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Abstract

Spontaneous conformational transition of the prion protein from an a-helical isoform to a [3-sheet-rich
isoform underlies the pathogenesis of sporadic prion diseases. To study the rate-limiting steps of sponta-
neous conversion, the formation of amyloid fibrils by the recombinant human PrP C-terminal fragment
spanning residues 90-231 (recPrP) was monitored in the presence of urea. The kinetics of spontaneous fibril
formation displayed sigmoidal behavior involving a lag phase. The shortest lag phase was observed at
partially denaturing conditions, close to the concentration of urea corresponding to the middle point of
unfolding. This result indicates that unfolding intermediates may be important for the conversion. To test
whether unfolding intermediates are formed, we employed size-exclusion chromatography and circular
dichroism spectroscopy to monitor urea denaturation of recPrP. Both techniques showed a single sigmoidal
transition with very similar thermodynamic parameters of denaturation and that the transition can be
described by a simple equilibrium between folded and denatured states. Detailed analyses of data, however,
revealed that the dimensions of both the native and denatured species gradually increases with urea.
Expansion of the native species is also accompanied by an increase in efficiency of the energy transfer from
a single Trp residue to I-anilinonaphthalene-8-sulfonate dye as measured by fluorescence. These data
illustrate that thermodynamic character of the native ensemble changes gradually with environmental
conditions. Such behavior is consistent with the thermodynamically variable model, and may be linked to
the ability of PrP to adopt distinct abnormal conformations under pathologic conditions.
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Spontaneous conversion of the normal cellular isoform of
the prion protein, PrP®, into the abnormal pathological iso-
form, PrPS¢, underlies sporadic forms of prion disease, in-
cluding Creutzfeldt-Jakob disease in humans (Prusiner
2001). Sporadic Creutzfeldt-Jakob disease accounts for ap-
proximately 85% of all cases of prion disease. Elucidating
the mechanism of the conversion of PrP< into PrP®¢ is im-
portant for the development of effective therapeutic strate-
gies. The process of conversion requires a substantial con-
formational change: PrP€ is a proteinase K-sensitive, a-he-

586 Protein Science (2004), 13:586-595. Published by Cold Spring Harbor Laboratory Press. Copyright © 2004 The Protein Society



Unique unfolding behavior of the prion protein

lical monomer, whereas PrP>¢ is a proteinase K-resistant,
aggregated (3-sheet-rich multimer (Pan et al. 1993). At pres-
ent, fundamental questions about the conformational tran-
sition remain unanswered. Why is the spontaneous conver-
sion of PrP€ into PrP%° so rare? What is the rate-limiting
step in the conformational transition?

Very limited information about the initial stages of the
conformational transition is available. In our current view,
the early events of PrP5¢ formation involve a precursor spe-
cies with a partially unstructured character (Cohen and
Prusiner 1998). Substantial efforts have been devoted to
identifying such species. Hydrogen-exchange experiments
did not reveal any low-abundance states different from PrP®
present under native conditions (Hosszu et al. 1999; Nichol-
son et al. 2002). However, kinetic folding intermediates of
PrP¢ were suggested as possible candidates of a precursor.
Whether or not such intermediates exist is controversial
(Wildegger et al. 1999; Apetri and Surewicz 2002). Alter-
natively, PrP5¢ may be generated from equilibrium interme-
diates of PrP€ unfolding. Earlier studies revealed that the
folded a-helical recPrP (a-recPrP) undergoes a three-state,
denaturant-induced or temperature-induced unfolding pro-
cess under acidic conditions, showing an apparent equilib-
rium intermediate with a (3-sheet-rich character (Swietnicki
et al. 1997; Zhang et al. 1997; Hornemann and Glockshuber
1998). More detailed characterization of the denaturation
profile demonstrated that the $-sheet-rich isoform is not an
equilibrium intermediate in the unfolding of a-recPrP, and
is formed only upon the oligomerization of recPrP (Baska-
kov et al. 2001; Morillas et al. 2001). At acidic pH, the
[-sheet-rich isoform is thermodynamically more stable than
the a-helical isoform (Baskakov et al. 2001). However, the
[-sheet-rich isoform is less accessible kinetically and, for
this reason, it may be misidentified as an equilibrium inter-
mediate under partially denaturing conditions.

