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Background: Prion proteins may adopt multiple aggregate conformations, known as strains.
Results: Kosmotropic and chaotropic anions exhibit opposite effects on aggregation kinetics and favor different strains.
Conclusion: Both prion nucleation kinetics and prevailing strain patterns strongly depend on ionic composition of the

aggregation mixture.

Significance: Ionic composition is shown to be a critical determinant in the generation of prion strains.

Ordered, fibrous, self-seeding aggregates of misfolded pro-
teins known as amyloids are associated with important diseases
in mammals and control phenotypic traits in fungi. A given pro-
tein may adopt multiple amyloid conformations, known as vari-
ants or strains, each of which leads to a distinct disease pattern
or phenotype. Here, we study the effect of Hofmeister ions on
amyloid nucleation and strain generation by the prion domain-
containing fragment (Sup35NM) of a yeast protein Sup35p.
Strongly hydrated anions (kosmotropes) initiate nucleation
quickly and cause rapid fiber elongation, whereas poorly
hydrated anions (chaotropes) delay nucleation and mildly affect
the elongation rate. For the first time, we demonstrate that kos-
motropes favor formation of amyloid strains that are character-
ized by lower thermostability and higher frangibility in vitro and
stronger phenotypic and proliferation patterns effectively in
vivo as compared with amyloids formed in chaotropes. These
phenomena point to inherent differences in the biochemistry of
Hofmeister ions. Our work shows that the ionic composition of
a solution not only influences the kinetics of amyloid nucleation
but also determines the amyloid strain that is preferentially
formed.

Amyloidoses are disorders marked by the deposition of
fibrous protein aggregates (amyloids) within an organism (1, 2).
In mammals, these disorders include widespread sporadic or
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familial neurodegenerative diseases such as Alzheimer and Par-
kinson disease. Infectious amyloids, termed “prions,” cause
transmissible spongiform encephalopathies or prion diseases,
which include Creutzfeldt-Jakob disease in humans and “mad
cow” disease in cattle (for review, see Refs. 1, 3, and 4). Not all
amyloidoses are pathological, however. For example, amyloid
of Pmell7 protein, formed in the mammalian melanocyte, is
biologically beneficial (5). In yeast and fungi, there is an ever
growing list of prions that control specific phenotypic traits;
some of these prions may also have pathological effects (6-9).
Amyloids are also formed spontaneously in the preparations of
protein- or peptide-based drugs upon storage that decreases
drug efficiency and may increase immunogenicity (10).

The basic scheme of amyloid formation appears to be the
same for all amyloidogenic proteins, mammalian or fungal. The
process typically originates with a change in the secondary
structure of the protein, resulting in an increased proportion of
B-sheets (11). For many, maybe most (12) proteins, such a con-
version can occur iz vitro under extreme solution conditions
(high temperature and low pH), as in the cases of lysozyme,
transthyretin, and insulin (13-16). Prion proteins, however,
spontaneously misfold under physiological conditions. Regard-
less of how the conformers were induced, the B-sheet-rich pep-
tides aggregate to form nuclei. Solution conditions play a great
role in determining the rate of nucleation and the structure of
the nucleus (17-19); however, this relationship is not yet clearly
understood. After nucleation, other peptides of the same amino
acid sequence are recruited to the aggregate in a unidirectional
manner, analogous to “one-dimensional crystallization.”

Two main factors dictate the folding state, nucleation, and
aggregation propensity of proteins: the primary sequence and
environmental conditions (20 —22). The high primary sequence
specificity of amyloid propagation has been clearly demon-
strated through mutational studies, construction of synthetic
prion, and species barrier studies (23—28). However, the mech-
anism of a curious phenomenon in prion biology where a given
peptide can misfold into a variety of distinct amyloid structures,
each leading to a distinct transmissible or inheritable pheno-
type (29-31), remains unclear. The question arises as to
whether environmental factors, such as pH, co-solutes, shear,
temperature, and ionic strength, can elicit these different aggre-
gation states giving rise to different prion “strains” or “variants.”
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Prion strains have been extensively studied for the yeast
prion protein Sup35p, the protein determinate of the [PSI™*]
prion (11, 31-36). In vitro studies typically employ a 253-resi-
due, amyloid-forming fragment of Sup35p, called Sup35NM.
Sup35NM has been shown to predominantly form different
strains of [PSI"] when nucleation occurs at different tempera-
tures (17, 37-40). Amyloids formed in vitro at 4 °C (Sc4) and
37 °C (Sc37) preferentially induced “strong” and “weak” [PSI "]
strains, respectively, when transfected into Saccharomyces
cerevisiae (37). These different [PSI"] strains were shown to
form at different rates (38), through different pathways (17),
and create distinct structures (39). Notably, phenotypically
strong strains are characterized by less stable physical structure
and shorter amyloid core region; the opposite is true of pheno-
typically weak strains. This is due to the fact that efficient prion
propagation in vivo occurs via a chaperone-mediated fragmen-
tation of aggregates that generates new seeds. Amyloids that are
physically more stable are less efficiently fragmented and there-
fore are phenotypically weak (6).

