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Flexibility of the Ure2 prion domain is important for amyloid fibril formation
Yong YU*†1,2 , Hai-Yan WANG*†1 , Ming BAI*3 and Sarah PERRETT*4

Ure2, the protein determinant of the Saccharomyces cerevisiae
prion [URE3], has a natively disordered N-terminal domain that
is important for prion formation in vivo and amyloid formation
in vitro; the globular C-domain has a glutathione transferase-like
fold. In the present study, we swapped the position of the N- and
C-terminal regions, with or without an intervening peptide linker,
to create the Ure2 variants CLN-Ure2 and CN-Ure2 respectively.
The native structural content and stability of the variants were the
same as wild-type Ure2, as indicated by enzymatic activity, farUV CD analysis and equilibrium denaturation. CLN-Ure2 was
able to form amyloid-like fibrils, but with a significantly longer
lag time than wild-type Ure2; and the two proteins were unable to
cross-seed. Under the same conditions, CN-Ure2 showed limited

ability to form fibrils, but this was improved after addition of
0.03 M guanidinium chloride. As for wild-type Ure2, allosteric
enzyme activity was observed in fibrils of CLN-Ure2 and
CN-Ure2, consistent with retention of the native-like dimeric
structure of the C-domains within the fibrils. Proteolytically
digested fibrils of CLN-Ure2 and CN-Ure2 showed the same
residual fibril core morphology as wild-type Ure2. The results
suggest that the position of the prion domain affects the ability of
Ure2 to form fibrils primarily due to effects on its flexibility.

INTRODUCTION

although in this case, shortening or removal of the N-terminal
domain enhances activity [10,14]. Deletions or mutations in the
C-terminal domain have been found to affect induction of
the prion state when the mutant is expressed in a WT (wild-type)
background [2,17,18] and can alter the biophysical properties
of the fibrils formed [19]. However, the presence of the Nterminal domain has no effect on the thermodynamic stability
or folding pathway of the C-terminal domain [6,19−21], and no
direct interaction between the N- and C-terminal domains has so
far been detected [7]. This suggests that from a structural point
of view, the N- and C-terminal regions of Ure2 are essentially
independent.
The interesting finding that the enzymatic activity of Ure2
is maintained within the fibrils [10,13,14] is consistent with a
previous report indicating that the α-helical content of the fibrils
is similar to that in the native dimer and the ability to bind GSH is
maintained in the fibrils [22]. However, in other respects, fibrils
of Ure2 exhibit many of the characteristics of amyloid in that they
are resistant to proteolysis, show yellow−green birefringence in
polarized light when bound to Congo Red [3], and show a cross-β
pattern by X-ray diffraction [23]. It had been suggested in a
preliminary model that fibril assembly involves dissociation of
the dimeric C-terminal domain and repacking of the monomers in
a manner that involves non-native interactions between the N- and
C-terminal domains [22]. However, this suggestion is somewhat
at odds with the extreme stability of the Ure2 dimer [20] and
subsequent studies of cysteine mutants indicate that the relative
arrangement of the C-terminal domains within fibrils is similar to
that in the native dimer [24]. Furthermore, when monitoring the
kinetics of GRX activity, the same allostery is observed in fibrils
as in the native dimer, and the minimum catalytic unit for Ure2

Ure2 is the protein determinant of the non-chromosomal genetic
element [URE3] in Saccharomyces cerevisiae [1]. Analogous to
the properties of the mammalian prion protein, a conformational
change in the Ure2 protein to an aggregated form gives rise to
the [URE3] prion state [2] and Ure2 readily forms amyloid-like
fibrils in vitro [3,4]. The N-terminal region of Ure2 (residues
1−89) is termed the PrD (prion domain) as it is necessary for
prion or amyloid formation [2,3,5]. The PrD of Ure2 is largely
unstructured in the native state [4,6,7]. The C-terminal region of
Ure2 (residues 90−354) has a globular fold with similarity to
GSTs (glutathione transferases) [8,9].
Despite its similarity to GSTs, the Ure2 protein lacks activity
towards GST substrates, although a single amino acid change
in the active site is sufficient to introduce GST activity into the
Ure2 protein [10]. The normal soluble form of Ure2 is dimeric
[3,4,6] and has a regulatory function in the nitrogen catabolite
repression pathway involving interaction with the transcription
factor Gln3 [11]; this regulatory function is lost on conversion into
the prion state [1]. The presence of the URE2 gene also conveys
protection to yeast cells against heavy metal and oxidant toxicity,
and interestingly this protective function is maintained in the prion
state [12]. Consistent with this, Ure2 has both GPx (glutathionedependent peroxidase) and GRX (glutaredoxin) activities in vitro,
and the enzymatic activity is maintained on conversion of the
protein into the fibrillar form [13,14]. Although the C-terminal
domain is necessary and sufficient for the regulatory function
of Ure2 [15], the presence of the N-terminal PrD enhances this
function in vivo [16]. Likewise, the presence of the N-terminal
region affects the enzymatic activity of native Ure2 in vitro,
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Figure 1