Up to now the biophysical nature of the transition state to
PrP5° remains elusive. To approach this question we studied
the kinetics of in vitro conversion of C-terminal fragment of
recombinant human PrP that encompassed residues 90-231
(designated recPrP) to amyloid fibrils. We found that par-
tially denaturing conditions favored fibril formation that in-
dicates the importance of nonnative states for the conver-
sion. Because the presence of unfolding intermediates still
remains unclear, we investigated this question further and
monitored urea-induced denaturation of a-recPrP using two
techniques: circular dichroism (CD) and size-exclusion
chromatography (SEC). Both SEC and CD showed very
similar AG and m values, with no indication of unfolding
intermediates. However, at low concentrations of urea, SEC
and fluorescence energy-transfer studies demonstrated a
change in thermodynamic character of the native ensemble.
Our data indicate that the thermodynamic character of the
native ensemble may gradually change as a function of en-
vironmental conditions. We speculate that such variable

thermodynamic behavior of the native ensemble may be
linked to the intrinsic ability of PrP to adopt different ab-
normal conformations under pathologic conditions.

Results

Does fibril formation occur through
unfolding of a-recPrP?

To test whether the conversion of the o-monomer to the
amyloid fibrils requires unfolding we tested the effect of
urea on the kinetics of fibril formation. Typical kinetics of
spontaneous in vitro conversion of recPrP at 37°C showed
a substantial lag-phase followed by a rapid increase of fibril
accumulation as measured by Thioflavin T (ThT) fluores-
cence. The length of the lag phase varied substantially with
urea concentration (Fig. 1A). We observed that the shortest
lag phase was in 2.4 M urea, while either the decrease in the
urea concentration below 2.4 M or the increase above 2.4 M
resulted in the longer lag phases (Fig. 1C).

To determine the fraction of the native versus the un-
folded state at each concentration of urea we monitored the
temperature-induced denaturation using CD spectroscopy
(Fig. 1B). We found that recPrP was predominantly dena-
tured in 4.4 M urea at 37°C, while the protein maintained its
native state in 0.4 M urea at 37°C. The unfolding transition
occurred between 1.4 M and 3.4 M urea, where both the
native and the denatured states were abundant. The mid-
point of the unfolding transition was close to the 2.4 M urea,
in which the kinetics displayed the shortest lag phase. This
experiment illustrates that the conversion to the amyloid
fibrils is facilitated at partially denaturing conditions.

Using GndHCI instead of urea we found similar bell-
shape dependence of the lag-phase on the concentration of
the denaturant, in which the shortest lag-phase was observed
at partially denaturing concentrations of GndHCI (data not
shown). These data indicate that intermediate concentra-
tions of the denaturants favor the conversion regardless of
the chemical nature of the denaturant. The kinetics of fibril
formation of murine recPrP 89-231 varied with urea con-
centration in a very similar way to that of human recPrP
90-231, illustrating that this property is not unique for hu-
man recPrP. Considering that the partially denaturing con-
ditions facilitate fibril formation one may speculate that
neither the native nor the unfolded states are important for
the conversion to the fibrils, but rather, it is low abundant
unfolding intermediate populated at partially denaturing
conditions that leads to the fibrils.

Have any unfolding intermediates
of a-recPrP been identified?

Earlier studies of unfolding intermediates of recPrP yielded
conflicting results. The (-sheet-rich isoform of recPrP was
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Figure 1. (A) Kinetic traces for recPrP (0.3 mg/mL) monitored by ThT fluorescence in the presence of 1 M GndHCl at pH 6.5 at 37°C
as a function of concentration of urea: 0.4 M urea (filled circles); 1.4 M urea (empty circles); 2.4 M urea (empty triangles); 3.4 M urea
(filled squares); 4.4 M urea (empty squares). The differences in ThT fluorescence observed at the final stage of the reaction (25 h)
represent different yields of amyloid formation as recPrP undergoes nonspecific aggregation at low concentrations of urea. (B) The
thermal denaturation of recPrP (0.2 mg/mL) as monitored by CD at 222 nm in the presence of 1 M GndHCI at pH 6.5 as a function
of concentration of urea. The symbol definitions are the same as for A. The vertical bar at 37°C corresponds to the experimental
conditions at which the kinetics of amyloid formation was monitored. recPrP displayed almost complete reversible denaturation
behavior; minor hysteresis between the unfolding and the refolding curves (10%—20%) was observed after cooling down. (C)
Dependence of the length of the lag phase of fibril formation on the concentration of urea. Data points represent the mean + standard

deviation for triplicate samples.

originally proposed to be an unfolding intermediate in sol-
vent- and temperature-induced equilibrium denaturation of
a-recPrP at acidic pH (Swietnicki et al. 1997; Zhang et al.
1997; Hornemann and Glockshuber 1998). Recent studies
demonstrated that (1) the 3-isoform is not an equilibrium
intermediate in the unfolding of a-recPrP, but is oligomeric
and predominantly octameric; (2) recPrP can be folded se-
lectively into either a-helical monomeric or (-sheet-rich
oligomeric isoforms; (3) the conformational transition from
o-recPrP into the B-oligomer is coupled with oligomeriza-
tion; (4) the B-oligomer is not on the kinetic pathway to the
fibrilar form (Baskakov et al. 2001, 2002). Because the
[3-oligomer is still referred to as an “unfolding intermediate”
(Rezaei et al. 2002; Calzolai and Zahn 2003), it is very
important to clarify this issue further.

