doi:10.1006/jmbi.2001.5234 available online at http://www.idealibrary.com on

J. Mol. Biol. (2002) 315, 213±227
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The Saccharomyces cerevisiae non-Mendelian factor [URE3] propagates by
a prion-like mechanism, involving aggregation of the chromosomally
encoded protein Ure2. The N-terminal prion domain (PrD) of Ure2 is
required for prion activity in vivo and amyloid formation in vitro. However, the molecular mechanism of the prion-like activity remains obscure.
Here we measure the kinetics of folding of Ure2 and two N-terminal variants that lack all or part of the PrD. The kinetic folding behaviour of the
three proteins is identical, indicating that the PrD does not change the
stability, rates of folding or folding pathway of Ure2. Both unfolding and
refolding kinetics are multiphasic. An intermediate is populated during
unfolding at high denaturant concentrations resulting in the appearance
of an unfolding burst phase and ``roll-over'' in the denaturant dependence of the unfolding rate constants. During refolding the appearance of
a burst phase indicates formation of an intermediate during the deadtime of stopped-¯ow mixing. A further fast phase shows second-order
kinetics, indicating formation of a dimeric intermediate. Regain of nativelike ¯uorescence displays a distinct lag due to population of this on-pathway dimeric intermediate. Double-jump experiments indicate that isomerisation of Pro166, which is cis in the native state, occurs late in
refolding after regain of native-like ¯uorescence. During protein refolding
there is kinetic partitioning between productive folding via the dimeric
intermediate and a non-productive side reaction via an aggregation prone
monomeric intermediate. In the light of this and other studies, schemes
for folding, aggregation and prion formation are proposed.
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Introduction
The concept of a prion presents a fascinating
challenge to our understanding of the way proteins
fold.1 The discovery of prion-like proteins in
bakers' yeast has facilitated research into this phenomenon.2,3 However, the actual mechanism by
which an altered protein conformation might be
propagated remains mysterious. The [URE3] nonMendelian genetic element of Saccharomyces cerPresent address: D. Galani, Harokopio University, 70
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evisiae4 propagates by a prion-like mechanism via
transmission of an aggregated form of the chromosomally encoded protein Ure2.5 The prion phenotype corresponds to loss of the cellular function of
Ure2, an enzyme involved in regulation of nitrogen
metabolism. Ure2 is a dimer in solution6,7 and the
peptide chain consists of two regions. The unstructured N-terminal region7,8 is rich in asparagine and
glutamine and is required for the prion function
in vivo9 and amyloid formation in vitro.6,10,11 The
compactly folded C-terminal region,7,8 for which
the crystal structure has been solved, 12,13 conveys
the enzymatic function9 and has homology to glutathione S-transferases.14 A ®rst step in understanding the molecular mechanism by which the
N-terminal prion domain (PrD) might exert its
prion forming ability is to determine how the PrD
affects the intrinsic properties of the Ure2 protein
in isolation from cellular cofactors. We set out to
address this question by constructing a series of
# 2002 Academic Press
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Ure2 variants that lack all or part of the PrD.7 We
have previously shown that removal of all or part
of the PrD does not affect the oligomeric state or
thermodynamic stability of the protein.7 Ure2 has a
propensity to misfold7 and aggregate,6 ± 8,10,11 properties that are irrespective of the presence of the
PrD.7,11 Here we use conditions optimised for
reversibility of folding (25  C and pH 8.4) to determine the effect of the PrD on the kinetic rates of
folding and unfolding of Ure2. We compare three
Ure2 variants: full-length Ure2; 90Ure2 which lacks
the N-terminal glutamine/asparagine-rich PrD;
and 15-42Ure2, in which the 28 residue island of
``normal'' amino acid sequence within the PrD has
been excised.7
The rates of folding and unfolding obtained for
the three proteins were the same, indicating that
the PrD does not affect the stability or rates of folding of Ure2. The kinetics of both unfolding and
refolding of Ure2 were found to be complex. A
reaction scheme for folding which accounts for the
available data is proposed. A possible mechanism
for Ure2 prion formation is also postulated, which
accounts for the apparent contradiction between
in vivo and in vitro experiments regarding interaction between the C-terminal region and the prion
domain.13

Results
Unfolding kinetics
The kinetics of unfolding of full-length Ure2,
90Ure2 and 15-42Ure2 was measured at GdmCl
concentrations ranging from the mid-point of
unfolding (3.0 M) to the limit before rates became
too fast to be measured accurately in the stopped¯ow apparatus (6.0 M).
Ure2 displays multiphasic unfolding kinetics
When unfolding in GdmCl concentrations
around 4.0 M the data ®t well to a single exponential equation (Figure 1(a)). Around 4.5 M GdmCl,
the residual for ®tting to a single exponential with
linear drift is small (less than 0.2 % of the total
amplitude) but shows systematic variation which
is removed by ®tting to a double exponential
(Figure 1(b)). Above 5.0 M GdmCl, the multiphasic
nature of the traces apparently increases in complexity (Figure 1(c)). The rate constants obtained
by ®tting to a sum of two or more exponentials differ at most by a factor of three, so the phases cannot be clearly distinguished. The data were,
therefore, ®tted to a single exponential decay
{ There is no in vitro enzymatic assay available for
Ure2. The term ``native'' is used throughout to mean the
never-unfolded, dimeric structure populated in the
absence of any denaturant. As shown here, the ``native''
state can also be identi®ed by its rate of unfolding,
which is slower than for the kinetically more labile
folding intermediates observed.
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throughout. Incubation of the protein overnight in
1.5 M GdmCl before unfolding produced identical
unfolding traces (Figure 1(a)) and observed rate
constants (Figure 2(a)) to unfolding from 0 M
GdmCl. This suggests that the multiphasic unfolding kinetics do not arise from heterogeneity in the
native state.15
Non-linear denaturant dependence of unfolding
rate constants
Figure 2(a) shows the denaturant dependence of
the rate constants. The observed unfolding rate
constants for the three proteins were ®tted to a linear equation of the form:
ln kobs  ln kH2 O  mGdmCl

