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ABSTRACT Prion diseases are associated with the structural conversion of prion protein (PrP) to a 8-sheet-rich aggregate,
PrPS°. Previous studies have indicated that a reduction of the disulfide bond linking C179 and C214 of PrP yields an amyloidlike
B-rich aggregate in vitro. To gain mechanistic insights into the reduction-induced aggregation, here | characterized how disulfide
bond reduction modulates the protein folding/misfolding landscape of PrP, by examining 1) the equilibrium stabilities of the
native (N) and aggregated states relative to the unfolded (U) state, 2) the transition barrier separating the U and aggregated
states, and 3) the final structure of amyloidlike misfolded aggregates. Kinetic and thermodynamic experiments revealed that
disulfide bond reduction decreases the equilibrium stabilities of both the N and aggregated states by ~3 kcal/mol, without chang-
ing either the amyloidlike aggregate structure, at least at the secondary structural level, or the transition barrier of aggregation.
Therefore, disulfide bond reduction modulates the protein folding/misfolding landscape by entropically stabilizing disordered
states, including the U and transition state of aggregation. This also indicates that the equilibrium stability of the N state, but

not the transition barrier of aggregation, is the dominant factor determining the reduction-induced aggregation of PrP.

INTRODUCTION

Prion diseases have been associated with the structural con-
version of cellular prion proteins (PrP) to an amyloidlike
B-rich aggregate, PrP>¢ (1). PrP contains two cysteine resi-
dues at the positions of 179 and 214 (Fig. 1 A) (2). Previous
in vitro studies have shown that the redox state of the disul-
fide bond linking the two cysteine residues is crucial for
determining the amyloidogenic propensity of PrP (3—10).
Although it remains elusive whether the in vivo conversion
of PrP to PrP5 requires the breakage or shuffling of the
disulfide bond (11-14), a reduction of the disulfide bond
has been shown to decrease the thermal stability of PrP
and trigger the formation of amyloidlike 3-rich aggregates
in vitro (3-10). In addition, the redox state of disulfide
bonds has been closely associated with amyloid formation
in various other systems, including insulin (15-18), tau
(19,20), lysozyme (21,22), and B,-microglobulin (23)
(reviewed by Li et al. (24)). Therefore, it is important to
elucidate how the redox state of the disulfide bond is linked
to PrP aggregation in vitro.
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To understand the role of the disulfide bond in PrP aggre-
gation, I first considered a protein folding/misfolding
landscape involving native, unfolded, and amyloid states
(Fig. 1 B), and then deduced potential thermodynamic and
kinetic mechanisms by which disulfide bond reduction
affects the overall rate of protein aggregation. Here, at least
three mechanisms are possible: disulfide bond reduction can
affect the reaction pathway of protein aggregation to create
an alternative pathway with a low free-energy barrier
(mechanism I), decrease the equilibrium stability of the
native state (AGy_y) (mechanism II), or decrease the height
of the kinetic barrier separating the monomeric and amyloid
states of the protein (AG;_y) (mechanism III) (as further
detailed in the Results and Discussion).

Although a general link between disulfide bond reduction
and protein aggregation has been well described in a variety
of systems (24), very few studies have investigated the
underlying thermodynamic and kinetic mechanisms. Typi-
cally, in the case of globular proteins such as PrP, disulfide
bond reduction is regarded as accelerating protein aggrega-
tion by decreasing AGy_y (i.e., mechanism II) without full
consideration of the folding/misfolding landscape. How-
ever, because each of three separate mechanisms could
potentially contribute to the overall rate of protein aggrega-
tion (Fig. 1 B), no firm conclusion can be drawn without
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FIGURE 1 (A) NMR structure of the C-terminal domain of human PrP
(residues 125-228) (PDB: 1QLZ). The disulfide bond connecting C179
and C214 is highlighted as spheres. (B) The aggregation pathway from
the native state (N) to an aggregated state (Am) via an amyloidogenic
unfolded state (U), together with three possible mechanisms affecting the
overall rate of protein aggregation: (I) change in the reaction pathway,
(II) change in the free-energy difference between the N and U states
(AGn_y), and (III) change in the free-energy difference between the
U and transition (}) states (AG;_y).

comprehensive understanding of the folding/misfolding
landscape. Therefore, in this study, I initially examined
how disulfide bond reduction modulates the folding/mis-
folding landscape of PrP by testing the above-described
three mechanisms, and then discussed which mechanism
is primarily responsible for the reduction-induced aggrega-
tion of PrP.

