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A conformational conversion of the normal, protease-
sensitive prion protein (PrP-sen or PrPC) to a pro-
tease-resistant form (PrP-res or PrPSc) is commonly
thought to be required in transmissible spongiform
encephalopathies (TSEs). Endogenous sulfated glyco-
saminoglycans are associated with PrP-res deposits
in vivo, suggesting that they may facilitate PrP-res for-
mation. On the other hand, certain exogenous sulfated
glycans can profoundly inhibit PrP-res accumulation
and serve as prophylactic anti-TSE compounds in vivo.
To investigate the seemingly paradoxical effects of sul-
fated glycans on PrP-res formation, we have assayed
their direct effects on PrP conversion under physiolo-
gically compatible cell-free conditions. Heparan sul-
fate and pentosan polysulfate stimulated PrP-res
formation. Conversion was stimulated further by
increased temperature. Both elevated temperature
and pentosan polysulfate promoted interspecies PrP
conversion. Circular dichroism spectropolarimetry
measurements showed that pentosan polysulfate
induced a conformational change in PrP-sen that may
potentiate its PrP-res-induced conversion. These
results show that certain sulfated glycosaminoglycans
can directly affect the PrP conversion reaction.
Therefore, depending upon the circumstances, sul-
fated glycans may be either cofactors or inhibitors of
this apparently pathogenic process.
Keywords: heparan sulfate/pentosan polysulfate/prion/
scrapie/transmissible spongiform encephalopathy

Introduction

Although the etiology of transmissible spongiform en-
cephalopathies (TSEs) has not been fully established
(Chesebro, 1998), a critical event in pathogenesis appears
to be the conversion of protease-sensitive prion protein
(PrP-sen) to its resistant form (PrP-res). The acquisition of
partial protease resistance correlates with a conformational
rearrangement of PrP from high a-helix to high b-sheet
content (Caughey et al., 1991b; Pan et al., 1993). One of
the basic tenets of the popular `protein-only' or prion

hypothesis for the TSE agent is that PrP-res itself induces
the conversion of PrP-sen to PrP-res and thereby propa-
gates itself as an `infectious protein' (Grif®th, 1967;
Prusiner, 1982; Prusiner et al., 1984). Experiments in
de®ned cell-free systems have demonstrated that PrP-res
has at least limited self-propagating activity (Kocisko
et al., 1994). Whether this activity results in the production
of TSE infectivity is not known. However, cell-free
conversion reactions re¯ect other important aspects of
TSE pathobiology, such as striking species and strain
speci®cities (Bessen et al., 1995; Kocisko et al., 1995;
Bossers et al., 1997; Raymond et al., 1997, 2000).
Furthermore, the apparent recapitulation of the in vivo
conversion of PrP-sen under de®ned cell-free conditions
has fostered a better understanding of the potential
reaction mechanism (Horiuchi et al., 1999, 2000). Cell-
free conversion involves the formation of radiolabeled
PrP-res by mixing radiolabeled PrP-sen with unlabeled
PrP-res in vitro. Although cell-free conversion emulates
several critical aspects of disease-associated PrP-sen
conversion, it has been limited to substoichiometric yields
relative to input PrP-res and, therefore, is not as continuous
as PrP-res formation in vivo (see below). It is possible that
naturally occurring compounds, acting as pathological
chaperones or cofactors (Caughey and Raymond, 1993;
Caughey, 1994; Caughey et al., 1994; Telling et al., 1994,
1995; DebBurman et al., 1997), may be required for
continuous PrP-res formation.

Because PrP-sen is normally a glycosylphosphatidyl-
inositol (GPI)-anchored plasma membrane protein (Stahl
et al., 1987), it may make contact with extracellular matrix
elements when at the cell surface. The extracellular
matrix±cell surface interface is one of the sites where
PrP-sen conversion may occur (Caughey and Raymond,
1991; Caughey et al., 1991a) and, therefore, a site where
natural stimulators of conversion might be found. Heparan
sulfate (HS), a major sulfated glycosaminoglycan con-
stituent of the extracellular matrix, has been implicated as
an in¯uential factor in PrP-res formation (Farquhar and
Dickinson, 1986; Kimberlin and Walker, 1986; Snow
et al., 1990; Caughey and Raymond, 1993; Gabizon et al.,
1993; Caughey, 1994; Caughey et al., 1994). However, the
available evidence appears somewhat paradoxical as to
whether its role is stimulatory or inhibitory. On one hand,
HS is known to stimulate amyloid formation of the
Alzheimer disease b peptide (Snow and Wight, 1989), and
the fact that HS is associated with PrP-res amyloid
deposits in vivo (Snow et al., 1990) suggests that it may
play a similar role in PrP-res formation. On the other hand,
HS and certain other sulfated glycan analogs are known to
potently block PrP-res formation and scrapie agent
propagation in animals and tissue culture cells (Ehlers
and Diringer, 1984; Kimberlin and Walker, 1986;
Caughey and Raymond, 1993; Caughey, 1994; Caughey
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et al., 1994). Other studies have shown that sulfated
glycans can bind PrP-sen (Gabizon et al., 1993; Caughey
et al., 1994; Shyng et al., 1995; Brimacombe et al., 1999)
and in¯uence its intracellular traf®cking (Shyng et al.,
1995). It is currently not clear how to reconcile these
various in¯uences of sulfated glycans.