We found that, unless specific precautious are taken, for-
mation of minor amounts of the B-oligomer often accom-
panies the refolding of recPrP into the a-helical monomer.
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At acidic pH (<5.0), the B-oligomer is thermodynamically
more stable than a-recPrP, but is less accessible kinetically
(Baskakov et al. 2001). For this reason, the (-oligomer
accumulates slowly in the process of storage and measure-
ment. Numerous conditions favor the formation of the
B-oligomer over a-recPrP: acidic pH, salt, intermediate to
high concentrations of denaturants, elevated temperature,
and high protein concentrations. For instance, specific con-
ditions employed for solvent- and temperature-induced un-
folding (denaturants and high temperature) may lead to the
accumulation of substantial amounts of the [(-oligomer
through the course of an experiment. We found that
recPrP assembles into the B-oligomer even under condi-
tions normally considered to be highly denaturing (8§ M
urea, pH 5.0). Because the B-oligomer is frequently ob-
served concomitantly with a-recPrP, a simple procedure for
determining conformational heterogeneity of recPrP is
needed.
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Determining conformational heterogeneity
of refolded recPrP

When the 3-oligomer is formed, it remains assembled even
in a low-salt buffer. Using CD spectroscopy only, it is easy
to overlook the presence of minor amounts of the (3-oligo-
mer (<20%) in a preparation of a-recPrP. The CD spectra of
recPrP samples obtained by mixing a-recPrP with the
B-oligomer in 9: 1 and 8 : 2 ratios are very similar to the
spectrum of homogeneous a-recPrP (Fig. 2).

SEC provides an alternative method to determine confor-
mational heterogeneity. As an oligomer, (3-recPrP has a dif-
ferent elution volume from monomeric a-recPrP (Fig. 3). A
potential difficulty of using SEC is the high propensity of
the (3-oligomer to adsorb to the column matrix even under
conditions in which a-recPrP does not interact with the
column matrix. A sample of recPrP containing 60%
a-recPrP and 40% [3-recPrP appears as a single peak, cor-
responding to the a-monomer when running buffer with 2
M urea and pH 5.0 is used (Fig. 3, bottom panel). However,
the same sample is eluted as two peaks, corresponding to the
a-monomer and the 3-oligomer, with 2 M urea and pH 3.6.
In addition to extremely acidic pH, high concentrations of
urea (>6 M) at pH 5.0 also prevent adsorption of the
[B-oligomer to the column matrix. However, at concentra-
tions of urea below 6 M, the 3-oligomer peaks are charac-
terized by a substantial increase in the elution time, marked
asymmetry, and reduction of the peak area (Fig. 3, top
panel). All of these features indicate an interaction of the
[B-oligomer with the column matrix. The (-oligomer is un-
detectable when the concentration of urea drops below 4.5
M at pH 5.0 (Fig. 4A).

Because formation of the 3-oligomer is difficult to avoid
and its detection is also difficult, special precautions are
required. Using nonoptimal running buffer for SEC causes

10x103

_1)

w
x
-
]
w

2

[Q] pryy (deg*em *dmol

-5x103

-10x102 1

200 220 240 260
Wavelength (nm)

Figure 2. Far-UV CD spectra of recPrP (0.25 mg/mL) refolded into either
an a-helical monomer (solid line) or a B-sheet-rich oligomer (dotted/
dashed line). Mixing of a-recPrP with B-recPrP in 9 : 1 (dotted line) and 8 : 2
(dashed line) ratios gave spectra similar to the spectrum of homogeneous
a-recPrP. Spectra were recorded in 20 mM sodium acetate buffer (pH 5.0).
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Figure 3. Accessing the oligomerization state of recPrP using SEC. SEC
profiles of recPrP containing 60% a-monomer and 40% [-oligomer were
monitored (fop) in the presence of different concentrations of urea in run-
ning buffer at pH 5.0: 4.0 M (dashed line), 4.75 M (dotted line), and 8 M
(solid line); and (bottom) in the presence of 2 M urea at pH 3.6 (dashed
line) and pH 5.0 (solid line).

recPrP to appear as a homogeneous a-monomer, as judged
by both SEC and CD, even though a substantial fraction of
protein exists as the 3-oligomer. Under other circumstances,
the sample of recPrP containing the $-oligomer with minor
amounts of the a-monomer may be confused with a
B-monomer, because CD shows the sample as predomi-
nantly [3-sheet-rich, whereas SEC detects only the mono-
meric species.

