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It is hypothesized that infectious prions are generated
as the cellular form of the prion protein (PrPC) under-
goes pronounced conformational change under the
direction of an infectious PrPSc template. Conversion
to the infectious conformer is particularly associated
with major structural rearrangement in the central
portion of the protein (residues 90±120), which has an
extended ¯exible structure in the PrPC isoform. Using
a panel of recombinant antibodies reactive with differ-
ent parts of PrP, we show that equivalent major
structural rearrangements occur spontaneously in this
region of PrP immobilized on a surface. In contrast,
regions more towards the termini of the protein
remain relatively unaltered. The rearrangements
occur even under conditions where individual PrP
molecules should not contact one another. The
propensity of speci®c unstructured regions of PrP to
spontaneously undergo large and potentially dele-
terious conformational changes may have important
implications for prion biology.
Keywords: conformational change/phage display/prion
protein/recombinant antibodies

Introduction

Transmissible spongiform encephalopathies are a group of
neurodegenerative diseases that feature the pronounced
accumulation, in certain brain regions, of a misfolded
isomer (PrPSc) of the cellular prion protein (PrPC) (Bolton
et al., 1982; Prusiner, 1991; Weissmann et al., 1996;
Prusiner et al., 1998; Weissmann, 1999). PrPC is expressed
on the surface of neuronal cells, but may also be found on
many other cell types (Bendheim et al., 1992). The protein
contains two N-linked sugars and is anchored to the cell
membrane via a glycosyl-phosphatidyl-inositol (GPI)
group at the extreme C-terminus (residue 231) (Stahl
et al., 1987, 1990). The physiological role of PrP is
unknown. The N-terminal portion of the molecule typic-
ally contains ®ve octarepeat regions [PHGGG(T)WGQ],
which bind copper with micromolar af®nity (Stockel et al.,

1998; Miura et al., 1999; Viles et al., 1999). The in vivo
signi®cance of this relatively low af®nity interaction,
however, remains controversial (Pauly and Harris, 1998;
Brown et al., 1999; Lippard, 1999; Waggoner et al., 2000).
In neuronal cells, PrPC cycles rapidly between the cell
surface and endocytic compartments thought to be
clathrin-coated vesicles, and has an overall half-life of
4±6 h (Shyng et al., 1993, 1994; Lehmann et al., 1999).
These subcellular compartments have been suggested as
the site of conversion of PrPC to PrPSc and generation of
prion infectivity (Caughey and Raymond, 1991; Caughey
et al., 1991; Borchelt et al., 1992; Harris et al., 1996).

Early studies indicated that the physical properties of
PrPC and PrPSc differ markedly. Puri®ed PrPSc has a
propensity to form aggregates that have the morphological
characteristics of amyloids, binding to the birefringent dye
Congo Red and possessing secondary structure content
that is rich in b-sheets (Pan et al., 1993; Priola et al., 1994;
Caspi et al., 1998). The aggregated protein is also partially
resistant to proteolysis and is insoluble in non-ionic
detergent. In contrast, PrPC contains a paucity of
b-arrangements, is sensitive to protease digestion and is
soluble in non-ionic detergent (Prusiner et al., 1982; Oesch
et al., 1985; Prusiner, 1994).

Whereas relatively little is known of PrPSc conform-
ation, the three-dimensional structures of recombinant
mouse (Mo), Syrian hamster (SHa), bovine and human PrP
folded into an a-helical conformation have been solved by
nuclear magnetic resonance (NMR) (Riek et al., 1996,
1997; Donne et al., 1997; Lopez Garcia et al., 2000; Zahn
et al., 2000). In each case, the C-terminal half of the
protein (residues 124±231) is folded into a core compris-
ing three a-helices, one or two short b-strands, and a
disul®de bridge linking the second and third helices. The
N-terminal portion of the protein, spanning residues
23±124, appears to be highly ¯exible and devoid of any
secondary structure under the experimental conditions
employed for these studies (Riek et al., 1996, 1997; Donne
et al., 1997; Zahn et al., 2000). It seems likely that these
recombinant molecules, despite the absence of glycosyl-
ation, closely resemble PrPC in its native environment,
since antibodies bind well to recombinant PrP and PrP on
the surface of living cells (Williamson et al., 1998).