1

where kH2O is the rate constant for unfolding in the
absence of denaturant and m is the slope. The
values obtained are shown in Table 1. Above
5.5 M GdmCl the data show deviation from linearity. This is not the smooth curvature that is attributed to the Hammond effect and that can be treated
by ®tting to a polynomial of the form:
ln kobs  ln kH2 O  mGdmCl  m GdmCl2

2

instead of a linear equation.16,17 The Ure2 unfolding data do not ®t well to a second-order polynomial. The relatively abrupt deviation from
linearity observed here is indicative of a change in
mechanism or rate determining step. This suggests
the population of an intermediate during unfolding
at high denaturant concentrations.18,19
A burst phase is observed in unfolding
The denaturant dependence of the folding amplitudes is shown in Figure 2(b) and (c). Between 3.0
and 5.0 M GdmCl, the unfolding amplitudes
obtained are consistent with the equilibrium
values;7 no burst phase is detected. Above 5.0 M
GdmCl a ``negative burst phase'' is observed, that
is to say, the initial ¯uorescence value is higher
than expected for native{ protein and the unfolding amplitudes show an increase (Figure 2(b)). The
sigmoidal denaturant dependence of the amplitude
of the burst phase is consistent with the population
of an intermediate during unfolding which has ¯uorescence greater than the native state.19
In all cases the observed rate constants and their
dependence on GdmCl concentration are the same
within error for the three proteins (Figure 2(a) and
Table 1). This indicates that the PrD does not affect
the rate or pathway of unfolding of Ure2.
Refolding kinetics
In all cases the observed refolding behaviour
was the same for Ure2, 90Ure2 and 15-42Ure2
(Figure 2(a)), supporting the conclusion that deletion of the PrD does not affect the stability, folding kinetics or folding pathway of Ure2, nor does
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Table 1. Unfolding rates in water and equilibrium values for Ure2, 90Ure2 and 15-42Ure2
Kinetic valuesa

Equilibrium valuesb

ÿ1

ÿ1

ku,H2O (s )
Ure2
90Ure2
15-42Ure2
Combined datac

5 (2)  10ÿ12
10 (3)  10ÿ12
7 (1)  10ÿ12
8 (1)  10ÿ12

mu (M )
4.82
4.70
4.78
4.74

(0.07)
(0.06)
(0.04)
(0.03)

GD-N,H2O (kcal molÿ1)
12.4
11.2
13.0
12.4

(0.5)
(0.8)
(1.2)
(0.4)

meq (kcal molÿ1 Mÿ1)
4.2
3.8
4.4
4.2

(0.2)
(0.4)
(0.4)
(0.2)

The errors (the standard error from the ®t, or of the mean, as appropriate) are shown in parentheses.
Obtained by ®tting the data shown in Figure 2(a) to equation (1).
b
Equilibrium data taken from Perrett et al.7
c
The combined kinetic data were obtained by simultaneous ®tting of the data for all three proteins. The combined equilibrium
data represent mean values which include two other similar Ure2 constructs, 15Ure2 and 74Ure2.7
a

it remove the tendency to undergo aggregation
during folding. The three proteins are therefore
treated together.
Three refolding phases are observed: a burst
phase that is complete within the dead-time of
mixing in the stopped-¯ow apparatus (millisecond
timescale), a fast phase (complete within seconds)
and a slow phase (complete within minutes to
hours). Between 1.0 and 2.0 M GdmCl, interpretable refolding data could not generally be
obtained. Light scattering (not shown) and velocity
sedimentation analytical ultracentrifugation (J.P.G.
Butler & S.P., unpublished results) indicate the presence of aggregation in this region.
Detection of native or intermediate states is biased
by the choice of emission wavelength(s)
Comparison of the refolding traces obtained in
the stopped-¯ow apparatus using a 320 nm emission cut-off ®lter with those obtained in a stopped¯ow apparatus equipped with a monochromator
(set at 327 nm) suggests that monitoring at a single
wavelength is more sensitive for detection of the
native (or native-like) state, whereas the use of the
cut-off ®lter is more sensitive for detection of one
or more of the intermediates formed (see also
Materials and Methods). In the experiments
described here, the fast phase was measured in the
stopped-¯ow apparatus using a 320 nm cut-off ®lter, whereas the slow phase was measured in a
¯uorimeter monitoring at a single emission wavelength of 327 nm. The relative amplitudes of the
phases and the observed ¯uorescence relative to
the ¯uorescence of the native state are therefore
different in the two instruments. For this reason,
the actual measured ¯uorescence values under the
two experimental set-ups are shown separately
(Figure 2(b) and (c)), without any attempt to normalise between the two.
The refolding kinetics shows a burst phase and a
fast phase
The fast phase was measured between 0.5 and
1.0 M GdmCl. A signi®cant proportion of the

native ¯uorescence signal is regained within the
deadtime of stopped-¯ow mixing, i.e. there is a
burst phase. This indicates the formation of an
intermediate within milliseconds of initiation of
refolding. Between 0.5 M and 1.0 M GdmCl the
amplitude of the burst phase increases and the
amplitude of the fast phase decreases (Figures 2(b)
and 3(a)).
Concentration dependence of the fast phase
indicates a dimeric intermediate
The fast phase can be ®tted to a single exponential with linear drift. However, plotting the rate
constants thus obtained against protein concentration (Figure 3(b)) reveals that the process is not
in fact ®rst-order, but shows protein concentration
dependence. This indicates ®tting to a secondorder equation of the form:
S t  S t1  ÿ A= PT kt  1

3

where S(t) is the ¯uorescence signal at recorded
time t, S(t1) is the endpoint, A is the amplitude, PT
is the total (monomeric) protein concentration and
k is the rate constant.20 The second-order rate constants obtained are the same within error at protein
concentrations within the range 0.5-4 mM. This
rules out the possibility of higher-order stoichiometries and is consistent with the dimeric structure of the native state.
The GdmCl dependence of the second-order rate
constants for formation of the dimeric intermediate
are plotted in Figure 2(a) and the value of kH2O
obtained by ®tting the observed second-order rate
constants to equation (1) is given in Table 2 (as
kfast).
Slow regain of native-like fluorescence
The slow phase was measured between 0.1 M
and 2.5 M GdmCl by manual mixing in a ¯uorimeter, which allowed acquisition over longer times
or at dilution ratios of greater than 1:10. This slow
phase ®ts well to a single exponential equation
(Figure 4(a) and (b)). No slower phases were
observed in folding.

