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Disulfide Bond Formation Significantly Accelerates the
Assembly of Ure2p Fibrils because of the Proximity of a
Potential Amyloid Stretch*□
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The [URE3] phenotype of Saccharomyces cerevisiae arises
because of conversion of the Ure2 protein to an aggregated
propagatable prion state (1, 2). Ure2p contains two regions: a
poorly structured N-terminal region and a compactly folded
C-terminal region (3, 4). The N-terminal region is rich in Asn
and Gln residues, is highly flexible, and is without any detectable ordered secondary structure (4 – 6). This region is necessary
and sufficient for prion behavior in vivo (2) and amyloid-form-
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ing capacity in vitro (5, 7), so it is referred to as the prion domain
(PrD).2 The C-terminal region has a fold similar to the glutathione S-transferase superfamily (8, 9) and possesses glutathionedependent peroxidase activity (10). Upon fibril formation, the
N-terminal region undergoes a significant conformational
change from an unfolded to a thermally resistant conformation
(11), whereas the glutathione S-transferase-like C-terminal
domain retains its enzymatic activity, suggesting that little conformational change occurs (10, 12). Ure2p fibrils show various
morphologies, including variations in thickness and the presence or absence of a periodic twist (13–16). The overall structure of the fibrils imaged by cryoelectron microscopy suggests
that the intact fibrils contain a 4-nm amyloid filament backbone surrounded by C-terminal globular domains (17).
It is widely accepted that disulfide bonds play a critical role in
maintaining protein stability (18 –21) and also affect the process of protein folding by influencing the folding pathway (22–
25). A recent study shows that the presence of a disulfide bond
in a protein can markedly accelerate the folding process (26).
Therefore, a disulfide bond is a useful tool to study protein
folding. In the study of prion and other amyloid-related proteins, cysteine scanning has been widely used to study the structure of amyloid fibrils, the driving force of amyloid formation,
and the plasticity of amyloid fibrils (13, 27–31).
Short segments from amyloid-related proteins, including
IAPP (islet amyloid polypeptide), ␤2-microglobulin, insulin,
and the amyloid-␤ peptide, show amyloid-forming capacity
(32–34). Hence, the amyloid stretch hypothesis has been proposed, which suggests that a short amino acid stretch bearing a
highly amyloidogenic motif might supply most of the driving
force needed to trigger the self-catalytic assembly process of
a protein to form fibrils (35, 36). In support of this hypothesis, it was found that the insertion of an amyloidogenic
stretch into a non-amyloid-related protein can trigger the
amyloidosis of the protein (36). At the same time, the structural information obtained from microcrystals formed by
amyloidogenic stretches and bearing cross-␤-structure has
contributed significantly to our understanding of the structure of intact fibrils at the atomic level (34, 37). However, no
amyloidogenic stretches ⬍10 amino acids have so far been
identified in the yeast prion protein Ure2.
2

The abbreviations used are: PrD, prion domain; ThT, thioflavin T; DTT, 1,4-dithiothreitol; WT, wild-type; EM, electron microscopy.
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Aggregation of the Ure2 protein is at the origin of the [URE3]
prion trait in the yeast Saccharomyces cerevisiae. The N-terminal region of Ure2p is necessary and sufficient to induce the
[URE3] phenotype in vivo and to polymerize into amyloid-like
fibrils in vitro. However, as the N-terminal region is poorly
ordered in the native state, making it difficult to detect structural changes in this region by spectroscopic methods, detailed
information about the fibril assembly process is therefore lacking. Short fibril-forming peptide regions (4 –7 residues) have
been identified in a number of prion and other amyloid-related
proteins, but such short regions have not yet been identified in
Ure2p. In this study, we identify a unique cysteine mutant
(R17C) that can greatly accelerate the fibril assembly kinetics of
Ure2p under oxidizing conditions. We found that the segment
QVNI, corresponding to residues 18 –21 in Ure2p, plays a critical role in the fast assembly properties of R17C, suggesting that
this segment represents a potential amyloid-forming region. A
series of peptides containing the QVNI segment were found to
form fibrils in vitro. Furthermore, the peptide fibrils could seed
fibril formation for wild-type Ure2p. Preceding the QVNI segment with a cysteine or a hydrophobic residue, instead of a
charged residue, caused the rate of assembly into fibrils to
increase greatly for both peptides and full-length Ure2p. Our
results indicate that the potential amyloid stretch and its preceding residue can modulate the fibril assembly of Ure2p to control the initiation of prion formation.

