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Self-propagating p-sheet-rich fibrillar protein aggregates, amyloid
fibers, are often associated with cellular dysfunction and disease.
Distinct amyloid conformations dictate different physiological conse-
quences, such as cellular toxicity. However, the origin of the diversity
of amyloid conformation remains unknown. Here, we suggest that
altered conformational equilibrium in natively disordered mono-
meric proteins leads to the adaptation of alternate amyloid confor-
mations that have different phenotypic effects. We performed a
comprehensive high-resolution structural analysis of Sup35NM, an
N-terminal fragment of the Sup35 yeast prion protein, and found
that monomeric Sup35NM harbored latent local compact structures
despite its overall disordered conformation. When the hidden local
microstructures were relaxed by genetic mutations or solvent condi-
tions, Sup35NM adopted a strikingly different amyloid conformation,
which redirected chaperone-mediated fiber fragmentation and mod-
ulated prion strain phenotypes. Thus, dynamic conformational fluc-
tuations in natively disordered monomeric proteins represent a
posttranslational mechanism for diversification of aggregate struc-
tures and cellular phenotypes.
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ormation of protein aggregates including amyloid fibers is

widely observed in a variety of organisms, including micro-
organisms and vertebrates, and is often associated with human
diseases (1, 2). In contrast to the fact that polypeptides fold in-
to unique native structures, amyloidogenic proteins frequently
misfold into distinct aggregate conformations which can dictate
different physiological consequences, such as cellular toxicity or
tissue specificity (3-5). A classic example of this phenomenon is
prion strains where prion protein particles apparently composed
of the same protein lead to phenotypically distinct infectious and
transmissible states (6-8). Previous studies show that distinct
prion strains are caused by structural polymorphism in infectious
prion amyloid (9-11). For example, amyloid fibers of Sup35NM,
the intrinsically disordered N-terminal and middle (M) domain
of yeast prion protein Sup35, the protein determinant of [PSI*]
prion states (7, 8), adopt distinct conformations at 4 °C (WT-4)
and 37 °C (WT-37), and introduction of these conformational
variants into yeast cells leads to mitotically stable strong and
weak [PST"] strains, respectively (11, 12). Moreover, single point
mutations in the amino acid sequence may alter the cellular
phenotypes associated with the amyloidogenic protein. A single
point mutation of Sup35 where serine 17 is replaced with argi-
nine (S17R) induces characteristic sectoring (mitotically un-
stable), weak [PSI™] strains (13, 14), and a codon polymorphism
at residue 129 in human prion protein causes clinical diversity in
Creutzfeldt-Jakob disease (6, 15). While distinct cellular phe-
notypes are likely caused by conformational differences in pro-
tein aggregates, it has been a critical open question how distinct
structures of protein aggregates such as prions are created from
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the same monomeric protein. One leading hypothesis is that the
difference in aggregate conformations may originate from
structural diversity and fluctuation within the monomeric pro-
tein. In particular, Sup35NM, which is intrinsically disordered,
might show monomer conformational heterogeneity (16, 17).
Nonetheless, it remains unknown whether or how genetic
mutations or environmental factors alter the dynamics or confor-
mational equilibrium of intrinsically disordered Sup35NM mono-
mers to induce the formation of distinct amyloid conformations
with different phenotypic effects.

Results

Sup35NM Can Misfold into Two Strikingly Distinct Amyloid Conformations.
To address this question, we first established methods to identify
amyloid core regions, which are critical determinants of prion strain
phenotypes (18), by limited proteolysis with proteinase K followed by
mass spectral analysis for high and low molecular weight regions.
When we analyzed WT-4 and WT-37 amyloid core regions of WT
Sup35NM, the main peptides in the high molecular weight region
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were assigned to the amino acid regions 2-38, 2-42, 2-45, and 2-
46 for WT-4 amyloid and 2-70, 2-71, and 2-72 for WT-37 amyloid.
(Fig. 1 A and C and Table S1). This result mirrored previous results
by hydrogen/deuterium exchange NMR experiments (18). With mass
spectrometry of proteinase K-treated fibrils, we remarkably found
that the S17R amyloid formed at 4 °C (S17R-4) and 37 °C (S17R-37)
showed core regions of amino acids 81, 82-144, 147, and 148 and
amino acids 62-144 and 63-144, respectively (Fig. 1 B and C and
Table S1).