The molecular events leading to the profound con-
formational changes in PrPC that accompany PrPSc

formation are central to prion pathogenesis, but remain
poorly understood. There is, however, substantial evidence
to support the role of PrPSc as a template directing the fate
of PrPC during prion replication (Bessen et al., 1995;
Prusiner, 1997). For example, the properties distinguishing
individual prion strains appear to be enciphered in distinct
PrPSc conformations (Telling et al., 1996; Scott et al.,
1997; Safar et al., 1998; Wadsworth et al., 1999). It
follows, then, that PrPC represents a remarkably malleable

Immobilized prion protein undergoes spontaneous
rearrangement to a conformation having features in
common with the infectious form
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substrate for infectious prion propagation. Indeed, several
avenues of investigation have underlined the inherent
plasticity of PrPC structure. Recombinant PrP containing
residues 90±231, corresponding to the protease-resistant
core of infectious PrP, has been refolded into both
a-helical-rich and b-sheet-rich structures as well as
various intermediates in aqueous buffers (Zhang et al.,
1997; Jackson et al., 1999). Particular attention has been
focussed on the properties of the 90±145 region of PrP.
Studies of synthetic peptides corresponding to residues
109±121 (Gasset et al., 1992), 106±126 (Salmona et al.,
1999), 109±145 and 90±145 (Zhang et al., 1995) indicate
that this portion of the protein may adopt conformations
rich in either a-helices or b-sheets. The b-sheet peptides
can assemble into rod-shaped polymers. Signi®cantly,
synthetic peptide corresponding to MoPrP89±143
(P101L), when refolded into a b-sheet conformation, can
initiate or accelerate the onset of prion pathology in
transgenic mice (Kaneko et al., 2000).

Monoclonal antibody binding studies also demonstrate
the innate structural ¯exibility of PrP (Peretz et al., 1997;
Williamson et al., 1998). Antibody epitopes lying between
amino acids 90±112 are found to be exposed in PrPC, but
are altered or buried in infectious forms of PrP. In
contrast, an epitope lying toward the C-terminus of PrP
is present in both cellular and infectious forms of the
protein, indicating that C-terminal regions of PrP may
possess more conformational rigidity than N-terminal
regions (Peretz et al., 1997; Williamson et al., 1998). In
addition, an X-ray crystallographic structure of the Fab
fragment of the 3F4 antibody complexed to a peptide
spanning residues 104±113 of SHaPrP showed the bound
peptide in a W-loop conformation, stabilized by two
intrapeptide hydrogen bonds (Kanyo et al., 1999). This
structure is a possible intermediate in the formation of a
b-hairpin, and is unexpected in a region shown to be
devoid of structure by NMR. One interpretation of these
®ndings is that this portion of PrP is capable of existing
either in a disordered state or in a variety of discrete but
isoenergetic arrangements.

In this paper, we have extended our antibody studies to
examine global and local structural changes occurring in
SHaPrP23±231 over time. Using a panel of eight
monoclonal Fab fragments directed against diverse linear
and conformational epitopes of SHaPrP, and including two
novel antibodies recognizing the N-terminal portion of the
molecule (residues 29±37 and 72±86, respectively), we
have followed conformational changes occurring over a
6-day period in immobilized PrP molecules using surface
plasmon resonance (SPR). We report that pronounced
conformational changes in the prion protein occur via
distinct molecular domains, as de®ned by their binding to
monoclonal antibody fragments. Our ®ndings indicate that
under physiological solvent conditions, monomeric PrPC is
in itself an intrinsically unstable molecule prone to
conformational rearrangement over time.