A Disulfide Bond Accelerates Fibril Formation
In this study, we performed a cysteine scan within the N-terminal PrD of Ure2p and found a unique cysteine mutant (R17C)
that eliminates the lag phase of the Ure2p fibril assembly reaction upon the addition of oxidizing agents. Furthermore, we
identified a 4-residue region adjacent to Arg17 as a potential
amyloid stretch in Ure2p.
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RESULTS
Assembly of Ure2p Fibrils Is Dramatically Accelerated by the
Presence of a Disulfide Bond at Site 17—Cysteine scanning of
amyloidogenic proteins has been used to study the structure of
amyloid fibrils and to try to understand the driving force behind
amyloid formation (13, 27–29). In this study, the first 70 residues within the PrD of Ure2p were each replaced in turn by
cysteine, except for the Asn and Gln residues, as these residues
are believed to contribute to the formation of amyloid aggregates (14, 40 – 43). In total, 35 cysteine substitution mutants of
Ure2p were constructed (supplemental Fig. S1). Under oxidizing conditions (i.e. in the presence of 3 mM H2O2), each of these
single substitution cysteine mutants inhibited fibril formation
of Ure2p to varying extents (data not shown) except R17C (Fig.
1). We compared the assembly kinetics of R17C and WT under
oxidizing conditions (i.e. 3 mM H2O2), partially oxidizing conditions (i.e. in the absence of oxidizing or reducing agents but
simply exposed to air), or reducing conditions (i.e. in the presence of 64 mM DTT). Under oxidizing or partially oxidizing
conditions, R17C displayed a much shorter lag time than WT
(Fig. 1A). However, under reducing conditions, R17C showed a
much longer lag time than WT (Fig. 1B). The results suggest
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EXPERIMENTAL PROCEDURES
Materials—Tris, NaCl, thioflavin T (ThT), and cumene
hydroperoxide were from Sigma, and 1,4-dithiothreitol (DTT)
was from Merck. All other reagents were local products of analytical grade. Lyophilized synthetic peptides were purchased
from Scilight Biotechnology (Beijing, China). The peptides
were supplied as the trifluoroacetate salt, and the purity (⬎98%)
and composition were confirmed by high performance liquid
chromatography and electrospray mass spectroscopy. Peptide
solutions were prepared by weighing the amount of peptide and
dissolving in Buffer A (50 mM Tris (pH 8.4) and 200 mM NaCl).
The peptide concentration was confirmed by the BCA assay
(Pierce).
Protein Preparation—All mutants of Ure2p were obtained
by PCR using a synthetic wild-type (WT) URE2 gene as a
template (4) and confirmed by DNA sequencing of the entire
gene. WT Ure2p and all mutational variants were produced in
Escherichia coli with a short His tag using the expression vector
mini-pRSETa as described (4). E. coli C41 cells (38) harboring
the WT or mutant URE2 plasmid were grown at 37 °C in 2YT
medium supplemented with 100 g/ml ampicillin with vigorous shaking until they reached an absorbance of 0.6 at 600 nm.
Protein expression was induced for 10 h at 16 °C using 0.2 mM
isopropyl ␤-D-thiogalactopyranoside. Cell lysis was performed
using a French press, and subsequent protein purification was
performed under native conditions as described previously (4).
Protein purity was checked by SDS-PAGE, and the protein
concentration was determined from the absorbance at 280 nm
on a Shimadzu UV-2501 instrument using a molar extinction
coefficient of 48,220 M⫺1 cm⫺1 (4). R17F, R17L, and R17C and
its truncated variants were purified immediately before use;
buffer exchange was performed rapidly using a desalting column (HiTrap desalting, GE Healthcare), and the proteins were
then used directly for experiments because of their tendency to
form fibrils extremely rapidly, even during the processes of
freezing and thawing. Other proteins were prepared in an identical manner and used immediately or were dialyzed at 4 °C,
flash-frozen, and stored at ⫺80 °C in Buffer A; the latter leads to
slightly faster fibril formation presumably because of the presence of small quantities of preformed seeds (15, 39). Therefore,
for direct comparison of mutants (i.e. data shown in a single
figure panel), the process of purification, preparation, and incubation of proteins was always performed in an identical manner
in parallel.
