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Slow spontaneous a-to-3 structural conversion
in a non-denaturing neutral condition reveals
the intrinsically disordered property
of the disulfide-reduced recombinant
mouse prion protein
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Abbreviations: PrP, prion protein; mPrP"™, recombinant mouse full-length PrP containing residues 23-230; mPrP-CtoA, a mPrP™
mutant in which Cys-179 and Cys-214 of mPrP" are replaced by Ala; S132C, an mPrP-CtoA mutant in which Ser-132 is replaced
by Cys; N181C, an mPrP-CtoA mutant in which Asn-181 is replaced by Cys; S132C/N181C, an mPrP-CtoA mutant in which
Ser-132 and Asn-181 are replaced by Cys; S132R1, S132C with the side-chain of Cys-132 labeled with MTSSL; N181R1, N181C
with the side-chain of Cys-181 labeled with MTSSL; S132R1/N181R1, S132C/N181C with the side-chains of Cys-132 and Cys-181
labeled with MTSSL. Residues are numbered based on hamster prion sequence in this work

In prion diseases, the normal prion protein is transformed by an unknown mechanism from a mainly a-helical structure
to a B-sheet-rich, disease-related isomer. In this study, we surprisingly found that a slow, spontaneous a-to-coil-to-
transition could be monitored by circular dichroism spectroscopy in one full-length mouse recombinant prion mutant
protein, denoted S132C/N181C, in which the endogenous cysteines C179 and C214 were replaced by Ala and S132
and N181 were replaced by Cys, during incubation in a non-denaturing neutral buffer. No denaturant was required to
destabilize the native state for the conversion. The product after this structural conversion is toxic 3-oligomers with high
fluorescence intensity when binding with thioflavin T. Site-directed spin-labeling ESR data suggested that the structural
conversion involves the unfolding of helix 2. After examining more protein mutants, it was found that the spontaneous
structural conversion is due to the disulfide-deletion (C to A mutations). The recombinant wild-type mouse prion protein
could also be transformed into B-oligomers and amyloid fibrils simply by dissolving and incubating the protein in 0.5 mM
NaOAc (pH 7) and T mM DTT at 25°C with no need of adding any denaturant to destabilize the prion protein. Our findings
indicate the important role of disulfide bond reduction on the structural conversion of the recombinant prion protein,
and highlight the special “intrinsically disordered” conformational character of the recombinant prion protein.

Introduction

Prion disease is a transmissible neurodegenerative disease in
mammals caused by the multimeric misfolded form of the mam-
malian host-encoded PrP (prion protein) named “prion.”" Prion,
also known as PrP%, has a high B-structure content of 43%, as
estimated by circular dichroism spectroscopy and Fourier trans-
formed infrared spectroscopy’ compared with the 4% B-sheet
content of the native PrP (PrP€), estimated from its NMR struc-
ture.> The structural conversion process has been conducted
in a test tube using recombinant prion proteins (tPrPs) of vari-
ous lengths, brain homogenates, or purified cellular PrP€.* In
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vitro-produced amyloid fibrils can be produced from rPrP by
vigorous shaking under denaturing conditions.® Proteinase
K-resistant PrP™ can be generated from rPrPs, brain homog-
enates, cell lysates, or purified PrP¢ simply by seeding”® and the
process can be accelerated by sonication, a process known as pro-
tein misfolding cyclic amplification (PMCA),>!? or by shaking, a
process known as quaking-induced conversion (QUIC)."?
Recombinant PrP(90-231) in partially denaturing condition
can adopt two kinds of abnormal (-sheet-rich quaternary struc-
tures, the soluble B-oligomer (preferred form in acidic pH) and
insoluble amyloid fibril (preferred form at neutral pH).>' The
soluble B-oligomer, also designated 3-PrP, can be produced from
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tPrP(90-231) by reduction in the presence of a denaturant under
acidic conditions.”>'® B-PrP has been reported to show slight pro-
tease resistance,” is more toxic to cells than amyloid fibrils,"?°
and has been suspected of being a precursor or intermediate in
the pathway of prion protein folding or PrP% formation.'®* In the
present study, we initially intended to use recombinant full-length