To determine the direct effect of sulfated glycans on the
PrP conversion process, we have tested HS and pentosan
polysulfate (PPS), a semi-synthetic HS analog, as well as
elevated temperature in cell-free conversion and found
that PrP-res-induced conversion of PrP-sen was stimulated
by HS, PPS and temperature.

Results

Stimulation of PrP cell-free conversion by sulfated
glycans
To test for direct effects of sulfated glycans on PrP-res
formation, HS was added to a modi®ed cell-free conver-
sion protocol. Previous conversion protocols incorporated
chaotropic ions and/or detergents to stimulate PrP-sen
conversion (Kocisko et al., 1994; Horiuchi et al., 1999).
The current protocol, which lacks these components,
allowed us to measure the effect of sulfated glycans
without contributions from such non-physiological stimu-
lants. Hamster [35S]GPI(±) PrP-sen primarily migrated as
two bands at ~28 and ~32 kDa, corresponding to the non-
glycosylated and mono-glycosylated forms of PrP-sen,
respectively, on SDS±PAGE (Figure 1A, lane 1). After
conversion and proteinase K (PK) digestion, the
[35S]PrP-res bands migrated as 6±7 kDa smaller proteins,
as expected of PrP-res and products of the cell-free
conversion reaction (Kocisko et al., 1994). Maximum

stimulation (~5-fold) was reached at an HS concentration
of 5 mg/ml. The EC50 (concentration of HS giving 50%
maximal stimulation) was ~100 ng/ml.

The HS analog PPS was also tested for stimulation of
cell-free conversion (Figure 2). At maximum stimulation,
there was a 5- to 8-fold increase in [35S]PrP-res formation.
The EC50 for PPS was 50±500 ng/ml. No effect was
observed when either no PPS was added or PPS was added
immediately prior to PK digestion, ruling out the possi-
bility that the increased amount of [35S]PrP-res was due to
inhibition of PK activity by PPS (Figure 2C). Furthermore,
no conversion was observed in the absence of input
PrP-res (Figure 2D), which demonstrated that the
stimulatory effect of PPS was PrP-res dependent. Results
similar to those shown in Figure 2C and D were also
obtained with HS (data not shown). Since PPS had similar

Fig. 1. HS stimulation of hamster GPI(±) PrP cell-free conversion.
(A) Effect of increasing concentrations of HS on cell-free conversion.
HS was added to conversion reactions at the concentrations indicated
(lanes 2±7). An aliquot of the pre-incubation mixture representing 20%
of the input [35S]PrP-sen is shown in lane 1. The two bands at ~28 and
~32 kDa show unglycosylated and partially glycosylated [35S]PrP-sen,
respectively. The radiolabeled protein bands at ~21 and ~25 kDa after
PK digestion demonstrate that the input [35S]PrP-sen had acquired
limited PK resistance similar to brain-derived PrP-res (Kocisko et al.,
1994). (B) Fold stimulation of cell-free conversion by increasing
concentrations of HS. Error bars show the standard deviation (n = 3).

Fig. 2. PPS stimulation of hamster GPI(±) PrP cell-free conversion.
(A) Effect of increasing concentrations of PPS on cell-free conversion.
PPS was added to conversion reactions at the concentrations indicated
(lanes 2±6). Ten percent of the input [35S]PrP-sen for each conversion
reaction is shown in lane 1. (B) Fold stimulation of cell-free conversion
by increasing concentrations of PPS. Error bars show the standard
deviation (n = 3). The average percentage conversion at maximal
stimulation (including experiments not shown) was ~50% and could
range from 15 to 80%. (C) PPS has no effect on PK digestion. PPS at
100 mg/ml was added either pre- (lane 2) or post-conversion (lane 3).
No PPS was added to the control (lane 4). Twenty percent of the
input [35S]PrP-sen is shown in lane 1. (D) PPS-stimulated cell-free
conversion requires a PrP-res template/seed. Lane 2, PPS-stimulated
cell-free conversion without input PrP-res; lane 3, PPS-stimulated cell-
free conversion containing input PrP-res; lane 1, 20% of the input
[35S]PrP-sen shown in lanes 2 and 3.
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effects to those of HS on cell-free conversion, subsequent
experiments were performed with PPS.

Because there is a wide diversity of sulfated glycos-
aminoglycans in vivo, other sulfated components of the
extracellular matrix were tested in cell-free conversion. At
the same concentrations as used with HS and PPS,
chondroitin sulfate (CS) also stimulated conversion, but
only to 10±20% of the effect of HS or PPS, while keratan
sulfate (KS) had no stimulatory effect (data not shown).
Thus, the ability to stimulate the cell-free conversion was
restricted to speci®c sulfated glycans and was not due
solely to their bulk polysulfated properties.

Stimulation of cell-free conversion by elevated
temperature
In previous cell-free conversion protocols, optimum
conversion occurred at an incubation temperature of
37°C (D.Kocisko, J.Chabry, S.Priola, R.Demaimay,
M.Horiuchi and B.Caughey, unpublished data). To test
whether the lack of chaotropic ions and/or detergents in
the current protocol affected the optimum incubation
temperature, we performed conversions with and without
PPS at various temperatures. A temperature-dependent
stimulation of [35S]PrP-res formation was found in both
the presence and absence of PPS (Figure 3). The control
samples had little conversion at incubation temperatures
up to 42°C. However, some conversion was observed at
65°C. In contrast, the reactions with PPS had observable
[35S]PrP-res formation beginning at 37°C and continued to
increase to 65°C (the highest temperature tested), with the
latter exceeding that obtained at 65°C alone. These results
demonstrated that in the absence of chaotropic ions and

detergents, conversion was stimulated by elevated temp-
erature and further stimulated by PPS.