MATERIALS AND METHODS

Amyloid formation

Amyloid fibrils were prepared from recombinant C-terminal fragments of
human PrP (residues 124-230) according to a protocol to be published
elsewhere. Briefly, a 250-uM protein solution containing 6 M guanidine
hydrochloride (GuHCI) and 10 mM Tris-HCI (pH 8) was initially incubated
for 1 h at 37°C in the presence or absence of 5 mM (5 mM Tris(2-carbox-
yethyl)phosphine, TCEP) to cleave the disulfide bond and remove any pre-
existing aggregates. This solution was subsequently diluted to a final
concentration of 25 uM in 25 mM HEPES buffer (pH 7.4) containing
0.02% NaN3, and 2 or 3 M GuHCI, with or without 5 mM TCEP. The
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reaction mixture was rotated at 1000 RPM and 37°C, and amyloid fibril
assembly were monitored by change in ThT fluorescence at 485 nm (exci-
tation wavelength of 445 nm) in aliquots of the reaction mixtures collected
at various time points. The time courses of ThT fluorescence were fitted to a
sigmoidal equation to estimate the lag time (f,,) of amyloid formation:

F(t) = maximum

1+ exp (=)

rate

fag = fharr — 2 X (rate) X (maximum).

Solubility and stability studies for monomeric PrP

A 250-uM solution of protein was initially incubated under the reducing
condition as described above, diluted to a final concentration of 10 or
25 uM in 5 mM HEPES buffer (pH 7.4) containing various concentrations
of GuHCI with or without 1 mM TCEP, and incubated for 1 h at 37°C. The
reaction mixture was then centrifuged at 62,900 x g for 30 min to remove
insoluble aggregates, and the protein concentration in the soluble fraction
(i.e., supernatant) was determined by the UV absorbance analysis (€250 =
16,640 cm’lM’l). Soluble proteins with concentrations >1 uM in the
supernatant were subsequently subjected to far-UV CD according to a pre-
viously published protocol (25).

Ellman reaction

To determine the redox states of amyloid fibrils, 200 uL of the amyloid
solution was centrifuged at 62,900 x g for 30 min, and the resulting pellet
was washed twice with cooled acidic buffer (pH 4, 20 mM sodium acetate)
to remove residual reducing agents. The pellet was then resuspended with
100 uL of a denaturing buffer (pH 4, 20 mM sodium acetate and 6 M gua-
nidine thiocyanate) and incubated at 37°C for 30 min to dissociate the
amyloid fibrils into consecutive monomers. Undissociated amyloid fibrils
were removed by centrifugation at 62,900 x g for 30 min at 37°C. The
protein concentration of a 90 uL aliquot of the resulting supernatant
supplemented with 10 uL of 1 M Tris-HCI buffer (pH 8) was determined
by UV absorbance at 280 nm. The protein concentration in the supernatant
(29.0 = 2.6 and 45.9 = 7.1 uM for oxidized and reduced proteins, respec-
tively) suggested that 58 and 91% of the total input were recovered
from oxidized and reduced amyloid fibrils, respectively. The protein
solution was immediately supplemented with 1 uL of 20 mg/mL
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) in DMSO (equivalent to
50 mM), and incubated at room temperature and in the dark for 3 min.
Finally, the absorbance at 412 nm was measured to determine the
free —SH concentration using the Ellman method (¢ = 13,700 M 'em™)
(26). The number of free —SH groups per protein molecule was determined
by dividing the free —SH concentration by the protein concentration.
DTNB was purchased from Nacalai Tesque (Cat. No. 14101-21; Kyoto,
Japan) and dissolved with DMSO just before use.

