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Abstract: An important step toward understanding the mechanism of the PrPC-to-PrPSc conversion is to
elucidate the folding pathway(s) of the prion protein. On the basis of stopped-flow measurements, we recently
proposed that the prion protein folds via a transient intermediate formed on the submillisecond time scale,
and mutations linked to familial diseases result in a pronounced increase in the population of this
intermediate. Here, we have extended these studies to continuous-flow measurements using a capillary
mixing system with a time resolution of ∼100 µs. This allowed us to directly observe two distinct phases
in folding of the recombinant human prion protein 90-231, providing unambiguous evidence for rapid
accumulation of an early intermediate (with a time constant of ∼50 µs), followed by a rate-limiting folding
step (with a time constant of ∼700 µs). The present study also clearly demonstrates that the population of
the intermediate is significantly increased at mildly acidic pH and in the presence of urea. A similar three-
state folding behavior was observed for the Gerstmann-Straussler-Scheinker disease-associated F198S
mutant, in which case the population of an intermediate was greatly increased as compared to that of the
wild-type protein. Overall, the present data strongly suggest that this partially structured intermediate may
be a direct monomeric precursor of the misfolded PrPSc oligomer.

Introduction

Prion diseases, or transmissible spongiform encephalopathies
(TSEs), are fatal neurodegenerative disorders that include scrapie
in sheep, bovine spongiform encephalopathy in cattle, chronic
wasting disease in cervids, and Creutzfeldt-Jakob disease,
Gerstmann-Straussler-Scheinker disease, and fatal familial
insomnia in humans.1-7 All of these diseases, including those
that arise spontaneously, by genetic mutation, or by infection,
are associated with the conformational conversion of a normal
(cellular) prion protein, PrPC, into a misfolded isoform, PrPSc.
According to the “protein-only” hypothesis, PrPSc itself is the
infectious TSE pathogen; it is believed to self-perpetuate by a
mechanism involving binding to PrPC and the recruitment of
the latter protein to the PrPSc state.1,2 Though not universally
accepted, this model is supported by a wealth of experimental
observations,1-9 including the recent success in generating

infectious PrPSc in vitro.10,11 Furthermore, the general concept
that proteins alone can act as infectious agents has been proven
in recent studies on conformation-based prion inheritance in
yeast and fungi.12-14

PrPC is a 231-residue glycoprotein composed of a highly
flexible N-terminal part and a globular C-terminal domain
comprising threeR-helices and two very shortâ-strands.15-18

Although they appear to have identical covalent structures,19

PrPC and PrPSc differ profoundly in their biophysical properties.
PrPC is monomeric, proteinase-sensitive, and soluble in nonionic
detergents, whereas PrPSc is oligomeric, partially resistant to
proteinase digestion, and highly insoluble.1-7 Furthermore, in
contrast to the largelyR-helical PrPC, the pathogenic PrPSc
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appears to have a high content ofâ-sheet structure,20,21although
no high-resolution structural data is yet available for the latter
conformer.

Despite numerous studies, little is known about the mecha-
nism of the PrPCfPrPSc conversion. An important step toward
understanding this mechanism is to elucidate the folding
pathway(s) of the prion protein in an effort to identify the direct
monomeric precursor of the oligomeric PrPSc species. While
initial experiments suggested that the prion protein folds very
rapidly by a two-state mechanism,22 our recent kinetic stopped-
flow studies using single-Trp variants of huPrP90-231 revealed
that, during refolding from urea, the human prion protein
populates a partially structured intermediate.23,24 This early
intermediate, which accumulates within the dead time of
stopped-flow experiments (∼1 ms), was detected by an incom-
plete recovery of the fluorescence amplitude upon extrapolation
of experimental data to time zero (the presence of a so-called
burst phase), as well as a well-defined slope change in a plot
of the logarithm of the rate constant for folding versus urea
concentration (chevron plot). While the above criteria have been
widely used to detect and characterize intermediates in protein
folding,25-27 some authors argue that there might be alternative
explanations for the presence of burst phases and nonlinearities
in chevron plots.28,29Therefore, in an attempt to obtain a more
direct evidence for the population of the intermediate ensemble
in prion protein folding, we have extended our kinetic studies
to measurements using a continuous-flow capillary mixing
instrument.30 This instrumentation makes it possible to measure
the kinetics of folding on a substantially shorter time scale as
compared to conventional stopped-flow methods.31 The present
data provide unambiguous evidence for an early intermediate
which accumulates on the time scale of hundreds of microsec-
onds, followed by a rate-limiting folding step on the millisecond
time scale. Furthermore, continuous-flow experiments demon-
strate a greatly increased population of the intermediate for the
disease-related prion protein mutant, reinforcing our hypothesis
that the intermediate state may represent a crucial monomeric
precursor of PrPSc aggregates.