Amyloid Fibril Formation—The kinetics of amyloid formation of Ure2p and its variants were monitored using ThT binding fluorescence as described previously (14). Incubation was at
a constant temperature of 8 °C without shaking. At regular time
intervals, 10-l aliquots were withdrawn from the reaction
mixture and assayed for ThT binding. ThT binding was measured by averaging the emission signal over 10 s using a Hitachi

F4500 spectrofluorometer set at 450 nm (excitation) and 485
nm (emission), with slit widths of 5 nm. The assembly of peptides into fibrils was performed at 8 °C at concentrations ranging from 1 to 4 mg/ml. The peptide CQVNIGNR was incubated
without agitation. For all other peptides, agitation (1000 rpm;
MS2 minishaker, IKA) was used to shorten the lag time.
Fibril and Seed Preparation—Amyloid fibrils made from
Ure2p and its mutants or peptides were collected by centrifugation (18,000 ⫻ g, 30 min), washed twice with Buffer A, and
resuspended in Buffer A. Seeds of fibrils were prepared by sonicating preformed fibrils for 1 min at 30% amplitude using a
Vibra-Cell sonicator (Sonics & Materials, Inc.).
To determine the protein concentration of the fibril preparation, an aliquot of the resuspended fibrils was removed; 2%
SDS was added; and the solution was boiled for 5 min, upon
which the cloudy resuspension became transparent. The protein concentration was then determined by UV absorption or
BCA assay.
Assay of enzymatic activity of fibrils was performed as
described (10). Proteinase K digestion of fibrils was performed
as described (17).
Far-UV CD Spectroscopy—CD spectra were acquired on a
Pistar-180 spectrometer (Applied Photophysics Ltd.). Spectra
were recorded between 190 and 250 nm at 25 °C in a 0.01-cm
path length cuvette. Points were recorded every 1 nm at a scan
rate of 20 nm/min and a bandwidth of 1 nm. Samples were
prepared in Buffer A, and the buffer base line was subtracted
from each spectrum. Each spectrum was the average of 10 scans
and was smoothed. The CD signal is expressed as mean residue
ellipticity.
Electron Microscopy—5-l aliquots of the fibril suspension
were applied to carbon-coated copper grids for 1 min. The grids
were blotted, washed twice in droplets of double-distilled
water, stained with 1% uranyl acetate, and observed with a
Phillips Tecnai 20 electron microscope at 120 kV.
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The results showed that R17S and
WT had very similar fibril assembly
kinetics both in the presence of 64
mM DTT and in its absence (Fig.
1C). This suggests that the apparent
difference in the fibril formation
kinetics of WT and R17C under
reducing conditions is due to the
opposing effects of interaction with
DTT on these two proteins rather
than a difference in the fibril-forming propensity of reduced R17C and
WT per se.
Electron microscopy (EM)
images (Fig. 1, D–F) showed that the
morphology of R17C fibrils was
indistinguishable from that of WT
fibrils, with an apparent diameter of
⬃25 nm, in agreement with previous results for WT Ure2p (17). We
compared the enzymatic activity of
WT and R17C fibrils and found they
retained similar levels of activity
(data not shown), ruling out any significant disturbance of the C-terminal domain structure by cross-link
formation. Fibrils of WT and R17C
were digested with proteinase K and
imaged by EM (supplemental Fig.
S2), showing very similar results to
those reported previously for WT
Ure2p (17), indicating a fibril core of
⬃4 nm for both WT and R17C.
These results imply that fibrils
formed from oxidized R17C have
essentially the same fibril structure
as WT Ure2p.