Similar to temperature, the ionic composition of the solution
has been shown to affect aggregation kinetics in a number of
amyloid-forming proteins, including a-synuclein (41), mouse
prion protein PrP (42, 43), PABPNI1 (44), and Sup35NM (18);
however, the effect of solution composition on amyloid struc-
tures and biological effects was not studied in detail. The pres-
ent work relates the differences in aggregation kinetics of
Sup35NM caused by different salts to the structures and prop-
agation parameters of amyloids formed in respective condi-
tions. We find striking differences between aggregates formed
in the presence of kosmotropes (well hydrated anions) versus
chaotropes (poorly hydrated anions). Overall, our data show for
the first time that the ionic composition of the solution modu-
lates the structural patterns of nucleated amyloids.

EXPERIMENTAL PROCEDURES

Sup35NM Purification and Polymerization—Sup35NM was
heterologously produced in HMS174 (pLysS) Escherichia coli
(Novagen) using a pET20b-SUP35NM-(His), expression vec-
tor as published previously (45). Purification on nickel-nitrilo-
triacetic acid resin was performed as described previously (18),
and then the purified protein was methanol precipitated at
—20 °C. Purified protein was stored at —80 °C in 80% methanol.
To polymerize, Sup35NM was resuspended in PBS (pH 7.4)
containing 0.5 M of a given sodium salt to a final concentration
of 10 um and allowed to rotate at 20 rpm at room temperature
for 48 h. Amyloid samples were frozen at —80 °C until used.

Kinetic Assay—Solutions of thioflavin T (Sigma-Aldrich) were
prepared daily in PBS. Aggregation experiments were con-
ducted in quadruplicate with final thioflavin T and Sup35NM
concentrations of 100 and 10 um, respectively, and containing a
sodium salt. Polymerization was initiated by shaking samples at
18 Hz linearly at 27 °C in a BioTek Instruments Synergy H4
hybrid multi-mode microplate reader (Winooski, VT). Fluores-
cent readings were taken every 15 min for 12 h using an excita-
tion wavelength of 440 nm and emission wavelength of 480 nm.
Data were modeled using a nonlinear MATLAB sigmoidal
curve fitting program (see the supplemental information).
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Thermostability Assays—Amyloid samples were centrifuged
and washed with deionized water to remove residual salt. Amy-
loids were resuspended in 100X diluted PBS. For SDS-PAGE
gel entry assay, aggregates were held for 15 min in a preheated
thermal block and then run on an acrylamide gel. Densitometry
analysis was performed using Image] software. For the dynamic
light scattering (DLS)? technique, resuspended amyloids were
sonicated and then, in a quartz cuvette, subjected to a temper-
ature ramp protocol in a Malvern Zetasizer Nano ZS90
(Worcestershire, UK). Samples were capped with silicon oil to
prevent solvent evaporation. The protocol increased the tem-
perature linearly by 1 °C, equilibrated the sample for 2 min, and
then took a single size measurement for 1 min. For these size
measurements, the z-average of the amyloid diffusion coeffi-
cients was obtained from a second-order cumulant fit to the
scattering intensity autocorrelation function and translated
into a hydrodynamic diameter via the Stokes-Einstein relation.

Semidenaturing Detergent-Agarose Gel Electrophoresis (SDD-
AGE)—SDD-AGE experiments were conducted according to pre-
viously published protocol (46) except that 0.1% SDS was added to
the transfer buffer.