A 200001 e mouse prion protein mPrP¥* and site-directed spin-labeling elec-
—N181C tron spin resonance spectroscopy (SDSL-ESR)? to monitor the
ey $132C conformational change during the formation of 3-PrP and amy-
] ——S132C/N181C loid fibsils. To perf i1 labeline. th . "
S 40000 —  MPIP-CtoA oid fibrils. To perform spin labeling, the two Cys in mPrP"* were
£ mutated to Ala, generating mPrP-CtoA, then both Ser-132 (in
S 5000- the flexible loop region before the first helix) and Asn-181 (in
35 T the second helix and one of the two N-linked glycosylation sites)
§ e were mutated to Cys and the resulting mutant protein, named
$ 5000- S132C/N181C, was labeled with a commonly used nitroxide-
W based spin probe MTSSL. However, we surprisingly found that
= -10000 the CD spectrum of S132C/N181C, dissolved in NaOAc buf-
fer (pH 7), was very different from that of mPrP** in the same
L 200 | 210 200 230 o240 o280 | buffer and very similar to the CD spectrum of the previously
Wavelength (nm) reported B-PrP.” Here, we report the slow, spontaneous forma-
tion of B-PrP under non-denaturing neutral pH conditions and
B ] Yz a-helix _1Tum its relationship to the removal of the endogenous disulfide bond
404 I B-strand Disordared of prion protein.
Y \ ’ \
§ § \ § Results and Discussion
301 S \ \ N\ \
AEIBIEIEI
g 17\ \ \ \ \ ; : ;
2 21 N\ § \ \ § B-PrP oligomer formation at neutral pH. The two Cys residues
NI I B iIBi N e
g 20 % § § § §\\ § (C179, C214) of mPrP™ were replaced by Ala by site-directed
é ] A\ § \ \ mutagenesis to generate mutant mPrP-CroA, then S132 and
§ N181 of mPrP-CtoA were further replaced by Cys to generate
§ the mutant S132C/N181C. As shown in Figure 1A, in contrast
§ to mPrP", which had a CD spectrum of characteristic a-helical
7, N7 structure (designated a-PrP conformer, black line), the CD spec-
mPrPwt  §132C N181C  S132C/N181C mPrP-CtoA trum of S132C/N181C (green line) dissolved in 10 mM NaOAc,
pH 7, showed a strong B-sheet signal. After spectral deconvolu-
Figure 1. (A) CD spectra of mPrP*, mPrP-CtoA, S132C, N181C, and tion, S132C/N181C was found to have an a-helical content of
S132C/N181C. The proteins were dissolved at a concentration of 6% and a B—sheet content of 35%, in contrast to the 30% o-helix
0.15 mg/mL in 10 mM NaOAc buffer, pH 7, and their CD spectra im- and 20% B-sheet content of mPrP* (Fig. 1B). Since formation
mediatt'ely recorded. (B) Secondary stru'cture 'content of each protein of B-PrP in a neutral buffer has not been reported previously,
determined by CD spectral deconvolution using CDPro software. Ivti . . . .
analytical ultracentrifugation (AUC) was used to investigate

whether S132C/N181C formed oligomers, and the results
showed two major peaks of 194 kDa and 420 kDa, correspond-
ing, respectively, to an 8-9 mer and an 18-19 mer, with only a
very small amount of monomer (Fig. 2), confirming that 3-PrP
oligomers could be generated simply by dissolving the protein in
10 mM NaOAc, pH 7. To determine whether this phenomenon
resulted from the mutations introduced, the CD spectra of the
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Figure 2. The SV-AUC spectrum of S132C/N181C (0.1 mg/mL) in 10 mM NaOAc (pH 7).
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disulfide-deletion mutant mPrP-CtoA and the two

A 15000 - First transition +Ohr
single Cys mutants of mPrP-CtoA, S132C and N181C, R a-to-coil o
in the same buffer were also measured (Fig. 1A). All "o 10000 T +12hr
three spectra and their deconvolution results were very 2 5000_‘\ ji‘;ﬂ;
similar to those for S132C/N181C, suggesting that the v; ' :25::
disulfide deletion promoted B-PrP formation. In the £ o) 40
presence of DT'T, S132C/N181C could still form 3-PrP, g :gm
demonstrating that the B-PrP formation is not due to 8 5000+ +72hr
intermolecular disulfide bond formation (Fig. S1). o
Short prion peptides can go through a coil-to-3 £ -10000+