Results

Measuring dynamic changes in PrP conformation
over time using a diverse panel of eight
monoclonal antibodies
During preliminary antibody binding studies using SPR
and immobilized recombinant PrP preparations, we noted
that binding signals obtained with certain monoclonal
antibodies decreased over time, whereas binding signals
generated with other antibodies remained constant over
the same period. The mass of immobilized PrP on the
sensor chip was found to be invariant during the course of
these experiments, seemingly precluding proteolytic deg-
radation of PrP antigen as a facile explanation for the loss
of speci®c epitopes. We considered the most plausible
explanation for our observations was that localized regions
of the PrP antigen were undergoing major structural
rearrangement, while the conformations adopted by other
regions of the PrP molecule remained relatively unaltered.

To test this hypothesis, we measured the reactivity of a
diverse panel of eight PrP-speci®c monoclonal anti-
bodies, the binding af®nities and epitopes of which are
illustrated in Table I and Figure 1, against recombin-

Table I. Epitopes and kinetic constants for the binding of PrP-speci®c antibodies to either a synthetic peptide corresponding to SHaPrP23±98 or
recombinant SHaPrP29±231 refolded into an a-helical-rich conformation, as determined by SPR

Fab Epitope kon (M±1s±1) koff (s±1) Kd (nM)

SHaPrP23±98
E123 29±37 1.6 6 0.3 3 104 7.4 6 0.5 3 10±4 46
E149 72±86 2.0 6 0.5 3 105 0.019 6 0.005 93

SHaPrP29±231
E123 29±37 1.1 6 0.4 3 104 7.6 6 0.4 3 10±4 69
E149 72±86 1.0 6 0.3 3 105 0.017 6 0.002 170
D13h 96±104 5.4 6 0.05 3 105 1.8 6 0.3 3 10±4 3.3
3F4 109±112 1.9 6 0.4 3 104 4.1 6 0.6 3 10±4 21.5
13A5 138±141 2.9 6 0.1 3 104 4.9 6 0.8 3 10±4 17
28dh 144±156a 1 6 0.3 3 106 0.034 6 0.001 34b

D18h 133±157 5.6 6 0.1 3 104 9.1 6 0.3 3 10±5 1.6
R1h 220±231 9.4 6 0.2 3 104 1.6 6 0.3 3 10±4 1.7

Fabs D13h, R1h, 28dh and D18h are chimeric versions of the original mouse Fabs, in which the constant regions of the antibody light and heavy (Fd
portion) chain have been replaced with the corresponding human regions.
aPersonal communication from Z.Kanyo.
bThe binding curve of 28dh was ®tted with the heterogeneous ligand model (see Materials and methods). The values of kon, koff and Kd are given for
the majority population (89%). Fitting the part of the curve corresponding to the minority population (11%) resulted in kon = 9.0 6 6.4 3 106 M±1s±1,
koff = 1.7 6 0.1 3 10±3 s±1 and Kd = 0.2 nM.
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ant SHaPrP29±231 and semi-synthetic SHaPrP23±231
refolded into an a-helical conformation and immobilized
by covalent linkage or via biotin, respectively, to C1 and
CM5 sensor chips. As shown schematically in Figure 2,
the C1 and CM5 sensor chips differ markedly in the
character of their active surfaces. The carboxymethyl
groups are either anchored directly to the sensor chip
surface (C1) or linked to dextran strands of ~100 nm in
length, which project away from the surface of the sensor
chip (CM5). Binding of each antibody was measured
immediately after immobilization of the PrP antigen. The
sensor chip was then incubated in physiological buffer for
4±6 days at 37°C, and antibody binding re-measured.
Binding signals obtained from this set of readings were
expressed as a percentage of the signal obtained at the
beginning of the experiment with the same antibody.