dead-time
(when
monitoring
at
327 nm;
Figure 2(c)). Around 0.6 M GdmCl, where no
aggregation is detected (see Materials and
Methods), the slow phase accounts for the remaining 15 % of amplitude. However, at GdmCl concentrations approaching 1 M, the overall regain in
¯uorescence decreases (Figure 2(c)), indicating a
decrease in refolding yield. This coincides with the
region where the dimeric intermediate is no longer
signi®cantly populated and indicates the occurrence of a non-productive side-reaction. This is
consistent with the observed occurrence of aggregation in this region and coincides with the hysteresis observed in the refolding reaction when
equilibrium experiments are performed under nonreversible refolding conditions.7
The GdmCl dependence of the slow phase
(Figure 2(a)) indicates that it represents folding
and not an isomerisation or rearrangement event.
The data measured between 0.5 M and 2.5 M
GdmCl ®t well to a linear equation. The value of
kH2O obtained by ®tting the observed slow phase
rate constants to equation (1) is given in Table 2 (as
kslow). Below 0.5 M GdmCl the observed rate constants show a plateau in the GdmCl dependence,
behaviour that indicates either aggregation21 or the
population of an intermediate during refolding at
low denaturant concentrations.22 The latter is consistent with the observation of the fast phase due
to formation of an intermediate at low denaturant
concentrations. The value of kH2O obtained by ®tting the observed rate constants including the plateau region to a second-order polynomial
(equation (2)) is given in Table 2 (as kplateau).
The slow phase does not show any pronounced
protein concentration dependence (Figure 4(c)).
There is some indication of protein concentration
dependence around the in¯ection point where the
change in observed refolding mechanism occurs.
This is consistent with stabilisation of the dimeric
intermediate at higher protein concentrations,
which then causes a decrease in the observed rate
of folding.
Observation of a lag phase
Figure 1. Typical kinetic traces for unfolding of 1 mM
Ure2, 90Ure2 or 1542Ure2 in 50 mM Tris-HCl (pH 8.4)
containing 200 mM NaCl at 25  C monitored by ¯uorescence. The quality of the ®t to a single (s.e.) or double
(d.e.) exponential is indicated by the residual (insets).
Fitting to a single exponential is shown ((b) and (c)).
(a) Unfolding in a ®nal GdmCl concentration of 4.0 M
initiated from 0 M (&; upper inset panel) or 1.5 M
GdmCl (*; lower inset panel). (b) Unfolding in 4.5 M
GdmCl. (c) Unfolding in 5.0 M GdmCl.

The fast phase is generally complete within the
dead-time of manual mixing and about 85 % of the
expected regain in ¯uorescence occurs within this

The slow phase, when observed in the stopped¯ow traces, shows a distinct lag, which increases
with increasing GdmCl concentration and
decreases with increasing protein concentration
(Figure 5). At 1 mM protein concentration, where
the lag is long, the curves measured between 0.5 M
and 1.0 M GdmCl are best described by an
equation of the form:
S t  S t1   A1 e ÿk1 t ÿ A2 = PT k2 t  1

4

corresponding to the formation and disappearance
of a dimeric intermediate (Figure 3(c)). The rate of
the exponential decay is identical to the rate of
slow regain of native ¯uorescence measured by
manual mixing (monitored at 327 nm; Figures 2(a)
and 4). At higher protein concentrations, the
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Table 2. Combined data for the kinetics of refolding of Ure2, 90Ure2 and 15-42Ure2
kfast (sÿ1 Mÿ1)
kslow (sÿ1)
kplateau (sÿ1)

kf,H2O

mf (Mÿ1)

mf* (Mÿ2)

2.7 (0.8)  106
0.20 (0.01)
0.07 (0.02)

ÿ3.03 (0.3)
ÿ2.71 (0.05)
ÿ0.9 (0.4)

ÿ0.6 (0.2)

The values shown were obtained by ®tting of the data shown in Figure 2(a). kfast was obtained by ®tting the second-order rate
constants for the fast phase of refolding to equation (1). kslow was obtained by ®tting the ®rst-order rate constants for the slow phase
of refolding in the linear region between 0.5 and 2.5 M GdmCl to equation (1). kplateau was obtained by ®tting the same slow phase
rate constants, but including the plateau region below 0.5 M GdmCl, to equation (2). The errors taken from the ®ts are shown in
parentheses.

second-order fast phase, the exponential decay, the
lag and the subsequent slow regain of native ¯uorescence are all apparent in the stopped-¯ow traces
(Figure 5). The observation of a lag phase indicates
that the dimeric intermediate is on-pathway and
obligate to formation of the native state.
Double jump experiments
Half-lives for cis-trans isomerisation of proline
bonds are typically of the order of 10-100 seconds.
Ure2 has 12 proline residues, one of which is in a
cis conformation in the native state, therefore
proline limited phases could be expected to be
signi®cant. The ratio of trans:cis proline in an
unstructured polypeptide is estimated to be at least
5:1.23,24 Based on this it can be estimated that
around 2 % (i.e. (1/6)  (5/6)11) of unfolded Ure2
molecules have all Pro residues in their native conformation, approximately 17 % have Pro166 in a
native cis conformation and approximately 83 %
have any other individual proline in a native trans
conformation.
The effect on the folding pathway of a nonnative proline bond is variable. In some proteins,
folding cannot occur until isomerisation takes
place.25 In others, the protein can fold to an intermediate conformation,26 or to a state that is nativelike, with proline isomerisation occurring in a ®nal,
slow step.23,27 ± 29 These alternatives can generally
be distinguished by the application of double-jump
stopped-¯ow methods.30
Double-jump refolding
Double-jump refolding experiments can be used
to test whether any of the phases observed in
single-jump refolding experiments are linked to
proline isomerisation events. Double-jump refolding performed under conditions limited for proline
isomerisation (see Materials and Methods) gave
monophasic traces with rate constants identical to
those measured for the fast phase of refolding
under single-jump conditions. The same decrease
in amplitude with increasing GdmCl concentration
was observed. This indicates that the observation
of multiple kinetic phases for refolding is not the
result of heterogeneity in the denatured state due
to the presence of different cis-trans proline iso-