The unexpected existence of a C-terminal prion domain (PrD-
C) amyloid core was further supported by solid-state NMR
spectroscopy and proline-scanning analyses. Taking advantage of
the fact that all four phenylalanines at positions 92, 104, 117,
129 are located in the PrD-C (Fig. 1C), we labeled Sup35NM
WT and S17R groteins with Phe-1-13C, formed amyloid fibers,
and measured *C-'>C dipolar dephasing by constant-time RF-
driven dipolar recoupling (CT-RFDR) of the amyloid by solid-
state magic angle spinning (MAS) NMR spectroscopy (Fig. 1D)
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Fig. 1. Sup35NM can misfold into two strikingly distinct amyloid conforma-
tions. (A) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core
peptides derived from WT-4 and WT-37 amyloids. Arrowheads indicate distinc-
tive signals (amino acids 2-42/45/46 for WT-4 and amino acids 2-70/71/72 for WT-
37). (B) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core pep-
tides derived from S17R-4 and S17R-37 amyloids. Arrowheads indicate distinctive
signals (amino acids 81/82-144/147/148 for S17R-4 and amino acids 62/63-144 for
S17R-37). (C) Alignment of main core regions of WT and S17R amyloids detected
by high-m/z-range MALDI-TOF-MS analysis. The red lines in the upper panel
show the location of phenylalanine residues. (D) Solid-state NMR '*C-"3C dipolar
dephasing curves of Phe-1-"*C-abeled amyloids of Sup35NM WT (black) and
S17R (red) formed at 4 °C. Simulated finite-pulse RFDR-CT (fpRFDR-CT) curves are
shown for ideal linear chains of '3C nuclei with distances of 4, 5, 6, and 7 A.
(E) Thermal disassembly of WT-4, WT-37, S17R-4, and S17R-37 amyloid fibers was
monitored by the ellipticity at 220 nm with a CD spectrophotometer. Resulting
plots were fitted by a sigmoidal curve for determination of T,,.
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(19, 20). The S17R fibrils labeled with Phe-1-">C showed a rate
of signal decay characteristic for a distance of 4.5-5.0 A to the
nearest neighbor for all labeled Phe residues. This result in-
dicated that all four Phe residues must be located in parallel, in-
register B-sheets and thus confirmed the nature of the PrD-C
core of S17R amyloid. In-register parallel p-sheet structures
had been observed for WT fibrils with the N-terminal core be-
fore (19, 20). Furthermore, we performed proline scanning with
thioflavin T (ThT) fluorescence, in which various single-proline
Sup35NM mutants were polymerized in the presence of WT-4,
WT-37, S17R-4, or S17R-37 seeds, and examined whether the
replacement with proline, which cannot adopt p-sheet confor-
mations, in Sup35NM monomers impairs seeding activity (Fig.
S1A4). We observed that mutational positions which showed seed-
ing defects matched the amyloid core region identified by mass
spectral analysis (Fig. S1 B and C). These results demonstrated that
our method of limited proteolysis and mass spectrometry readily
identified amyloid core regions without assignment of NMR signals
of dimethyl sulfoxide-denatured protein (18).

The conformational differences between WT and S17R amy-
loids were further investigated by the analyses of thermal stability
using circular dichroism (CD) spectroscopy. The CD spectro-
photometer monitored changes of the ellipticity at 220 nm of
amyloid solutions in the presence of SDS upon the increase of
temperature from 25 °C to 95 °C. This experiment reports on
amyloid disassembly as evidenced by the spectral changes from
B-sheet/random coil-containing amyloid structures to random
coil-rich monomer structures (Fig. S1D). Notably, the low sec-
ondary structure content estimated from the CD spectra of
Sup35NM amyloid indicates that Sup35NM amyloid is consti-
tuted by both p-sheet-rich amyloid core and random coil regions.
The T,, values calculated from the melting curves were different
in WT-4 and WT-37 amyloids (WT-4: 55.7 + 1.2, WT-37: 64.8 +
0.3) but were similar in S17R-4 and S17R-37 amyloids (S17R-4:
57.9 + 0.5, S17R-37: 56.2 + 0.5) (Fig. 1E). Such different char-
acteristics of 7;,, in WT and S17R amyloids are consistent with
their distinct amyloid core regions (Fig. 1 A-C). Furthermore,
our atomic force microscopy (AFM) analysis revealed that the
S17R-4 and S17R-37 amyloid fibers have the propensity to ex-
hibit more periodically twisted morphology than WT-4 and WT-
37 fibrils, respectively (Fig. S2), implying that the WT and S17R
amyloid structures are different. Finally, to examine the physio-
logical consequences of the S17R amyloid, we performed a protein
infection assay (11). The infectivities of in vitro-generated S17R-
4 and S17R-37 amyloids to nonprion [psi~] yeast were 2.8%
and <0.1%, respectively, which were much lower than those of
WT-4 and WT-37 amyloids (77.7% and 20.5%, respectively)
(Fig. S1E). In most cases (>80%), the resulting [PSI*(S17R)]
strains showed sectoring/weak phenotypes (Fig. S1F), indicating
unstable prion transmission, as previously reported (13, 14).
Collectively, these results support the notion that the S17R
mutation induces an amyloid structure that is markedly different
from the amyloid conformation of WT Sup35NM.