Materials and Methods

Protein Expression and Purification. The plasmid encoding
huPrP90-231 with an N-terminal linker containing a His-6 tail and a
thrombin cleavage site was described previously.32,33The W99F/Y218W
huPrP90-231 variant was constructed by site-directed mutagenesis using
appropriate primers and the QuikChange kit (Stratgene). The proteins

were expressed, cleaved with thrombin, and purified according to the
previously described protocol.32,34The concentration of purified protein
was determined spectrophotometrically using the molar extinction
coefficient,ε276, of 21 640 M-1 cm-1.

Continuous-Flow Measurements.The proteins were first fully
unfolded in 6 M urea buffered with 20 mM Gly-HCl, pH 3. The kinetics
of the refolding reactions were studied by diluting the fully unfolded
protein at a 1:10 ratio into refolding buffer (50 mM phosphate, pH
7.0, or 50 mM sodium acetate, pH 4.8) containing urea at a desired
concentration. In most experiments, the final protein concentration was
40 µM. The reactions were monitored at 5°C by fluorescence above
324 nm (excitation at 288 nm) using the continuous-flow capillary
mixing method described by Shastry et al.30 at total flow rates of 0.825
and 1.375 mL/s. The dead time of the capillary mixer was determined
by measuring the quenching ofN-acetyl tryptophan amide fluorescence
by N-bromosuccinimide at several quencher concentrations. Under our
present experimental conditions (5°C; final urea concentration of∼0.6
M), the measured dead times at 0.825 and 1.375 mL/s total flow rates
were 180 and 120µs, respectively. Each protein refolding reaction was
measured at least five times. The kinetic data were numerically analyzed
according to a three-state sequential model (Scheme 1, below) using a
rate-matrix algorithm implemented in IGOR Pro software (Wavemetrics
Inc). We also made the conventional assumption that there is a linear
dependence between the logarithm of an elementary rate constant,kij,
and denaturant concentration:

wherekij
0 andmij represent the microscopic rate constant in the absence

of denaturant and the urea dependence of the rate constant, respectively.
The observed rate constants and corresponding amplitudes were

obtained directly from the best fit of the kinetic traces at each denaturant
concentration. The elementary rate constants andm values were
systematically varied to obtain a satisfactory match between calculated
and measured data, as previously described.35

According to the three-state model (Scheme 1, below), the temporal
evolution of native (N), intermediate (I), and unfolded (U) species under
a particular set of experimental conditions can be described in terms
of a system of three differential equations.36 The solutions are sums of
two exponential terms describing the dependence of the populations
of N, I, and U on reaction time and denaturant concentration. The time-
dependent accumulation of N, I, and U was modeled at 0, 1, 2, and 4
M urea using an IGOR Pro routine as previously described.36

Results

Double-Exponential Folding of huPrP90-231.As in our
previous stopped-flow experiments,23,24the present studies were
performed using huPrP90-231 variant with a single Trp residue
introduced by a conservative replacement of Tyr at position 218.
The protein was first denatured in 6 M urea at pH 3, and
refolding was triggered by rapid 1:10 dilution to 50 mM
phosphate buffer, pH 7, containing various concentrations of
the denaturant (0.7-3.5 M urea). The progress of the reaction
was followed at 5°C using the continuous-flow method by
monitoring the decay of fluorescence of Trp 218, which is highly
quenched in the native state.23 Since the refolding reactions were
not completed within the time frame of the continuous-flow
experiment (i.e.,∼500 µs), the flow-through from kinetic
measurements was collected, and its fluorescence was measured
at a later time by passing it through the capillary system. The
final fluorescence amplitudes obtained in this manner were used
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as constraints for fitting the exponential decays corresponding
to the refolding of huPrP90-231.