Structural analyses of amyloid fibrils

TEM, Fourier-transform infrared (FTIR), and proteinase-K digestion were
performed using standard procedures for which the details will be published
elsewhere.

GuHClI-unfolding experiment

The GuHCI-unfolding curve for oxidized PrP monomer was fitted to a two-
state unfolding model:



K
1+K’

O[GuHCl] = n; x + (; + us[GuHCI]) x

)

The best fit values were as follows: —3.09 kcal/mol for AG, —1.68 kcal/mol
M form, —14162 degrees™ 'em?dmol ™! for n;, —2945 degrees™ 'em?dmol ™!
for u;, and 282 degrees’l cm? dmol ~'/M for u.

For the analysis of amyloid fibrils, a solution containing amyloid
fibrils (25 uM in monomer equivalent units) was diluted 10-fold in a
buffer containing 5 mM HEPES (pH 7.4), various concentrations of
GuHCl1 (0-8.7 M) and 0 or 1 mM TCEP. The resulting solution was incu-
bated at 37°C for 24 h and subsequently diluted fivefold with a ThT
buffer [pH 8, 62.5 mM Tris-HCI, 6.25 uM ThT, and various concentra-
tion of GuHCI (0-2.0 M)] to adjust the final GuHCI concentration to
1.6 M. This dilution step is of importance, because ThT fluorescence
strongly depends on the GuHCI concentration (27). Within 1 min after
dilution, ThT fluorescence of the solution was measured using
the above-described procedure. The GuHCl-unfolding curves were
analyzed using a linear polymerization model proposed by Narimoto
et al. (28):

1+K
AGy-y —m X [GUHCI]
RT

K = exp(

)

2[M] K, + 1 — /AM],K, + 1
= | Mo = 2[M], K
0™ a
Ka — exp (AGAm—U — ll’{}’lTX [GUHCI]) ,

where s represents the ThT-fluorescence per mass concentration of amyloid
fibrils. The best fit values [AG (kcal/mol), m (kcal/mol M), and s (a.u./uM)]
were as follows: —5.95, —1.14, and 0.28 for oxidized amyloid
fibrils, —2.90, —0.98, and 0.32 for reduced amyloid fibrils. [M], was fixed
to 2.5 uM.
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Disulfide Bond and PrP Amyloid Formation

RESULTS AND DISCUSSION
Reducing the disulfide bond of PrP

The C-terminal domain of human PrP with an intact disul-
fide bond was expressed and purified according to a previ-
ously published protocol (25). The presence of the
disulfide bond was previously confirmed using analytical
reverse-phase HPLC and solution NMR (data not shown).
To examine the role of this disulfide bond in amyloid forma-
tion, the protein was initially reduced by 1-h incubation at
37°C in the presence of a reducing agent (TCEP) and dena-
turant (GuHCI) at pH 8. Consistent with previous studies
(5,6), the reduced PrP exhibited a high propensity to form
amorphous aggregates when diluted in a denaturant-free
buffer at pH 7.4. Under these conditions, no PrP was de-
tected in the soluble fraction after centrifugation at
62,900 x g for 30 min (Fig. 2 A).

Many studies of amyloid formation have used moderate
concentrations of GuHCI to facilitate this reaction by desta-
bilizing the native structure of oxidized PrP (25,29-33). As
amorphous aggregate formation observed in reduced PrP
might compete with amyloid formation (34), I similarly
applied a moderate concentration of GuHCI to dissolve
these undesirable amorphous aggregates into soluble mono-
mers (Fig. 2 A). Reduced PrP gradually appeared in the
soluble fraction, with increasing concentrations of GuHCI
from 0 to 1.5 M, and, above 2 M, the protein was fully
recovered in the soluble fraction. I therefore used GuHCI
at concentrations exceeding 2 M in the following evalua-
tions of amyloid formation kinetics.