Time-dependent conformational changes in
covalently immobilized SHaPrP29±231
Binding measurements using the CM5 sensor chip
con®rmed our preliminary observation that for certain
antibodies the resonance signal obtained after 6 days was
dramatically lower than the value recorded immediately
after antigen immobilization (Figure 3A). The greatest loss
of reactivity was observed using antibodies binding
epitopes lying between residues 96 and 112 of PrP.
Speci®cally, the binding signals obtained using Fabs D13
(recognizing residues 96±104) and 3F4 (binding residues
109±112) were reduced to 32 and 22%, respectively, of
those recorded immediately after immobilization of the

PrP antigen. In contrast, a comparatively small reduction
in binding, to 88 and 78%, respectively, of the initial
values was measured for antibodies recognizing the N- and
C-termini of PrP as de®ned by Fabs E123 (binding
residues 29±37) and R1 (binding residues 220±231).
Similarly, the binding of Fab 28d, which recognizes a
discontinuous epitope lying within the ®rst a-helix of PrP,
diminished to 70% of the original value. However, binding
of the 13A5 antibody, which recognizes sequence imme-
diately N-terminal of helix A, was reduced to <45% of the
initial level.

When the same series of measurements was performed
using the C1 sensor chip, a similar pattern of changing
antibody reactivity over time was observed (Figure 3A).
The binding signals obtained using Fabs D13, 3F4 and
13A5 at day 6 were reduced dramatically to 15, 10 and
27%, respectively, of the levels measured immediately
after immobilization. Binding of Fabs E123, R1 and 28d,
however, diminished the least over time, to 72, 62 and
71%, respectively, of the initial values. The results
establish a clear disparity in the stability of epitopes
located immediately N- or C-terminal to the beginning of
helix A.

Equivalent conformational changes in
SHaPrP23±231 immobilized via a C-terminal anchor
In its native state on the cell surface, PrPC is tethered to the
cell membrane via a C-terminal GPI anchor. To replicate
this arrangement more accurately in our experimental
system, we constructed a hybrid SHaPrP molecule carry-
ing a biotin group at its C-terminus. This molecule was
composed of recombinant PrP containing residues 23±213,
and a synthetic peptide containing residues 214±231. A
lysine residue was added to the C-terminus of the synthetic
peptide and a biotin moiety was covalently attached to the
side chain of this amino acid via an alkyl spacer. The two
recombinant and synthetic SHaPrP moieties were then
linked together covalently using intein chemistry, creating
a full-length SHaPrP molecule (our unpublished data). The
biotinylated SHaPrP23±231 was then captured via its
C-terminus to the surface of streptavidin-coated C1 and
CM5 sensor chips. Each of the eight PrP-speci®c anti-
bodies in our panel bound equally well to the biotinylated
and recombinant PrP antigen preparations, suggesting the
conformation adopted by the biotinylated molecule was
equivalent to that of the recombinant PrP (data not shown).

We next measured antibody reactivity against the
captured SHaPrP23±231 antigen immediately after im-
mobilization on the chip surface, and after a 1-, 4- and

Fig. 1. A schematic representation of the linear sequence of SHaPrP23±231, depicting the known binding epitopes of antibodies E123, E149, D13,
3F4, 13A5, D18, 28d and R1.

Fig. 2. Schematic representation of the reactive surface of the two
different SPR sensor chips CM5 (A) and C1 (B) used in this study. The
sensor chips are constructed of a glass support covered with a 50 nm-
thick gold ®lm, then a linker layer. The linker layer is then either
connected to the carboxymethylated surface (C1 sensor chip) or to a
100 nm-thick carboxylated dextran layer (CM5 sensor chip).

Spontaneous rearrangement of PrP conformation
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6-day period. These measurements were performed using
the same experimental protocols we employed for the
amino-coupled recombinant PrP antigen. We found a very
similar, but even more pronounced pattern of epitope loss
than that observed for the amino-coupled recombinant PrP
molecule (Figure 3B). Six days after immobilization on
the C1 chip, only 2.3 and 6.3% of the 3F4 and D13 Fab
binding sites, respectively, remained unaltered. Fab 13A5
binding was reduced to 37% of its original level. However,
the binding of Fab 28d, which recognizes the ®rst a-helix
of PrP lying only six amino acids C-terminal to the 13A5
epitope, fell comparatively little, to 78% of its original
value, during the same period. Moreover, antibody binding
to the extreme N- and C-termini of the protein was
undiminished over time.