PPS and/or elevated temperature promoted
heterologous PrP cell-free conversion
The transmission of hamster 263K scrapie to mice is
highly inef®cient (Kimberlin et al., 1989; Race and
Chesebro, 1998). Previous studies have shown that the
transmission species barrier correlates with an inability
of hamster 263K PrP-res to induce the cell-free
conversion of mouse PrP-sen (Kocisko et al., 1995)
and the ability of mouse PrP-sen to interfere with
hamster PrP conversion reactions (Horiuchi et al.,
2000). Since PPS and elevated incubation temperature
stimulated conversion of hamster GPI(±) PrP-sen by
hamster PrP-res, we investigated whether the same
conditions could promote conversion of mouse GPI(±)
PrP-sen. We found that mouse GPI(±) [35S]PrP-sen
converted as ef®ciently as hamster GPI(±) [35S]PrP-sen
in the presence of PPS at either 37 or 65°C (Figure 4).
Thus, PPS apparently abrogated the species barrier-
associated restriction of mouse PrP-sen conversion by
hamster 263K PrP-res that has been observed under
other previously described cell-free conditions.

The PrP GPI anchor interfered with PPS-stimulated
cell-free conversion under conditions free of
chaotropic ions and detergents
The form of [35S]PrP-sen used in the conversion
experiments discussed thus far was expressed without a
GPI anchor. Since cellular PrP normally contains a
GPI anchor (Stahl et al., 1987), we tested the effect of
PPS on the conversion of GPI(+) mouse PrP-sen with

Fig. 3. Effect of temperature on hamster GPI(±) PrP cell-free
conversion. (A) PPS-stimulated and non-stimulated cell-free conversion
at different incubation temperatures. PPS (100 mg/ml) was included in
the conversion reactions indicated in the ®gure. Lane 11 shows 20% of
the input [35S]PrP-sen. (B) Comparison of PPS-stimulated and control
cell-free conversion ef®ciency at different incubation temperatures.
Black bars indicate samples with PPS added and white bars indicate
control samples without PPS. Error bars show the range (n = 2).

Fig. 4. Heterologous and homologous cell-free conversion with hamster
PrP-res template/seed. (A) Comparison of PPS-stimulated and control
[35S]PrP-res formation with mouse and hamster GPI(±) [35S]PrP-sen at
37 and 65°C. Twenty percent of mouse and hamster input [35S]PrP-sen
is shown in lanes 5 and 10, respectively. (B) Percentage conversion of
the PPS-stimulated and control cell-free conversion at 37 and 65°C.
The solid black bars indicate PPS-stimulated conversion reactions and
white bars indicate control conversions. Error bars show the standard
deviation (n = 3).
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mouse and hamster PrP-res. We found that PPS
(Figure 5) and HS (data not shown) either stimulated
conversion poorly (2-fold) with mouse PrP-res
(Figure 5A, compare lanes 10 and 11) or not at all

with hamster PrP-res (compare lanes 4 and 5). In
addition to the lack of a GPI anchor, the GPI(±)
PrP-sen is largely unglycosylated compared with the
predominantly glycosylated GPI(+) PrP-sen (Kocisko
et al., 1994), as can be seen by comparing Figure 4A
(lane 5) with Figure 5A (lane 6). Thus, the poor
stimulation of GPI(+) PrP-sen conversion by PPS could
be due to the presence of either N-linked glycans or
an intact GPI anchor (Rudd et al., 1999). To address
the role of the intact GPI anchor in this effect more
speci®cally, we treated mouse wild-type, glycosylated
[35S]PrP-sen-expressing cells with phosphatidylinositol
phospholipase C (PIPLC), an enzyme that cleaves
between the terminal phosphate and the hydrophobic
diacylglycerol of the GPI anchor. The [35S]PrP-sen
obtained by this procedure retained the phosphoinosi-
tol-glycan moiety, but did not have the membrane-
embedded diacylglycerol component (Medof et al.,
1996). PPS stimulated the conversion of this diacyl-
glycerol-de®cient mouse [35S]PrP-sen 14-fold with
mouse PrP-res (Figure 5A, compare lanes 7 and 8)
and 6-fold with hamster PrP-res (Figure 5A, compare
lanes 1 and 2). These observations demonstrated that
the presence of the diacylglycerol component of the
GPI moiety inhibits full PPS stimulation under these
near-physiological conditions.

It was possible that conversion of mouse wild-type
[35S]PrP-sen was blocked because the intact GPI
anchor made hydrophobic interactions that limited
PrP-sen interactions with PrP-res. Accordingly, we
tested conversion of mouse GPI(+) [35S]PrP-sen with
a protocol that included guanidine HCl and N-lauroyl
sarkosine (Kocisko et al., 1994) to reduce such
hydrophobic interactions. Under these conditions, PPS
stimulated conversions with both mouse and hamster
PrP-res (Figure 5C), supporting the hypothesis that the
hydrophobic interactions of the intact GPI moiety
interfered with conversion under conditions free of
chaotropic ions and detergents.