The CD spectrum of native fullFIGURE 1. Ure2p mutant R17C forms fibrils under oxidative conditions with morphology indistinguishlength
Ure2p showed two minima at
able from that of WT but with faster assembly kinetics. A–C, fibril formation kinetics monitored by ThT
⬃208
and
222 nm (Fig. 1G), which is
binding. Incubation was at 8 °C in Buffer A without agitation. A, 30 M WT (F, E) and R17C (, ƒ) in the presence
of 3 mM H2O2 (E, ƒ) and in its absence (F, ). B, 30 M WT (F), 30 M R17C (ƒ), and 60 M R17C () in the typical for a protein rich in ␣-helical
presence of 64 mM DTT. C, 30 M WT (F, E) and R17S (, ƒ) in the presence of 64 mM DTT (F, ) and in its
absence (E, ƒ). D–F, EM images of WT and R17C fibrils. Scale bars ⫽ 200 nm. D, R17C formed in the presence of content. After the assembly reac3 mM H2O2. E, WT formed in the presence of 3 mM H2O2. F, WT formed in the absence of oxidizing agent. G and tion, the CD spectrum changed to
H, far-UV CD spectra of 30 M WT (F, E) and R17C () before (G) and after (H) fibril formation recorded at 25 °C show only one minimum at ⬃220
in Buffer A with (F, ) and without (E) 3 mM H2O2. I and J, fibril formation kinetics monitored by ThT binding (I)
and far-UV CD spectra of fibrils (J) for WT fibrils formed in the absence of seed (E) and in the presence of 1% nm (Fig. 1H), which suggests an
(w/w) WT (F) or R17C () seeds. deg, degrees; a.u., arbitrary units.
increase in ␤-sheet structure. We
compared the CD spectra of oxithat the presence of a disulfide bond at site 17 facilitates fibril dized R17C and WT before and after fibril assembly. Although
formation for Ure2p. The thiol group of R17C was readily oxi- they had identical CD spectra before fibril assembly (Fig. 1G),
dized to form a disulfide bridge, and so high concentrations of R17C had a stronger CD signal after fibril assembly compared
DTT were required to prevent its formation. The same concen- with WT (Fig. 1H). This presents two possibilities. One is that
tration of DTT was found to accelerate the assembly reaction R17C contains more ␤-sheet structure within the same amount
for WT (Fig. 1C) for reasons that are not currently understood. of fibrils, which would mean that the secondary structure
The thiol group of R17C may form an adjunct with DTT, which within R17C fibrils is different from that within WT fibrils
would interfere with the fibril assembly of R17C and would (when both types of fibrils were prepared under oxidizing conexplain why it forms fibrils more slowly than WT under reduc- ditions). The other possibility is that R17C forms more fibrils
ing conditions. To test this possibility, R17S was constructed, and less amorphous aggregates than WT, but its fibrils have the
and its rate of fibril assembly was compared with that of WT. same secondary structure as the WT fibrils. (During the fibril
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extending from residues 1 to 16.
Interestingly, however, when residues 18 –19 or 20 –21 were deleted,
the oxidized form of R17C lost its
ability to form fibrils (Fig. 2, C and
D; and supplemental Fig. S3, C and
D). In contrast, any deletion in
region 22– 81 did not prevent fast
assembly of oxidized R17C into
fibrils (Fig. 2, E–I; and supplemental
Fig. S3, E–I). Furthermore, even
where the mutant tended to form
only short fibrils, such as
R17C⌬42– 81 (supplemental Fig.
S3I), perhaps because of disruption
of the linker region formed by residues 66 –90 (17), the deletion
mutants of R17C were nevertheless
able, like R17C, to seed fibril formation of WT Ure2p (supplemental
Fig. S4). These data suggest that the
specific region 18 –21 plays a critical
role in the ability of oxidized R17C
to assemble rapidly into fibrils.