Figure 4 illustrates a time course of conformational
change in C-terminally captured PrP. Antibody reactivity
was measured at 1, 4 and 6 days after antigen
immobilization. The data show that after a period of
only 24 h, the binding of Fabs D13 and 3F4 are reduced by
~70%. In addition, little change in antibody reactivity is

seen between days 4 and 6, indicating that the conforma-
tional rearrangement in PrP is largely complete after a
4-day period.

Immobilized PrP is likely to be monomeric on the
sensor chip surface
The loss of speci®c antibody epitopes as measured in
immobilized PrP could have resulted from aggregation or
oligomerization of the antigen rather than from changes in
PrP conformation. To determine the likelihood of contact
between individual molecules of immobilized PrP, we
calculated the spatial distribution of antigen on the sensor
chip surface. The maximum quantity of PrP immobilized
to the sensor chip in the course of our antibody binding
studies was in the order of 1000 resonance units (RU). This
approximates to 1 ng, or 2.73 3 1010 molecules, of PrP
per mm2 of the chip surface. Assuming an even distribu-
tion of the antigen on the sensor chip, each molecule
would be located some 118 AÊ from its nearest neighbor, in
all probability precluding the possibility of extensive
association between adjacent PrP molecules. These par-
ameters may not necessarily apply to C-terminally
biotinylated PrP captured onto streptavidin-coated sensor
chips, where the presence of four biotin binding sites per
streptavidin molecule may allow individual PrP molecules
to come within close proximity of each other. However,
even in these circumstances, the relative abundance of
streptavidin and PrP in our experiments dictates that there
is unlikely to be more than two PrP molecules per
streptavidin molecule. Moreover, since the changes in
antibody binding we have recorded are seen in both
covalently immobilized and C-terminally captured PrP, it
is unlikely that PrP±PrP interactions on the sensor chip
surface impacted signi®cantly upon our studies.

Discussion

Conformational change in cellular PrP is a key event in the
generation of prion infectivity. A detailed understanding
of this process has been hampered by a lack of structural
information describing the infectious form of the protein,
which is highly insoluble and aggregates readily. NMR

Fig. 4. A time course of conformational change in immobilized PrP.
Antibody reactivity with SHaPrP23±231 was measured at 1, 4 and
6 days after immobilization of PrP to the sensor chip. Antibody binding
is given as a percentage of the binding signal generated by the same
antibody to PrP antigen immediately after immobilization. The data
presented are the average of three independent experiments, each
performed in triplicate.

Fig. 3. Changes in antibody reactivity over time against immobilized
PrP antigens. SHaPrP29±231 (A) and C-terminally biotinylated
SHaPrP23±231 (B) were independently immobilized on streptavidin-
coated C1 and CM5 SPR sensor chips. The reactivity of a panel of
eight monoclonal antibodies was measured against freshly immobilized
PrP antigen. The sensor chips were then incubated for 6 days at 37°C
in HBS-P buffer, and antibody binding was re-measured. The binding
signal 6 days after immobilization is given as a percentage of binding
of the same antibody to freshly immobilized PrP. The data presented
are the average of three independent experiments, each performed in
triplicate.
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structures of recombinant PrP molecules refolded into an
a-helical conformation thought to resemble PrPC reveal a
highly unorthodox structure, featuring a disordered region
from residues 23±128, followed by an autonomously
folding C-terminal domain containing one or two short
b-strands and three a-helices. Studies of recombinant PrP
molecules and synthetic PrP peptides have demonstrated
the ability of the protein to fold into conformations that
either lack or are rich in b-arrangements. These observa-
tions hint at the conformational plasticity of some regions
of PrP, and it is tempting to speculate that some portion of
the disordered N-terminal half of the molecule may be
capable of acquiring a greater degree of structural
organization.