Disulfide bond reduction accelerates amyloid
formation at 2 M GuHCI

I initially sought to examine the effect of disulfide bond
reduction on amyloid formation at 2 M GuHCI. To this

FIGURE 2 (A) Solubilities of PrP at various con-
centrations of GuHCI. Reduced PrP (25 uM) was
incubated for 1 h at 37°C in the presence of various
concentrations of GuHCl and centrifuged at
62,900 x g for 30 min. The concentration of soluble
protein was measured using UV absorbance at
280 nm. (B) Representative time courses of amyloid
formation from oxidized (solid circles) and reduced
PrP (open circles) at a GuHCI concentration of 2 M.
ThT-fluorescence was normalized to its maximum
value (346 + 96 and 740 *+ 380 a.u. for oxidized
and reduced proteins, respectively). The solid lines
represent best fits to a sigmoidal function. (C) Trans-
mission electron micrographs of the amyloid fibrils
generated from oxidized (left) or reduced PrP
(right). Scale bars, 100 nm. (D) Lag time of amyloid
formation derived from Fig. 2 B (**p < 0.005,
unpaired two-tailed #-test). (E) The number of
free —SH group detected in a protein monomer
dissociated from amyloid fibrils.

[ee](e]e]

ox. PrP  red. PrP

ox. PrP red. PrP

Biophysical Journal 1714, 885-892, February 27, 2018 887



Honda

end, a reaction mixture containing either oxidized or
reduced soluble PrP was agitated to initiate rapid amyloid
formation, and the progress of the reaction was monitored
by changes in the thioflavin T (ThT) fluorescence. As shown
in Fig. 2 B, both forms of protein exhibited increases in ThT
fluorescence after 4-10 h of lag phase, consistent with the
typical formation kinetics of amyloid fibrils. Transmission
electron micrographs of the final reaction products
(Fig. 2 C) demonstrated that both oxidized and reduced sam-
ples exhibited the typical morphological characteristics of
amyloid fibrils, where linear fibrillar aggregates were pre-
dominantly observed. Clearly, these results demonstrate
that both the oxidized and reduced forms of PrP can yield
morphologically similar amyloid fibrils. However, a com-
parison of the two sigmoidal curves (Fig. 2 B) indicates
that reduced PrP has a shorter lag time (#,,) for amyloid
formation relative to oxidized PrP (Fig. 2 D), suggesting
that disulfide bond reduction accelerates amyloid formation
at 2 M GuHCI.

To determine whether or not the disulfide bond is present
in the final structure of amyloid fibrils, I next examined the
redox states of amyloid fibrils using a thiol-reactive agent,
DTNB, according to the Ellman method (26). Here, the am-
yloid fibrils formed from oxidized or reduced PrP were
initially separated from residual monomers by centrifuga-
tion at 62,900 x g for 30 min, and subsequently dissociated
into constitutive monomers under acidic conditions (6 M
guanidine thiocyanate, pH 4). Next, the standard Ellman
assay was used to quantify the number of free thiol groups
in the individual protein monomers (for more details, see
Materials and Methods). As shown in Fig. 2 E, the protein
monomer dissociated from reduced amyloid fibrils con-
tained two free thiol groups per molecule, consistent with
the number of the cysteine residues in the amino acid
sequence of PrP. By contrast, no free thiol groups were
detected in the protein monomers dissociated from oxidized
amyloid fibrils, indicating that all cysteine residues had
formed the intramolecular disulfide bond. These results
confirm that the redox states of PrP remained unchanged
during structural conversion from monomers to amyloid
fibrils in this experiment.