PPS increased both the rate of formation and yield
of [35S]PrP-res
To determine whether PPS increased the rate and/or
yield of the conversion reaction, we compared the
kinetics of PPS-stimulated versus non-stimulated cell-
free conversion. A signi®cant increase in the initial
rate of [35S]PrP-sen conversion was seen with PPS
stimulation (Figure 6). Near maximal conversion to
[35S]PrP-res was reached by 3 h with PPS. In contrast,
the reaction lacking PPS approached maximum only
after 24±48 h and the yield of [35S]PrP-res was 3- to
4-fold less than the PPS-stimulated level. One reason
for the lower maximum yield in the absence of PPS
might have been the accumulation of conversion
intermediates or off-pathway products that otherwise
would be rescued by PPS. To test whether PPS could
stimulate conversion after non-stimulated conversion
had plateaued, we added PPS only after 48 h of
incubation and continued the incubation for an add-
itional 24 h (Figure 6D and E). The delayed addition
of PPS stimulated [35S]PrP-res formation, but only to a
level that was 63% of that achieved when PPS was
added at the beginning of the incubation. Thus, PPS

Fig. 5. Cell-free conversion of GPI(+) [35S]PrP-sen. (A) Comparison of
wild-type mouse GPI(+) [35S]PrP-sen- and PIPLC-released wild-type
mouse GPI(PC) [35S]PrP-sen in chaotropic ion- and detergent-free
cell-free conversion. [35S]PrP-sen representing 20% of the input
radioactivity is shown in lanes 3, 6, 9 and 12. (The diffused radioactive
bands in lanes 4 and 5 were not identi®ed positively as newly made
[35S]PrP-res. Whether they were or not did not change the
interpretation that there was little or no PPS-stimulated conversion of
GPI(+) [35S]PrP-sen.) (B) Fold stimulation of GPI(+) and GPI(PC)
[35S]PrP-sen by PPS. h/m:GPI(PC) = hamster PrP-res template/seed
and PIPLC-released mouse [35S]PrP-sen cell-free conversion;
h/m:GPI(+) = hamster PrP-res template/seed and wild-type mouse
[35S]PrP-sen cell-free conversion; m/m:GPI(PC) = mouse 87V PrP-res
template/seed and PIPLC-released mouse [35S]PrP-sen cell-free
conversion; m/m:GPI(+) = mouse 87V PrP-res template/seed and wild-
type mouse [35S]PrP-sen cell-free conversion. Error bars show the
standard deviation (n = 3). (C) PPS stimulation of GPI(+) [35S]PrP-sen
conversions in guanidine HCl + N-lauroyl sarkosine-based cell-free
conversion. Lane 3 shows 10% of the input wild-type hamster
[35S]PrP-sen of cell-free conversion shown in lanes 1 and 2. Lane 6
shows 10% of the input wild-type mouse [35S]PrP-sen of cell-free
conversion shown in lanes 4 and 5. (D) Fold stimulation of GPI(+)
[35S]PrP-sen cell-free conversion by PPS in guanidine HCl + N-lauroyl
sarkosine-based cell-free conversion. h/h = hamster PrP-res template/
seed and wild-type [35S]PrP-sen cell-free conversion; h/m = hamster
PrP-res template/seed and wild-type mouse [35S]PrP-sen cell-free
conversion. Error bars show the standard deviation (n = 3).
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showed at least some ability to rescue presumably
stalled conversion intermediates or off-pathway pro-
ducts of the conversion reaction.

PPS altered the circular dichroism spectrum of
PrP-sen
One possible mechanism by which PPS stimulated cell-
free conversion is by binding and altering the PrP-sen
structure such that the energy barrier of the PrP-sen to
PrP-res transition is reduced. Several studies have already
demonstrated that PPS binds to PrP-sen (Caughey and
Raymond, 1993; Caughey et al., 1994; Shyng et al., 1995;
Brimacombe et al., 1999). To determine whether protein
structure was altered by PPS, we performed circular
dichroism (CD) spectroscopy on puri®ed hamster GPI(±)
PrP-sen (Figure 7A). To measure the CD spectrum below
200 nm, we used a buffer comprised of 10 mM sodium
phosphate pH 6.5, 400 mM potassium ¯uoride. This buffer
was transparent below 200 nm but supported PPS-
stimulated conversion as well as the standard citrate/
KCl conversion buffer (data not shown). The PrP-sen
CD spectrum was comparable with previously pub-
lished CD spectra (Swietnicki et al., 1997; Safar et al.,
1998) (Figure 7B) with a prominent positive CD
maximum at 192 nm and two negative CD maxima
centered at 212 and 222 nm, which are diagnostic of

proteins with high a-helix content (Venyaminov and
Yang, 1996). Upon PPS addition, there was an
immediate reduction of CD signal at 192, 212 and
222 nm. The reduction in CD signal continued slowly
over 44 h. In contrast, the CD spectrum of PrP-sen
incubated alone or with CS did not change over 48 h
(Figure 7C). PPS or CS alone exhibited very little CD
at the applicable concentration and wavelengths exam-
ined (data not shown). Nevertheless, they were sub-
tracted along with the contribution of the buffer from
the PrP-sen spectrum when appropriate. The PPS-
induced change in the CD spectrum was not due to
loss of protein through precipitation. At the concen-
trations of PrP-sen and PPS used, we found no
detectable aggregation by centrifugation or change in
optical density at 280 nm. In addition, there was no
increase in absorbance between 400 and 300 nm,
which would be expected if there were increased
turbidity due to aggregation (data not shown). The
change in CD signal of PrP-sen upon co-incubation
with PPS was consistent with a decrease in a-helix
content (Venyaminov and Yang, 1996), which sup-
ported the hypothesis that PPS stimulated conversion
by altering PrP-sen structure, presumably in a way that
favors [35S]PrP-res formation. To determine whether
PPS affected other proteins in the same way that it