Isoelectric Point Determination—Electrophoretic mobility
measurements were conducted using a Malvern ZS90 Zeta-
sizer. Monomeric Sup35NM was suspended in water and pH-
adjusted using very dilute NaOH or HCl solutions. The isoelec-
tric points (pI) were determined by finding the pH at which the
electrophoretic mobility was zero (i.e. the protein carried no net
charge). For Sup35NM, the pl was found at pH 5.3 (data not
shown). This finding indicates that at our operating pH of 7.4,
Sup35NM carries a negative charge.

Aggregate Imaging—Aggregates were first washed and resus-
pended in deionized water. For transmission electron micros-
copy (TEM) images, aggregates were adsorbed on Formvar car-
bon-coated 200 mesh copper grids by dropping 5 ul of protein
solution onto the grid. Fibers were negatively stained using 2 ul
of a 3% (w/v) uranyl acetate solution. After 60 s of staining, the
sample was washed with deionized water and dried at 40 °C
overnight. Images were acquired with a JEOL JEM 100CX II
electron microscope operating at 100 kV. The microscope was
equipped with a LaB6 filament and side-mounted 4.2 megapixel
FLI CCD camera. Bright-field images were acquired at magni-
fications of 14,000 — 80,000 with a 300-um second condenser
aperture, 40-um objective aperture, and “spot size” of 2. MaxIm
DL software was used for imaging.

For atomic force microscopy (AFM) samples, 20 ul of aggre-
gate solution was allowed to adsorb onto freshly cleaved mica
for 20 min. The sample was then washed and dried at
room temperature overnight. Images were acquired using a
Veeco Dimension 3100 AFM (Plainview, NY) with a >10-nm
AppNanossilicon tip in tapping mode. Measurement of individ-
ual fibers was conducted offline using NanoScope Analysis
software.

3 The abbreviations used are: DLS, dynamic light scattering; SDD-AGE, semi-
denaturing detergent-agarose gel electrophoresis; TEM, transmission
electron microscopy; AFM, atomic force microscopy; ScS and ScP, S. cerevi-
siae Sup35NM amyloids formed in the presence of sulfate and perchlorate,
respectively.
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FIGURE 1. Examples of thioflavin T aggregation kinetic data and model fits for sulfate (A) and perchlorate (B). A and B, amyloid formation kinetics in the
presence of sulfate (A) and perchlorate (B) are presented to show the contrasting effects of the ions on aggregation. In the presence of a strong kosmotrope
(sulfate), the lag time decreases and aggregation rate increases with increasing salt concentration. The opposite is true of aggregation in a chaotropic solution
(perchlorate). The solid black lines shown are nonlinear model fits described under “Results” (Equation 1).Salt molarities: 0.4 (), 0.3 (O), 0.2 (A), 0.1 (<), and
0.025 (V). MATLAB nonlinear regression models are shown in a solid black line. RFU, relative fluorescence units.

Transfection—In vitro generated amyloid was washed with
deionized water, sonicated, and then transfected into yeast
along with a /RA3 marker plasmid using a protocol described
by Tanaka et al. (37) with the following modifications. 1 m dithi-
othreitol was added separately to the SCE (1 M sorbitol, 100 mm
sodium citrate, 10 mm EDTA, pH 5.8) buffer to a final concen-
tration of 10 mm; PEG buffer was prepared with 44% (w/v) PEG
3350; and top agar concentration was 0.8%, and it was incu-
bated at 42 °C to prevent solidification. Transfectants were
transferred to —ura selective medium and then velveteen rep-
lica-plated onto YPD for phenotypic characterization of strains.
Successful transfection experiments using sonicated amyloid
produced 20-30% [PSI "] colonies among all transfectants ana-
lyzed. When nonsonicated amyloids were transfected, the
transfection efficiency dropped to ~10% (data not shown).

Characterization of Prion Strains in Vivo—The S. cerevisiae
strain GT17 (MATa adel-14 (UGA) his3 leu2 trpl ura3 [psi” |
[pin~]) was used for all experiments (47). GT17 contains a non-
sense mutation adel-14 (UGA) in the ADE1 gene, which causes
premature translational termination of Adel protein synthesis
in [psi~] cells. As a result, [psi~] cells cannot grow on media
lacking adenine and appear red on YPD media due to buildup of
an intermediate in the adenine biosynthetic pathway (6). In
[PSI"] cells, Sup35 protein is sequestered in aggregates, and
read-through of the nonsense mutation occurs. Read-through
results in proper Adelp expression, allowing for growth on
media lacking adenine and a white phenotype on YPD.