Three potential mechanisms affecting the rate of
amyloid formation

At least three mechanisms may underlie the high amyloido-
genic propensity of reduced PrP. Fig. 1 B illustrates a simpli-
fied amyloid formation pathway from the native state (N) to
amyloid fibrils (Am) via an amyloidogenic unfolded state
(U), together with three possible mechanisms affecting the
overall rate of amyloid formation. The first mechanism
assumes that disulfide bond reduction alters the reaction
pathway of amyloid formation such that the height of the ki-
netic barrier is decreased (AGn_y < AGn_y, mechanism I).
This mechanism can be experimentally tested by comparing
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the final structures of amyloid fibrils and determining
whether the final state of oxidized and reduced proteins is
identical (Am) or not (Am’). Strictly speaking, however, a
change in the reaction pathway does not always lead to a
detectable change in the final structure of amyloid fibrils.
Therefore, it is virtually impossible to completely rule out
or confirm mechanism I through a structural comparison.
The second and third mechanisms respectively assume
that disulfide bond reduction affects the free-energy differ-
ences between the N and U states (AGn_y, mechanism II)
and between the U and transition states (AG;_y, mechanism
IIT). As the total height of the kinetics barrier of amyloid
formation (AGn_;) is represented by the sum of AGn_y
and AGy_4, these two values are particularly important
with respect to the overall rate of protein aggregation.
Mechanisms II and ITI can be easily tested using simple ther-
modynamic and kinetic experiments, as described below. In
the following sections, I will examine which mechanism
contributes predominantly to the strong amyloidogenic pro-
pensity of reduced PrP.

Structural effects of disulfide bond reduction on
amyloid fibrils

To address whether disulfide bond reduction affects the
reaction pathway of amyloid formation (mechanism I),
I examined amyloid fibril structures using FTIR spectros-
copy and the proteinase K (PK) digestion assay. These
assays are widely used to detect structural differences
(polymorphisms) of amyloidlike aggregates with good
sensitivity (35-37). As shown in Fig. 3 A, the FTIR spectra
and second derivatives of oxidized and reduced amyloid
fibrils overlapped completely, indicating a common second-
ary structure content. The position of the peak bond
(1621 cm™") indicated that both amyloid fibrils were en-
riched with the intermolecular (-sheet structure (38).
Fig. 3 B shows the results of PK-digestion assay for both
proteins. Although a marked increase in PK-resistance
was observed for both proteins upon the conversion from
monomers of amyloid fibrils, no clear difference in the
PK digestion pattern was observed in the amyloid forms,
indicating that both amyloid fibrils shared a common PK
resistant core at the C-terminal residues (27,29,31,39,40).
The observed slight difference in the band intensity (i.e.,
oxidized amyloid fibrils appeared to produce a more
intense band relative to reduced amyloid fibrils) likely
reflect a difference in equilibrium stability rather than in
structure (see Fig. 4 B). Therefore, disulfide bond reduction
does not affect the final structure of amyloid fibrils, at least
at the secondary structural level, and the oxidized and
reduced proteins seem to use the same reaction pathway
for amyloid formation. However, a further study using
high-resolution techniques is required to determine whether
disulfide bond reduction affects the tertiary and quaternary
structure of amyloid fibrils.
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FIGURE 3 (A) FTIR spectra (left) and corresponding second derivatives
(right) of oxidized (black lines) and reduced amyloid fibrils (red lines) were
recorded using the attenuated total reflection in a D,O buffer at pD 6.0. The
FTIR spectra are normalized with respect to the peak intensity at
1621 cm™'. Three spectra obtained from different preparations of amyloid
fibrils are shown. (B) PK-resistant fragments of PrP monomers (left) and
amyloid fibrils (right) were analyzed by tricine-SDS-PAGE and CBB stain-
ing. Here, protein monomers or amyloid fibrils (12.5 uM in the monomer
equivalent units) were treated with O (lane 1), 0.0125 (lane 2), 0.125
(lane 3), or 1.25 uM PK (lane 4) at 37°C for 1 h at pH 7.4 in the presence
of 1 M GuHCI. To see this figure in color, go online.

Effect on the equilibrium stability of the N state

Next, I performed GuHCl-unfolding experiments to
examine whether disulfide bond reduction would affect the
equilibrium stability of the N state (mechanism II). The
GuHCl-unfolding curves for the monomeric forms of
oxidized and reduced PrP were obtained using far-UV circu-
lar dichroism (Fig. 4 A). Curve-fitting using a two-state
unfolding model indicated that the oxidized protein existed
as a 4:6 mixture of the N and U states at 2 M GuHCI,
whereas the reduced protein existed as the pure U state at
the same concentration of GuHCI, suggesting that disulfide
bond reduction decreased the proportion of the N state and
simultaneously increased the proportion of the U state. A
comparison of the two GuHCl-unfolding curves led to rough
estimation that disulfide bond reduction destabilized the
N state by a minimum of 3.1 kcal/mol in denaturant-free so-
lution (a precise value was not obtained because reduced
PrP precipitated as an amorphous aggregate at low concen-
trations of GuHCI) (Table 1). A similar destabilizing effect
of disulfide bond reduction has been reported in previous
publications examining PrP folding (3—6). Therefore, disul-
fide bond reduction decreases the equilibrium stability of the