Figure 1 shows a representative kinetic trace for the refolding
of huPrP90-231 in the presence of 1.1 M urea, together with
best fits to single- and double-exponential functions and
residuals of these fits. While the fit to a single exponential is
very poor (Figure 1A), the kinetic trace is well described by a
sum of two exponential phases with time constants of 19 000
and 1400 s-1 (Figure 1B). A similar situation was encountered
for refolding curves at other urea concentrations studied; in each
case, the continuous-flow kinetic traces could not be fit to a
single-exponential function, whereas the double-exponential fits
were very good (Figure 2). Such a double-exponential character
of kinetics traces clearly indicates the accumulation of an
intermediate during prion protein folding, with the fast phase
corresponding to the formation of an intermediate ensemble and
the slower phases corresponding to the rate-limiting step of
native state formation.

Figure 3 shows the rate constants corresponding to the two
folding phases resolved in continuous-flow experiments, plotted
(on a semilogarithmic scale) as a function of denaturant
concentration, together with the rate constants obtained in our
previous stopped-flow measurements.23 Importantly, the rate
constants for the slower phase in continuous-flow traces are

essentially identical to the rates measured in stopped-flow
experiments. This close match provides an internal control for
the validity of our kinetic data. The observed rate constants for
the fast and slow phases (λ1 and λ2) could be well modeled
according to a three-state scheme

where U and N represent the unfolded and native states,
respectively, and I represents an on-path folding intermediate.
The fit in Figure 3 was obtained by systematic variation of the
elementary rate constants (kij) in the absence of denaturant and
their dependence on urea concentration (mij) (see eq 1, above).
The kinetic parameters derived from the best fit of the present
data, together with those obtained from previous stopped-flow
experiments, are listed in Table 1. Since the fast phase was not
directly observed in the stopped-flow experiments, we previ-
ously could determine only the pre-equilibrium constant (KUI)
and the correspondingm value (mUI) for the UT I transition.23

With a complete set of kinetic data provided by continuous-
flow measurements, it is now possible to determine the
individual elementary rate constants,kUI and kIU, and the
correspondingmUI

q andmIU
q values (Table 1). Importantly, the

equilibriumm value,mUI ) mUI
q + mIU

q ) 2.1 kJ mol-1 M-1,
is identical to themUI parameter obtained previously from our

Figure 1. Time course of tryptophan fluorescence changes during the
refolding of huPrP90-231 in 50 mM phosphate buffer, pH 7.0, in the
presence of 1.1 M urea. The refolding kinetics was measured by continuous-
flow mixing at 5 °C and a protein concentration of 40µM. Solid lines
represent the best fit of the kinetic data to a single-exponential (A) and
double-exponential function (B). The residuals of the fits are shown above
kinetic traces. The equilibrium fluorescence value for the native state was
used as a constraint for both the single- and double-exponential fits.

Figure 2. Representative continuous-flow kinetic traces for huPrP90-231
refolding in varying concentrations of urea at pH 7 (50 mM phosphate
buffer). Solid lines represent the best fit of kinetic traces to a double-
exponential function. Numbers at each curve indicate final concentrations
of urea.

Figure 3. Urea concentration dependence of rate constants for folding/
unfolding of huPrP90-231 at pH 7. (9) and (b) represent rate constants for
fast and slow refolding phases, respectively, as observed in continuous-
flow experiments; (O) represent rate constants for the single folding/
unfolding phase observed in stopped-flow experiments. All rate constants
were measured at 5°C in 50 mM phosphate buffer, pH 7. Lines represent
the best fit according to a three-state folding model (Scheme 1).