Test of unfolding intermediates

Whether equilibrium denaturation of a-recPrP exhibits a
two- or three-state transition remains unclear. Appearance
of the B-oligomer in the denaturation curve of a-recPrP in
early experiments may obscure detection of true equilibrium
intermediates. To investigate this question further, we moni-
tored equilibrium denaturation of a-recPrP free from detect-
able amounts of the B-oligomer.

Typical elution profiles of a-recPrP monitored by SEC as
a function of urea concentration show narrow chromato-
graphic peaks at low urea concentrations, at which folded
a-recPrP is the dominant species (Fig. 4B). These peaks
widen at the center of the transition and narrow again at
high urea concentrations, at which the denatured state is the
prevailing species. The a-recPrP undergoes interconversion
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Figure 4. (A) Dependence of the elution times of the monomer (filled
squares, left axis) and the B-oligomer (empty squares, right axis) on urea
concentration. The column was equilibrated with 20 mM sodium acetate
buffer (pH 5.0) containing the same urea concentrations as samples of
recPrP. (B) Elution profiles of monomeric recPrP in the presence of dif-
ferent urea concentrations: 1.0 M (the right-most peak), 1.75 M, 2.5 M, 3.0
M, 325 M, 35 M, 3.75 M, 425 M, 475 M, 575 M, and 8.0 M (the
left-most peak).

between native and denatured states throughout the transi-
tion region, and the width of the peak reflects the rate of
interconversion.

During denaturation, a-recPrP exhibits a single sigmoidal
transition, when the elution time of the chromatographic
peak is plotted against urea concentration (Fig. 4A). How-
ever, the pre- and posttransition baselines have substantial
slopes, which result from changes in the permeation prop-
erties of the column caused by increasing concentrations of
urea. To adjust for the influence of the denaturant on the
column matrix, the partition coefficient, K, is often used
instead of the elution volume (K, is defined in Materials and
Methods; Baskakov and Bolen 1998; Baskakov et al. 2000).
K, takes into account the effects of denaturant on the col-
umn, and reflects only changes in the dimensions of the
protein species. In a previous study, we showed that the
1/K,; parameter is proportional to the weighted average
Stokes radius of rapidly interconverting protein species, and
is a valid observable for quantitatively evaluating the ther-
modynamic parameters in solvent-induced denaturation of
proteins (Baskakov and Bolen 1998).

590 Protein Science, vol. 13

To test the validity of the two-state model of unfolding,
we employed a superimposable test using two observable
parameters of denaturation: mean residue ellipticity as mea-
sured by CD and the 1/K, value derived from SEC (Fig.
5A). Both CD and SEC techniques show a single sigmoidal
transition in urea-induced denaturation. The AG®, m, and
C,,» values, three thermodynamic parameters of denatur-
ation, determined from both CD and SEC, were nearly iden-
tical (Table 1). This indicates that the transition is well
described by the simple equilibrium between the native and
denatured states of a-recPrP.

Variable behavior of the native and denatured states

As we noted earlier, 1/Kd values in the pretransition region
represent the dimensions of the native species and 1/K,
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Figure 5. (A) Urea-induced equilibrium denaturation of a-recPrP is pre-
sented as change in 1/K, (filled squares, left axis) and mean residue ellip-
ticity (empty circles, right axis). The solid line represents the nonlinear
least-squares fit of the data to a two-state model using linear extrapolation
methods (Santoro and Bolen 1988). Dashed lines are linear extrapolations
of (bottom line) the pretransition baseline to the posttransition region and
(top line) the posttransition baseline to the pretransition region. Dotted line
is an extrapolation of the posttransition baseline determined by fitting to a
second-degree polynomial function. (B) 1/K, values determined for the
native state of chymotrypsinogen (empty triangles) and for the unfolded
state of recPrP106 (filled triangles). Dashed line represents the fit of the
data to a second-degree polynomial function.
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Table 1. Thermodynamic parameters for urea-induced
unfolding of o-recPrP determined at pH

Parameters AG m Cin
used for fitting (kcal/mole) (kcal/mole) ™M)
o —4.40 £ 0.25 1.03 £ 0.06 4.2
/K -4.44+0.17 1.14 £0.05 3.9
/K,° -4.57£0.17 1.19 £ 0.05 3.8

#The thermodynamic parameters are results of nonlinear, least-squares
best fits of the data using a linear extrapolation method (Santoro and Bolen
1988).