WT Sup35NM Can Adopt the PrD-C Amyloid Core. To examine
whether WT Sup35NM is able to adopt the S17R-type PrD-C
amyloid core, we polymerized WT Sup35NM monomer in the
presence of S17R amyloid seeds [5% (mol/mol)] and examined
the resulting amyloid structures. First, we found that the S17R
amyloid efficiently seeded WT Sup35NM (Fig. 24), suggesting
that WT Sup35NM is able to form the S17R-type amyloid con-
formation. Importantly, using the WT fibrils that were formed
with S17R seeds [5% (mol/mol)] (denoted as “WT[S17R]”), we
confirmed this hypothesis by the peaks in the high-m/z region of
mass spectra (Fig. 2B and Table S1) and the low infectivity ac-
companied by the appearance of sectoring/weak [PSI*] pheno-
types in protein infection assays (Fig. S3 4 and B), both of which
are quite similar to the results obtained with S17R amyloid (Fig.
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Fig. 2. Wild-type Sup35NM can adopt the PrD-C amyloid core. (A) Kinetics of
spontaneous WT and S17R amyloid formation and seeding reaction with WT
monomer and S17R-4 and S17R-37 seeds monitored by ThT fluorescence at 25 °C.
Error bars denote SEM. (B) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000—
10,000) of core peptides derived from cross-seeded WT[S17R] amyloid formed at
4 °C (WT-4[S17R-4]) and 37 °C (WT-37[S17R-37]). (C) Weak/sectoring phenotypes
of two examples of [PS/*(S17R)] strains obtained by overexpression of the
Sup35NM S17R mutant in [psi~] yeast. Phenotypes of [PSI*(WT-4)] and [PSI*(WT-
37)] strains and [psi~] yeast are also shown as controls. (D) SDD-AGE analysis with
yeast lysates of [PSI*(WT-37)] and [PSI*(S17R)] strains probed by an anti-Sup35NM
antibody. A high-contrast image is shown on the right. An arrowhead and a line
in the high molecular region indicate the positions of monomeric Sup35NM and
S17R-type prions, respectively. Note that [PS/*(S17R (2))] strains also contain a
large size of prion aggregates. (E) Efficiency of [PSI']-state curing of [PSI*(WT-4)],
[PSIT(WT-37)], and [PSI*(S17R)] strains by Hsp104 overexpression. [PSI*(S17R)]
strains were generated by in vitro infection of Sup35NM S17R-4 or S17R-37 am-
yloid fibers in [psi7] yeast. The curing efficiency of [PSI*(S17R)] is an average of
the data from the two [PS/*(S17R)] strains. Error bars denote SEM. ***P <
0.001 by a Student's t test; n > 3.

S1 E and F). Furthermore, we found that the addition of 1 M
sodium chloride to the amyloid formation buffer induced a
S17R-type amyloid conformation even for WT Sup35NM (Fig.
S3C and Table S1). In addition, the Sup35NM mutant lacking
residues 2-34 (A2-34) could form an amyloid conformation with
a PrD-C core (Fig. S3D and Table S1). These results established
that WT Sup35NM has the intrinsic potential to form two
strikingly different amyloid conformations, either of which is
eventually selected depending on amino acid sequences and/or
solvent conditions for amyloid formation.