transition simply by incubation in buffer.?** These

. . . . -15000 . , : )
peptides are random coil when dissolved in buffer and, 220 230 240 250
since random coil is not a stabilized structural state, Wavelength (nm)
it is relatively easy for the peptides to cross the tran- -
sition barrier in the structural transformation from | B 190997 Second transition 73:&
random coil to the amyloid precursor structure, which =~ 10000 coil-to-f day5
can finally associate into amyloid fibrils. In contrast, )
prion protein has a stable structural domain with three 8
a-helices and two short B-strands. Since the energy F‘E
barrier of the structural transition from random coil 5
to B-sheet is much lower than that from a-helical to §,
B-sheet, in experimental studies on prion protein, dena- s
turants or detergents are commonly used to destabilize o
the native a-helical structure to facilitate the structural = "x.T//"
conversion. In previous reports, B-PrP oligomers could 15000 C?' : : : : :
only be formed under acidic conditions in the pres- 200 210 220 0 240 2%
ence of denaturants with or without reduction.>4-16:1%-20 Wavelength (nm)
In this study, we found that simply dissolving our - — e a-helix
disulfide-deletion mutants in 10 mM NaOAc at neu- C < L A
tral pH (pH 7) resulted in the formation of soluble é 401 oy e yv— T Disordered
B-PrP oligomers, instead of an o-helical structure, § 301 T M
like mPrP¥. The association process was irreversible, g : e, ..
since, once the B-PrP oligomers were formed, diluting g 207
the sample with water to lower the protein concentra- 2 10/
tion did not restore the structure to its native a-helical g N S
structure (data not shown). 8 %0 50 100 180 200 250 300 380 400

The structural conversion process could be moni- Time (hr)

tored at low salt condition by CD spectroscopy.

Interestingly, the kinetics of B-PrP formation was
strongly dependent on the salt concentration. When the
salt concentration was decreased to 0.5 mM NaOAc,
the whole process was slowed down, which allowed us
to monitor the time-dependent structural conversion
process by CD spectroscopy. S132C/N181C oligomer-

Figure 3. (A and B) CD spectra of S132C/N181C (0.15 mg/mL) in 0.5 mM NaOAc buf-
fer, pH 7, recorded after incubated for the indicated time at 25°C. The protein solu-
tion was kept inside the quartz cuvette throughout the experiment. Two structural
transitions during the whole time course could be seen. The first transition from an
a-helical state to a coil-rich state is shown in (A) and the second transition from a
coil-rich state to B-oligomers is shown in (B). The direction of the spectral change
is indicated by an arrow. The spectral deconvolution results are shown in (C).

ization could be analyzed as a three-state process con-
sisting of a “a-to-coil-to-B” transition. When S132C/
N181C was first dissolved in 0.5 mM NaOAc, pH 7, the initial
CD spectrum clearly indicated that it formed an a-PrP structure,
like mPrP*t. S132C/N18I1C retained the same a-PrP structure
for about 12 h, then, on standing in the CD quartz cuvette, the
structure underwent the first transition to a coil-rich structure
(spectrum blue-shifting) spontaneously at 25 °C within 2 d.
The spectral deconvolution results in Figure 3C show a dra-
matic decrease in a-helical content and an increase in B-sheet,
turn, and disordered structure over the period from 12 to 32 h.
Over the following days, the protein then underwent a slow
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oligomerization process in which the unstructured component
slowly decreased and the (3-sheet content slowly increased, finally
displaying the characteristic 3-PrP CD spectrum on day 13. The
first “a-to-coil” transition and the second “coil-to-B” transition
are shown separately in Figure 3A and B for clarity. No reagent
was added to destabilize the native state of the protein. This
phenomenon conflicts with the protein folding theory—"one
sequence under one condition, one structure”—and suggests that
the energy barrier between the native state of the reduced prion
protein and its B-conformer is low.
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Figure 4. (A) TEM images of S132C/N181C dissolved in 10 mM NaOAc,
pH 7. The sample was stained with 2% uranyl acetate and images taken
using a Hitachi H-7000 electron microscope at 75 kV. The bars represent
500 nm. (B) ThT fluorescence assay of mPrP*! fibrils (dash line) and
S132C/N181C B-PrP oligomers (solid line). S132C/N181C was dissolved

at a concentration of 20 wM in 10 MM NaOAc, pH 7, while mPrP*t was
incubated at a concentration of 22 wMin 1 M GdnHCI, 3 M urea in PBS
at 37°C with shaking at 200 rpm for 5 d. The two protein solutions were
mixed with the same volume of ThT working solution and incubated for
1 min, then the fluorescence spectra were recorded from 450 to 600 nm
with excitation at 420 nm.