Domain structure of WT-Ure2, CN-Ure2 and CLN-Ure2

Schematic diagram showing the positions of the N-terminal PrD (N), the C-terminal GST-like
domain (C) and insertion of a flexible linker (L).

is a dimer in both its soluble and fibrillar forms, indicating that
the C-terminal domains of Ure2 are arranged as functional dimers
within the fibrillar arrays [14].
Comparison of a range of chimaeras between the Ure2 PrD
and various globular enzymes shows that the PrD is capable of
forming fibrils with a range of different appended C-terminal
domains in place of the Ure2 GST-like domain [25]. Consistent
with the findings for Ure2 itself [10,13,14], the enzymatic activity
of the C-terminal domains in the chimaeric fibrils is maintained
[25], suggesting a common architecture. When fibrils of Ure2 or
its chimaeras are digested with proteinase K, in each case a similar
residual core of approx. 5 nm in diameter is observed, suggesting
that Ure2 and its chimaeras consist of a central amyloid core
surrounded by the globular functional C-terminal domains [26].
Taken together, the data are consistent with a model where the
Ure2 PrD forms a central core with amyloid properties, whereas
the GST-like domains of Ure2 are maintained in a native dimeric
conformation outside this core.
In order to study the effect of the position of the PrD on
amyloid fibril formation, we constructed two Ure2 variants, which
we termed CN-Ure2 and CLN-Ure2 (see Figure 1). Using these
variants, we demonstrated that changing the position of the PrD
did not influence the structure or function of the C-terminal
domain of Ure2. However, the position of the Ure2 PrD strongly
influenced the ability to form amyloid-like fibrils, and the results
suggest that the flexibility of the PrD plays an important role
in this. The results of cross-seeding experiments suggest that
swapping the relative positions of the domains forces a change
in the overall architecture of CLN-Ure2 fibrils compared with
WT. On the other hand, digestion of the variant fibrils indicated
a similar core structure as for WT fibrils and, using the GRX
activity assay, we observed allostery between the dimer subunits
in fibrils of CN-Ure2 and CLN-Ure2 indicating that, in terms of
these key aspects, the molecular arrangement of the monomers
within the fibrils is similar to that in WT-Ure2.

Primers used in the contruction of CN-Ure2 were Primer A,
5 -GTGGTGAAATGAACAACAACGGTAACCA-3 ; Primer B,
5-GGCCGCAAGCTTCTAAGCCTGCTGCTGCTGA-3 ; Primer
C, 5 -GGCCGCGGATCCATGTTCTCTGACATGTCTCACGT3 ; Primer D, 5 -TTGTTCATTTCACCACGCAGAGCTTT-3 ;
Primer E, 5 -GCTCTGCGTGGTGAAAGCGGTAGCGGTGGTGGTGGTATGAACAACAACGGT-3 ; and Primer F, 5 -ACCGTTGTTGTTCATACCACCACCACCGCTACCGCTTTCACCACGCAGAGC-3 . The cDNA of CN-Ure2 was constructed by PCR
using a synthetic WT-Ure2 gene as the template [6] as follows.
The N-terminal region was amplified using Primers A and B,
and the C-terminal region was amplified using Primers C and D.
Then, using the two fragments as templates, Primers A and D
were used to obtain CN-Ure2. CLN-Ure2 was constructed using
CN-Ure2 as the template, using Primers E and F to introduce the
SGSGGGG peptide linker between the two protein domains. The
integrity of the mutants was verified by DNA sequencing.
All of the proteins were expressed in Escherichia coli with
a short N-terminal His6 tag to allow a high level of purity to be
achieved. WT-Ure2, CN-Ure2 and CLN-Ure2 were purified under
native conditions by nickel-affinity chromatography as described
previously [6], except that in each case a French press was used to
lyse cells in place of sonication. Proteins were stored at − 80 ◦ C
and defrosted in a 25 ◦ C water bath immediately prior to use.
Samples were prepared in 50 mM Tris/HCl (pH 8.4) containing
0.2 M NaCl and centrifuged at 22 000 g for 30 min at 4 ◦ C to
remove any aggregates.
Analytical size-exclusion chromatography