How does the PrD-C core of S17R amyloid induce the char-
acteristic sectoring phenotypes in [PSI"(S17R)] strains which are
obtained when the GFP-fused S17R mutant is overexpressed
(13) or when in vitro-generated S17R amyloid is introduced in
[psiT] yeast (Fig. 2C and Fig. S1F)? The mitotically unstable/
sectoring phenotypes of [PSIT(S17R)] strains suggest reduced
chaperone-mediated fiber fragmentation. If this is the case, we
would expect to observe an increased size of prion aggregates in
[PST*(S17R)] strains. Therefore, we examined the size of prion
aggregates in two representative weak [PSI*(S17R)] strains as
well as weak [PSI*(WT-37)] strains (Fig. 2 C and D). We
employed a semidenaturing detergent agarose gel electropho-
resis (SDD-AGE) (21) to address it, since SDD-AGE previously
revealed a difference in the prion size between [PSIT(WT-4)]
and [PSIT(WT-37)] strains (12). As we expected, the average
size of [PSIT(S17R)] prions was larger than that of WT-37 prions
(Fig. 2D). Importantly, the increased prion size did not result
from enhanced seeding extension reactions of [PSI*(S17R)]
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prions, as the seeding activity of S17R amyloid to WT monomer
was similar to that of WT amyloid to WT monomer at 30 °C
in vitro (Fig. S3E). These results suggested impairment of chaperone-
mediated fragmentation of [PSI*(S17R)] prion aggregates,
although the fragmentation defect was not so severe as to
eliminate the [PSIT(S17R)] prion state. Since Hsp70/Hsp40
chaperones first bind to prion aggregates and then recruit
Hspl104 (22), an AAA+ ATPase chaperone essential to prion
propagation (23), our observations imply that the PrD-C re-
gion, which is buried in [PSI*(S17R)] prion aggregates, partly
includes a binding site of Hsp70/Hsp40.

A recent study showed that residues 129-148 in Sup35 are
involved in binding to overexpressed Hsp104 (24). Interestingly,
the PrD-C core region of S17R amyloid overlaps with this
binding site, suggesting that the curing of [PSI*(S17R)] strains by
Hsp104 overexpression may be compromised due to residues 80—
148 being buried in the amyloid core. Indeed, we found that
[PSI*(S17R)] strains were more resistant to [PSI'] curing by
Hsp104 overexpression than [PSI*(WT-37)] strains (Fig. 2F),
although the [PSI*(S17R)] strains had been expected to be cured
more easily due to their larger size and smaller amounts of
prions than the [PSI*(WT-37)] strains (Fig. 2D). Overexpressed
Hsp104 is suggested to bind to Sup35 prion aggregates in the
initial step of [PSI'] curing, which prevents Hsp70/Hsp40 from
having access to prion aggregates, resulting in a loss of [PSI*]
states (24). The acquired resistance of [PSIT(S17R)] yeast to the
curing would be caused by impaired binding of overexpressed
Hsp104 to the [PSI*(S17R)] prions, as observed for A129-148
Sup35 prions (24).

Sup35NM Monomers Form Compact Local Structures with Long-Range
Interactions. We asked how such a dramatic difference in amyloid
conformation might be caused by the single S17R mutation al-
though both WT and S17R Sup35NM monomers have similar
disordered structures (Fig. S44). To address this question at amino
acid resolution, we lloerformed a comprehensive assignment of
protein backbone "H-'’N NMR chemical shifts of Sup35NM. This
had been a challenge, because Sup35NM is a relatively large pro-
tein (253 residues) for signal assignment, the aggregation-prone
property limits the measurement time of NMR, and both the in-
trinsically disordered structure and the presence of 5.5 degenerate
oligopeptide repeats cause severely impaired signal separation.
Nonetheless, we completed the amino acid assignment of more
than 90% of 'H-'""N HSQC signals for the Sup35NM monomer.