We have previously used PrP-speci®c monoclonal
antibodies to compare epitope exposure in cellular and
infectious PrP antigenic presentations, and have found that
epitopes lying between residues 96 and 112 are available
in PrPC, but lost or buried in PrP27±30 (Peretz et al.,
1997). In this study, we have extended this line of
investigation to examine the stability of PrPC conform-
ation. During antibody binding experiments using recom-
binant PrP refolded into an a-helical conformation, we
noted that with the passage of time, speci®c reactivity of
some antibodies diminished, whereas the reactivity of
other antibodies remained unchanged. To investigate this
phenomenon further, we assembled a panel of eight
monoclonal antibodies binding to diverse epitopes from
the extreme N-terminus to the extreme C-terminus of the
protein, and used SPR to track their level of reactivity over
time against SHaPrP29±231 and SHaPrP23±231, immo-
bilized on the surface of sensor chips. PrP antigens were
immobilized either via covalent coupling of amino groups,
or by capture onto streptavidin-coated sensor chips
through a C-terminal biotin moiety.

Regardless of the mode of PrP immobilization, over
time we observed a similar and reproducible pattern of
changing antibody reactivity. A striking diminution in
antibody binding was measured for two antibodies, D13
and 3F4, binding PrP between amino acids 96 and 112.
Antibody binding and other studies had previously iden-
ti®ed this region of PrP to be highly plastic and implicated
in the conformational change associated with the acqui-
sition of infectivity (Peretz et al., 1997; Zhang et al., 1997;
Williamson et al., 1998). Comparatively little change in
epitope presentation was observed for antibodies recog-
nizing sequence either at the extreme N-terminus of the
PrP molecule or C-terminal to the ®rst a-helix.
Intermediate loss of antibody binding was measured for
an antibody (13A5) binding slightly N-terminal of helix A
and an antibody (E149) binding in the octarepeat region of
the molecule. Signi®cantly, all of the changes in antibody
reactivity were found to occur spontaneously under
physiological buffer conditions in the absence of reducing
or denaturing agents, and without resort to pH or buffer
manipulation.

Our ®ndings directly identify pronounced instability of
speci®c epitopes located in regions of sequence believed to
be unstructured in PrPC-like conformations. Hypo-
thetically, in our model system, a reduction in antibody
binding may occur through a number of different
mechanisms. First, aggregation of PrP molecules on the
sensor chip surface could lead to some regions of the

protein becoming inaccessible for antibody binding. In
solution, recombinant SHaPrP29±231 refolded into an
a-rich conformation and lacking b content may be
converted to a more thermodynamically stable b-sheet
form that is prone to aggregation and markedly less
soluble. However, as described earlier, we consider it
unlikely in this study that PrP molecules were immobilized
on the sensor chip surface at a density suf®cient to support
substantive interaction between adjacent molecules.
Moreover, varying the density of immobilized protein
did not in¯uence the changing pattern of antibody
reactivity (data not shown).

Secondly, deamidation and racemization of asparagine
108 to isoaspartic acid has been reported to occur under
some phosphate-rich solvent conditions in SHaPrP pep-
tides containing amino acids 106±126 (Sandmeier et al.,
1999). This transition could directly interfere with the
binding of Fabs D13 and 3F4. To examine this possibility
we performed a series of control experiments in which the
binding of Fabs D13 and 3F4 were independently meas-
ured against two synthetic SHaPrP peptides composed of
amino acids 96±115 and containing either Asn or isoAsp at
position 108. Whereas the binding to 3F4 is abolished by
the presence of the isoAsp residue, D13 binds equally well
to both peptides, suggesting that even if deamidation of
Asn108 occurs in a proportion of SHaPrP23±231 or
SHaPrP29±231 molecules in the course of our aging
experiments, this would not account for the change in
binding signal observed with Fab D13. Furthermore, since
the half-life of Asn108 in full-length MoPrP was measured
as 33 days, it is unlikely that this conversion signi®cantly
impacted our studies, which took place over a maximum
period of 6 days.

