length protein are similar. It has been well esta
lished that copper causes a gain in structure in
octarepeat region, but what about the rest of the p
tein?
-

Fig. 5. Copper binding to PrPC and PrPSc. (A) X-ray crystal struc-
ture at 0.7-Å resolution of a peptide from the PrP octarepeat reg
HGGGW, and water, coordinating copper. (B) Western blot of pro-
teinase K digestion fragments of brain-derived PrPSc strain-types 1
(lanes 1 and 3) and 2 (lane 2 and 4), with and without incuba
with EDTA prior to proteinase K digestion (recreated from[78]).
After incubation with EDTA, differences in digestion profiles b
tween type-1 and type-2 PrPSc are abolished, demonstrating th
ability of metal ions to modulate PrPSc structure.

The influence of copper on PrP structure may
observed beyond the limits of the octarepeat reg
Several studies have implicated copper and other m
cations in a conformational conversion of PrPC. Cop-
per has been found to induce an increase inβ-structure
and impart proteinase K resistance[72–75]. In rec-
SHaPrP (residues 29–231), it was found that cop
binding to PrP facilitates the temperature trigge
conversion of PrPC from a predominantlyα-helical
state to aβ-rich isomer, as observed by near-U
CD spectroscopy[72]. Using rec-MoPrP peptides o
the unstructured region of PrPC, binding of copper
correlates with an increase inβ-like extended struc
ture[74]. Another hallmark of the PrPC to PrPSc con-
version, acquisition of proteinase K resistance,
been observed in PrP-Cu2+ complexes[75–78]. Us-
ing two Ovine (Ov) PrP sequences, PrPARR, associated
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with scrapie-resistant phenotype, and PrPVRQ, associ-
ated with scrapie-susceptible phenotype, folded
PrPC was incubated with a nanomolar concentration
copper[75]. While both sequences bind copper, on
the disease-susceptible PrPVRQ converts to an isoform
high in β-like extended structure. In both predom
inantly α-helical PrPARR-Cu2+ and β-like PrPVRQ-
Cu2+ complexes, copper binding provides increas
resistance to proteinase K digestion[75]. It is also
interesting to note that neither of the proteinase
resistant proteins have digestion profiles similar
natural OvPrPSc [75]. Another in vitro study using
rec-MoPrP and different methods highlights the d
ficulty in garnering consensus among PrP experim
as rec-MoPrP refolded in the presence of coppe
completely digested by proteinase K[77]. Rec-MoPrP
refolded in the presence of magnesium is partially p
teinase K resistant and eventually converts to an
form with predominantlyβ-structure[77].

5.2. Brain-derived PrP

Perhaps more convincing evidence that metal i
can alter PrP structure are experiments using me
ion-containing PrP from homogenates of human br
tissue of CJD autopsy patients, which show that c
per and zinc can have a significant impact on
conformational properties of PrPSc [78]. Patients with
distinct disease phenotypes produce PrPSc that can
be characterized into strain-types based on confor
tional variations (assessed by proteinase K digest
and glycosylation patterns of PrPSc [79]. Type-1 and
type-2 PrPSc can be separated by their respective
gestion patterns after exposure to proteinase K. In
experiment by Wadsworth et al., both types of PrPSc

were treated with the metal chelator ethylene diam
tetraacetic acid (EDTA) and subsequently subjec
to proteinase K digestion[78]. The use of the meta
chelator abolished differences in digestion fragm
profiles of type-1 and type-2 PrPSc (Fig. 5B), show-
ing that metal-ion occupancy can influence conform
tional properties of PrPSc [78]. Metal ions can facili-
tate conversion of PrPC to aβ-rich form, induce pro-
teinase K resistance and dictate conformational p
erties of PrPSc.

Metal ions can also alter PrP expression and m
bolism. These metal-concentration-driven events m
increase the likelihood of other factors altering t
conformation of PrP. For instance, high levels of e
tracellular copper trigger PrPC expression into over
drive [80]. Overexpression of PrPC has deleterious
effects, as demonstrated by the decreased incub
times of scrapie-infected transgenic mice overexpr
ing PrP [81,82]. Metal ions can also interfere wit
the normal metabolism of PrP. High extracellular co
centrations of Cu2+ [83], as well as Zn2+ [84,85],
rapidly (and reversibly) stimulate PrP endocytos
Both changes in expression and metabolism have
potential to promote disease progression. Increa
cell-surface/endocytic cycling of PrP would cause
increase in the amount of PrP in the low pH enviro
ment of early endosomes[85], an environment that ha
been linked to conversion. Changes in PrP expres
could have the greatest influence by providing m
substrate for the conversion.In vivo, the amount of
PrPSc formed has been directly linked to the expre
sion levels of PrPC [86].

5.3. Summary

Copper and other metal ions appear to have a
nificant impact on PrP structure. Copper can ind
structure, locally, as it binds to the octarepeat reg
It can also alter secondary and tertiary structure o
side of the octarepeat region, causing PrPC to form a
β-rich and proteinase K resistant species. Copper
modulate the difference between PrPSc strain-types,
and affect metabolism and expression of PrPC.

6. Small molecules

While pH, glycoforms, membranes and metal io
are factors that PrP ‘naturally’ encounters, also of
terest are small molecules as potential therapeutic
prion diseases. Therapeutic targets are often desi
in an attempt to disrupt PrPSc structure and hope
fully regain the PrPC structure or any other innocuou
isoform. For example,β-sheet breaker peptides we
designed specifically to destroy theβ-rich amyloido-
genic PrPSc species to slow or reverse disease prog
sion [87,88]. Disrupting PrPSc aggregates (breakin
them down into smaller aggregates) is not sufficien
inhibit disease and this strategy may increase pro
gation of PrPSc and infectivity[89,90]. Targeting only
PrPSc may not be a sufficient therapeutic strategy,
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stabilization of the PrPC conformation also appears
be a requirement.