First, we investigated the amino acid residues required for
oligomer formation by NMR, since oligomers play an important
role in determining amyloid conformation (25). We acquired
'H-1SN HSQC spectra at several temperatures from 37 °C to 7 °C
and quantified temperature-dependent changes in NMR signal
intensities (Fig. 3 A and B). While analytical ultracentrifugation
showed that Sup35NM under the NMR measurement condition is
solely monomeric at 37 °C (Fig. S4B), the temperature-dependent
reduction of NMR signal intensities from 37 °C to 7 °C implies
protein assembly due to decreased tumbling rates of protons (Fig. 3
B and C). This result is consistent with our previous observation
that Sup35NM is a monomeric form at 37 °C but forms oligomers
at low temperatures (25). In particular, residues 45-90 showed a
gradual reduction in signal intensity as the temperature decreased
(yellow area in Fig. 3B), indicating that these residues are involved
in oligomer formation. We observed a slight decrease in the
amount of oligomers in the S17R mutant, but no major difference
between WT and the S17R mutant was detected in the amino acid
region required for oligomer formation (Fig. 3 B and C).

Next, we examined oligomer structures by saturation transfer
difference (STD) NMR spectroscopy at 22 °C, the temperature
at which both Sup35NM monomer and oligomer are populated
(Fig. 3C). By mixing unlabeled (‘H'*N) Sup35NM with “H'°N-
labeled Sup35NM proteins and saturating the 'H signals in
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Fig. 3. Sup35NM monomers form latent compact local structures with long-range interactions. (A) Temperature-dependent changes of 'H-">N HSQC spectra
of WT Sup35NM. (B) Signal intensities for "H-"5N cross-peaks in an HSQC spectrum of WT and S17R Sup35NM at 37 °C (red), 27 °C (orange), 22 °C (green), 17 °C
(cyan), 12 °C (blue), and 7 °C (black). The yellow area indicates the amino acid region with significantly reduced signal intensities at low temperature, in-
dicating the oligomer core region. (C) Temperature-dependent change of average 'H-">N HSQC signals in the yellow area in B (amino acids 45-90). (D) STD
signal intensity of the N domain of WT (black) and S17R Sup35NM (red) at 22 °C. The blue and green areas indicate the amino acid regions with increased STD
signals specific to WT and S17R Sup35NM, respectively. (E) Averaged STD signal intensities in the blue (amino acids 15-44), yellow (amino acids 45-90), and
green (amino acids 91-115) areas in D are indicated by blue, yellow, and green bars, respectively. (F) Paramagnetic relaxation enhancement of WT Sup35NM
monitored by 'H-'>N HSQC signal intensity. A MTSL spin probe was introduced into each selected single-cysteine Sup35NM mutant (S4C, Q15C, A42C, G68C,
G112C, $121C, Q132C, S149C, T202C, and L238C). Inter/intramolecular (Upper) and intermolecular (Lower) PRE values at 37 °C are shown as a color scale
showing the ratio of the HSQC intensity of PRE measurement to the HSQC intensity of control measurement (/,//, ratio). The red color of high PRE values
indicates the presence of interactions between a MTSL spin probe and an amino acid residue of interest.

unlabeled Sup35NM, STD signals can be observed only if the
two molecules directly interact with each other due to the
transfer of magnetization from excited unlabeled Sup35NM to
“H'>N-labeled Sup35NM. Therefore, the STD measurements
provide information on monomer-monomer contacts in oligomers.
Fig. 3D shows the STD signal intensities in the N-terminal prion
domain and a part of the M domain, which are involved in prion
propagation (26). As expected from the results shown in Fig. 3B,
residues 45-90, which are located in the oligomer core region,
showed STD signals for both the WT and the S17R mutant (yellow
area in Fig. 3 D and E and Fig. S54). Interestingly, we found that
amino acid regions 15—44 and 91-115 specifically showed STD
signals in the WT and S17R mutant, respectively (blue and green
areas in Fig. 3 D and E and Fig. S54). This result indicated that the
different regions are involved in intermolecular interactions and
thus may represent initiation sites for amyloid formation in WT and
S17R mutant Sup35NM, respectively. In addition, the STD analysis
showing that the amino acid residues required for intermolecular
interactions are different in WT and S17R mutant Sup35NM im-
plies that their nucleus structures are distinct from each other.
Furthermore, we measured "H-""N heteronuclear Overhauser
effects (NOE) at 37 °C (Fig. S5B), the temperature at which
Sup35NM is populated only in a monomeric state (Fig. S4B), to
examine structural fluctuation of Sup35NM monomer. Re-
markably, the positive heteronuclear NOE values in the region
of residues 30-110 suggested the presence of a locally compact
structure (Fig. S5B) despite the overall disordered Sup35NM
conformation (Fig. S44). In contrast, negative heteronuclear
NOE values throughout the M domain showed that the M do-
main is mostly unfolded (Fig. S5B). We performed further NMR
experiments that report on two different time scale dynamics, 7 and
T, relaxation time measurements (nanoseconds and picoseonds)
(Fig. S5 C and D) and paramagnetic relaxation enhancement (PRE)
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(microseconds) experiments with a paramagnetic spin probe,
1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate
(MTSL), which was specifically introduced into a variety of single-
cysteine Sup35NM mutants (Fig. 3F and Fig. S5E). The shorter re-
laxation times and the large PRE effects in the N-terminal prion
domain revealed the presence of local compact structures by long-
range interactions, while the longer relaxation times and the absence
of PRE effects in the M domain showed that the M domain is largely
unfolded. Taken together, these results show that the prion domain in
Sup35NM adopts local compact structures by long-range interactions
despite its overall intrinsically disordered structure (Fig. S44); this
was hypothesized in a previous single-molecule FRET study (17), but
its biological significance had not been fully addressed.