" Nonlinear fitting was performed using a second-degree polynomial for
extrapolation of the baseline for the denaturated state.

values in the posttransition region reflect dimensions of the
denatured species, while the 1/K; value within the transition
region is the weighted average size of both native and de-
natured states. It is anticipated that 1/K, values in the pre-
and posttransition regions remain flat if the dimensions of
the native and denatured species are independent of urea
concentration. Contrary to this, both pre- and posttransition
baselines show a positive slope, indicating that the native
and denatured species increase as the concentration of urea
increases (Fig. 5A).

To determine whether the sloping baselines reflect
changes in the physical properties of the protein species or
a shift in parameters not related to the protein, we performed
a control experiment monitoring 1/K,; values of chymotryp-
sinogen as a function of urea concentration, ranging from 0
M to 6 M. Chymotrypsinogen is highly resistant to urea
denaturation, and is expected to remain in its native state
over the range of urea concentrations used. Indeed, we
found that 1/K, values of chymotrypsinogen remain con-
stant with all urea concentrations (Fig. 5B), which indicates
that 1/K,, values are unaffected by the urea-induced changes
in the permeation properties of the column and that 1/K,
values represent only changes in the dimensions of the pro-
tein species. This result demonstrates that the volume of the
native and denatured species of a-recPrP increases as urea
concentrations increase.

In evaluating the unfolding transition by SEC, it is nec-
essary to extrapolate the posttransition baseline toward 0 M
urea. The linear extrapolation of 1/K, values for the dena-
tured state reveals considerable contraction of this state ap-
proaching 0 M urea (Fig. 5A). To explore the validity of
linear extrapolation, we used recPrP106, which is known to
exist in the unfolded state even at low concentrations of
denaturant (Baskakov et al. 2000). The unfolded state of
recPrP106 expands with increasing urea concentration, and
the 1/K, value versus [urea] can be described by a second-
degree polynomial (Fig. 5B). These data demonstrate that a
second-degree polynomial function is more appropriate than
a linear function for accurate extrapolation of the dimen-
sions of the denatured species.

When a second-degree polynomial is incorporated into
the two-state model to represent the dependence of the de-
natured species on urea concentration, the extrapolation of
the posttransition baseline to 0 M urea zero gives a very
compact unfolded species (Fig. 5A). A nonlinear least-
squares analysis of the unfolding curve using a second-
degree polynomial for the denatured state gives slightly
higher AG and m values than those derived with linear
extrapolation of the denatured state (Table 1). These ther-
modynamic parameters determined independently by CD
and SEC are in good agreement.

Our data indicate that both the relative populations and
physical properties of the native and denatured states of
recPrP are dependent on denaturant concentrations. A re-
duction of the size of the denatured species with decreasing
urea concentrations is consistent with the presence of re-
sidual structure in the denatured state, as was revealed by
hydrogen-deuterium exchange experiments (Hosszu et al.
1999; Nicholson et al. 2002). Such “variable” behavior of
the denatured state has been observed in other proteins,
while the urea-induced change in properties of the native
state is more unusual (Bolen and Yang 2000).To investigate
this phenomenon in more detail, we employed ANS-depen-
dent fluorescence.

Urea-induced change within the native state

The hydrophobic dye ANS has been used frequently to
study conformational changes in proteins. ANS preferen-
tially binds to hydrophobic protein surfaces. This binding is
accompanied by a substantial increase in the fluorescence
emission of the dye. It has been shown that ANS binds well
to B-sheet-rich isoforms of recPrP, while its affinity to
a-recPrP is relatively low (Safar et al. 1994; Baskakov et al.
2002). Despite low affinity, the fluorescence of ANS in the
presence of a-recPrP is still much higher than its intrinsic
fluorescence in the absence of protein (Fig. 6A).

To study the urea-induced change, we monitored ANS
fluorescence emission upon excitation either at 295 nm or at
385 nm. Excitation at 385 nm with emission at 482 nm
monitors the change in the environment of ANS, whereas
295 nm excites tryptophan (Trp) as well as ANS and emis-
sion at 482 nm therefore includes an energy transfer from
Trp at PrP position 99 to ANS. Thus, the excitation protocol
at 295 nm links the single Trp residue to ANS fluorescence
emission.