Disulfide Bond and PrP Amyloid Formation
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FIGURE 4 (A) GuHCl-unfolding curves for the monomeric forms of
oxidized (black circles) and reduced PrP (red circles) at the protein concentra-
tion of 10 (open circles) or 25 uM (solid circles). (B) GuHCl-unfolding curves
for amyloid fibrils generated from oxidized (black open circles) and reduced
PrP (red open circles). Data represent mean values *+ standard deviations
from three experiments that used different preparations of amyloid fibrils.
(C) Effects of disulfide bond reduction on the free-energy landscape of protein
misfolding at a protein concentration of 2.5 uM in a denaturant-free solution.
Disulfide bond reduction decreased the free-energies of the unfolded (U) and
transition states () by ~3—4 kcal/mol, without significantly changing the
free-energies of the native state (N) and amyloid fibrils (Am), leading to
net destabilization effects of >3.1 kcal/ mol on the N state (Fig. 4 A),
3.1 kcal/mol on the Am state (Fig. 4 B), but ~0 kcal/mol on the I state
when compared to the U state (Fig. 5 B). To see this figure in color, go online.

N state, suggesting that mechanism II at least partly contrib-
utes to the strong amyloidogenic propensity of reduced PrP
at 2 M GuHCI.

Effect on the kinetic barrier of aggregation

To measure effect of the disulfide bond on the height of the
free-energy barrier (AG;_y), I repeated the above kinetic

TABLE 1 Equilibrium Stabilities of Monomers and Amyloid
Fibrils in Oxidized and Reduced Forms

AGox AGre:d AAG (AGred_AG()x)
Monomer (AGn_y) —3.1 = 0.1 <0 >3.1
Amyloid fibril —6.0 £ 1.1 —-29 0.1 3.1 £ 1.1

(AGAm—U)

Measured in kcal/mol.
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experiment at a higher concentration of GuHCI (3 M),
where both oxidized and reduced PrP existed in an almost
pure U state (N state: <5%, Fig. 4 A). The rationale behind
this experiment is that if a protein exists in a pure U state,
then the rate of amyloid formation should reflect the
AGy_; without any contribution from AGy_y. Previously,
Dutta et al. (41) used this approach to demonstrate that
S170N/N174T mutation enhanced the amyloidogenic pro-
pensity of PrP mainly by decreasing AG;_y, but not
AGn_y. Here, I chose the minimum GuHCI concentration
required for PrP unfolding because, at higher GuHCI con-
centrations (>4 M), the reverse reaction (i.e., the dissocia-
tion of amyloid fibrils) becomes nonnegligible and thus
complicates the kinetics of amyloid formation.

Remarkably, as shown in Fig. 5, A and B, the oxidized and
reduced PrP did not differ significantly in terms of #,,, under
the fully unfolded conditions (3 M GuHCI), indicating that
disulfide bond reduction does not affect the rate of amyloid
formation when the N state is completely disrupted. In other
words, disulfide bond reduction does not affect the AG;_y,
thus ruling out mechanism III. This result has an additional
implication regarding the structure of the transition state ()
during amyloid formation. Specifically, the finding that
disulfide bond reduction stabilizes | by the same extent as
the U state indicates that the two segments containing resi-
dues C179 and C214 (i.e., H2 and H3) are not associated
in 1 (for more details, see Fig. 3 in (42)).