Scheme 1

U y\z
kUI

kIU
I y\z

kIN

kNI
N
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pre-equilibrium analysis,23 and the free energy associated with
the U-to-I transition,∆GUI ) -RT ln KUI, as calculated from
the present data, is in reasonably good agreement with our
previous estimate based on stopped-flow measurements alone.
Moreover, the globalmeq and ∆GUN values derived from the
kinetic data are very similar to the corresponding parameters
obtained from equilibrium experiments, further indicating that
the three-state model involving an intermediate ensemble
adequately describes the folding of the human prion protein.

Folding of the Disease-Associated F198S Mutant of hu-
PrP90-231.On the basis of our recent stopped-flow data, we
have concluded that, for the majority of PrP variants with
mutations linked to familial prion diseases, the population of
the folding intermediate is much higher as compared to that of
the wild-type protein.24 This led us to the working hypothesis
that partially structured momomeric intermediates likely play a
crucial role in the PrPCfPrPSc conversion. To gain further
insight into the effect of pathogenic mutations on the prion
protein folding pathway, we have extended these studies to
continuous-flow measurements. Since these measurements
require very large quantities (several hundred milligrams) of
highly purified protein, we have focused on one pathogenic
variant, F198S, for which the population of the intermediate
appears to be especially high.24 This variant, associated with
Gerstmann-Straussler-Scheinker disease, was recently shown
to undergo a spontaneous conversion to the scrapie-like form
in vitro.37

Similar to the wild-type prion protein, the kinetic traces for
the refolding of F198S huPrP90-231 could not be approximated
as a single exponential but were well represented by a double-
exponential function (data not shown for brevity). Furthermore,
akin to the wild-type protein, the denaturant dependence of rate
constants for this variant could be quantitatively modeled as a
three-state folding process according to Scheme 1 (Figure 4),
with the elementary rate constants,kij, and themij values listed
in Table 1. The∆GUN andmeq values derived from this three-

state fit of the kinetic data are in excellent agreement with those
estimated from equilibrium measurements (∆GUN ) 21.3 and
21.6 kJ mol-1 andmeq) 3.9 and 4.0 kJ mol-1 M-1, respectively;
see Table 1).

The complete set of rate parameters provided by a combina-
tion of continuous-flow and stopped-flow experiments allowed
us to calculate the time-dependent evolution of each individual
state populated during prion protein folding at different denatur-
ant concentrations. The results of such simulations for the
population of the intermediate ensemble for wild-type huPrP90-
231 and the F198S variant at 0, 1, 2, and 4 M urea are shown
in Figure 5. While the time courses of transient changes in the
population of the I state for both proteins are similar, the
simulations reveal substantial differences in the population of
the intermediate when calculations are extended beyond ap-
proximately 10 ms. Since the folding reaction of the prion
protein is extremely fast (completed within milliseconds), data
calculated for longer times (represented as horizontal lines)
provide a reliable measure of the population of the I state under
equilibrium conditions. Importantly, at each denaturant con-
centration, the population of the intermediate species for F198S
variant is more than 10-fold higher as compared with that of
the wild-type protein. For the mutant protein, this population
under native buffer conditions is about 1 per 250 molecules; it
increases further in the presence of the denaturant, reaching the
level of 1:70 and 1:25 molecules in 2 and 4 M urea, respectively.
The corresponding values for the wild-type protein are 1:10 000,
1:1100, and 1:300 in the presence of 0, 2, and 4 M urea,
respectively. The population of the I state for wild-type huPrP90-
231 under native buffer conditions, derived from the present
data, is higher than the∼1:40 000 previously estimated on the
basis of stopped-flow measurements alone.24 The present
estimate, based on a more complete set of data, is more reliable.
It should be noted that, in terms of free energy, this discrepancy
is relatively small, corresponding to∆∆GIN ) 2.7 kJ mol-1.

Folding Kinetics of huPrP90-231 at Acidic pH. Our
previous stopped-flow measurements indicated that the folding
intermediate of huPrP90-231 is considerably more stable under
mildly acidic conditions (pH 4.8) than at neutral pH.23 However,
since in the stopped-flow experiments at low urea concentrations
we were able to recover only a small fraction of kinetic
amplitudes, calculations based on these measurements could be(37) Vanik, D. L.; Surewicz, W. K.J. Biol. Chem.2002, 277, 49065-70.