Thirdly, an apparent loss of PrP epitopes, as gauged by
lower antibody binding signals, may result from a
alteration in the intrinsic association and dissociation
rate constants of the antibody±PrP interaction. This
phenomenon may complicate the interpretation of those
experiments in which maximum antibody binding (com-
plete saturation of all available epitopes) is not realized. In
these circumstances, reduced antibody binding would not
necessarily re¯ect a loss in the number of available
epitopes, but could result from diminished antibody
interaction with an equal number of slightly modi®ed
epitopes. However, when the antibody binding constants
to freshly immobilized and aged PrP antigen were
compared, only small ¯uctuations were found (data not
shown). These small increases and decreases in antibody
af®nity were factored into a binding simulation program
(BIAsimulation) to determine exactly their impact on the
binding signals we recorded during our experiments. In
each case, differences in antibody af®nity in¯uenced our
data collection only slightly, and these discrepancies were
within the parameters of experimental error (see Figures
3A and B, and 4) and thus cannot account for the changing
patterns of antibody reactivity we found. We therefore
argue that the dynamic and localized changes in antibody
binding we have observed in our studies are most readily
explained by a diminution in the number of available
epitopes resulting from spontaneous conformational
changes in PrP.

This study identi®es the 90±115 region of PrP as
important in instigating conformational change in recom-
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binant PrP molecules. Clearly, this portion of the molecule
is particularly susceptible to conformational rearrange-
ment. After an aging period of 6 days, as little as 2% of
antibody binding was retained in this portion of the
molecule. Indeed, after only 24 h post-immobilization,
~70% of epitopes were lost. We infer from these data that
the 90±115 region of PrP may act as a `nucleation' point
from which conformational change can disseminate to
other parts of the protein. It is possible that strategic
interventions stabilizing this portion of PrP may success-
fully prevent the decay of PrPC conformations.

The pattern of changing PrP conformation we describe
in this report also indicates a degree of conformational
heterogeneity in the rearranged protein. For example,
the vast majority of immobilized PrP consistently under-
goes structural transformation in the 90±115 region.
Approximately 40% of these molecules retain reactivity
with Fabs 13A5 and D18, indicating that the conform-
ational rearrangement has not disseminated to the
more C-terminal sequence recognized by these two
antibodies. However, in the remaining 60% of the
immobilized protein population, the 13A5 and D18
epitopes are lost, indicating that a more extensive struc-
tural change has occurred. The existence of distinct
conformers on the sensor chip may indicate either the
presence of readily distinguishable intermediates in PrP
rearrangement or, alternatively, different pathways of PrP
folding, some of which lead to more comprehensive
structural transformation.

The role of PrP sequence between amino acids 23 and
90 in prion disease pathogenesis is uncertain. Although
additional octarepeat inserts are thought to play an
important role in the generation of familial
Creutzfeldt±Jacob disease and Gerstmann±StraÈussler±
Scheinker disease (Owen et al., 1989; Goldfarb et al.,
1991; Poulter et al., 1992), PrP-knockout mice over-
expressing PrP with N-terminal deletions as far as, but not
beyond positions 80 or 93 function normally and are
capable of propagating infectious prions (Fischer et al.,
1996; Shmerling et al., 1998). The conformational char-
acteristics of amino acids 23±90 in the PrPSc conformer are
unknown since structural analysis of PrPSc has been
performed using the proteinase-K-resistant core of the
protein, which lacks sequence N-terminal of residue 90.
However, Riek et al. (1997) proposed that the N-terminal
segment of PrP would adopt a b-sheet arrangement in
PrPSc. We suggest from our studies that the N-terminal
portion of the protein may not undergo pronounced
structural change since the linear epitopes recognized by
Fabs E123 and E149 are relatively well preserved during
the aging process.

In summary, our studies identify intrinsic localized
instability of PrP refolded into a conformation thought to
closely resemble that of cell surface PrPC. We observed
truly dramatic changes over time in antibody binding to a
region of the molecule demonstrated to be critical in the
acquisition and propagation of prion infectivity. In con-
trast, the conformation of other segments of the protein
remained stable, as demonstrated by the relative preser-
vation of both linear and discontinuous antibody epitopes.
The distinct differences in antibody reactivity we observed
between freshly immobilized and aged PrP is highly
reminiscent of those differences we have described

previously between PrPC and PrPSc. How closely the
events we have observed relate to the conformational fate
of PrPC as it is converted into PrPSc is an open question.
Ongoing experiments will examine the stability of cell
surface PrPC conformation. Nonetheless, our ®ndings
depict PrPC as a protein of rather pliant character. It is
easy to imagine that the destiny of such a molecule could
be drastically altered under the direction of a more stable
and robust PrPSc template.