Fig. 6. Kinetics of hamster GPI(±) PrP cell-free conversion. The rate of [35S]PrP-res formation was determined for both PPS-stimulated and non-
stimulated control cell-free conversion reactions over 96 h. [35S]PrP-res accumulation was determined for the time intervals indicated. [35S]PrP-sen
representing 20% of the input radioactivity is shown in lane 11. (A) Kinetics of PPS-stimulated PrP cell-free conversion. (B) Kinetics of control cell-
free conversion (without PPS). (C) Comparison of PPS-stimulated and control conversion reaction kinetics. Error bars show the standard deviation
(n = 3). (D) Effect of adding PPS after non-stimulated cell-free conversion. Lane 1, 72 h incubation without PPS (±); lane 2, 48 h non-stimulated
incubation followed by 24 h incubation with PPS (+t:48); lane 3, 72 h incubation with PPS (+t:0); lane 4, [35S]PrP-sen representing 20% of the input
radioactivity shown in lanes 1, 2 and 3. (E) Percentage conversion of adding PPS after non-stimulated cell-free conversion. cntl = no added PPS;
t:48 = PPS added after 48 h of non-stimulated cell-free conversion; t:0 = PPS added initially. Error bars indicate the standard deviation (n = 3).
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affects PrP-sen, we determined the CD spectrum of
chicken egg white lysozyme, a protein with high
a-helical content similar to PrP-sen. We found no shift
of the lysozyme CD spectrum by PPS under identical
conditions (data not shown), indicating that the PPS
effect on PrP-sen is not common to all proteins.

Discussion

Given that HS, PPS and certain other sulfated glycans are
known to prevent PrP-res formation in scrapie-infected
rodents (Beringue et al., 2000) and tissue culture cells
(Caughey and Raymond, 1993), it seems paradoxical that
these compounds would stimulate PrP-res formation in the
cell-free conversion reaction. One possible explanation for
these observations might be that sulfated glycans have a
physiological effect on cells that overrides their direct
stimulatory effects on PrP-res formation. For instance,
when PPS is added to cells in tissue culture, the cell surface
PrP-sen is shunted to endocytic compartments (Shyng
et al., 1995). These results led to suggestions that either the

sequestered PrP-sen is no longer in physical contact with
PrP-res or the endocytic compartments are not conducive
to PrP conversion. Alternatively, free exogenous sulfated
glycans may compete for, and interfere with, the inter-
action of PrP-sen with an endogenous glycosaminoglycan
or other cofactor that is necessary for PrP conversion in
infected cells (Figure 8) (Caughey and Raymond, 1993;
Caughey, 1994; Caughey et al., 1994). For instance, if PrP
interactions with an endogenous membrane-bound glyco-
saminoglycan are required for both the appropriate
subcellular traf®cking and the PrP-res-induced conforma-
tional change, then the presence of free sulfated glycans
could block PrP-res formation within cells despite the fact
that they can promote the conversion in the cell-free
reaction. In the cell-free conversion reaction, intermole-
cular contacts are likely to be much less constrained than in
a membrane-bound milieu. This might allow a complex
sequence of interactions to occur that might not be possible
in intact cells if interactions between PrP molecules and an
endogenous cofactor are blocked by free sulfated glycans
(Caughey, 1993).

Fig. 7. Effect of PPS on the hamster PrP-sen CD spectrum. (A) Coomassie Blue-stained SDS±PAGE of puri®ed hamster GPI(±) PrP-sen. (B) PPS-
induced changes to the PrP-sen CD spectrum. Each spectrum shown is the average of three separately prepared samples. (C) PPS-induced change of
molar extinction of PrP-sen at 192, 212 and 222 nm over 48 h. Error bars show the standard deviation (n = 3).
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Stimulation of cell-free conversion by elevated
temperature
We have shown in this study that elevated temperature
promoted cell-free conversion of PrP-sen. The cell-free
conversion reaction is comprised of at least two steps: the
rapid initial binding of [35S]PrP-sen to PrP-res and the
rate-limiting conversion of the bound [35S-PrP]sen to
[35S]PrP-res (Horiuchi et al., 1999). The fact that the
conversion step is slow and rate limiting suggests that
there is a signi®cant energy barrier to the conformational
rearrangement. Increasing the incubation temperature may
increase the probability of overcoming this energy barrier
to conversion. By combining elevated temperature with
PPS, we found an additive effect that demonstrated that the
mechanism(s) of stimulation by elevated temperature and
PPS are complementary.

The stimulation of cell-free conversion by elevated
incubation temperatures above 37°C was not seen previ-
ously in conditions containing guanidine HCl and/or
N-lauroyl sarkosine. However, in preliminary experi-
ments, a short pulse of 70°C after 37°C incubation and
dilution of guanidine HCl were found to enhance conver-
sion (L.Herrmann, S.Priola and B.Caughey, unpublished
results). By eliminating these destabilizing reagents during
the conversion reaction, we were able to raise the
incubation temperature and demonstrate an extended
temperature-dependent increase in [35S]PrP-res formation.
When denaturants are present, higher temperatures may
cause irreversible denaturation of the PrP-res, which then
prevents conversion (Caughey et al., 1997).