Table 1. Thermodynamic and Kinetic Parameters for the Folding
of huPrP90-231a

WT F198S

CF + SF SF equilibrium CF + SF SF equilibrium

kUI
0 19500 18000

mUI
q 0.3 1.5

kIU
0 880 409

mIU
q 1.8 0.9

kIN
0 1390 1290 1500 1150

mIN
q 0.2 0.2 0.3 0.12

kNI
0 0.2 0.03 6.5 3.3

mNI
q 1.8 2.4 1.2 1.4

∆GUI 7.1 5.8 8.6 7.0
mUI 2.1 2.1 2.4 2.5
∆GUN 28.0 30.7 29.4( 1.2 21.3 20.5 21.6( 1.1
meq 4.1 4.4 4.3 3.9 4.0 4.0

a Rates are given in s-1, m values in kJ mol-1 M-1, and∆G values in
kJ mol-1. The rate constants and their associatedmvalues were determined
from the fits shown in Figures 3 and 4, based on the model depicted in
Scheme 1. For continuous-flow experiments, the equilibriumm value was
calculated as the sum of individualmij values corresponding to the four
elementary rate constants (meq ) mUI

q + mIU
q + mIN

q + mNI
q) and the

global free energy according to the formula∆GUN ) ∆GUI + ∆GIN, where
∆GUI ) RTln(kUI/kIU) and∆GIN ) RTln(kIN/kNI). Parameters corresponding
to stopped-flow and equilibrium measurements were derived as previously
described.23,24

Figure 4. Urea concentration dependence of rate constants for folding/
unfolding of the diseases-associated F198S mutant of huPrP90-231 at pH
7. (9) and (b) represent rate constants for fast and slow refolding phases,
respectively, as observed in continuous-flow experiments; (O) represent rate
constant for the single folding/unfolding phase observed in stopped-flow
experiments. All rate constants were measured at 5°C in 50 mM phosphate
buffer, pH 7. Lines represent the best fit according to a three-state folding
model (Scheme 1).
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subject to considerable error. Therefore, we have re-examined
the folding of huPrP90-231 at pH 4.8 using the continuous-
flow method. As in the case of experiments at neutral pH, the
kinetic traces at pH 4.8 were well represented by double-
exponential functions. Furthermore, the denaturant dependence
of the observed rate constants for the fast and slow phases could
be well described according to a three-state folding model,
yielding parameters described in the legend to Figure 6.
Simulations of experimental data to calculate the population of
folding intermediate as a function of time (similar to the one
depicted in Figure 5A for huPrP90-231 folding at pH 7) indicate
that, under conditions corresponding to an equilibrium in the
absence of any denaturants, the intermediate at pH 4.8 ac-
cumulates at the level of approximately 1:300 molecules (as
compared to∼1:10 000 at pH 7.0). The population of the
intermediate becomes even higher in the presence of urea,
increasing to 1:90 and 1:25 molecules in 2 and 4 M urea,
respectively.

Discussion

A persistent controversy in prion research relates to the nor-
mal folding pathway of the prion protein and the nature of direct
monomeric precursor that converts to the oligomeric,â-sheet-
rich PrPSc state. The formation of amyloid fibrils in a number
of other proteins is known to be mediated by monomeric,

partially folded intermediate states whose population is usually
enhanced by disease-related mutations.38-40 In the case of the
prion protein, however, detection and characterization of putative
monomeric intermediates proved to be difficult. In fact, initial
studies have concluded that PrP folds by a two-state mechanism
without any intermediates, postulating that it is the fully unfolded
state that is directly recruited into the PrPSc oligomer.22,41Only
recently has experimental evidence started to emerge indicating
the involvement of partially structured monomeric species in
prion protein folding and misfolding.23,24,42-44 A significant part
of this evidence comes from kinetic stopped-flow experi-
ments.23,24 However, detailed interpretation of kinetic data has
been hampered by the very fast rate of prion protein folding,
with a major part of the reaction occurring within the dead time
of conventional stopped-flow instrumentation. In an effort to
overcome this difficulty and other uncertainties in interpretation
of stopped-flow data, here we have employed an ultrafast
continuous-flow mixing method which allowed us to extend
kinetic measurements to early folding events. The present data
provides direct and unambiguous evidence for accumulation of
a partially structured intermediate in early stages of prion protein
folding. Formation of this intermediate, at a rate of∼20 000
s-1, is followed by a slower folding step occurring on the
millisecond time scale.