Short peptides (typically 4 –7
amino acids) that can form fibrils
FIGURE 2. Comparison of the assembly kinetics of deletion mutants of R17C Ure2p. Solid lines, in the when isolated from the intact propresence of 3 mM cumene hydroperoxide as an oxidizing agent; dashed lines, with 3 mM DTT as a reducing
agent. The deletion mutants were as indicated. The protein concentration was 80 M, except as indicated: 60 tein have been found for Sup35,
M (A), 150 M (B), 120 M (C), and 100 M (D). Other conditions were as described in the legend to Fig. 1 (A–C). amyloid-␤, IAPP, and many other
a.u., arbitrary units.
amyloid-related proteins (34), but
no such short peptides have previassembly reaction, amorphous aggregates always appear, and ously been identified for Ure2p. We synthesized three Ure2p
sometimes they co-aggregate with fibrils, so it is hard to sepa- peptides containing the R17C mutation, CQVNIG (residues
rate fibrils and amorphous aggregates.) To distinguish between 17–22), CQVNIGN (residues 17–23), and CQVNIGNR (resithese two possibilities, we compared the seeding properties of dues 17–24), all of which were found to form fibrils under oxiWT and R17C using preformed fibrils prepared under oxidiz- dizing conditions (data not shown). The 8-residue peptide
ing conditions. Both WT and R17C could seed WT Ure2p to CQVNIGNR had much better solubility than the other two, so
form fibrils, and the kinetics were similar for the two types of we chose this peptide for further study.
When peptide CQVNIGNR was dissolved in Buffer A, it
seeds (Fig. 1I). Furthermore, the CD spectra after seeding
showed that fibrils induced by R17C seeds had the same spec- showed a minimum at ⬃194 nm in the CD spectrum (Fig. 3A),
trum as those induced by WT seeds (Fig. 1J). This demonstrates which indicates a random coil structure. Upon the addition of
that the structure of R17C fibrils assembled under oxidizing H2O2, it underwent a conformational change within minutes,
conditions is the same as that of WT fibrils. Furthermore, under as detected by an increase in ThT binding fluorescence (Fig.
oxidizing conditions, R17C is able to form fibrils more effi- 3B), and the presence of aggregates was apparent to the naked
ciently than WT, leading to reduced formation of amorphous eye. The pellets were collected, and the CD spectrum of the
aggregates.
aggregates was recorded, showing a single minimum at ⬃230
The Disulfide Bond at Site 17 Accelerates the Assembly of nm (Fig. 3A). We interpreted this peak as an indication of
Ure2p Fibrils by Bringing a Specific Stretch in the Two Polypep- ␤-sheet structure. CD is normally used to detect protein sectide Chains into Proximity—To understand why, of 35 cysteine ondary structure in the soluble state, and visible aggregates will
substitutions within the PrD, only a disulfide bond at site 17 can cause light scattering, which interferes with the CD signal. We
promote the kinetics of assembly significantly, we produced therefore sonicated the pellets gently to reduce the size of the
mutants of R17C containing deletions of neighboring sequence aggregates and to cause them to be dispersed homogeneously in
regions in an attempt to disrupt its ability to assemble rapidly solution. EM images before and after sonication confirmed that
into fibrils under oxidative conditions. When the region of the aggregates remained as fibrils after this treatment (Fig. 3, C
Ure2p prior to site 17 was truncated, R17C retained its ability to and D). The CD spectra of the fibrils after sonication showed a
assemble into fibrils under oxidizing conditions (Fig. 2, A and B; shift in the single minimum to ⬃220 nm, the hallmark of
and supplemental Fig. S3, A and B), which suggests that the ␤-sheet structure, and the magnitude of the signal also
disulfide bond at site 17 has no direct effect on the region increased (Fig. 3A) so that the spectrum resembled that for
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FIGURE 3. Peptide CQVNIGNR forms fibrils under oxidizing conditions
and seeds WT Ure2p. A, far-UV CD spectra of peptide CQVNIGNR: soluble
state in Buffer A (‚), fibrils formed in the presence of 3 mM H2O2 (E), and fibrils
after sonication for 6 s (F) or 40 s (). B, assembly kinetics of CQVNIGNR (1
mg/ml) in the presence of 3 mM H2O2 (solid line) or 3 mM DTT (dashed line) in
Buffer A. C and D, EM images of negatively stained fibrils of CQVNIGNR formed
in the presence of 3 mM H2O2 before (C) and after (D) sonication for 60 s.
E, time course of seeded assembly of WT in the presence of 0% (E), 3% (F),
and 15% () (w/w) preformed fibrils of CQVNIGNR. deg, degrees; a.u., arbitrary
units.