Exposed Asparagine Residues in Sup35NM Monomers Are Scaffolds
for Amyloid Formation. The fast time-scale protein dynamics was
not significantly different between Sup35NM WT and the S17R
mutant by our NMR analyses with PRE, 7}, and 7, measurements
(Fig. 3F and Fig. S5 C-E). Therefore, to gain insights into slow
time-scale dynamics (in milliseconds) of the Sup35NM monomer
at 37 °C, we applied phase-modulated CLEAN chemical exchange
(CLEANEX-PM) NMR spectroscopy which allows us to examine
backbone amide 'H exchange rates with the solvent protons and
thereby identify which residues are solvent-exposed or buried/hy-
drogen-bonded (27). We revealed that most of the amino acids in
the prion domain of the S17R mutant monomer showed higher
exchange rates than those in the WT monomer (Fig. 4 A-C and
Fig. S5F), indicating that the local compact structure of the
S17R mutant monomer is more unfolded than that of the WT
monomer. Therefore, the S17R mutation altered the confor-
mational space of the Sup35NM monomer, resulting in an in-
creased population of the monomer conformation containing a
less compact prion domain.
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Interestingly, the asparagine residues located at both ends
(residues 15-44 and 91-115) of the local compact region in the
Sup35NM monomer showed significantly higher exchange rates
in the S17R mutant (blue and green areas in Fig. 4 A-C), in-
dicating that specific asparagine residues are more solvent-ex-
posed in the S17R mutant than in the WT monomer. To examine
effects of the exposed asparagine residues (Asn8, 19, 26, and
27 in the N-terminal core region and Asnl100, 103, 105, and
109 in the C-terminal core region) on the formation of the WT
and S17R-type amyloid cores, we prepared a range of Sup35NM
mutants in which single or a few exposed asparagine residues
were replaced with alanine together with or without the S17R
mutation. For asparagine mutants in the N-terminal core region,
we found that the NSA/N19A/N26A mutant partially acquired
the PrD-C amyloid core at 4 °C (Fig. S6 A and B). Remarkably,
we further found that the triple mutant S17R/N100A/N109A
restored the WT-type N-terminal amyloid core both at 4 °C and
37 °C (Fig. 4D and Table S1), and the mutant amyloids which
formed at 4 °C and 37 °C showed melting curves similar to WT-
4 and WT-37 amyloids, respectively (Fig. 4E). Importantly, the
S17R/N100A/N109A mutant still has the capability to form a PrD-
C amyloid core when seeded by S17R amyloid (Fig. S6C and Table
S1), excluding the possibility that the two N100A/N109A mutations
introduced into the S17R mutant exert their effects on the amyloid
state simply by preventing the mutant from having access to the
PrD-C core. These results show that the exposed Asnl00 and
Asn109 residues are required for the S17R mutant to form the
PrD-C amyloid core.