PPS-stimulated heterologous PrP cell-free
conversion
The hamster and mouse scrapie models are commonly
used for studying species barriers in TSE transmissions
(Kimberlin and Walker, 1978; Kimberlin et al., 1987,
1989). Speci®c amino acid sequence differences between
the prion proteins of hamsters and mice have been shown
to be critical in maintaining the species barrier to hamster
scrapie in mice (Prusiner et al., 1990; Priola et al., 1994;
Priola and Chesebro, 1995). Our results demonstrate that
the barrier to conversion reactions between hamster and
mouse PrP isoforms is reduced or eliminated with PPS in
cell-free conversion. These results raise the possibility that
endogenous sulfated glycosaminoglycans may also aid in
overcoming barriers to interspecies PrP conversion when it
occurs in vivo (e.g. Race and Chesebro, 1998; Hill et al.,
2000). PrP-res formation in vivo is likely to be in¯uenced
by a complex interplay of positive and negative effects of
sulfated glycosaminoglycans and/or other functionally
related molecules. It is clear, however, that certain
exogenous sulfated glycans block PrP-res formation
in vivo and in vitro, and these negative effects may
supersede any positive effects of such compounds on
heterologous PrP conversion.

The GPI anchor and PPS-stimulated cell-free
conversion
The fact that PPS stimulated GPI(+) PrP-sen conversions
only in the presence of guanidine HCl and N-lauroyl
sarkosine suggests that the lipophilic GPI anchor inter-
fered with conversion through hydrophobic interactions.
GPI-linked proteins are known to form pseudomicelles in

minimal detergent solutions (Medof et al., 1996). Such
micelles of PrP-sen might block interactions with PrP-res
that occur via surfaces near the C-terminus where the GPI
anchor is attached (Horiuchi et al., 1999). Since the GPI
anchor of PrP-sen is usually sequestered in a membrane,
its presence may not limit accessibility to PrP-res (which
may also be membrane bound) to the same extent.
Conversion studies with membrane-bound GPI(+)
PrP-sen are in progress to test this hypothesis.

Alteration of PrP-sen secondary structure by PPS
The CD spectra showed that PPS induced a loss of
a-helical content in PrP-sen. In contrast, there was no
detectable change in the PrP-sen CD spectrum when it was
incubated alone or co-incubated with CS. The latter result
was consistent with the observation that CS does not bind
PrP-sen as well as PPS or HS (Caughey et al., 1994; Shyng
et al., 1995) and is a poor stimulator of cell-free
conversion (this study). With the exception of a small
b-sheet comprised of two strands of four amino acid
residues, the stable secondary structure of native PrP-sen is
predominantly a-helix (Riek et al., 1996; Donne et al.,
1997; James et al., 1997; Riek et al., 1997). It is reasonable
to speculate that a reduction in the a-helical content of
PrP-sen by PPS re¯ects a relaxation of the constraints
between the PrP conformers and thus a lowering of the
activation energy for the PrP-sen to PrP-res transition.

The potential relaxation of the PrP-sen structure by PPS
could also apply to PPS stimulation of heterologous
PrP-sen conversion. As discussed above, there is probably
a signi®cant energy barrier between PrP-sen and PrP-res
conformers. Critical amino acid sequence mismatches
could reduce the ability of hamster PrP-res to make the
contacts necessary to catalyze the conversion of mouse
PrP-sen. A relaxation of the PrP-sen conformation by PPS
and/or elevated temperature may potentiate such inter-
molecular contacts and allow PrP-res to induce the
heterologous conversion reaction.

Potential mechanisms of sulfated glycan
stimulation of cell-free conversion
There are several conceivable mechanisms by which PPS
and HS enhance PrP-res formation in cell-free conversion.
One possibility is that [35S]PrP-sen availability is in-
creased. For instance, the soluble [35S]PrP-sen concentra-
tion can be reduced by non-speci®c binding to the plastic
tubes used for conversion reactions. However, we found
that PPS did not affect the recovery of [35S]PrP-sen from
the reaction solution (data not shown). A second possibil-
ity is that PPS and HS increase the effective [35S]PrP-sen
concentration by `molecular crowding' via sequestration
of water, a well-known property of glycosaminoglycans.
However, this possibility is unlikely because the effective
concentrations of HS and PPS were much too low to
sequester a signi®cant proportion of the water.
Furthermore, although KS is an authentic glycosamino-
glycan with presumably a similar ability to bind water, it
did not stimulate conversion even at 105 times the effective
HS and PPS concentrations. A third possibility might be
that PPS and HS provide a stabilizing scaffold for the
newly formed [35S]PrP-res (Figure 8) (Caughey and
Raymond, 1993; Caughey, 1994), similar to a role
proposed for the high molecular weight glucose polymer
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component of brain-derived PrP-res (Appel et al., 1999). A
fourth possibility is that PPS acts catalytically on
[35S]PrP-sen, as proposed above. However, PrP-sen con-
version appears to be more complex than a simple
bimolecular reaction with a single equilibrium. If that
were the case, the level of [35S]PrP-res formation in the
absence of PPS would eventually have reached the level of
the PPS-stimulated conversion. However, for reasons that
are still not clear, cell-free conversion stalls even when
[35S]PrP-sen is not limiting (see legend to Figure 2B). One
explanation could be that trapped intermediates or off-
pathway conformers of [35S-PrP]sen block the seeding site
and interfere with further conversion (Horiuchi et al.,
2000). By interacting with these trapped or off-pathway
conformers and relaxing their structure, PPS might remove
or `repair' these blockages. Thus, PPS may perform an
`editing' function on partially converted [35S]PrP mol-
ecules. This hypothesis is consistent with the observation
that PPS stimulates conversion even when added after
reactions lacking PPS had stalled (Figure 6D and E). Since
this stimulation was less than that observed when PPS was
present from the beginning of the reaction, there appear to
be some off-pathway events that PPS cannot reverse. This
is also consistent with our ®nding that PPS itself does not
promote continuous cell-free conversion (data not shown).
We hypothesize that PPS and HS facilitate the refolding of
native [35S]PrP-sen as well as some kinetically trapped or
off-pathway [35S]PrP conformers. Thus, in the conversion
reaction, these sulfated glycans may interact with PrP-sen

in a manner similar to that proposed for chaperone proteins
such as GroEL or HSP104 in cell-free conversion
(DebBurman et al., 1997).