Materials and methods

PrP-speci®c antibodies
Fab fragments of monoclonal antibodies 3F4 (Kascak et al., 1987) and
13A5 (Barry and Prusiner, 1986) were prepared by papain digestion of
IgG according to the manufacturer's instructions (Pierce). Recombinant
Fabs D13, D18, 28d and R1 were derived from phage libraries and have
been thoroughly characterized (Williamson et al., 1996, 1998; Peretz
et al., 1997). Fabs E123 and E149 were recovered from Prnp0/0 mice
immunized with recombinant SHaPrP29±231, and react speci®cally
with epitopes lying between residues 29 and 37 and 72 and 86 of
SHaPrP, respectively (E.Leclerc, D.Peretz, S.B.Prusiner, D.R.Burton
and R.A.Williamson, manuscript in preparation).

Surface plasmon resonance
Kinetic constants for the binding of recombinant PrP-speci®c Fabs were
determined by SPR using the BIAcore instrument (Biacore).
SHaPrP29±231 or SHaPrP23±98 (1 mg/ml) in 10 mM Na acetate
pH 5.5 was immobilized to carboxymethyl groups present on CM5
and C1 sensor chips using N-hydroxysuccinimide and N-ethyl-
N¢-[(dimethylamino)propyl]-carbodiimidehydrochloride (Johnsson et al.,
1991; Myszka, 1999). Following coupling, unreacted N-hydroxy-
succinimide ester groups were inactivated with 1 M ethanolamine
pH 8.0 and the surface washed three times with 100 mM HCl before
use. In the region of 200±500 RU were immobilized typically. The same
methodology was applied to immobilize fusion protein derived from
respiratory syncytial virus, which served as a reference surface. The
binding of increasing concentrations of Fab (1 nM to 1 mM) was then
measured in real time. Binding data was analyzed by global analysis using
BiaEvaluation 3.1 software (Biacore), in which association and dis-
sociation data for a series of Fab concentrations are ®tted simultaneously
(Roden and Myszka, 1996).

Measuring antibody binding to immobilized PrP over time
To study the effect of aging on PrP conformation, PrP molecules were
immobilized to sensor chips using two different approaches. In the ®rst of
these, recombinant SHaPrP29±231 was immobilized on CM5 or C1
sensor chips using amine chemistry as described above (Johnsson et al.,
1991). In the second approach, we created a hybrid semi-synthetic
SHaPrP molecule composed of recombinant PrP (residues 23±213)
coupled via intein chemistry to a synthetic peptide (residues 214±231), to
which a biotinylated lysine residue was added at position 232. The
resulting C-terminally biotinylated SHaPrP23±231 molecule was cap-
tured onto streptavidin-coated CM5 and C1 sensor chips. Using both
these methodologies, in the region of 800±1000 RU of PrP was typically
immobilized per sensor chip ¯ow cell.

Immediately following coupling, antibody binding was measured
against the immobilized PrP antigen. Fab was injected into the sensor chip
at a ¯ow rate of 50 ml/min and the increase in resonance signal above the
absolute value was recorded after 180 s. After each measurement, ¯ow
cells were regenerated with 100 mM HCl. Each antibody was used at a
concentration suf®cient to generate 60±100% occupancy of the available
sites on the sensor chip (500 nM for E123, E149 and 3F4; 400 nM for
13A5; 250 nM for D13 and 28d; 215 nM for D18; and 200 nM for R1).
When the binding of all the antibodies had been measured, a 50 ml
volume of HBS-P buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.005%
P20) was placed over the sensor chip, covering all the ¯ow cells. The chip
was then `aged' for a period of 1, 4 or 6 days at 37°C in a high humidity
environment, and binding of the anti-PrP antibody panel was evaluated as
before. The binding signals measured over the course of the experiment
were expressed as a percentage of the values obtained for the same
antibody on day 1 of the experiment.
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