We found that ANS fluorescence decreases as urea con-
centration increases (Fig. 6) with both excitation protocols
(295 nm and 385 nm). Such changes reflect two processes:
unfolding of a-recPrP and urea-induced dissociation of
ANS from the protein. However, excitation at 295 nm
showed a slight increase in fluorescence at low urea con-
centrations, followed by a decline at higher concentrations
(Fig. 6B). In addition to the dissociation of ANS and un-
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Figure 6. (A) Fluorescence spectra of ANS (100 M) in the absence (dashed line) and in the presence of a-recPrP (0.15 mg/mL; solid
lines) recorded at different concentrations of urea at 480 nm, from top to bottom: 0.5, 0.25, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,
5.5, and 5.75 M upon excitation at 295 nm. (B)(Top) Urea-induced unfolding of a-recPrP monitored by ANS fluorescence upon
excitation at 295 nm (empty circles) and at 385 nm (empty triangles). (Bottom) Normalized ratio of ANS fluorescence recorded upon
excitation at 385 nm and at 295 nm. The emission wavelength was 482 nm. (C)(Top) The simulated change of ANS fluorescence upon
excitation at 385 nm (solid line) and at 295 nm (dashed line). Dotted line represents change in the energy-transfer efficiency. (Bottom)
The simulated dependence on urea concentration of the ratio of ANS fluorescence determined upon excitation at 385 nm and 295 nm.

folding of the a-recPrP, the fluorescence profile seen upon
excitation at 295 nm is believed to reflect a change in the
energy-transfer efficiency from the Trp residue to ANS. The
ratio of fluorescence intensities, measured upon excitations
at 385 nm and 295 nm, decreases mostly within the pre-
transition region and remains stable in the transition and
posttransition regions of the denaturation curve (Fig. 6B). It
is likely that such a change represents an increase in the
efficiency of the energy transfer from the Trp residue to
ANS. To test whether this is a possible explanation, we
performed simulations of fluorescence intensity in the do-
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nor—acceptor system, as described in Materials and Meth-
ods.

Our simulations demonstrate that the fluorescence of the
acceptor may increase slightly at low urea concentrations if
the protocol for excitation of both donor and acceptor is
used (Fig. 6C). This observation can be attributed to an
increase in the efficiency of the energy transfer that domi-
nates at low concentrations of urea. However, at a higher
urea concentration, the fluorescence of the acceptor gradu-
ally decreases due to protein unfolding and ANS dissocia-
tion. The simulated ratio of estimated fluorescence intensi-
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ties from excitation at 385 nm and 295 nm decreases as urea
concentration increases. Agreement between our experi-
mental data and simulations indicates that a decrease in the
fluorescence ratio most likely represents increased effi-
ciency of energy transfer. Remarkably, this ratio increases
mostly within the pretransition region, which is consistent
with rearrangement within the native state of a-recPrP. This
urea-induced change is not detectable using far-UV CD, and
is barely seen by near-UV CD (data not shown).

Discussion

Sporadic conversion of PrP< into PrP is an extremely rare
event (Cohen and Prusiner 1998). The mechanism of the
conversion and factors affecting its probability are poorly
understood. Recent biophysical studies of recPrP in vitro
revealed that the protein can adopt multiple nonnative
[3-sheet-rich isoforms (Lu and Chang 2001; Baskakov et al.
2002). Whether any of these isoforms are biologically rel-
evant is currently under investigation. Our recent study
shows that the amyloid fibrils of recPrP have similar epitope
presentation as PrP%¢ indicating their common overall ar-
chitecture (Baskakov et al. 2002). Furthermore, we found
that the in vitro conversion of recPrP into fibrils mimics
species barrier (submitted to publication), an essential at-
tribute of prion propagation. To the extent that these tests
capture important features of prion propagation, fibril for-
mation may be considered as a more relevant model system
to study in vitro than the conversion to the 3-oligomer.

Regardless of which abnormal isoform possesses infec-
tivity and/or toxicity, the ability of PrP to form distinct,
abnormal conformers reflects the complexity of the ener-
getic landscape of folding, as well as high conformational
plasticity. These peculiar features are believed to underlie
the molecular mechanism of prion diseases. One of the more
intriguing issues is how PrP can form different nonnative
isoforms in the absence of covalent modification and with-
out any templates.

It has been postulated that an unfolding intermediate of
PrP“ may be a precursor to PrP%¢ (Swietnicki et al. 1997;
Hornemann and Glockshuber 1998). Because of several
technical difficulties, in particular, the confusion of the
[B-oligomer with an unfolding intermediate, the existence of
a true equilibrium intermediate has remained questionable.
Here, we have presented a reliable procedure that allows
probing of the structural heterogeneity of refolded a-recPrP
and detection of residual amounts of the (-oligomer that
might be present. When recPrP is refolded into a homoge-
neous a-monomer, no unfolding intermediates are detected
by either CD or SEC. Furthermore, both techniques re-
vealed almost identical thermodynamic parameters of dena-
turation, which argues against the formation of an unfolding
intermediate.