Under the conditions used in the present study, Ure2 is dimeric
in its native state [6]. The dimeric structure of CN-Ure2 and
CLN-Ure2 was confirmed by size-exclusion chromatography
using an Äkta fast protein liquid chromatography system
(Amersham Biosciences) with a Superdex 200 10/300 GL column
equilibrated in 50 mM Tris/HCl (pH 8.4) containing 0.2 M NaCl
at room temperature (approx. 25 ◦ C), using a flow rate of
0.5 ml/min. In each case, 1 ml of 20 μM protein was loaded.
Far-UV CD measurements

CD spectra were recorded over the range 200−260 nm in a Pistar180 Spectrometer (Applied Photophysics). Proteins were first
centrifuged at 22 000 g for 30 min to remove large aggregates.
Spectra of 50 μM WT-Ure2, CN-Ure2 and CLN-Ure2 were
measured at 25 ◦ C in a 0.1 mm path-length thermostatically
maintained cuvette. Data were acquired at a step size of 0.5 nm.
For each sample, the mean residue ellipticity was reported as an
average of three scans.
Equilibrium denaturation

EXPERIMENTAL
Materials

Tris/HCl, sodium azide, GSH, NADPH, CHP (cumene
hydroperoxide), GdmCl (guanidinium chloride) and ThT
(thioflavin T) were from Sigma. All other reagents were local
products of analytical grade. Molecular-biology enzymes were
from TaKaRa. Solutions were prepared volumetrically; the
concentration of GdmCl solutions was confirmed using an Abbe
refractometer. Double-deionized water was used throughout.
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All equilibrium folding experiments were performed in 50 mM
Tris/HCl (pH 8.4) containing 0.2 M NaCl. GdmCl was used
as the denaturant as described previously [6,21]. Samples
containing different concentrations of GdmCl were prepared
and allowed to equilibrate overnight at 25 ◦ C before taking
measurements. All measurements were performed at 25 ◦ C
in a thermostatically maintained cuvette using a Shimadzu
RF-5301PC spectrofluorimeter. Excitation was at 280 nm and
emission spectra were measured between 300 nm and 400 nm. Excitation and emission slit widths were set at 5 nm. The maximum
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change in intensity on denaturation is observed at 327 nm and
under apparent two-state conditions, an isosbestic point at 369 nm
is observed [6,21]. The final concentration of protein in the
denaturation samples was 1 μM.

Assay of enzymatic activity

The GPx activity of WT-Ure2, CN-Ure2 and CLN-Ure2 was
determined using GSH with CHP as the hydroperoxide substrate,
using a coupled spectrophotometric assay as described previously
[13,27]. Unless otherwise indicated, the assay was carried out
at 25 ◦ C in a 1 ml reaction volume containing 100 mM sodium
phosphate (pH 7.5), 4 mM sodium azide, 1.0 mM GSH, 0.15 mM
NADPH, 0.24 units of glutathione reductase and 0.3−3.0 μM
protein. The reaction mixture was pre-incubated at 25 ◦ C for
6 min, after which the reaction was started by the addition
of CHP to a final concentration of 1.2 mM. The progress of
reactions was monitored continuously by following the decrease
in NADPH absorbance at 340 nm on a Shimadzu UV2501
spectrophotometer. Initial velocities were determined from the
linear slope of progress curves obtained with a molar absorption
coefficient for NADPH of 6220 M − 1 · cm − 1 after subtracting the
non-enzymatic velocities due to the auto-oxidation of GSH by
the hydroperoxide determined from the corresponding blank.
Using GSH and HEDS (2-hydroxyethyl disulfide) as substrates,
the GRX activity of WT-Ure2, CN-Ure2 and CLN-Ure2 was
determined in a spectrometric coupled assay at 25 ◦ C, as described
previously [14,28]. Typically, a 1 ml reaction volume in a
cuvette containing 100 mM sodium phosphate buffer (pH 7.5),
0.2−5.0 mM GSH, 0.2−5.0 mM HEDS, 0.25−0.8 units/ml
glutathione reductase, 0.2 mM NADPH and 1 mM EDTA was
pre-incubated at 25 ◦ C for 2 min. The enzyme (WT-Ure2, CNUre2 or CLN-Ure2) was then added to the cuvette to trigger the
reaction. The final enzyme concentration was 0.1−1.0 μM for
soluble proteins and the maximal concentration of fibrils was 2.0
μM. The activity was measured from the continuous decrease of
NADPH absorption at 340 nm for 5 min. All initial velocities were
corrected by subtraction of the non-enzymatic reaction measured
using an equivalent volume of buffer in place of the protein
solution. The data were fit to the Michaelis−Menten equation
or the Hill equation, as described previously [14,28].