For the protein S132C, the structural conversion process was
similar to that of S132C/N181C, but its spectral blue-shifting
was not so apparent (Fig. S2). On the other hand, N181C and
mPrP-CtoA did not show a coil-rich state. N181C showed a
predominant structure change between 96 and 168 h, whereas
mPrP-CroA retained its a-PrP structure for a longer period
(~192 h) and took longer to form B-PrP than the other three
mutants (Fig. §2). Our data indicated that the mutation of S132
or N181 to Cys destabilized the native state of the protein and
facilitated the structural conversion. Moreover, the co-existence
of these two mutations shifts the equilibrium of the protein con-
formational ensemble toward the disordered conformation. The
formation of B-PrP was very sensitive to the salt concentration,
suggesting that the association might be driven by hydrophobic
interaction (Fig. S3).

One may argue that the buffer used in this experiment (0.5
and 10 mM NaOAc) is non-physiological. It should be noted
that PrP¢ concentration in brain is very low (0.07 pg/mg brain
homogenate)* and cellular prion protein is glycosylated and
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Figure 5. Cytotoxicity of S132C/N181C B-PrP. The B-PrP prepared from
S132C/N181C (30 M) in 10 mM NaOAc, pH 7 was added to the cultured
mouse N2a cells. The cytotoxicity was measured by using the MTT
assay. The addition of 10 MM NaOAc (pH 7) into the cultured cells was
also used as one control. The values are the mean + standard deviation
(n=6for S132C/N181C and n = 14 for the others).

anchored on membrane using GPI anchor. Its physiological
protein concentration is too low for studying protein conforma-
tion using spectroscopic methods. Moreover, protein solubility
of unglycosylated, recombinant prion protein is not as good as
glycosylated natural PrP¢, hence most of the studies used dena-
turant to dissolve recombinant prion protein. We are lucky to
find that low concentration of sodium acetate at neutral pH can
dissolve recombinant prion protein at a protein concentration
suitable for conformational study.

Conformational characterization and structural properties
of S132C/N181C B-PrP produced at neutral pH. The AUC
results showed that B-PrP formed from S132C/N181C in 10 mM
NaOAc, pH 7, was an oligomer and this was corroborated by its
transmission electron microscopy (TEM) image. In Figure 4A,
bead-like oligomers can be easily seen and these could further
associate one-dimensionally as protofibril-like morphology.
Similar to amyloid fibrils, these B-PrP oligomers showed strong
fluorescence in the ThT fluorescence assay (Fig. 4B), suggesting
that they contain hydrophobic ThT binding sites, like amyloids.
Our data supported the previous finding that ThT fluorescence
does not necessarily correlate with amyloid formation.”” However,
the previously reported B-PrP formed from mouse PrP(89-231)
under acidic conditions shows no ThT fluorescence.' The differ-
ence of these two B-PrPs suggests that our -PrP produced in non-
denaturing neutral condition might be different from previously
reported B-PrP. A cytotoxicity assay showed that S132C/N181C
B-PrP is toxic for cultured mouse N2a cells (Fig. 5). Whether the
ThT-positive B-PrP is infectious or not remains to be examined.

After prolonged incubation, except oligomers and protofibrils,
amorphous aggregate and amyloid fibrils could also be observed
under electron microscopy (Fig. S$4).

Examining the conformational change upon oligomer-
ization by SDSL-ESR. To explore the structural change upon
oligomerization, site-directed spin labeling (SDSL) ESR was
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Figure 6. ESR spectra of the spin-labeled mPrP mutants S132R1, N181R1
and S132R1/N181R1. Protein samples were dissolved in 10 mM NaOAc
containing 40% sucrose, pH 7.0. The average of the spectra for S132R1
and N181R1 (thin lines) and the spectra of S132R1/N181R1 (bold lines) are
shown at the bottom of the figure. ESR spectra were measured either at
275 or 300 K.