Destabilization of the N state drives reduction-
induced aggregation

Taken together, the results of the above series of experi-
ments indicate that disulfide bond reduction accelerates
amyloid formation mainly by destabilizing the N state
(mechanism II). By contrast, the reaction pathway of amy-
loid formation (mechanism I) and the height of the free-en-
ergy barrier separating the U state from the amyloid state
(mechanism III) appear to remain unchanged upon disulfide
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FIGURE 5 (A) Representative time courses of amyloid formation from
oxidized (solid circles) and reduced PrP (open circles) at 3 M GuHCIL.
ThT-fluorescence was normalized to its maximum value (353 * 61 and
481 = 92 a.u. for oxidized and reduced proteins, respectively). The solid
lines represent the best fits to a sigmoidal function. (B) Lag times of amy-
loid formation were derived from Fig. 5 A (n.s., p > 0.05, unpaired two-
tailed r-test).
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bond reduction. These experiments led me to conclude that
disulfide bond reduction enhances the amyloidogenic pro-
pensity of PrP mainly by destabilizing the N state.

Effect on the equilibrium stability of amyloid
fibrils

The equilibrium stability of amyloid fibrils relative to the
U state (AGam_y) 1s an important parameter both for char-
acterizing the overall folding/misfolding landscape as and
for determining whether the disulfide bond is beneficial
for the stability of amyloid fibrils. I therefore examined
the effect of disulfide bond reduction on AG,,_y using
the GuHCl-unfolding assay. This assay has been widely
used to estimate AGan,_y, based on the linear-polymeriza-
tion model of amyloid formation (28,43). Because the amy-
loid fibrils were insufficiently soluble to allow a far-UV CD
measurement, in this study, the GuHCl-unfolding curves
were determined by measuring ThT fluorescence.

As shown in Fig. 4 B, the reduced and oxidized amyloid
fibrils represented the major unfolding transitions in 2-6 M
GuHCI and 5-8 M GuHClI, respectively. The lower shift of
the unfolding curve clearly indicates that disulfide bond
reduction destabilizes the amyloid fibrils and thus increases
AG Ap_y- Although the oxidized amyloid fibrils represented
an additional transition at lower GuHCI concentrations
(0-2 M) (Fig. 4 B), I ignored this transition in the subse-
quent analysis. This is because the oxidized PrP monomer
exists as an equilibrium between the N and U states at low
GuHCI concentrations (1-2.5 M, Fig. 4 A), and thus the
GuHCl-unfolding of amyloid fibrils depends not only on
AGam_uy but also on AGn_y. Such complexity can be
reduced by ignoring the low GuHCI concentration data.
Accordingly, by fitting the GuHCl-unfolding curves of
oxidized (only 3-8 M) and reduced (0-8 M) amyloid fibrils
to the linear polymerization model, AGa,_y Was estimated
as —6.0 = 1.1 and —2.9 = 0.1 kcal/mol, respectively.
Therefore, disulfide bond reduction destabilized amyloid
fibrils, and increased AGa,_y by 3.1 = 1.1 kcal/mol
(Table 1).

Interestingly, the destabilizing effect of the disulfide
bond reduction on amyloid fibrils (AAGAmuy = 3.1 =
1.1 kcal/mol) is very similar to the effect on the N state
(AAGN_y > 3.1 kcal/mol), indicating that the decrease in
the stabilities of these two states is mainly conferred by
an ~3—4 kcal/mol decrease in the free energy of the refer-
ence state (i.e., U state) (Fig. 4 C). Disulfide bond reduction
typically increases the entropy of U state by removing
conformational constraints imposed by the disulfide bond
and leading to a substantial decrease in the free energy
(42). The Pace equation estimated that the entropic effect
contributes to ~4 kcal/mol decrease in the free energy of
the U state (44), which is reasonably consistent with the
AAGu,,_y and AAGy_y values. This result indicates that,
by decreasing the free energy of the U state without



changing the free energies of either the N state or amyloid
fibrils, disulfide bond reduction leads to a net destabilization
of the two latter states. This in turn implicates that the disul-
fide bond connecting C179 and C214 is accommodated in a
very restricted manner in the N state and amyloid fibrils,
such that disulfide bond reduction does not increase the
entropy and free energies of these two states.
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