mers. This also demonstrates that folding to the
dimeric intermediate formed during the fast phase
is not limited by proline isomerisation.
Double-jump unfolding
Double-jump unfolding experiments can be used
to distinguish between different native-like forms
on the basis of their different rates of unfolding.31
To investigate whether refolding to the native state
occurs on the same timescale as the slowest of the
observed refolding phases, double-jump unfolding
experiments were performed. Denatured protein
was allowed to refold for varying times (one
second to one hour) in 0.5 M GdmCl before
unfolding again. The half-life for the slowest
observed refolding phase under these conditions in
single-jump experiments is approximately 14
seconds, so on the basis of the observable refolding
phases, refolding is expected to be 95 % complete
within one minute. However, we found that on reunfolding after delays of one minute to one hour,
approximately 80 % of the amplitude is lost in
a rapid phase (complete within seconds). The
subsequent traces were otherwise the same as for
single-jump unfolding. This suggests that within
the delay time only approximately 20 % of molecules attain the native state, with the remainder of
molecules in a conformation that is less stable and
unfolds more rapidly on contact with denaturant.
The amplitude of the rapid unfolding phase does
not vary within this range of delay times, indicating that the slow unfolding population is formed
with a rate that is extremely slow and must have a
half-time of at least hours. For delay times of 1 to
30 seconds the amplitude of the slow unfolding
phase was negligible or low, con®rming that the
native state is formed on a timescale consistent
with the slowest observed refolding rate and is not
formed during the observed fast phase which is
complete within a few seconds under these conditions.
Slow and fast unfolding fractions coincide with the
conformation of Pro166
For a number of proteins, the presence of a
destabilised, fast-unfolding native-like form can be
attributed to the presence of a non-native cis-trans
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proline isomer.15,23,32,33 The observed proportion of
molecules that attain the native state on the same
timescale as regain of native-like ¯uorescence
coincides with the approximately 17 % of Ure2
molecules that are expected to have Pro166 in a
native cis conformation when refolding from the
fully denatured state. This would then account for
the lack of further detectable refolding phases in
single-jump experiments and suggests that proline
isomerisation occurs after folding to a dimeric state
that is spectroscopically indistinguishable from the
native state.
Comparison of kinetic and equilibrium values
Refolding of Ure2 is clearly not two-state. However, within the central region of the chevron plot
where the slopes are linear (Figure 2(a)), if no
further kinetically signi®cant intermediates are
populated, there will be agreement between the
equilibrium and kinetic values. Denaturation
under equilibrium conditions yields GD-N,H2O, the
free energy of unfolding in water. This value is the
same for Ure2, 90Ure2 and 15-42Ure2 (Table 1).7
Comparison of this value with the stability calculated from the kinetic values (obtained by linear
extrapolation; Tables 1 and 2) gives a discrepancy
of up to 1.7 kcal molÿ1 (1 kcal  4.18 kJ;
or
GD-N,H2O 
GD-N,H2O  ÿ RTln(2ku/kf);
ÿ RTln(ku/kf), where the equilibrium transition
does not involve dissociation as well as unfolding,
see below). This is within the range expected due
to the destabilising effect of a cis proline in the
native state.23,34 The dependence of the free energy
of unfolding on GdmCl concentration (m-value)
derived from the equilibrium data (meq; Table 1)
with the equivalent value calculated from the kinetic data (RT(mu ÿ mf); Table 2) is the same within
error.

Discussion

Figure 2. Denaturant dependence of the kinetic rate
constants and amplitudes of unfolding and refolding of
Ure2. (a) Chevron plot. Rate constants for Ure2 (*),
90Ure2 (&) and 15-42Ure2 (*). Unfolding rate constants for protein incubated overnight in 1.5 M GdmCl
(). Second-order rate constants for the fast phase of
refolding (~), plotted as (lnk)/10 to allow plotting on a
single scale. Rate of disappearance of the dimeric intermediate measured at 1 mM protein concentration (). (b)
and (c) Amplitudes are expressed as initial (&,*) and
®nal ( & ,*) values for refolding (&, & ) and unfolding

Ure2 has a high tendency to misfold and
aggregate in vitro.6 ± 8,10,11 A protein with biological activity de®ned in terms of its ability to
aggregate into amyloid is an unlikely candidate
for folding studies. However, if prions are truly
misfolded protein forms, we cannot hope to
understand this phenomenon without a thorough
understanding of the folding and structural
properties of the proteins that possess this
activity. Signi®cant advances in this ®eld have