Amyloid formation

The kinetics of amyloid formation of Ure2 and its variants
was monitored using ThT-binding fluorescence and incubation was at a constant temperature of 37 ◦ C with shaking, as
described previously [21,29,30]. Proteins were prepared in 50 mM
Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl and the protein
concentration was 30−50 μM. At regular time intervals, 10 μl
aliquots were removed from the reaction mixture and assayed
for ThT binding. After mixing, the fluorescence of ThT dye was
measured at 482 nm using an excitation wavelength of 450 nm.
Samples for direct comparison were incubated in parallel. Each
reaction was performed in triplicate and the results averaged. In
the seeded reaction, a small amount [5 % (w/w)] of preformed
fibrillar aggregates was sonicated and added to freshly buffered
protein solution as described previously [31], and the kinetics
of fibril formation were followed as described above. Fibrils
for enzyme activity experiments were grown under the same
conditions as described above and collected by centrifugation
(15 000 g for 30 min at 4 ◦ C), as described previously [10,13,14].
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Digestion of amyloid fibrils

Proteinase K-digested fibrils were prepared essentially as
described previously [26]. In brief, fibrils of WT-Ure2, CN-Ure2
or CLN-Ure2 were grown as described above. Once the ThT
value had reached a plateau, proteinase K was added to give a
final concentration of 0.1 mg/ml, and the samples were incubated
at 37 ◦ C for 16 h. The digested fibrils were then collected by
centrifugation (15 000 g for 30 min at 4 ◦ C), washed once with
50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl, and then
resuspended in the same buffer for further analysis by electron
microscopy.
Electron microscopy

Fibril samples were loaded on to a 200 mesh copper electron
microscopy grid coated with a formvar film. To avoid rapid
desiccation, sedimentation was allowed to take place during a
10−30 min period in a moist Petri dish. The grids were then
rinsed with 15−20 drops of freshly prepared 1 % uranyl acetate in
water (passed through a 0.22 μm filter, Millipore), dried with filter
paper, and observed with a Phillips Tecnai 20 electron microscope
at 100 kV.
RESULTS
CN-Ure2 and CLN-Ure2 are dimeric and have the same overall
secondary structure as WT-Ure2

Ure2 consists of a relatively flexible and protease-sensitive
N-terminal region and a globular C-terminal region [32]. In
order to investigate how the relative positions of the N- and
C-terminal regions might affect the properties of the Ure2 protein,
we constructed a permutation mutant, CN-Ure2, in which the
relative positions of these two regions were swapped (Figure 1).
We also constructed a second mutant, CLN-Ure2, in which a
flexible hepta-peptide linker was inserted between the two regions
(Figure 1). Size-exclusion chromatography of the two mutants
showed that the elution time was indistinguishable from that
of WT-Ure2 (Figure 2), indicating that both CN-Ure2 and
CLN-Ure2, like WT-Ure2 [3,4,6], are dimeric, with a similar
hydrodynamic radius.
To compare the secondary structure of WT-Ure2, CN-Ure2
and CLN-Ure2, we recorded their CD spectra in the far-UV
range, under identical conditions. The results showed that the
α-helical content of the three proteins was the same (Figure 3),
indicating that exchanging the positions of the N-terminal and
C-terminal regions does not disrupt the secondary structure of the
Ure2 protein.
CN-Ure2 and CLN-Ure2 show the same thermodynamic stability as
WT-Ure2

In order to investigate whether swapping the positions of the Nand C-terminal regions might have any effect on the stability
or folding of Ure2, we performed equilibrium denaturation of
CN-Ure2 and CLN-Ure2 and compared the results to those
obtained for WT-Ure2 under identical conditions. As described
previously for the WT protein [6,21], under the conditions used in
the present study [50 mM Tris/HCl (pH 8.4), containing 200 mM
NaCl at 25 ◦ C], Ure2 showed a single unfolding transition.
The unfolding curves of the mutants CN-Ure2 and CLN-Ure2
were indistinguishable from that of the WT protein (Figure 4),
consistent with the lack of contribution of the prion domain to the
stability or folding properties of the protein [6,19−21].
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Figure 2 Size-exclusion chromatography analysis of WT-Ure2, CN-Ure2
and CLN-Ure2
Conditions were 50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl at room temperature
using a Superdex 200 10/300 GL column and running at a flow rate of 0.5 ml/min. In each case,
1 ml of 20 μM protein was loaded. mAU, milli absorbance units.