fibrils of full-length WT and R17C Ure2p (Fig. 1, H and J). The
fibrils formed by peptide CQVNIGNR were ⬃3 nm in diameter
(Fig. 3, C and D), much thinner than those formed from fulllength Ure2p but reminiscent of the amyloid core of proteasedigested Ure2p fibrils (17). Like fibrils of full-length R17C (Fig.
1I), the peptide fibrils were found to seed soluble full-length
WT Ure2p to form fibrils (Fig. 3E).
We concluded that QVNI (residues 18 –21 in Ure2p) represents a potential amyloid stretch, which does not necessarily
form fibrils itself but has the ability to form amyloid fibrils with
the help of additional stabilizing interactions between the peptide molecules. For example, when this stretch is capped by
cysteine and then oxidized, the disulfide bond will bring the two
of these sequence regions close in space and provide the opportunity for interactions to form. Alternatively, the disulfide bond
may confine the backbone of the stretch in a conformation that
is favorable for conversion to ␤-sheet structure. In the case of
the full-length protein, when the disulfide bridge forms at site
17, the potential stretch may undergo a rapid conformational
change from random coil to ␤-sheet; then following this, the
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structure of other regions in the PrD will be converted under
the direction of this potential amyloid stretch.
Hydrophobic Substitution at Site 17 Increases the Assembly
Reaction of Ure2p to Varying Extents by Increasing the Assembly
Properties of the Potential Amyloid Stretch—Our results suggest that site 17 plays an important role in the fibril formation
process. We therefore made additional mutants to determine
which types of mutation affect the assembly kinetics of Ure2p.
Site 17 was deleted (⌬R17) or replaced by a hydrophobic (Val,
Leu, Ile, Phe, Met) or charged (Lys) residue. The results for
those mutants that could be successfully purified are shown in
Fig. 4. (The result of substitution with the polar residue Ser is
shown above in Fig. 1C.) We found that when Arg17 was deleted
or substituted by a hydrophobic residue, the rate of fibril assembly increased to varying extents, whereas the rates of assembly
for R17S and R17K were similar or slightly slower than those for
WT. The presence of amyloid fibrils in each case was confirmed
by EM (supplemental Fig. S5). The Ure2p mutants R17F and
R17L expressed well in E. coli, but most of the protein was
found in the cell pellet, so the final yield of purified protein was
only ⬃1% of the amount typically obtained for WT. These
mutants were purified and then, after rapid buffer exchange,
directly used for experiments (see “Experimental Procedures”)
because the lag time for assembly into fibrils was ⬍4 h (Fig. 4).
R17V and R17I could not be obtained as soluble protein
because they were found as inclusion bodies in the cell. However, their high tendency to aggregate in E. coli cells probably
reflects a high tendency to form amyloid fibrils.
We hypothesized that the acceleration of fibril assembly for
mutants of Ure2p in which Arg17 has been replaced by a hydrophobic residue may be caused by an increase in the fibril-forming propensity of the adjacent potential amyloid stretch
(QVNI). To test this idea, we made synthetic peptides corresponding to Ure2p residues 17–24 (RQVNIGNR) and 18 –24
(QVNIGNR) and also a series of XQVNIGNR peptides (where
X represents Val, Phe, Met, Leu, or Ile) and allowed the peptides
to form fibrils. CD spectra of the XQVNIGNR peptides in the
soluble state showed a negative peak at ⬃196 nm, which sugVOLUME 284 • NUMBER 17 • APRIL 24, 2009
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FIGURE 4. Comparison of the assembly kinetics of different substitution
mutants of Ure2p at site 17. The protein concentration was 30 M. Other
conditions were as described in the legend to Fig. 1 (A–C). ‚, WT; F, R17F; f,
R17L; E, ⌬R17; 䡺, R17M; , R17K. a.u., arbitrary units.