(*,*). (b) Values measured over a short timescale (30
seconds or less) in the stopped-¯ow apparatus monitoring ¯uorescence emission using a 320 nm cut-off ®lter.
(c) Values observed over a longer timescale (minutes to
hours) measured in the ¯uorimeter after manual mixing
and monitoring ¯uorescence at 327 nm.
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Figure 3. The burst phase and fast phase of refolding
for Ure2, 90Ure2 or 15-42Ure2 measured in a stopped¯ow apparatus using a 320 nm cut-off ®lter. The protein
concentration was 1 mM unless otherwise indicated. (a)
Appearance of the kinetic traces at different GdmCl concentrations (as indicated), showing the increase in the
burst phase amplitude with increasing GdmCl concentration. The native state is indicated by N and
denatured state as D. (b) Concentration dependence of
the rate constants for the fast phase in GdmCl concentrations of 0.5 (*), 0.6 (*), 0.7 ( & ), 0.8 (&), 0.9 (~)
and 1.0 M (~), obtained by ®tting the data to a single
exponential. (c) Quality of the ®t to the sum of a
second-order equation and an exponential decay
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been made in recent years,12,13,35 ± 37 spurred on
by the looming threat of a new strain of prion
disease in the UK.38 These advances have nevertheless been hard won due to the recalcitrant
nature of these proteins and their resistance to
overproduction and puri®cation in a soluble
form. It still remains unclear whether prion
activity is an intrinsic property of a few rogue
proteins or, if cellular co-factors are involved,
how they may tip the balance between prion
and normal protein forms.
Successful puri®cation of Ure2 has been
achieved in a number of laboratories.6 ± 8,10 At
pH 8.4, 25  C and 1 mM protein concentration the
unfolding reaction is essentially reversible,7
although this reversibility is readily lost on lowering the protein concentration, temperature or
pH.7,11 Under essentially reversible folding conditions, Ure2 shows a single equilibrium unfolding
or refolding transition with mid-point 3.0 M
GuHCl.7 The equilibrium transitions measured by
¯uorescence, far and near-UV CD are coincident
and the spectra have isostilbic or isodichroic
points.7 This is consistent with the occurrence of a
two-state transition without the accumulation of
intermediates. Equilibrium parameters re¯ect only
the energies between states and provide no information about the pathway between them. It is
common to observe two-state behaviour for the
equilibrium transition even when there are stable
intermediates present in water, because the population of such intermediates at denaturant concentrations around the transition region is too small to
be detected.
The equilibrium folding transition shows no
detectable protein concentration dependence over
a 550-fold range, indicating that unfolding and
dimer dissociation are not closely coupled.7 Chemical cross-linking studies show that dimeric structure persists after no further structural changes are
detected by ¯uorescence or far-UV CD (L. Zhu, J.
M. Zhou & S.P., unpublished results). This
suggests that there is in fact a two-stage unfolding
transition at pH 8.4, but the second stage, corresponding to dissociation, occurs silently within the
unfolded baseline region.7 This is in contrast to the
conclusions of Melki and co-workers, based on
experiments at lower temperature and protein concentration where folding is not reversible at
pH 8.4.11
Under non-reversible conditions, the unfolding
and refolding transitions do not coincide, due to
trapping of a partially folded state (or mixture of
states) during refolding.7 This apparent two-step

(equation (4), corresponding to formation and disappearance of a dimeric intermediate, respectively. The
second-order and ®rst-order rate constants thus obtained
are plotted in Figure 2(a). The GdmCl concentration was
0.5 M.
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Figure 4. Slow phase of refolding for Ure2, 90Ure2 or
15-42Ure2, measured in a ¯uorimeter by manual mixing and monitoring at 327 nm. (a) 0.5 M GdmCl, 1 mM
protein; (b) 2.2 M GdmCl, 1 mM protein; (c) rate constants for the slow phase of refolding at 0.2 (*), 0.5
(&), 1 (*), 2 () and 4 () mM protein concentration.

refolding transition is observed on lowering protein concentration or temperature, conditions
which normally disfavour aggregation. This
suggests that there is kinetic partitioning during
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Figure 5. Observation of a lag in regain of native-like
¯uorescence during refolding of Ure2, 90Ure2 or 1542Ure2 measured in a stopped-¯ow apparatus using a
320 nm cut-off ®lter. The protein concentration was
2 mM (main panels) or 4 mM (insets). The GdmCl concentration was 0.5 M (a), 0.6 M (b) or 0.7 M (c). The lag
is increased at lower protein concentration or higher
GdmCl concentration, consistent with formation of an
on-pathway dimeric intermediate.
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folding between correct dimerisation and misfolding via a monomeric, aggregation prone intermediate.7 At lower pH, the unfolding transition
like-wise shows two transitions, which is attributed
to population of a stable, dimeric intermediate,
although the majority of soluble protein is in the
form of a high-order aggregate and folding is not
reversible.11
Observation of an unfolding intermediate and
multiphasic unfolding kinetics
Multiphasic unfolding kinetics (Figure 1) can be
due to heterogeneity in the native or denatured
states, or to population of one or more intermediates during unfolding. A downturn in the unfolding arm of the chevron plot (Figure 2(a)) could be
due to a switch in the rate-determining step for
unfolding (e.g. from unfolding to dimer dissociation) or due to population of an unfolding
intermediate. The complexity of the Ure2 unfolding
kinetics indicates the involvement of more than
one of these factors.
The multiphasic unfolding kinetics is not easily
accounted for by heterogeneity in the native state.
The presence of a non-native cis-trans proline isomer can give rise to a distinct native-like form.15,23,32,}33 Ure2 has 12 proline residues, one of
which (Pro166) is in a cis conformation in the
native state.12,13 When Ure2 protein is fully
denatured, refolded and then re-unfolded in a
double-jump experiment, 80 % of molecules unfold
in a fast phase, corresponding to the 80 % of
unfolded molecules expected to have Pro166 in a
non-native trans conformation. However, for the
unfolding of never-unfolded protein this is not
observed. Incubation in 1.5 M GdmCl overnight
prior to unfolding has no affect on the amplitude
or rate of the unfolding kinetics (Figures 1(a) and
2(a)). If distinct native-like forms are present, they
must have closely similar energetic and structural
properties.
In addition to ``roll-over'' in the unfolding rate
constants (Figure 2(a)), an unfolding burst phase
with a sigmoidal denaturant dependence of amplitude is also observed (Figure 2(b)). This is precisely
what is predicted if there is population of an intermediate during unfolding.19 At high denaturant
concentrations the native state becomes destabilised relative to this intermediate and so the intermediate becomes populated during unfolding. The
population of a series of intermediates could
explain the increasing complexity of the unfolding
kinetics with increasing denaturant concentration.
Alternatively, the additional unfolding phases may
be related to heterogeneity in the denatured state.
Proline isomerisation in the denatured state subsequent to unfolding can give rise to complex
unfolding kinetics, particularly for proteins containing a cis residue in the native state. Usually
such phases are most pronounced at denaturant
concentrations around the mid-point for unfolding
and are no longer observed when unfolding at suf-