Small molecules that have shown to be effect
in the destruction/protection strategy include the p
tective osmolytes trimethylamineN -oxide (TMAO),
dimethyl sulfoxide (DMSO) and glycerol[91]. When
added to scrapie-infected mouse neuroblastoma c
these osmolytes reduce PrPSc formation, with TMAO
being the most effective[91]. While these osmolyte
cannot be used as actual treatments, since the n
sary efficacious dose is toxic, exploiting the mec
anism by which they are effective may yield clu
for the design of new (less toxic) compounds. Th
small molecules, known as chemical chaperones
their ability to affect protein folding, are thought
stabilize the PrPC conformation. To test this hypothe
sis, MD simulation of PrP and TMAO were run[92].
To observe the destructive abilities of TMAO on PrPSc

structure, simulations starting with a misfolded PrPSc-
like species from a previous MD simulation (s
Fig. 3B, wt-SHa[25]), were run under amyloidogen
conditions (low pH) and with TMAO (Fig. 6) [92].
During these simulations, the extended-sheet is
rupted, PrPSc regains some native contacts (that h
been previously lost during conversion) and PrP
restored to a more globular, PrPC-like form. A sim-
ulation beginning with PrPC in the presence of 1 M
TMAO at low pH, demonstrates the protective n
ture of the osmolyte (Fig. 6). In these simulations, th
native structure of PrPC is protected in the amyloido
genic environment as no conversion is observed.
in TMAO simulations starting with either a PrPC or
PrPSc conformation converged onto a PrPC-like struc-
ture with an omega-loop in the region of the unstr
tured N-terminus. By acting primarily on the solve
surrounding the protein and not on the protein its
TMAO can protect PrPC from conversion and rescu
misfolded species along the conversion pathway.

Other small molecules that have shown promi
as therapeutic agents include Congo-red derivati
polyphenols, polyene antibiotics, polyamines, cyc
tetrapyrroles, lysosomotropic antimalarial compoun
(readers are directed to the accompanying refere
for a review of potential therapeutics)[93,94]. Efforts
are currently underway to determine how these sm
molecules act on PrPC or PrPSc to inhibit disease pro
gression.
,

-

Fig. 6. Snapshots from MD simulations of hamster PrP (resid
109–219) and the chemical chaperone TMAO. (A→ B) The con-
version simulation: low pH triggered conversion of PrPC to a
PrPSc-like species. (A→ C) The protection simulation: TMAO
protected PrPC from conversion under amyloidogenic condition
(B → D) The reversion simulation: TMAO rescued a misfold
species. (A) Minimized Syrian hamster NMR structure of PrPC.
(B) PrP after 10 ns of MD simulation at low pH yielding a PrPSc-like
structure rich in extended structure. (C) A snapshot of the 10 n
structure from MD simulation at low pH in 1-M TMAO, which use
the NMR structure (A) as the initial coordinates. (D) A snapshot of
the 10-ns structure from MD simulation at low pH in 1-M TMA
using (B) as the starting structure. The omega-loop formed in
presence of TMAO (residues 113–123) is colored yellow.

7. Effects of non-protein moieties on protein
misfolding diseases

A handful of the possible environments that cou
influence PrP structure and in turn either impede or
cilitate the disease process have been discussed a
and include: pH, carbohydrates, lipid membran
metal ions and small molecules. All of these fact
can have a significant impact on the conformation
PrP with the exception of glycosylation, which do
not appear to significantly influence PrPC structure.
Glycosylation does, however, play an integral r
in disease, as glycosylation affects distribution a
trafficking of PrPC and deposition patterns of PrPSc

aggregates. More studies of glycosylated PrPC, like
NMR relaxation experiments and molecular dynam
simulations, may yet reveal dynamic effects associa
with the glycosylation of PrPC.

Observation of other non-protein moieties affe
ing PrP conformation does not preclude the cen
hypothesis in prion disease; that it is aprotein-only
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disease. As proof of the protein-only hypothes
(1) PrPSc would have to be synthesized directly fro
PrPC, and then, (2) proved to be infectious, trigg
ing disease in vivo. The first step in the proof
the protein-only hypothesis has already been acc
plished; rec-PrPC can be triggered to form a misfolde
species that shares the properties of purified PSc

from diseased brains. The second step has prove
be more difficult. At present time only one succe
ful experiment demonstrating infectivity of synthe
PrPSc has been published[19] and these results need
be reproduced and confirmed. The inefficiency of c
version in vitro and the difficulties in demonstratin
infectivity do not necessarily invalidate the prote
only hypothesis, but may serve to highlight the co
plex interactions that allow for the efficient unfoldin
misfolding and aggregation of PrP in vivo.

Through continued study and identification of e
vironmental factors that cause misfolding of PrP
vivo, general therapeutic strategies could be desig
to protect against disease. Conditions like low pH a
high concentrations of metal ions may not be d
gerous for just PrP, as other proteins and pept
linked to disease are also susceptible to misfold
and aggregation in similar environments. For exa
ple, metal ions can increase the rate of format
of Aβ fibrils [95], the peptide implicated in neu
rodegeneration associated with Alzheimer’s disea
A low pH environment can trigger misfolding an
aggregate formation of many proteins including Aβ

[96,97], transthyretin[98], lysozyme[99], and super-
oxide dismutase[100]. Protein misfolding diseases a
pear to have much in common, similar environme
can trigger comparable events, even the formatio
misfolded species with similar structural characte
tics[101–103]. As such, identification and modulatio
of environmental factors that either facilitate or inhi
the progression of prion diseases may have an im
on misfolding diseases in general.
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