A Disulfide Bond Accelerates Fibril Formation

FIGURE 5. XQVNIGNR octapeptides (where X is a hydrophobic residue)
can form fibrils that seed WT Ure2p. A, far-UV CD spectra of different
XQVNIGNR octapeptides (where X represents Val, Phe, Met, Leu, or Ile) before
fibril formation (F) (t ⫽ 0), during fibril formation () (t ⫽ 12 h), and after fibril
formation (E) (t ⫽ 5 days). Incubation was with shaking for 5 days at 8 °C. The
peptide concentration was 2 mg/ml. (The spectrum of FQVNIGNR during fibril
formation could not be obtained because of the very rapid rate of fibril assembly.) B, time course of fibril formation for 30 M WT Ure2p alone (E), in the
presence of 0.1 mg/ml soluble octapeptide (‚), or in the presence of 0.1
mg/ml preformed fibrils made from the octapeptide (). deg, degrees; a.u.,
arbitrary units.

gests unfolded structure, and after fibril formation, a single
minimum appeared at ⬃220 –230 nm, which indicates ␤-sheet
content (Fig. 5A). We also investigated the seeding properties of
these fibrils, and the results showed that, in each case, they
could seed full-length Ure2p to form fibrils (Fig. 5B). Furthermore, these peptides were observed by EM to form thin fibrils
with a diameter of 3 nm (Fig. 6).
APRIL 24, 2009 • VOLUME 284 • NUMBER 17

Whereas the XQVNIGNR peptides all formed fibrils within
days on standing at 8 °C, under the same conditions, the WT
sequence peptides QVNIGNR and RQVNIGNR did not readily
form fibrils. However, after incubation at a concentration of 4
mg/ml at 8 °C for 3 months, peptide RQVNIGNR formed long
straight fibrils visible by EM (supplemental Fig. S6). (The
amount of fibrils was insufficient to perform further experiments). These results imply that when the potential amyloid
stretch is capped by a hydrophobic residue, it can form fibrils
extremely readily. Thus, in the case of the full-length protein,
we can attribute the relatively fast fibril-forming ability of R17F,
R17L, R17M, and ⌬R17 to the increased fibril-forming propensity of the potential amyloid stretch when capped by a hydrophobic residue. When arginine is deleted from site 17, Leu16 is
then adjacent to the potential amyloid stretch, and so the presence of this hydrophobic residue allows rapid fibril formation.
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Electron micrographs of negatively stained fibrils of
XQVNIGNR octapeptides. Assembly conditions were as described in the legend to Fig. 5. Scale bars ⫽ 200 nm. A, VQVNIGNR; B, FQVNIGNR; C, MQVNIGNR;
D, LQVNIGNR; E, IQVNIGNR.
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In this study, we have identified a 4-residue potential amyloid
stretch within Ure2p (QVNI, residues 18 –21) and characterized the properties of peptides containing this sequence as well
as the effect of mutations adjacent to this stretch on the fibrilforming propensity of full-length Ure2p. This region is located
in the highly conserved, non-Asn/Gln repeat region of the PrD
of Ure2p (44). There may be additional potential amyloid
stretches in Ure2p, as has been found in other amyloid-related
proteins such as Sup35 and ␤-microglobulin, each of which
contains several amyloid stretches. If this entire region (residues 15– 42) is deleted, Ure2p still retains its ability to assemble
into highly ordered amyloid fibrils, although with a longer lag
time, as we have shown previously (14).
There are several lines of evidence that the PrD of Ure2p
adopts an in-register parallel ␤-sheet structure in the fibrillar
state (45– 47). Amyloid fibrils formed from the XQVNIGNR
octapeptides can behave as seeds to accelerate the conformational conversion of soluble Ure2p into amyloid fibrils. Therefore, this suggests that the fibrils made from XQVNIGNR have
the same core structure as the full-length Ure2p fibrils. In
a model for the structure of fibrils formed by the Ure2p PrD
(48), sequence RQVNIGNR is predicted to exist as an intact
␤-strand, which is compatible with the results of this study.
Comparison of the amyloid-forming ability of RQVNIGNR
(residues 17–24 of WT Ure2p) with that of XQVNIGNR suggests that hydrophobic interactions including the first position
of XQVNIGNR help serve as a driving force for assembly of the
peptides into fibrils in a self-catalytic manner. In addition, our
findings show that generic hydrophobic residues, not specific
amino acids, are sufficient to increase the fibril-forming propensity, although different residues show differences in the
kinetics of amyloid assembly. Similar results have been found
for the A␤42 peptide (49). These results indicate that the
sequence pattern of the amyloid stretch is not a strict one and
that sometimes it can accept mild variation of residues with
similar physicochemical properties.