Figure 3 Structural comparison of WT-Ure2, CN-Ure2 and CLN-Ure2 by
far-UV CD
The protein concentration was 50 μM in 50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl
at 25 ◦ C.

The enzymatic activity of CN-Ure2 and CLN-Ure2 is similar to that
of WT-Ure2 in both soluble and fibrillar forms

The C-terminal region of Ure2 was identified as belonging to the
GST family on the basis of sequence similarity [15], structure
[8,9] and activity [10,13,14]. The ability of CN-Ure2 and CLNUre2 to reduce hydroperoxides (i.e. show GPx activity) was tested
in vitro using purified CN-Ure2 or CLN-Ure2 with the oxidant
substrate CHP, and the reducing agent GSH. Reactions were
followed by the oxidation of NADPH, which is coupled to the
reduction of GSSG to GSH by glutathione reductase. The rate of
non-enzymatic oxidation of NADPH in the absence of CN-Ure2 or
CLN-Ure2 was subtracted in each case. As described previously
for the WT protein [13], we used pH 7.5 and 25 ◦ C as the
standard conditions to measure the GPx activity of CN-Ure2 and
CLN-Ure2. When CN-Ure2 or CLN-Ure2 was added in the
presence of all of the other components of the assay, a significant
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Figure 4

Equilibrium denaturation of WT-Ure2, CN-Ure2 and CLN-Ure2

The conditions were 50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl, 1 μM of WT-Ure2
(䊉), CN-Ure2 (䊐) or CLN-Ure2 () and different concentrations of GdmCl as indicated, at
25 ◦ C. a.u., arbitrary units.

increase in the oxidation rate of NADPH was observed and
the initial velocity of the CN-Ure2- or CLN-Ure2-catalysed
reaction was found to be proportional to the protein concentration
(Figure 5a). This demonstrates that CN-Ure2 and CLN-Ure2 have
GSH-dependent peroxidase activity, and the level of activity is the
same within error as that of WT-Ure2 (Figure 5b).
In order to investigate this further, we used the recently
discovered GRX activity of Ure2, as the GRX activity assay
has greater sensitivity than the GPx activity assay, and allows
observation of allostery within the Ure2 dimer in both the soluble
and fibrillar forms of the protein [14]. We compared the steadystate kinetic parameters for the GRX activity of CN-Ure2 and
CLN-Ure2 with those previously measured for the WT-Ure2
protein (Table 1). The results were consistent with those of the
GPx activity, and indicated that transferring the PrD of Ure2 from
the N-terminus to the C-terminus affects neither its native activity
nor its allosteric behaviour (Figures 6a and 6b).
As the GRX assay is sufficiently sensitive to allow measurement
of kinetic parameters in the fibrillar state [14], we also applied
this assay to fibrils of CN-Ure2 and CLN-Ure2. The mutants,
particularly CN-Ure2, were found to form fibrils less readily
than the WT-Ure2 protein (see below). However, after prolonged
incubation, a sufficient yield of fibrils was obtained to conduct
the GRX activity assay (Figures 6c and 6d). The parameters that
were obtained are shown in Table 1. As for the dimeric forms of
the proteins, the parameters obtained for fibrils of CN-Ure2 and
CLN-Ure2 were similar to those for WT-Ure2 (Table 1).

Fibrils of CN-Ure2 and CLN-Ure2 show a similar core structure to
that of WT-Ure2 after digestion with proteinase K

It has been noted previously that after digestion with proteinase
K, Ure2 fibrils maintain a fibrillar appearance, but with a reduced
diameter compared with undigested fibrils [22,26]. Digestion of
a range of chimaeras formed from the Ure2 PrD with other
globular proteins appended at the C-terminus form residual
fibril cores that are indistinguishable in morphology from that
of WT-Ure2 [26]. In the present study, we prepared fibrils of
WT-Ure2, CN-Ure2 and CLN-Ure2 (Figure 7a), and subjected
them to proteinase K digestion (Figure 7b). The resulting fibril
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cores were morphologically indistinguishable from each other
(Figure 7), or from those previously reported for WT-Ure2 [26],
suggesting that CLN-Ure2 and CN-Ure2 share the same amyloid
core structure as WT-Ure2.