®ciently high denaturant concentration.30 In contrast, for Ure2 the unfolding traces appear
monophasic close to the unfolding midpoint and
increase in complexity at higher GdmCl concentrations (Figure 1). One possible explanation for
this is presence of residual structure in the
denatured state populated in GdmCl concentrations close to the transition region. This might
have the effect of simplifying the unfolding kinetics
in this region. This possibility is supported by the
persistence of dimeric structure in the denatured
state (L. Zhu, J.M. Zhou & S.P., unpublished
results). The kinetic unfolding baseline (Figure 2(b))
suggests a change in the properties of the
denatured state above 5 M GdmCl. Pressure
denaturation39 and small angle X-ray scattering
studies (L. Zhu, H. Kihara, M. Kojima, J.M. Zhou
& S.P., unpublished results) of Ure2 in the presence
of various concentrations of GdmCl suggest that
residual structure is present in the denatured state
populated in 4 to 5 M GdmCl.
The law of microscopic reversibility dictates that
protein folding and unfolding reactions follow the
same pathway when carried out under identical,
reversible conditions. While kinetic parameters are
extrapolated to the same conditions (i.e. water), in
practice folding and unfolding reactions are carried
out under vastly different conditions. Therefore,
the intermediates detected during unfolding and
refolding may be different.18,19,40 However, as the
Ure2 unfolding intermediate has not yet been
further characterised and as it is the situation in
water, not high denaturant, that is relevant to the
conditions encountered in vivo, the folding scheme
proposed (Scheme 1) does not include an
additional intermediate to account for the unfolding data.
An on-pathway dimeric intermediate is
populated during folding
Multiple kinetic phases in refolding can arise
from intermediates accumulating on a sequential
pathway, or from parallel folding pathways. When
an intermediate is detected, there remains the question of whether it is on or off the folding pathway
(i.e. whether it offers a stepping-stone to correct
folding or represents a dead-end path that must be
retraced before correct folding can proceed), a
topic of much interest and debate.41 ± 45 To distinguish between these possibilities is by no means
straightforward even for small, monomeric proteins for which exquisite and comprehensive data
are available.34,44
Double-jump experiments indicate that the multiple refolding phases observed for Ure2 are not
the result of parallel pathways. The presence of
fast and slow phases is therefore explained by
rapid formation of an intermediate followed by
slow folding to the native state. The protein concentration dependence of the fast phase (Figure 3(b)
and (c)) indicates that the intermediate formed is
dimeric. The curvature in the denaturant depen-
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Scheme 1. Minimum scheme for folding that accounts
for the available data. When folding from the denatured
state (D) to the native state (N2), two intermediates are
populated, an intermediate formed within the burst
phase (M) and a dimeric on-pathway intermediate (I2).
The appearance of the burst phase may be due to formation of a rapid pre-equilibrium between D and M, in
which case on-pathway (a) and off-pathway (not
shown) schemes cannot be distinguished kinetically.
Alternatively, there may be kinetic partitioning between
formation of M and I2, where M represents an off-pathway, dead-end product (b). These and previous7 results
suggest that M, or a subsequently formed monomeric
off-pathway intermediate (M0 ) is the precursor to the
aggregation (An) observed during refolding of Ure2.
Amyloid formation may likewise be a multi-step process
stemming from a common precursor (i.e. D or M). Isomerisation of Pro166 to the native cis form is not limiting for folding, but occurs subsequent to regain of
native-like ¯uorescence.

dence of the slow refolding rate constants at low
denaturant concentrations is consistent with the
population of the dimeric intermediate under these
conditions (Figure 2(a)). Whether an intermediate
is on or off-pathway can theoretically be distinguished from the kinetics. The de®nitive test for an
on-pathway intermediate is the observation of a
lag in formation of the native state. In practice
there are limited examples where this has been
possible31,40,46 ± 50 and detection has usually
required that folding is fortuitously slow and/or
the means to detect individual species within the
complex folding mixture.
The strong change in the Ure2 ¯uorescence emission spectrum on unfolding7 makes ¯uorescence
spectroscopy a sensitive technique for monitoring
the folding reaction. The main disadvantage of the
method is that the observed ¯uorescence signal
represents the sum of signals for all species present
in solution. The lack of an assay for enzymatic
activity precludes the use of this method to monitor regain of native Ure2, distinct from the other
species present. However, we found that a lag in
formation of native Ure2, subsequent to formation
of the dimeric intermediate, could nevertheless be
detected by ¯uorescence (Figure 5), aided by the
fact that detection could be biased towards observation of the native state or partially folded species
by varying the emission wavelength(s) monitored.
This property may be useful in further investi-
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gations of the intermediate states populated during
folding. The lag in appearance of the native-like
state was longer at lower protein concentration or
higher GdmCl concentration (Figure 5), consistent
with the formation of an on-pathway dimeric intermediate. Where the lag was long, disappearance of
the dimeric intermediate could be detected prior to
appearance of the native-like state (Figures 3(c)
and 5(c)). The rate of disappearance of the dimeric
intermediate was equal to the rate of appearance of
native-like ¯uorescence (Figure 2(a)), consistent
with a lack of further populated intermediates on
the folding pathway. This is also suggested by the
agreement between equilibrium and kinetic mvalues in this region (Tables 1 and 2; see also
Results).
Observation of a burst phase
refolding intermediate
Where an intermediate is formed rapidly within
the dead-time of mixing, on and off-pathway folding schemes cannot usually be distinguished
because they are kinetically equivalent.34,44 The
observation of a burst phase in Ure2 refolding
could suggest that a rapid pre-equilibrium is established between the fully denatured state and the
burst phase intermediate (Scheme 1(a)). The
increase in amplitude with increasing denaturant
concentration (Figure 3(a)) would then suggest that
the stability of this burst phase intermediate relative to the more fully denatured state increases
with GdmCl concentration within this range (0.5 to
1.0 M). In general, the less compact state is
expected to be favoured at increased denaturant
concentration. However, it must be born in mind
that GdmCl is not only a denaturant, but also a
salt, which could have a stabilising effect on compact states.
Alternatively, kinetic partitioning between the
on-pathway dimeric intermediate and this burst
phase intermediate could explain the relative
changes in the amplitudes of the two phases
(Figure 3(a)). In this case, the burst phase intermediate would necessarily be off-pathway (or at
least on a parallel pathway). As the observed kinetics suggests a single, sequential folding pathway,
this would then suggest that the burst phase intermediate is a dead-end product (Scheme 1(b)).
Role of intermediates in aggregation and
amyloid formation
Where the dimeric intermediate is signi®cantly
populated during refolding, aggregation is negligible. As population of the dimeric intermediate
decreases and population of the burst phase intermediate increases, the ®nal ¯uorescence yield falls
(Figure 2), indicating the increased occurrence of a
non-productive side-reaction. The protein concentration and temperature dependence of hysteresis
in the refolding curves measured under equilibrium conditions strongly suggests that there is
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kinetic partitioning between correct folding via
dimerisation and misfolding via a monomeric intermediate.7 This suggests that the burst phase intermediate may be this misfolded, aggregation prone
intermediate or may be a precursor to its formation
(Scheme 1). This also suggests that correct dimerisation protects the protein from non-productive
side-reactions during folding.
The key characteristic of mechanisms proposed
to account for seeded formation of amyloid is the
presence of assembly competent (i.e. misfolded or
aggregation-prone) and assembly non-competent
(i.e. correctly folded) forms.51 ± 54 The observation of
two different folding intermediates, as presented
here, provides a structural basis for such a mechanism in the case of Ure2. A recent study suggests
that for amyloid formation of the yeast prion
Sup35, the precursor ®rst forms an assembly-competent oligomer, which can then interact ef®ciently
with the growing ®bril.}53 Ure2 amyloid formation
may likewise be a multi-step process.
Incubation of native Ure2 in vitro tends to produce
amorphous
aggregates
rather
than
amyloid.6,10 Amyloid formation can be induced by
addition of PrD as a synthetic peptide or by
addition of a preformed seed,6 which reduces the
lag time in ®bre formation.8,10 In some cases,
addition of preformed ®brils was observed to seed
both amyloid and aggregate formation.10 Amyloid
formation is favoured at lower pH where the
dimeric intermediate is apparently stabilised, but
aggregation is increased.11 This indicates that for
Ure2, aggregation and amyloid formation represent competing reactions, possibly stemming
from a common precursor (Scheme 1). Amyloid
formation will be favoured both by optimum
population of the amyloid precursor and by minimisation of competing side-reactions that form
amorphous aggregates.
Even under conditions where intermediates are
unstable and only transiently populated, they can
be trapped and stabilised by formation of a highorder oligomer, as in aggregation or amyloid formation. Where oligomerisation is irreversible (or
only slowly reversible), the presence of a dynamic
equilibrium between native, denatured and intermediate states means that potentially the entire
population of molecules can be drawn off to the
misfolded, oligomeric state via one or more assembly-competent intermediates, whether the intermediate is on or off-pathway (Scheme 1).
The favouring of amyloid formation at pH 7.5
compared to pH 8.411 and the observed formation
of Ure2 PrD ®bres in bacterial extracts10 may
explain an earlier puzzling ®nding,7 namely that
Ure2 could be solubilised from Escherichia coli cells
at pH 8.4 but not pH 7.5, whereas both values of
pH could be used for constructs lacking the prion
domain. 15-42Ure2 fell into the category of variants that could be puri®ed at pH 7.5 and is found
empirically to be the most soluble of the Ure2 variants we have constructed.7 This suggests a direct