employed. The mPrP single-Cys mutants, S132C and N181C,
were labeled with one MTSSL molecule and the spin-labeled pro-
teins, denoted as S132R1 and N181R1, were purified by HPLC
to remove unlabeled protein and free spin molecules. The double
Cys mutant S132C/N181C was labeled with two MTSSL mol-
ecules and the resulting product, named S132R1/N181R1, was
also purified by HPLC. Figure 6 shows the ESR spectra of these
spin-labeled PrP mutants obtained at temperatures of 300 and
275 K. The S132R1 spectra showed a typical spectral lineshape in
the fast-motional regime, indicating that the local environment
of site 132 is characterized by a high mobility, consistent with the
fact that site 132 is on a loop of the prion protein. The spectra
suggested that the local environment of S132R1 remained highly
mobile and disordered upon induction of oligomerization. In the
case of N181R1, the spectra clearly showed two distinctly dif-
ferent coexisting spectral components, indicated as slow (§) and
fast (F) in Figure 6. In a prion protein in a native monomer state,
site 181 is in the a-helical H2 region, in which the nitroxide R1
side chain would typically show a slow-motional lineshape (i.e., a
lineshape resembling the § component) due to the local environ-
ment within a structured helical region. Several sites in the H2
region of prion protein have been previously studied by ESR and
shown to display a slow-motional-like ESR lineshape.?** Thus,
the existence of the F component in the N181R1 spectra provides
evidence that the local environment of the H2 region is partially
unstructured/unfolded under the experimental conditions that
induce oligomerization. This observation was consistent with the
decrease in the a-helical content of this protein upon oligomer-
ization seen by CD spectroscopy. The spectral plots at the bottom
of Figure 6 are the superimposed spectra of the double-labeled
S132R1/N181R1 (bold lines) and the average of the spectra for
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Figure 7. Spontaneous conformational transition of mPrP"t after addi-
tion of disulfide-bond reducing agents. (A) The CD spectra of mPrP*
(0.14 mg/mL) in 0.5 mM NaOAc, pH 7 with 1 mM DTT, recorded after
incubated for the indicated time at 25°C. The protein was kept inside
the quartz cuvette throughout the experiment. The direction of the
spectral change is indicated by an arrow. (B) The CD spectrum of mPrP"t
(0.14 mg/mL) in 0.5 mM NaOAc, pH 7 with 1 mM TCEP was recorded im-
mediately after sample preparation.

Prion

the two single-labeled mutants (thin lines) and clearly show that
the two spectra superimpose very well at 300 K, but differ slightly
at 275 K. This indicates that the dipolar interaction between the
two spin probes at sites 132 and 181 is small and insignificant;
suggesting that the inter-spin distance is greater than the upper
limit of the cw-ESR measurement (ca. 2 nm). The ESR spectra in
Figure 6 provide supporting evidence that, upon oligomerization
of these mPrP mutants, the local environment of site 132 remains
unstructured, whereas the local environment of site 181 is not as
rigid as in the native structure but is in an equilibrium between
two states, i.e., unstructured vs. structured.

Therefore, the large drop in a-helical content during oligo-
merization was probably due to the unfolding of helix 2, which is
consistent with the NMR data published by Hosszu et al.*

Relation of disulfide bond and 3-PrP formation. Helices 2
and 3 of the prion protein are linked by a single disulfide bond
between Cys-179 and Cys-214. The role of this disulfide bond in
the a-to-B structural transition has been studied. This intramo-
lecular disulfide bond has been found to be crucial for the folding
of the a-helical conformer.”> Maiti and Surewicz have studied
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Figure 8. TEM image of mPrP*t dissolved in 0.5 mM NaOAc (pH 7), 1 mM
DTT and incubated at 25°C for two days. The sample was stained with
2% uranyl acetate and images taken using a Hitachi H-7000 electron
microscope at 75 kV. The bar represents 100 nm.

the role of disulfide bridge in the folding and stability of prion
protein and reported that the recombinant human PrP as well as
its Cys—Ala mutant formed insoluble aggregate at neutral pH
and underwent a transition from a-helix to a B-sheet-rich struc-
ture under acidic, mildly denaturing condition and the presence
of NaCL.*" Similar to our findings, it has been reported that the
reduced form of hamster rPrP(90-231) has a lower solubility and
high B-sheet content at pH values above 7.%? In our study, oligo-
merization and fibrillization was seen with all disulfide-deletion
mutants, suggesting the importance of this disulfide bond in
the stabilization of the native state. Due to the protein solubil-
ity problem, previous studies were all done in acidic condition
(pH 4). To verify whether loss of this disulfide bond was the key
factor for this structural conversion in a neutral condition, the
CD spectra of mPrP"* following addition of the reducing agent
dithiothreitol (DTT) or tris(2-carboxyethyl) phosphine (TCEP)
were recorded (Fig. 7). In Figure 7A, when the oxidized form
of mPrP** was treated with DT'T, a similar structural transition
was observed by CD spectroscopy and, again, the kinetics of this
transition was salt concentration-dependent, as mPrP** was con-
verted much faster in 10 mM NaOAc than in 0.5 mM NaOAc
(Fig. S5). Interestingly, TCEP was able to promote rapid struc-
tural conversion of mPrP", even at a low NaOAc concentration
(Fig. 7B). The difference in the time scale of 3-PrP formation
after disulfide bond reduction by TCEP and DTT is probably
due to the different reduction mechanisms for these two agents.
The mechanism by which DTT reduces disulfide bonds is disul-
fide exchange, which gradually shifts the equilibrium from an
oxidized to a reduced protein, whereas TCEP causes disulfide
reduction by a S 2 mechanism involving a phosphorous nucleo-
phile.* Thus, the reducing power of TCEP is much greater than
that of DTT. The amyloid fibrils and B-PrP oligomers formed by

494

Prion

dissolving and incubating mPrP** in 0.5 mM NaOAc (pH 7) and
1 mM DTT were clearly seen under TEM (Fig. 8).