CN-Ure2 and CLN-Ure2 show reduced ability to form amyloid-like
fibrils compared with WT-Ure2 due to reduced flexibility of the PrD

Figure 5 Comparison of the GPx activity of WT-Ure2, CN-Ure2 and
CLN-Ure2
The reaction conditions were 100 mM sodium phosphate buffer (pH 7.5), 1 mM GSH and
1.2 mM CHP at 25 ◦ C. (a) The initial velocity of the WT-Ure2, CN-Ure2 or CLN-Ure2 catalysed
reaction show the same increase with increasing protein concentration. (b) WT-Ure2, CN-Ure2
and CLN-Ure2 have similar levels of GPx activity.

Table 1

ThT binding provides a convenient method to assay the effect of
different factors on the kinetics of amyloid formation for Ure2
[21,29]. We compared the ThT-monitored kinetics of amyloid
formation for WT-Ure2, CN-Ure2 and CLN-Ure2. As described
previously [3,4], WT-Ure2 rapidly forms fibrils in vitro and the
lag phase of fibril formation can be circumvented by seeding
with pre-formed fibrillar seeds of WT-Ure2 (Figure 8a). Under
the same conditions, the ThT-binding fluorescence of CLN-Ure2
showed a sigmoidal time course similar to that for WT-Ure2, but
with a longer lag time and the ThT value of the plateau was
reduced (Figure 8b). In contrast, CN-Ure2 incubated under the
same conditions showed very little increase in ThT fluorescence
(Figure 8c) and far fewer fibrils could be detected by electron
microscopy or atomic force microscopy (results not shown). In
order to test whether the structure of the fibrils was the same for
WT- and CLN-Ure2, we tested whether pre-formed fibrillar seeds
of CLN-Ure2 were able to seed formation of WT-Ure2 fibrils
(Figure 8a) and vice versa (Figure 8b). In both cases, self-seeding
gave a clear reduction in the lag time, whereas cross-seeding was
identical with the control in the absence of seed (Figures 8a and
8b). CLN-Ure2 was found to cross-seed formation of CN-Ure2
fibrils, but the yield was still very low (results not shown). These
results indicate that changing the position of the PrD to the
C-terminus of Ure2 reduces its ability to form fibrils, but this
can be mitigated by insertion of a flexible linker between the two
domains. The lack of cross-seeding between WT- and CLN-Ure2
indicates that the difference in the relative arrangement of the
N- and C-terminal domains in the two types of fibrils prevents
co-polymerization.
In order to investigate further the role of flexibility of the PrD
in the ability of Ure2 to form fibrils, we added low concentrations
of the chemical denaturant GdmCl to the fibril-formation assay.
Ure2 is a relatively stable protein, and under the conditions used
in the present study, does not show any significant degree of

Apparent steady-state kinetic parameters and Hill coefficients for the GRX activity of soluble dimer and fibrils of WT-Ure2, CN-Ure2 and CLN-Ure2

ND, not determined.
Fixed [GSH] at 1 mM*
Protein
Dimeric protein
WT-Ure2‡
CN-Ure2
CLN-Ure2
Fibrils
WT-Ure2‡
CN-Ure2
CLN-Ure2

K m(HEDS) (app) (mM)

Fixed [HEDS] at 3 mM†

V max (app)/[E]0 (s

−1

)

nH

[GSH]0.5 (mM)

V max (app)/[E]0 (s − 1 )

2.4 +
− 0.1
2.4 +
− 0.3
2.1 +
− 0.4

0.32 +
− 0.02
0.38 +
− 0.02
0.39 +
− 0.01

2.0 +
− 0.1
2.1 +
− 0.1
2.1 +
− 0.1

2.3 +
− 0.1
2.1 +
− 0.1
2.1 +
− 0.1

1.0 +
− 0.1
1.1 +
− 0.1
1.1 +
− 0.1

2.2 +
− 0.2
ND
ND

0.16 +
− 0.01§

1.7 +
− 0.1
1.6 +
− 0.2
1.9 +
− 0.3

2.3 +
− 0.1
3.0 +
− 0.6
1.8 +
− 0.3

0.40 +
− 0.02§
0.46 +
− 0.07§
0.21 +
− 0.03§

ND
ND

*The errors shown are the S.E.M. for at least three independent measurements.
†
The errors shown are the standard error of the fit to the Hill equation.
‡Data taken from Zhang and Perrett [14].
§The values were calculated according to the maximum Ure2 concentration in fibrils, on the assumption that all soluble Ure2 was converted into amyloid-like fibrils. These are therefore minimum
values for V max /[E]0 , as the actual concentration of Ure2 in fibrils may be lower, due to formation of amorphous aggregates [14].