Materials and methods

PrP-res and PrP-sen
Brain-derived PrP-res was prepared from hamsters infected with scrapie
strain 263K and from mice infected with scrapie strain 87V, as described
previously (Kocisko et al., 1994; Caughey et al., 1999). Six different
radiolabeled PrP-sen proteins were used in this study. The
[35S]methionine-labeled hamster and mouse 3F4 (Kascsak et al., 1987)
epitope-tagged PrP-sen with and without the GPI anchor were expressed
in mixed cultures of Psi-2 and PA317 mouse retroviral packaging cells as
described (Robertson et al., 1992; Priola et al., 1994). Also used in this
study was radiolabeled mouse wild-type PrP-sen immunoprecipitated
with rabbit R30 antibody from lysates of mouse neuroblastoma cells
(clone 5E4E), which overexpressed mouse PrP after being transduced
with a murine retrovirus-expressing mouse PrP (S7 allele) in the pSFF
vector as described (Robertson et al., 1992; Priola et al., 1994). To obtain
the mouse wild-type [35S]PrP-sen without an intact GPI moiety, the
PrP-sen was enzymatically released from the cells with PIPLC and
puri®ed from the medium by immunoprecipitation with antibody R30 as
described (Horiuchi et al., 1999).

In this study, we refer to cell-free conversion reactions where the
[35S]PrP-sen was from the same species as the input PrP-res as
`homologous'. Reactions between [35S]PrP-sen and PrP-res of different
species are referred to as `heterologous'. However, it should be noted that
the wild-type mouse and 3F4 epitope-tagged mouse PrP-sen molecules
differ at two amino acid residues, Leu108 and Val111, both of which are
replaced with methionines. Furthermore, the wild-type mouse S7 allele
[35S]PrP-sen differs at two residues from the P7 allotype of the mouse
87V strain PrP-res. The mouse S7 allele has a leucine at 108 and a
threonine at 189, which are phenylalanine and valine, respectively, in the
P7 allele.

Pentosan polysulfate and glycosaminoglycans
PPS (catalog #P8275), HS (catalog #H5393), chondroitin sulfate A (CS;
catalog #C8529) and KS (catalog #2876) were purchased from Sigma.
These reagents were initially dissolved in water at 10±20 mg/ml and
stored at ±20°C. The concentrated solutions were diluted to a ®nal
concentration in conversion buffer as described for the experiment.

Cell-free conversion
Two cell-free conversion protocols were used in this study. The guanidine
HCl/N-lauroyl sarkosine-based conversion was performed as described
(Caughey et al., 1999). The second protocol was a modi®cation of that of
Horiuchi et al. (1999) and was performed as follows. The stock PrP-res
was diluted to 50 ng/ml in water. [35S]PrP-sen was diluted to
10 000±30 000 c.p.m./ml with 0.1 M acetic acid. For each conversion
reaction, 2 ml of the 50 ng/ml PrP-res were mixed with 2 ml of [35S]PrP-sen
in 6 ml of 100 mM sodium citrate pH 6.0, 400 mM KCl, and, except where
noted, pre-incubated at 0°C for 3±12 h. For the standard conversion
reaction, 10 ml of the pre-incubation mixture were transferred to a fresh
tube containing either 10 ml of PPS (200 mg/ml) or water (PPS diluent)
and incubated at 37°C for 24 h. Samples were either frozen at ±20°C for
subsequent PK (Calbiochem) digestion or digested with PK immediately
as outlined below. Experiments testing the effect of HS, CS and KS on
cell-free conversion were performed identically to those outlined for PPS.
For kinetic experiments, samples were prepared as above, incubated at
37°C and at the speci®ed time points rapidly frozen at ±20°C to stop
further conversion. For testing the effect of incubation temperature in the
experiment shown in Figure 3, the samples were prepared as above, pre-
incubated at 0°C for 30 min, mixed with PPS and incubated at the
temperatures indicated in the experiment for 6 h. For testing the effect of
incubation temperature on homologous and heterologous conversion
shown in Figure 4, the samples were prepared as above, pre-incubated at
0°C, mixed with PPS and incubated at either 37 or 65°C for 24 h. After
incubation under the conditions required for the experiment, the samples
were digested with PK as follows: 32 ml of 23.4 ng/ml PK in 150 mM Tris
pH 8.0, 450 mM NaCl were added to each conversion reaction and
incubated at 37°C for 60 min. The PK was quenched by addition of 4 ml of
5 mg/ml thyroglobulin (Sigma), 4 ml of 0.1 M Pefabloc (Boehringer
Mannheim) and 200 ml of cold methanol per reaction. The samples were
chilled at ±20°C to precipitate the proteins. The samples were centrifuged