The structural conversion of mPrP** promoted by adding
reducing agents suggests the potential role of the redox state on
initiation of prion conversion. Previous studies regarding whether
the disulfide bridge reduction is necessary in prion conversion are
controversial. Prusiner and his colleagues have reported that both
PrP€ and PrP* have an intact intramolecular disulfide bond** and
the Cys-179—Ala mutation inhibits PrP% conversion in ScN2a
cells.”> Caughey and his colleagues have reported that PrP* can
initiate the conversion of the oxidized, disulfide-intact PrP¢ to its
protease-resistant form without the temporary breakage and sub-
sequent re-formation of the disulfide bond in cell-free reactions®
and reducing agents can inhibit the in vitro PrP© — PrP™ con-
version.”” However, in contrast, Imamura et al. recently reported
that high concentrations of DTT do not inhibit either the bind-
ing or conversion reactions of recombinant mouse prion protein
to PrP%¢ and even accelerate the mouse-adapted BSE-seeded con-
version.*® Similarly, Maeda et al. recently reported that reducing
the disulfide bond of insulin using protein disulfide isomerase
(PDI) promotes the formation of 3-sheet-rich aggregates by insu-
lin.* Based our results, we suggest that breaking the disulfide
bridge increases the structural flexibility of the recombinant
prion protein at neutral pH and in turn facilitates the association
of certain conformers into oligomer. The intrinsically disordered
property of the reduced prion protein might be important for its
nucleation step in sporadic prion diseases. Here, we propose a
model for the structural conversion of the prion protein initiated
by reduction (Fig. 9). The disulfide bond might serve as a “lock”
to trap the prion protein in a thermodynamic metastable state®
and, once the lock is removed, prion protein is intrinsically disor-
dered and starts searching for the conformation with the thermo-
dynamic minimum. The S132C/N181C mutation might favor a
more disordered conformer, so the coil-rich state can be seen in
the CD spectrum of the conformational ensemble. Finally the
B-PrP conformer is stabilized by association into B-oligomers,
protofibrils or fibrils. Our work implies a potential role of redox
state, probably affected by the glutathione concentration or PDI,
in initiating the structural conversion of the prion protein. PDI
is mainly present in the endoplasmic reticulum (ER), but some
members of the PDI family have been reported to have a non-
ER location (e.g., cytosol, nucleus, plasma membrane rafts, cell
surface or secreted).*! Interestingly, overexpression of PDI ER-60
(also called ERp60, GRp58) has been found in brains of patients
with sporadic Creutzfeldt-Jacob disease® and scrapie-infected
mice.” The effect of disulfide bond reduction on facilitating the
a-to-f3 conversion of the prion protein implies that PDI might
be the “protein X” involved in prion formation. If so, screening
for inhibitors of prion-related PDI might uncover agents that
could be used in therapy for prion disease.** However, it has been
reported that inhibition of GRp58 with siRNA enhances PrP*
toxicity.” The roles of PDI in sporadic and infected prion dis-
eases deserve further investigation.

In summary, we report, for the first time, that full-length
mPrP disulfide-deletion mutants is intrinsically disordered and
can spontancously undergo a structural conversion from the
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native-like a-PrP structure to soluble B-PrP
oligomers or fibrils under non-denaturing neu-
tral conditions. This conversion is due to the
disulfide-deletion, and full-length wild-type
mPrP can be converted from a-PrP into B-PrP
simply by adding reducing agent.