c The Authors Journal compilation 
c 2011 Biochemical Society

148

Figure 6

Y. Yu and others

GRX activity for soluble and fibrillar CN-Ure2 and CLN-Ure2

The reaction conditions used were 0.2 mM NADPH and 1 mM EDTA in 100 mM sodium phosphate buffer (pH 7.5) at 25 ◦ C, with various concentrations of GSH and 3.0 mM HEDS. The samples
were pre-incubated at 25 ◦ C for 2 min. The protein concentrations were 0.8 μM for soluble CLN-Ure2 (a) and CN-Ure2 (b), and 1.2 μM for fibrillar CLN-Ure2 (c) and CN-Ure2 (d). The fit to the
Hill equation is shown (solid lines). The parameters obtained from the fits are shown in Table 1.

Figure 7

Electron micrographs of fibrils of WT-Ure2, CN-Ure2 and CLN-Ure2 before and after digestion with proteinase K

Fibrils were grown by incubation at 37 ◦ C with shaking in 50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl. Plateau-phase fibrils were digested with 0.1 mg/ml proteinase K for 16 h at 37 ◦ C,
harvested by centrifugation, washed and then stained with uranyl acetate. (a) Before digestion. The scale bar represents 200 nm. (b) After digestion. The scale bar represents 100 nm.
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Figure 8
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Time course of formation of amyloid-like fibrils by WT-Ure2, CN-Ure2 and CLN-Ure2 monitored by ThT binding

Incubation conditions were 37 ◦ C with shaking in 50 mM Tris/HCl buffer (pH 8.4), containing 0.2 M NaCl. Data points represent the mean of at least three samples incubated in parallel. (a) WT-Ure2
(30 μM) was incubated with (䊉, 䉱) or without (䊊) 5 % preformed fibrillar seeds of WT-Ure2 (䊉) or CLN-Ure2 (䉱). (b) CLN-Ure2 (50 μM) was incubated with (䊉, 䉱) or without () 5 %
preformed fibrillar seeds of WT-Ure2 (䊉) or CLN-Ure2 (䉱). (c) CN-Ure2 (50 μM) was incubated in the absence (䊊) or presence of 0.03 M (䉱) or 0.5 M GdmCl (䊏).

unfolding below 2.0 M GdmCl [21]. However, the GPx activity
of Ure2 shows greater sensitivity to GdmCl, with a significant
loss of activity above 0.5 M GdmCl (results not shown), which
may reflect minor structural changes at the active site and/or inhibition of activity by GdmCl. The reduced ability of CN-Ure2 to
form fibrils (Figure 8c), particularly compared with CLN-Ure2
(Figure 8b) which contains a flexible linker (SGSGGGG) between
the N- and C-terminal regions (Figure 1), suggests a lack of
flexibility in the PrD, or steric hindrance of key amyloid-forming
residues due to their proximity of attachment to the globular
C-terminal domain, may hinder fibril formation. To test this
further, we measured the ability of CN-Ure2 to form fibrils in
the presence of low concentrations of GdmCl (0.01−0.5 M).
We found that in the presence of very low concentrations of
GdmCl (e.g. 0.03 M) the sigmoidal curve for formation of CNUre2 monitored by ThT fluorescence showed a significantly
higher plateau value (Figure 8c). However, in the presence of
higher concentrations of GdmCl (e.g. 0.5 M) fibril formation was
inhibited (Figure 8c).

DISCUSSION

A wide range of neurodegenerative diseases including
Huntington’s disease, Alzheimer’s disease, Parkinson’s disease
and the prion diseases are associated with the misfolding,
aggregation and accumulation of specific proteins in neuronal
tissue [33]. The protein deposits generally have amyloidlike properties, meaning that they are typically insoluble,