role for residues 15-42 of Ure2 in amyloid formation.
Role of the PrD in prion formation
The N-terminal PrD is necessary and suf®cient
for induction and propagation of the prion form of
Ure2 in vivo9,55 and amyloid formation in vitro.6,10
The PrD is highly susceptible to proteolysis,
suggesting that it is unstructured in the native
state.7,8,13 Equilibrium denaturation experiments
show that deletion of all or parts of the PrD has no
effect on the thermodynamic stability or the degree
of exposure to solvent (m-value) on unfolding,
which strongly implies that the PrD is unstructured and does not interact with the C-terminal
region in the native state.7 The results presented
here and a qualitative comparison of the effect of
the PrD on the characteristics of the denaturation
curves over a wide range of conditions of pH11
also indicate that the PrD does not affect the stability or folding of Ure2, suggesting that N and Cterminal regions do not interact.
In apparent contradiction to this, in vivo studies
indicate that the C-terminal nitrogen regulatory
region stabilises the protein against prion formation.9,56 A number of seven to eight residue deletions in the C-terminal region have been shown to
enhance or prevent prion induction.9,57 Pairs of
point mutations in the PrD and C-terminal region
suggest that the two regions function synergistically to induce prion formation.56 This implies that
direct interaction between the C-terminal region
and the PrD plays an important role in regulating
prion induction.
This apparent contradiction is explained if prion
formation requires unhindered association of prion
domains, which is sterically blocked in the native
dimeric structure,7 but is possible in a partially
folded precursor (Scheme 2). This model is supported by a number of ®ndings: native Ure2 does
not readily form amyloid, but amyloid formation
is ef®ciently induced by addition of PrD as a synthetic peptide;6 insertion of a spacer between the
PrD and a heterologous fusion protein increases
the ef®ciency of PrD-dependent amyloid formation;10 and inspection of the crystal structure
shows that the N termini are diametrically
opposed in the folded dimer.12,13 Interaction
between N and C-terminal regions may be important at the stage of assembly of the prion precursor
into amyloid or into an assembly-competent oligomer, steps that are out of the range of detection of
the folding studies presented here and previously.7
The above hypothesis allows for a number of
mechanisms by which mutations or deletions in
the C-terminal region could affect prion induction.
Prion formation could be favoured or disfavoured
by altering the stability of the prion precursor, or
by altering the relative stability of the native or
other intermediate states. Mutations could also
alter the self-association properties of the prion
precursor. A tendency to self-associate may play
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entire glutamine/asparagine-rich region but the small
region of ``normal'' amino acid sequence from residue 15
to 42 has been excised.7 All proteins were produced with
a short N-terminal histidine tag to allow a high level of
purity to be achieved. The tag was left intact for further
studies and not proteolytically cleaved because of the
susceptibility of Ure2 to proteolysis.7,8,13 His-tagged Ure2
has normal biological activity in vivo,59 amyloid forming
ability in vitro6 and the same oligomeric structure, stability and equilibrium folding behaviour as untagged
protein.7