If the S17R mutant is more unfolded and both potential am-
yloid core regions are exposed, why does the S17R mutant se-
lectively adopt the PrD-C amyloid core but not the N-terminal
core? The STD data revealed that intermolecular interactions of
S17R monomers resulted from the contacts between amino acids
91-115, suggesting that Argl7 in the S17R mutant reduced
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Fig. 4. Exposed asparagine residues outside the compact region in disordered

Sup35NM monomers serve as a scaffold for amyloid formation. (A) Hydrogen
exchange rates of the N domain of WT (black) and S17R Sup35NM (red) at 37 °C
measured by CLEANEX-PM NMR. The positions of asparagine residues are
shown as blue lines in the upper panel. (B) Difference in the exchange rates (kex
S17R — kex WT) between WT and S17R Sup35NM. Color coding is as in Fig. 3D.
(C) Averaged differences in the exchange rates in amino acids 15-44, 45-90, and
91-115 are indicated by blue, yellow, and green bars, respectively. (D) High-m/z-
range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from
S17R/N100A/N109A amyloid formed at 4 °C and 37 °C. (E) Thermal disassembly
of S17R/N100A/N109A amyloid fibers formed at 4 °C (blue) and 37 °C (red) was
monitored by the ellipticity at 220 nm with a CD spectrophotometer. (F) Ki-
netics of amyloid formation of WT (black) and S17R (pink) monomers in the
presence of WT-4 seeds and WT (gray) and S17R (red) monomers in the pres-
ence of WT-37 seeds at 25 °C. Error bars denote SEM.
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intermolecular interactions involving amino acids 15-44 while
increasing intermolecular contacts involving amino acids 91-115
(Fig. 3 D and E). Consistently, the seeding assay showed that
S17R monomers are incorporated into the WT-4 or WT-37 am-
yloid seeds, albeit more slowly than WT monomers (Fig. 4F),
indicating that the S17R mutant still has the capability to adopt
(Fig. S6D and Table S1) but does not prefer to form an N-ter-
minal amyloid core. These factors would allow the S17R mutant
to eventually select a PrD-C amyloid core upon aggregation.

Discussion

In this study, we revealed that Sup35NM is able to form two
strikingly different amyloid conformations that can be selectively
propagated and result in alternate strain phenotypes. These
conformational subtypes of amyloid derive from the disinhibi-
tion of local compact structures of monomeric Sup35NM.
Our comprehensive NMR analysis of Sup35NM at amino acid
resolution indicates that exposed asparagine residues in the
Sup35NM monomer serve as initiation sites for amyloid elon-
gation and constitute an amyloid core. In WT Sup35NM,
Asn100 and Asn109 are buried in the local compact structure, and
thereby the N-terminal amyloid core region is selected (Fig. S7).
In contrast, the S17R mutation alters the conformational equi-
librium of monomer and increases the population of an unfolded
form with exposed asparagine residues in the C-terminal region of
the prion domain. The exposure of Asnl00/Asnl09 and the
preference of the intermolecular contacts of the PrD-C region
allow the S17R mutant to select Asn100 and Asnl09 as an initi-
ation site for amyloid formation (Fig. S7). The altered in-
termolecular contacts due to the unfolded nature of the S17R
Sup35NM monomer would result in the formation of different
nucleus structures, which could also contribute to the selection of
the PrD-C amyloid core. Taken together, our results highlight that
exposed asparagine residues at the edge of the local compact re-
gion in Sup35NM monomer play pivotal roles in determining
Sup35 amyloid conformation and suggest that the unfolding of the
local compact structure by the SI7R mutation triggers selective
formation of the PrD-C amyloid core.