The extremely fast rate of early events in prion protein folding
is consistent with recent data indicating residual structure in
PrP under denaturing conditions; this residual structure might
act as a “template” for the native structure, thus accelerating
the folding process.44 However, although the present continuous-
flow results are fully consistent withsand best described bys
a sequential three-state model involving an on-pathway (obliga-
tory) intermediate (Scheme 1), one cannot rule out alternative
mechanisms involving formation of early nonproductive states
(off-pathway intermediates) or mechanisms with parallel path-
ways. Rigorous discrimination between these alternative models
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Figure 5. Time-dependent evolution of the population of the intermediate state, I, during refolding of wild-type huPrP90-231 (left panel) and the F198S
variant (right panel) at different urea concentrations in 50 mM phosphate buffer, pH 7. Simulations were performed as described in the Materials and
Methods section. Numbers by each curve indicate the concentration of urea.

Figure 6. Urea concentration dependence of rate constants for folding/
unfolding of huPrP90-231 at pH 4.8. (9) and (b) represent rate constants
for fast and slow refolding phases, respectively, as observed in continuous-
flow experiments; (O) represent rate constant for the single folding/unfolding
phase observed in stopped-flow experiments. All rate constants were
measured at 5°C in 50 mM sodium acetate buffer, pH 4.8. Lines represent
the best fit according to a three-state folding model (Scheme 1). The
elementary rate constants andm values derived from the fit are:kU1

0 )
21,000,kIU

0 ) 680,kIN
0 ) 1390,kNI

0 ) 4.5,mUI
* ) 0.3,mIU

* ) 0.2,mIN
*

) 0.02 andmNI
* ) 0.35. Rate constants andm values are given in s-1 and

kJ mol-1 M-1, respectively.
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has been possible only in very few cases of model proteins (e.g.,
bacterial immunity protein Im745), for which there is a tight
coupling between the fast and slower folding events, and
spectroscopic properties of the native, intermediate, and unfolded
ensembles are very different (see ref 31 for further discussion).
Unfortunately, these rare conditions are not met for the prion
protein.

While the intrinsic limitations of kinetic experiments leave a
degree of uncertainty as to whether an early folding intermediate
represents a productive and obligatory species innormal folding
of the cellular prion protein, the evidence for accumulation of
this intermediate has important implication with respect to the
mechanism of PrPC conversion into themisfoldedPrPSc ag-
gregate. Partially structured folding intermediates are usually
characterized by a large exposure of the polypeptide backbone
to solvent and relatively high hydrophobicity, enabling inter-
molecular interactions. Thus, regardless of its specific role in
the formation of the unique native structure of PrPC, the partially
folded intermediate is a “natural” candidate for a monomeric
species that is directly recruited into the aggregated state and,
eventually, converts toâ-sheet-rich PrPSc structure. The role of
this intermediate in the PrPCfPrPSc conversion is further

supported by the finding that the intermediate state for PrP
variants associated with familial cases of Creutzfeldt-Jakob and
Gerstmann-Straussler-Scheinker diseases has increased stabil-
ity and is thus more highly populated. This effect, first inferred
from our stopped-flow data,24 has now been directly confirmed
by a more rigorous approach involving continuous-flow mea-
surements. The present experiments also demonstrate a profound
stabilization of the intermediate relative to the native state at
mildly acidic pH, correlating nicely with observations that the
transition of the recombinant prion protein toâ-sheet-rich
oligomers33,46 and amyloid fibrils (Patel, S., Apetri, A. C.,
Surewicz, W. K., unpublished data) is strongly promoted under
acidic conditions. This is potentially of direct relevance to prion
disease pathogenesis, especially in view of previous reports
suggesting the involvement of acidic compartments in the
PrPCfPrPSc conversion reaction.47
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