Our current studies demonstrate that thermodynamic
characters of the native and denatured states of recPrP are
variable. Thus, the native ensemble expands slightly with
increasing urea concentration, as monitored by SEC. The
increase in the dimensions of the native species is accom-
panied by an increase in the efficiency of energy transfer
from a single Trp residue to ANS. Because this rearrange-
ment in the native species is not evident by far-UV CD, we
speculate that the physical nature of these changes is the
loss of some tertiary contacts, which confers higher flex-
ibility while keeping secondary structure essentially intact.
Our observation is in agreement with pressure-induced de-
naturation experiments, which revealed changes occurring
within the native species upon increasing pressure (Kuwata
et al. 2002). Our data are also consistent with dynamic
light-scattering experiments, which demonstrated that the
dimension of the native state varies slightly with pH (So-
kolowski et al. 2003).The denatured ensemble of recPrP
also displays changes as a function of urea concentration, as
judged by SEC. The size of the denatured species dimin-
ishes as urea concentration decreases, which is in agreement
with hydrogen-deuterium exchange experiments (Nicholson
et al. 2002).

The gradual change we observed within the native and
denatured species is consistent with the thermodynamically
variable model, which postulates that the thermodynamic
characters of the native and/or denatured ensemble change
continuously as a function of the solvent environment (Fig.
7) (Yang et al. 1999; Bolen and Yang 2000). The gradual
change of the thermodynamic character of the native en-
semble does not contradict to the absence of conformational
changes detected by CD. Other proteins that display a ther-
modynamically variable behavior of the native ensembles
did not show any changes of secondary structure within the
native ensemble either (Bolen and Yang 2000).
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Figure 7. Free-energy diagram illustrating the thermodynamically vari-
able character of native and denatured states of recPrP. Not only do the
relative populations of the native (N) and the denatured (D) states change
as a function of urea concentration, but the physical properties of both
states are variable depending on solvent conditions.
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With no unfolding intermediates having been identified,
one may speculate that variable thermodynamic behavior is
linked to the diversity of misfolding pathways for PrP.
Gradual environment-dependent change in the physical
properties of the native and denatured ensemble may bias
the adoption of particular pathways of misfolding under a
different solution environment. As we observed previously,
the formation of the $-oligomer is favored at pH below 5.5,
whereas optimal pH for the conversion into amyloid fibrils
is between 5.0 and 7.2 (Baskakov et al. 2002). Interestingly,
both abnormal isoforms, the (-oligomer and the amyloid
form, coexist at pH 4.0-6.0. These pH values are close to
the slightly acidic environment of lysosomes and endo-
somes, where the conformational transition into pathologi-
cal PrP5¢ is believed to occur (McKinley et al. 1990; Arnold
et al. 1995). Our present findings indicate that changes in
environmental conditions may have important implications
in determining the misfolding pathways of PrP in vivo and
the formation of distinct abnormal isoforms.

Materials and methods

Protein expression, purification, and refolding

The expression and purification of human recPrP and recombinant
mouse PrP of 106 residues (recPrP106) were performed as de-
scribed previously (Mehlhorn et al. 1996). The purified protein
was seen to be a single pure species with an intact disulfide bond
as confirmed by SDS-PAGE and electrospray mass spectrometry.
The B-oligomer and a-monomer isoforms of recPrP were prepared
as described previously (Baskakov et al. 2001).

Formation of amyloid fibrils in vitro

The oxidized form of recPrP spontaneously converts into the amy-
loid fibrils upon continuous shaking at 37°C in phosphate buffer,
pH 6.5, in 1 M GndHCI and various concentrations of urea (Baska-
kov et al. 2002). To monitor the kinetics of fibril formation, 7-p.L.
aliquots were withdrawn and diluted 40-fold into 10 mM sodium-
acetate buffer (pH 5.5) to a final concentration of recPrP 7.5 pg/
mL. After addition of Thioflavine T (ThT; Molecular Probes) to a
final concentration of 10 wM, fluorescence spectra were recorded
in 0.4-cm rectangular cuvettes with excitation at 445 nm on a
FluoroMax-3 fluorimeter (Jobin Yvon); both excitation and emis-
sion slits were 3 nm. ThT bound to the fibrils showed typical
fluorescence spectra with the emission maximum at 482 nm.