A previous report showed that Ser17 is involved in a tight-turn
structure in Sup35NM fibrils and thus is located at a strategic
position (28). Importantly, the selection of the C-terminal amy-
loid core of the S17R mutant is not caused simply by its inability
to accommodate the bulky and charged Argl7 residue into an N-
terminal amyloid core. We revealed that both the triple S17R/
N100A/N109A mutant and the single S17R mutant have the
capability to adopt an N-terminal amyloid core (Fig. 4D and Fig.
S6D and Table S1). This result shows that such a charged and/or
bulky residue at the strategic position 17 can be accommodated
into an N-terminal amyloid core. Furthermore, we found that the
mutation of Serl7 to either bulky tryptophan or tyrosine, which
might destabilize the tight-packing structures within the amyloid
core, maintained the formation of an N-terminal amyloid core
(Fig. S6 E and F and Table S1). Together, these results show that
potential destabilization of the N-terminal core by Argl7 would
not be a major factor in the formation of the PrD-C amyloid core
in the S17R mutant. Rather, our data suggest that disruption of
the latent compact structure in the S17R monomer and resulting
exposure of Asnl00 and Asnl(09 in the monomeric state are
involved in the selection of the PrD-C amyloid core in the S17R
mutant. The PrD-C amyloid core would decrease the efficiency
of chaperone-mediated fiber fragmentation, resulting in the large
prion size and weak/sectoring (mitotically unstable) phenotypes of
[PSI*(S17R)] strains. This result agrees well with our previous
finding that fiber fragmentation rates have a greater impact on
prion strain phenotypes (11). The present study indicates that dy-
namic structural fluctuation in natively disordered monomeric
proteins is involved in the diversification of amyloid conformations
dictating distinct physiological consequences.
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Notably, the prion strain conformation harboring a PrD-C
core that we showed in this study provides a molecular expla-
nation for many previous findings whose underlying mechanisms
had remained elusive. First, it is suggested that the first
137 amino acids of Sup35 are required for faithful maintenance
of weak [PSI*] strains (26). This observation agrees well with the
PrD-C core region of the S17R-type weak prion strain confor-
mation. Furthermore, it should be noted that protein fluctuation
of Sup35NM monomer is dramatically increased from residue
140 (Fig. S5 B-D), which may be associated with the C-terminal
end position (residues 144-148) (Table S1) of the PrD-C amy-
loid core. Next, the Sup35 mutant lacking a region between
positions 22 and 69 forms highly unstable prions in vivo (29). The
deletion of residues 22-69 is likely to disrupt the latent local
compact structure, potentially generating a PrD-C amyloid core
upon aggregation of the deletion mutant. In addition, a wild-type
[PSI*] variant that is insensitive to excess Hsp104 for its curing
has been reported (30), and chaotropic anions including CI™
favor the formation of weaker Sup35NM prion variants (31).
These observations could result from a prion strain conformation
harboring a PrD-C core.

Furthermore, our results resolve the long-standing, puzzling
observation that Sup35NM forms amyloid in a head-to-head and
tail-to-tail manner (32) although this amyloid conformation may
not reconcile with the unique N-terminal amyloid core demon-
strated by hydrogen/deuterium exchange NMR experiments (18)
or the in-register parallel structure demonstrated by solid-state
NMR spectroscopy (19, 20). Rather, our findings suggest that
Sup35NM may be able to adopt both N-terminal and PrD-C
amyloid core regions simultaneously, since solvent conditions or
protein modification by chemicals such as pyrene could modu-
late the conformational equilibrium of Sup35NM monomers.
The present study underscores the critical role of conformational
space in natively disordered proteins for determination of amy-
loid conformation. Therefore, the regulation of conformational
fluctuation can be a target for therapeutic intervention of pathologic
protein aggregates. More broadly, our findings suggest that structural
fluctuation in intrinsically disordered monomeric proteins, and its
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controlling factors, can account for individual variation in cellular
and organism-wide behaviors, adding to posttranslational mecha-
nisms for phenotypic diversification in biological systems.

Methods

Amyloid Formation. Sup35NM amyloid formed spontaneously in 5 mM potas-
sium phosphate buffer including 150 mM NaCl at pH 7.4 (buffer C) with mild
agitation [by eight end-over-end rotations per minute (Labquake, Theromo
Fisher Scientific)] within 24 h. The second generation (G2) of amyloid is formed by
polymerization of Sup35NM in the presence of 5% (mol/mol) sonicated amyloid
that was spontaneously formed without agitation within several hours, as
previously described (11-13). Spontaneously formed amyloids were used in ki-
netics experiments for amyloid formation, and G2 or third-generation (G3)
amyloids were used in the other amyloid experiments.

NMR Measurement of HSQC Spectra. Lyophilized Sup35NM was dissolved in
50 mM Mes buffer including 10% D,0O (pH 5.0). After filtration by a 100-kDa-
cutoff spin filter, Sup35NM concentration and pH were adjusted to 100 pM
and pH 5.2. HSQC spectra were acquired with an Avance Ill 600 spectrometer
equipped with a cryogenic probe. The NMR data were processed by TopSpin
(Bruker BioSpin) or XWINNMR (Bruker BioSpin) and analyzed by SPARKY
(https:/Avww.cgl.ucsf.edu/home/sparky).
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