Fig. 8. Model consistent with the paradoxical effects of
glycosaminoglycans (GAGs) and GAG analogs in PrP-res formation.
(A) A cofactor in PrP-res formation is proposed that is either a
membrane (diagrammed) or extracellular matrix-associated GAG
moiety, or a different molecule whose in¯uence can be mimicked by
GAGs and GAG analogs. PrP-sen must interact with both the cofactor
and PrP-res for ef®cient conversion. This is consistent with the
association of GAGs with PrP-res deposits in vivo (Snow et al., 1989).
(B) Exogenous free GAGs or GAG analogs can inhibit PrP-res
formation by binding to PrP-sen at the cofactor binding site and
interfering with its interaction with the cofactor and PrP-res. This is
consistent with the ability of such compounds to bind PrP-sen (Gabizon
et al., 1993; Caughey et al., 1994; Shyng et al., 1995; Brimacombe
et al., 1999) and potently inhibit PrP-res formation in scrapie-infected
cells and animals (Ehlers and Diringer, 1984; Kimberlin and Walker,
1986; Caughey and Raymond, 1993; Caughey, 1994; Caughey et al.,
1994; Brimacombe et al., 1999). (C) In cell-free reactions between
PrP-sen and puri®ed PrP-res that is stripped of cofactor(s) during
puri®cation, all three elements can freely associate to allow GAGs or
GAG analogs to substitute for the endogenous GAG in stimulating
conversion.
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and the pellets resuspended in SDS±PAGE sample buffer and heated at
100°C for 5 min. The samples were resolved on pre-cast 16%
acrylamide±Tris±glycine gels (Novex). The SDS±PAGE gels were
dried and exposed to Storage Phosphor Screens (Molecular Dynamics)
for visualization of the radioactive proteins. IMAGEQUANT (Molecular
Dynamics) software was used for digital quantitation of the radioactive
bands. Determination of the amount of newly converted [35S]PrP-res was
based on the intensity of the [35S]PrP-res bands at ~21 and ~25 kDa, and
the fold stimulation was calculated as the ratio of the [integrated intensity
of [35S]PrP-res (stimulated)/integrated intensity of [35S]PrP-res (control)].
For determination of the ef®ciency of the conversion reaction, samples
representing 10% of the input radiolabeled PrP-sen were removed from
the post-incubation conversion mixtures or samples representing 20% of
the input [35S]PrP-sen from the pre-incubation mixture were mixed with
20 mg of thyroglobulin and precipitated immediately with cold methanol.
These samples were resolved by SDS±PAGE along with the conversion
samples. Calculations of the percentage conversion were performed as
follows: [integrated image intensity of PrP-res bands/integrated image
intensity of the input [35S]PrP-sen] 3 10 or 20 depending on the sampling
percentage used in the experiment. There are no methionines in
[35S]PrP-res within the region trimmed by PK, so no additional correction
factor was necessary. For the kinetics experiment shown in Figure 6, the
radioactivity of the [35S]PrP-res bands was compared by their integrated
image intensity and expressed as a pixel volume.

Circular dichroism
The PrP-sen protein used in CD experiments was recombinant hamster
(23±231) PrP that had a stop codon inserted after amino acid 231 so that it
was expressed without the GPI anchor (Kocisko et al., 1994). The protein
was isolated from mixed cultures of Psi2 and PA317 mouse retroviral
packaging cells (Robertson et al., 1992; Priola et al., 1994). Because the
PrP protein lacked a GPI anchor, the expressed protein was secreted into
the medium, from where it was puri®ed. The expressed PrP protein bound
to nickel-charged NTA±agarose beads (Qiagen), which were added to the
medium (1 ml of a 50% slurry/200 ml medium) and agitated at room
temperature for 1±2 h. The beads were collected by centrifugation and
washed with 100 mM NaPO4 pH 8.0, 150 mM NaCl. The PrP protein was
eluted with 100 mM NaPO4 pH 8.0, 150 mM NaCl, 50 mM L-histidine.
The pH of the eluant was adjusted to 6.5 and it was applied to an SP
Sepharose (Pharmacia) column equilibrated with 100 mM NaPO4 pH 6.5,
150 mM NaCl. The column was washed with 10 column volumes of
equilibration buffer, ®ve column volumes of 100 mM NaPO4 pH 6.5,
300 mM NaCl. The PrP protein was eluted with 100 mM NaPO4 pH 6.5,
1 M NaCl. The column fractions were assayed by western blotting with
3F4 monoclonal antibody (Kascsak et al., 1987) and the peak PrP
fractions were diluted to <300 mM NaCl and reapplied to the SP
Sepharose column, washed of remaining NaCl and eluted with 20 mM
NaPO4 pH 6.5, 800 mM KF. The buffer was adjusted to 10 mM NaPO4

pH 6.5, 400 mM KF for all CD determinations.
CD spectra were recorded with an OLIS 16 CD spectropolarimeter

using a 1 mm cylindrical quartz cell (Starna) at 37°C. For each spectrum,
a minimum of nine scans were collected from 260 to 188 nm with a step
resolution of 1 nm under constant nitrogen gas purge. All spectra were
veri®ed by three separately prepared samples. Baseline spectra of the
buffer, buffer + PPS and buffer + CS were collected and subtracted from
the experimental spectra where appropriate. PrP-sen spectra were
determined at 70 mg/ml protein. When PPS or CS were used, they were
added to a ®nal concentration of 60 mg/ml. The spectropolarimeter was
calibrated with (1S)-(+)-camphorsulfonic acid.
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