protease resistant, contain high β-sheet content, show filamentous
morphology and bind Congo Red. The discovery of proteins
with prion properties in fungi has contributed significantly to
progress in the amyloid field, particularly in the acquirement of
structural information about the aggregates and their mechanism
of assembly [34]. Yeast provides a powerful genetic model for
studying factors that influence prion propagation [35]. In the
present study, we used the yeast prion protein Ure2 to study how
the relative position of its PrD effects fibril formation in vitro.
The S. cerevisiae prion state [URE3] arises due to aggregation
of the Ure2 protein [1]. Similar to many other prion and
amyloidogenic proteins, Ure2 assembles readily into protein
fibrils in vitro [3,4]. Formation of the aggregated prion state
of Ure2 in vivo depends on the N-terminal PrD [2]. Residues
1−65 of the N-terminal domain are necessary and sufficient to
allow generation of Ure2 fibrils, and this region is suggested
to constitute the core of the amyloid-like fibrils of Ure2 [3,26]. The
remainder of the flexible N-terminal domain (residues 70−90)
can be regarded as a linker between the C-terminal domain and
the N-terminal domain [26], although in fact this region also
contributes to the ability of the protein to induce a prion state
when overexpressed in a WT background [17].
In the present study, we found that swapping the relative
position of the N- and C-terminal domains of Ure2 to form the
variants CLN-Ure2 or CN-Ure2 had no affect on the dimeric
structure, overall secondary structural content, thermodynamic
stability or enzymatic activity of the native protein (Figures 2−5).
CLN-Ure2 and CN-Ure2 showed allosteric enzyme behaviour
similar to that of WT-Ure2 in both soluble and fibrillar forms
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(Figure 6 and Table 1). This indicates that the GST-like
C-terminal domains are retained in a native dimeric configuration
within the fibrils of CLN-Ure2 and CN-Ure2, as is the case
for WT-Ure2 [14]. The fibrils of CLN-Ure2 and CN-Ure2
showed the same morphology as WT-Ure2 after digestion with
proteinase K (Figure 7), suggesting a similar fibril core. The
differences between the proteins became apparent, however, when
we compared the time course of fibril formation (Figure 8): CLNUre2 formed fibrils with a significantly longer lag time than
WT-Ure2 and, under the same conditions, CN-Ure2 formed
fibrils even less readily, but this could be assisted by addition
of extremely low concentrations of the denaturant GdmCl. We
also observed that WT- and CLN-Ure2 (or CN-Ure2) were
unable to cross-seed, consistent with the differences in fibril
architecture that must arise from changing the relative position
of the two domains. The results suggest that alteration of the
relative positions of the N- and C-terminal domains may affect
the availability of key parts of the PrD to make interactions
that promote fibril formation. The fact that the addition of
low concentrations of chemical denaturant or the insertion of a
flexible linker between the two domains facilitated fibril formation
suggests that the reduced ability to form fibrils observed for
CLN-Ure2 and CN-Ure2 may be primarily due to a lack of
flexibility and/or to stearic hindrance.
The results of the present study support previous suggestions
that the N- and C-terminal regions of Ure2 are structurally and
functionally distinct [2,4,6,15]. The ability of certain proteins to
form fibrillar structures is suggested to be an inherent property of
the polypeptide backbone [33]. Nevertheless, the ready tendency
to form fibrillar structures under mild conditions is confined
to a limited subset of proteins. The association between the
formation of amyloid-like structures and a range of human
diseases, as well as a variety of biological functions in a range
of organisms, makes the study of the mechanism and structural
properties of amyloid-forming proteins extremely interesting
[33,34]. However, obtaining detailed structural information about
amyloids has also proven to be extremely challenging [36]. A
parallel in-register β-sheet structure has been proposed for Ure2
fibrils, and this structure has been used to explain why the
sequence of its N-terminal domain can be shuffled without losing
its ability to form fibrils [37]: when the order of the amino acids
in the PrD is randomized, the scrambled versions of Ure2 still have
the ability to form prions in vivo and to form amyloid fibrils in
vitro, suggesting that prion formation is driven primarily by amino
acid composition, largely independent of primary sequence [38].
In the present study, we took the natural protein sequence, but
then placed it in an unnatural structural context. The ability of the
permutation mutants studied in the present work to form fibrils, but
not to cross-seed the WT protein, is also consistent with parallel
in-register stacking of β-sheets within the fibril core, and suggests
that the direction of alignment of the PrDs is important. Our results
are consistent with a model for Ure2 fibril formation in which
the PrDs assemble to form an amyloid core, while the nativelike globular domains are arranged in an ordered fashion outside
this central core. Regarding the contribution of the C-terminal
domain to the structure of Ure2 fibrils, and the degree of structural
rearrangement that occurs on fibril formation, there has been a
certain amount of controversy [23,39−42]. However, there are key
aspects on which there is general agreement: (i) the C-terminal
domains of Ure2 retain native-like structure and substrate-binding
ability within the fibrils [10,13,14,22,25] and (ii) the relative
arrangement of individual C-terminal domains within the fibrils of
Ure2 is similar to that in the native dimer [14,24]. The observation
in the present study of native-like enzymatic activity consistent
with allosteric interaction between the dimeric subunits for fibrils
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of CN-Ure2 and CLN-Ure2 demonstrates that these key features
are maintained even when the relative positions of the N- and
C-terminal domains of Ure2 are reversed.
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