Scheme 2. A putative model for Ure2 prion formation
which accounts for the apparent contradiction between
in vivo and in vitro results. In the native dimer the Nterminal prion domain (PrD) is unstructered and interaction with the C-terminal region is sterically disfavoured. In the prion precursor, prion domains are able
to align in a manner which allows amyloid formation.
The unstructured nature of the PrD may be important
for interaction with chaperones, which may assist in the
structural transition to form the prion precursor.
Mutations that affect prion formation may act by changing the stability or self-association properties of the
prion precursor, or by affecting the relative population
of other states.

an important role in amyloid formation by bringing prion domains into close proximity and thus
increasing the effective concentration. A role of
both the PrD and the C-terminal region in this
assembly process would account for the observation of compensatory mutations in the N and Cterminal regions.56,57
A further possibility is that some or all of the
mutations or deletions identi®ed9,56,}57 affect interaction with cellular cofactors.13 A recent study
indicates the involvement of molecular chaperones
in Ure2 prion propagation in vivo.58 The chaperones may bind to and stabilise the prion precursor
and/or may facilitate the unfolding reaction that
allows population of this precursor. The unstructured nature of the prion domain in the native
state may be important in prion formation by facilitating interaction with chaperones or other cellular
cofactors.

Materials and Methods
Materials
Chemicals and reagents were obtained from BDH,
Pierce or Sigma. Solutions were made volumetrically.
Protein production and purification
Ure2 and N-terminal variants, 90Ure2 and 1542Ure2, were produced in E. coli and puri®ed as
described.7 90Ure2 lacks the glutamine/asparagine-rich
region from residues 1-89 and therefore lacks the entire
PrD as de®ned either by biological activity57 or inspection of the protein sequence.7 15-42Ure2 contains the

Stopped-flow kinetics
The kinetics of Ure2 and N-terminal variants 90Ure2
and 15-42Ure2 refolding and unfolding were monitored using an Applied Photophysics (Surrey, UK) SX17
stopped-¯ow apparatus, or in an Aminco Bowman series
2 luminescence spectrometer after manual mixing for
measurement of slower rates or for dilutions of greater
than 1:10. Excitation was at 280 nm. Emission was monitored in the stopped-¯ow apparatus at 327 nm using a
monochromator or above 320 nm using a cut-off ®lter.
Monitoring in the Aminco Bowman machine was at
327 nm. Native protein has a maximum emission wavelength of 334 nm, whereas the maximum change in ¯uorescence signal on unfolding occurs at 327 nm.7 It was
found that monitoring with a 320 nm cut-off ®lter biases
detection towards monitoring of partially folded species
and emphasises the lag in appearance of the native state,
whereas detection at a single wavelength of 327 nm
biases towards detection of the native (or native-like)
state. The experimental set-up therefore affects the relative ¯uorescence changes observed. Hence at 1 mM protein concentration where the lag is long, maximal
population of the dimeric intermediate results in a ¯uorescence yield using a cut-off ®lter slightly higher than
that of the native state and disappearance of this intermediate during the lag is apparent. When monitoring at
a single wavelength, disappearance of the intermediate
is not apparent and the regain of ¯uorescence during the
fast phase is slightly lower than that of the native state.
The exponential fall in ¯uorescence intensity observed
using a cut-off ®lter is not affected by varying the slit
widths and the same decrease is observed when measuring endpoints after a delay with the shutter closed.
Therefore this decrease in ¯uorescence is not due to
photolysis.
Rates measured under the same conditions in the two
instruments were the same. All experiments were performed in 50 mM Tris-HCl (pH 8.4), with 200 mM NaCl.
The ®nal protein concentration was 1 mM and the temperature 25  C unless otherwise stated. For unfolding,
protein in buffer was diluted into buffer containing a
range of GdmCl concentrations to give a ®nal GdmCl
concentration of greater than 3.1 M. For refolding, protein was ®rst denatured in 4.5 M or higher concentration
GdmCl in buffer and incubated for suf®cient time to
ensure complete unfolding. (Typically 5.5 M GdmCl was
used, where unfolding is complete within seconds.) The
denatured protein was then diluted with buffer containing no or low concentration of GdmCl to give a ®nal
GdmCl concentration of less than 3.0 M. Data were ®tted
to equations indicated using the program Kaleidagraph
(Synergy Software).

Folding Kinetics of the Yeast Prion Protein Ure2
Double-jump stopped-flow experiments
To perform double-jump refolding under conditions
limited for proline isomerisation, the protein was
unfolded for ®ve seconds in 5.4 M GdmCl where the
half-life of unfolding is one second. Isomerisation of proline residues during this delay time is expected to be
negligible.23 Refolding was then initiated by 1:10 mixing
with buffer (with or without low concentrations of
GdmCl) to give a ®nal GdmCl concentration of 0.49 M
or greater. Under these conditions it is assumed that the
majority of protein molecules refold with all proline residues in a native conformation. These experiments were
performed in the sequential mode of the stopped-¯ow
apparatus. Double-jump unfolding experiments were
performed in an analogous manner by ®rst denaturing
protein in 5.5 M GdmCl. Refolding was initiated by mixing 1:10 with buffer and was allowed to proceed for various delay times (one second to one hour). The protein
was then re-unfolded by mixing 1:1 with 8 M GdmCl.
For delay times of one minute to one hour the experiments were performed by manual mixing.
Aggregation observed during refolding
Ure2 could not be unfolded by acid or alkali and has
a high tendency to aggregate even at micromolar concentrations, both of which place limits on the reaction conditions that are accessible to experiment. The acquisition
of refolding data was further complicated by the tendency of the protein to aggregate when refolding in
moderate concentrations of GdmCl (1.0 to 2.0 M) under
all conditions of protein concentration (0.2 to 5 mM) and
temperature (10 to 30  C) sampled. No aggregation was
visible to the eye, but light scattering (not shown) and
velocity sedimentation (S.P. & P.J.G. Butler, unpublished
results) con®rms the presence of soluble aggregates
under these conditions, which clearly reduces the quality
of the kinetic data that could be acquired. Steady-state
experiments suggest that the aggregation is at least partially reversible.7 No aggregation was detected by light
scattering within a 24 hour period when refolding in
0.6 M GdmCl under these conditions (not shown).
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