The results presented above imply that single hydrophobic substitution mutants at site 17 (R17F, R17L, R17M, and ⌬R17) accelerate Ure2p assembly through increasing the amyloid-forming
propensity of the adjacent segment extending from residues 18 to
21 of Ure2p. This strongly supports the amyloid stretch hypothesis
(36), which suggests that the driving force of protein aggregation
can be confined to a small region of the intact protein.
Our present data also shed light on the strategy Ure2p has
adopted to combat unwanted aggregation. Arg17 is located
between the potential amyloid stretch and a hydrophobic residue, Leu16, so it is likely that Arg17 functions as a gatekeeper
residue that interrupts an intact amyloid stretch (LQVNI) to
ensure that protein aggregation occurs at a low frequency
under normal conditions and allows Ure2p to function in the
negative control of nitrogen catabolism. Similar strategies are
found in other proteins. It has been shown that charged residues interrupt contiguous stretches of hydrophobic residues to
allow proteins to escape aggregation (50).
Previous studies have focused on how protein folding relates
to protein misfolding; for example, many proteins must convert

from the fully folded state to a partially folded state before
aggregation initiates, and protein folding is considered as a way
to escape protein misfolding or aggregation (51). It seems that
the factors governing protein folding and misfolding may be
totally different, perhaps working in opposition. However, in
principle, protein folding, which usually involves only one
polypeptide chain, and protein misfolding, which often involves
multiple polypeptide chains, both involve protein conformational change. From this point of view, protein folding and misfolding should share common characteristics. Therefore, findings from protein folding should shed light on the study of
protein misfolding. In the study of protein folding, hydrophobic
core composition is found to be a determinant of the folding
rate (52). Similarly, hydrophobicity in critical regions of a
polypeptide chain has a marked effect on its aggregation propensity. Here, our results show that generic hydrophobic substitutions at site 17 can significantly accelerate the aggregation
rate of Ure2p.
It has been reported that disulfide bonds contribute greatly
to protein stability and folding rates (18 –21). The enhancement of protein folding rate depends on the position of a disulfide bond (20). Interestingly, our data show that whereas a
disulfide bond at site 17 in Ure2p significantly accelerates the
aggregation rate, disulfide bonds at 41 other positions introduced by us in this study or previously by Melki and co-workers
(13, 27) cause inhibition of amyloid fibril formation.
In the folding process, the sequence of events is relatively
constrained; therefore, it is reasonable to predict that the disulfide bond, which can greatly accelerate the folding process,
should be located in a protein region involved in the early stages
of the folding process. However, upon misfolding, it is hard to
precisely determine which region of the protein converts to
␤-sheet structure first because amyloid fibrils made from the
same protein show different morphologies, which may be based
on differences in the content of ␤-sheet structure or on differences in the manner of packing within protofibrils. Generally, if
the disulfide bond is to affect the kinetics of protein misfolding,
it should be located in the amyloid core region in the fibrillar
state. Previous studies on fibrils by solid-state NMR (46, 47)
showed that residues 17–21 in WT Ure2p are located entirely
within the amyloid core region.
It has been shown that a disulfide bond accelerates the folding rate by stabilizing native-like topology (53) or can influence
the relative contact order (26). In the case of misfolding, we
suppose a disulfide bond provides opportunities for interactions involving the potential amyloid stretch by bringing two
peptides into proximity. The disulfide bond may also act as a
conformational constraint to confine the backbone of the
polypeptide chain in a manner that is favorable for ␤-sheet conversion, allowing multiple peptide chains to come together in a
conformation favorable for amyloid fibril assembly. The similarity in morphology of fibrils of WT and R17C Ure2p, both
before (Fig. 1, D–F) and after (supplemental Fig. S2) proteinase
K digestion, together with the ability of fibrils formed from both
full-length R17C (Fig. 1, G–J) and its peptides (Fig. 3) to seed
WT Ure2p, suggests that the formation of a disulfide cross-link
at site 17 constrains the peptide sequence in a way that is com-

A Disulfide Bond Accelerates Fibril Formation
patible with the WT Ure2p fibril structure and facilitates its
formation.
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