Materials and Methods

Protein expression and purification. The
mouse PrP gene cloned in the pET101/D-
TOPO vector was kindly provided by DrIlia V.
Baskakov (Center for Biomedical Engineering
and Technology, University of Maryland
Biotechnology Institute, USA). The expressed
protein, mPrP", contains mouse PrP residues
23-230 with an extra Met at the N-terminus.
Mutations were constructed by site-directed
mutagenesis. The proteins were expressed in
BL21 Star (DE3) cells (Invitrogen) and were
purified using a protocol modified from a
published method.” An overnight culture was
used to inoculate fresh TB medium contain-
ing ampicillin (100 pg/mL) at a ratio of 2:100
and the cells were grown at 37°C with vigor-
ous shaking (250 rpm) for 3h (A, = -0.6)
Protein expression was then induced by adding
IPTG to a final concentration of 1 mM and
the culture grown for an additional 5 h, then
the cells were harvested by centrifugation at

Disulfide bond
reduction

isulfide bonc

500 nm

p-oligomer

Figure 9. Proposed model for the structural conversion of the mouse prion protein after di-
sulfide bond reduction in neutral condition. The flexible N-terminal domain is not displayed.
Helices 1 and 3 are colored red, helix 2 is colored blue, the two B-strands are colored green,
and the disulfide bond between Cys-179 and Cys-214 is shown in yellow. The mutation sites
used in our study, Ser-132 and Asn-181, are indicated. After the disulfide bond is reduced,
helix 2 is no longer stable and is partially unfolded. The disordered part associates and the
protein structure is stabilized by the formation of oligomers, which show a characteristic
B-sheet signal in the CD spectrum. These B-oligomers have a bead-like morphology under
TEM and can associate one-dimensionally into protofibrils.

1,900 gat 4°C for 10 min. The cell pellet (about
34 g from 2.4 L of culture) was resuspended in
300 mL of cell lysis buffer (50 mM TRIS-HCI, 100 mM NaCl,
pH 8.0) and the cells lysed by addition of 0.5x CelLyticB (Sigma),
0.15 mg/mL of lysozyme, 50 pg/mL of DNasel, 7 mM MgCI,
and 1 mM PMSE. The lysate was then centrifuged at 6,000 g at
4°C for 30 min and the pellet was resuspended in freshly prepared
IMAC A buffer (8 M urea, 100 mM Na HPO,, 10 mM TRIS-
HCI, 2 mM TCEP, pH 8.0). The suspension was incubated at
room temperature for 2 h, then centrifuged at 18,000 g at 4°C for
20 min. The supernatant was applied to a column packed with
chelating Fast Flow Sepharose resin (GE Healthcare) precharged
with Ni-ions at a flow rate of 150 cm/h, which was then washed
with five column volumes of IMAC A buffer. The prion protein
was eluted with four column volumes of IMAC A buffer contain-
ing 20 mM EDTA and further purified by reversed-phase chro-
matography on a C5 HPLC column (Discovery BIO Wide Pore
C5, 10 pm, 25 cm x 10.0 mm, Supelco, Sigma-Aldrich) using a
linear gradient of 27-45% buffer B in 30 min (Buffer A: 94.9%
water, 5% acetonitrile, 0.1% TFA; buffer B: 99.9% acetonitrile,
0.1% TFA) at a flow rate of 3 mL/min. The mPrP mutant pro-
teins were typically eluted at 31-33% buffer B. The proteins were
identified by SDS-PAGE and ESI-TOF mass spectrometry and
lyophilized and stored at -30°C.

In contrast to the mPrP mutant proteins, the wild-type mPrP**
has an intramolecular disulfide bond and an oxidation step was
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required before the final HPLC purification step. In the IMAC
purification step, TCEP was replaced by 10 mM reduced gluta-
thione and the eluent was desalted on a HiPrep 26/10 desalting
column (GE Healthcare) using 6 M urea, 0.1 M TRIS-HCI, pH
7.5, as desalting buffer. For oxidation to form the disulfide bond,
5 mM EDTA and 0.2 mM oxidized glutathione were then added
to the desalted eluent and the mixture shaken at room tempera-
ture overnight.

Circular dichroism (CD)
(0.15 mg/mL) was placed in a I-mm path-length quartz cuvette
and incubated at 25°C. The farUV CD spectrum between
195 and 250 nm was recorded on a JASCO J-715 spectrometer
(JASCO) with the band width set to 2 nm and the step resolution
to 0.05 nm. Two scans were averaged for each sample. For time-

spectroscopy. The sample

course studies, the samples were kept in the cuvette through-
out the experiment to avoid any possible contamination during
sample transfer. CD deconvolution was performed using CDPro
software. The fitting program was cdsstr and the basis set SP43.