Circular dichroism and thermal denaturation

CD spectra of recPrP (0.25 mg/mL) were recorded in a 0.1-cm
cuvette with a J-810 CD spectrometer (Jasco) scanning at 20 nm/
min, with a bandwidth of 1 nm and data spacing of 0.5 nm. Each
spectrum represents the average of three individual scans after
subtracting the background spectra. To monitor the unfolding
curve, recPrP was diluted to various concentrations of urea in 20
mM sodium acetate (pH 5.0) and incubated at room temperature
for 30 min.
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The thermal denaturations were recorded with a J-810 CD spec-
trometer interfaced with a temperature control unit at 222 nm with
a bandwidth of 1 nm. The concentration of protein was 0.2 mg/mL
in a 0.1-cm civette and 0.04 mg/mL in a 0.5-cm cuvette. The
samples were equilibrated at 15°C for 20 min following by in-
creases of temperature with a constant rate 1°C/min, where the
temperature in a cuvette was monitored during each experiment
using microprobe. The reference CD spectra were collected at
15°C before and after each experiment.

Size-exclusion chromatography

The experiments were carried out on a 300x 7.8 mm Toyopearl
TSK3000SWx1 HPLC gel filtration column (Tosoh Corporation).
Protein samples (0.2 mg/mL) were incubated before injection for
30 to 120 min in column buffer (20 mM sodium acetate buffer, pH
5.0) containing different concentrations of urea. The column was
operated using flow rate 0.8 mL/min and with mechanical injection
within a fully automated HPLC system (Shimadzu) that allowed
the elution volume to be repeated to within 0.005 pL. Partition
coefficients (K,) were calculated by K, = (V, - V,)/V,, in which
V, is the elution volume of the protein sample, V, is the void
volume, represented by the elution volume of Dextran Blue, and V;
is the difference in elution volume between aminobenzoic acid and
Dextran Blue.

ANS fluorescence and data simulation

The fluorescence spectra of ANS were recorded in 0.4-cm rectan-
gular cuvettes with excitations either at 295 nm or 385 nm (an
excitation slit of 3 nm and an emission slit of 5 nm) on a Fluoro-
Max-3 fluorimeter. Samples of a-recPrP (0.15 mg/mL) were in-
cubated in the presence of 100 wM ANS at different concentra-
tions of urea in 20 mM sodium acetate buffer (pH 5.0) for 30 min
before measurement.

To explain rationally observed changes in fluorescence, we pro-
vide a simplified model. In this model, we consider that the fluo-
rescent signal of ANS is determined by the relative fraction of
ANS bound to the native state of protein and the possible energy
transfer between the tryptophan residue (donor, D) and protein-
bound ANS (acceptor, A). In this donor-acceptor system, when
one wavelength (385 nm) exclusively excites the acceptor and a
second wavelength (295 nm) excites both the donor and acceptor,
the fluorescence signal from the acceptor can be described as
follows:

FA¥ = P800, + PSP (1-0p)00r
FR7 _ prag(€Ry + €5 EDQup + P 7 (1-05) 0 p
The fluorescence signal from the donor will be:
F25 = PS¢ 295(1_ET)Q,,

in which /°° and °®* denote the excitation intensity at 295 nm and
385 nm, respectively; €35, €35, €3, and €35 represent the ac-
ceptor extinction coefficient for bound (B) and free (F) form at 295
nm and 385 nm, as indicated by the respective superscript values;
€2 is the extinction coefficient of the donor at 295 nm; ay is the
fraction of the bound acceptor; O, and Q, - are quantum yields of
bound and free acceptor, respectively; Q,, represents quantum
yield of the donor; and ET is the efficiency of energy transfer. In

the case of ANS fluorescence, the product of the quantum yield
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and the extinction coefficient of free ANS is much smaller than
that of the bound dye:

Ous€rs >> Oar€rr
We assume that both the fraction of ANS bound to the native
state and the efficiency of energy transfer change with urea
concentration. To simulate the urea-induced change in the
fraction of bound ANS, we used the Henderson-Hasselbalch
equation:
o) ANCL K, of
oap(O)=—————F—
K,+10

in which a9 and of are the initial and final fractions of bound
ANS, respectively; K, represents the equilibrium association con-
stant for ANS; C is the concentration of urea; and N is an arbitrary
constant. Similarly, the urea-dependent change in the energy-trans-
fer efficiency can be described by:

ET° - A™C+K, - ET"
B K, + 107M€

ET(C)

in which ET® and ET" are the efficiencies of energy transfer at
initial and final conformational states, respectively; K, represents
equilibrium constants between the two states; C is the concentra-
tion of urea; and M is an arbitrary constant. The simulation mimics
experimentally observed ratios of ANS fluorescence when the pa-
rameters N, M, K, and K, were fixed.
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