Analytical ultracentrifugation (AUC). Sedimentation veloc-
ity analytical ultracentrifugation (SV-AUC) was performed using
a Beckman XL-A analytical ultracentrifuge (Beckman). S132C/
N181C (0.1 mg/mL) in 10 mM NaOAc, pH 7, was loaded into
an AUC sample cell with a 12-mm optical path two-channel
centerpiece, with 10 mM NaOAc in the reference sector and the
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cells were loaded into a AnTi-60 rotor and spun at 60,000 rpm
and scans of the absorbance at 280 nm were acquired at 1 min
intervals over a period of 5 h. The sedimentation profiles were
analyzed using the software SEDFIT (version 12.1b). The sedi-
mentation velocity data were analyzed using the ¢(s) method of
distribution to characterize the sedimentation coefficient distri-
bution of all species in solution. The partial specific volume (v)
for S132C/N181C and the buffer density and viscosity were cal-
culated using SEDNTERP software.

Thioflavin T (ThT) binding assay. A stock solution of
2 mM ThT was prepared by dissolving ThT in 140 mM KCl,
100 mM sodium phosphate buffer, pH 7.85, and filtering the
solution through a 0.22 wm Millipore syringe filter. The work-
ing solution was freshly prepared before use by adjusting the
final concentration to 200 M in the same buffer, then 30 pL
of the solution was mixed with an equal volume of sample and
the mixture left for 1 min. Fluorescence measurement was per-
formed on a Jasco FP-750 spectrophotometer using a 3-mm
path-length rectangular cuvette with excitation at 420 nm.
Fluorescence spectra were recorded over the range of 450-
600 nm at a scan speed of 125 nm/min with a data pitch of
1 nm. The slits for excitation and emission were set to 10 and
5 nm, respectively.

Transmission electron microscopy. The samples were depos-
ited on carbon-coated 300-mesh copper grids and incubated for
3 min for absorption. Negative staining was performed by stain-
ing with 2% uranyl acetate for 3 min. After drying, the sam-
ples were viewed using a Hitachi H-7000 electron microscope
(Hitachi).

Cytotoxicity assay. Mouse N2a cells (ATCC) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Invitrogen) containing 10% fetal bovine serum (FBS; HyClone)
at 37°C in 5% CO,. To evaluate cytotoxicity, the cells were har-
vested, suspended at a density of 350,000 cells/mL in DMEM
and 100 pwL was plated into each well of a 96-well CellBIND
polystyrene microplate (Corning). The plates were then incu-
bated at 37°C in 5% CO, for 24 h to allow the cells to attach. At
the same time, S132C/N181C was dissolved in 10 mM NaOAc
buffer, pH 7.0, as a 300 pM stock solution. The S132C/N181C
stock solution was then diluted 10-fold in DMEM to a final con-
centration of 30 wM and incubated for 24 h with gentle shak-
ing. On the second day, the cell medium was replaced with the
DMEM containing S132C/N181C and incubated for 2 d, then
cell viability was measured using the MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide) toxicity assay;*
10 pL of a 5 mg/mL solution of MTT in PBS was added to each
well, then, after incubation for 4 h, the medium was removed and

the MTT crystals dissolved in 100 pL of DMSO and the absorp-
tion at 570 nm measured.

ESR spectroscopy. An amound of 1.5 mg of S132C, N181C,
or S132C/N181C was dissolved in 478.4 wL of DMSO and
mixed with 500 pL of 50 mM TRIS-HCI, pH 7.5, 20 pL of
TCEP (50 mM in DMSO), and 1.6 pL of 126 mM (1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl)  methanethiosulfonate
spin label (MTSSL) (Alexis Biochemicals) at a protein to MTSSL
molar ratio of 1 to 3. The pH of the final solution was about
7.0. The mixture was left overnight at room temperature in the
dark, then free MTSSL and unlabeled protein were removed by
HPLC and the purified labeled protein lyophilized and stored at
-30°C. The amino acid labeled with MTSSL was designated R1.
To record the ESR spectra, the spin-labeled protein sample was
dissolved at a concentration of 0.25 mM in 10 mM NaOAc con-
taining 40% sucrose, pH 7.0. The spectra samples were recorded
in a Bruker ELEXSYS E580 CW/Pulse spectrometer (Bruker,
Billerica) equipped with an ER 4131VT variable nitrogen tem-
perature accessory. The samples were loaded into two capillaries
(O.D. 0.8 mm), each about 20 pL, and the ends were sealed with
Parafilm, then the capillaries were introduced into a quartz tube
(O.D. 4 mm), which was then sealed with Parafilm. The experi-
ments were performed at X-band (9.44 GHz) frequency with a
1.5 mW incident microwave. The scan width was 200 Gauss (G)
and the field modulation amplitude was 0.8 G.
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