“Boiled Gel” Assay—To detect biochemical differences
between prion strains, a boiled gel assay was used that allows
the comparison of the proportions of soluble and polymerized
fractions of the Sup35 protein (48). Monomeric protein can
enter polyacrylamide, whereas aggregated protein remains
trapped in the wells of the gel. After a short electrophoresis run,
the wells were sealed with the new portion of polyacrylamide to
prevent leakage, and the whole gel was boiled for 10 min to
solubilize the trapped amyloid protein. Then, electrophoresis
was resumed and followed by Western blot with the Sup35
antibody (kindly provided by D. Bedwell). Polymerized Sup35 is
seen as the top band, whereas soluble Sup35 is seen as the bot-
tom band.
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RESULTS

Ion Specificity and Sup35NM Aggregation Kinetics—We first
examined the effects of salt type and salt concentration on
Sup35NM amyloid formation in vitro via a fluorescence assay
using the amyloid-binding dye thioflavin T (49). A typical
aggregation profile is presented in Fig. 14 and in the inset of Fig.
2A. The classical sigmoidal shape of these data is indicative of
nucleation-dependent aggregation. Nucleation-dependent
aggregation is characterized by three phases: lag phase, fiber
elongation, and mature fibril (11). This behavior can be mod-
eled empirically using a sigmoidal curve (50-52),

A
1+ exp[—k(t — t;,,)]

F(t) = + Offset (Eq. 1)

where A is the normalized amplitude, & is the fiber elongation
rate constant, ¢ is time, and £, is the time at 50% aggregation.
The lag time ¢,,, is given by Equation 2.

2
ag = b2 — E (Eq.2)

The duration of the lag and fiber elongation phases varied
significantly between ions and salt concentrations (Fig. 1). The
rate of fiber elongation (Fig. 24) was increased and the lag time
(Fig. 2B) diminished in the presence of kosmotropes (shown in
blue) in an ion-specific and concentration-dependent manner.
Chaotropes (shown in orange) dramatically lengthened the lag
time in an ion-specific and concentration-dependent fashion
(Fig. 2B). Strong chaotropes or kosmotropes (shown as dark-
ness of hue) accentuated these effects.

Chaotropes maintained the unfolded, monomeric form of
Sup35NM, whereas kosmotropes promoted folding and thereby
formation of the polymeric (aggregated) form. These results
confirm the ostensibly “inverse” Hofmeister trend previously
observed (18). Having established that ion-specific effects
greatly affect aggregation rate, we examined the structural and
biological effects of these differing rates.

Temperature Stability and Frangibility—We hypothesized
that a correlation exists between the time aggregates take to
form in different saline solutions and the compactness and sta-
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FIGURE 2. In vitro Sup35NM aggregation kinetics determined using thio-
flavin T fluorescence. A characteristic aggregation experiment and model
parameter determination are shown in the inset to A. Chaotropes are shown
in orange, and kosmotropes are shown in blue. The background buffer, PBS,
without added saltis shown in gray. The elongation rate constants (A) and lag
times (B) are shown over four salt concentrations. RFU, relative fluorescence
units. Error bars indicate mean = S.D.

bility of the resulting aggregate structure. This hypothesis is
motivated by an analogous kinetics-structure relation known
from the aggregation of isotropically interacting colloidal par-
ticles (53) and by the general notion that slower aggregation
kinetics allows for the exploration of a larger configuration
space and the realization of lower energy aggregate states.
According to this expectation, a faster forming amyloid would
contain more imperfect intermolecular bonds and have a less
stable amyloid structure, as observed for Sup35NM amyloids
preferentially formed at low temperature. On the other hand, a
slow forming amyloid would create an ordered structure with
well formed intermolecular bonds, allowing for a more robust
amyloid core, as in Sup35NM amyloids preferentially formed at
high temperature (37). We tested this prediction using two dif-
ferent techniques, both applied to amyloids produced in the
presence of various salts (Fig. 3C). In both cases, amyloids were
subjected to a temperature ramp, and either particle size was
measured via DLS or the proportion of nonaggregated (mono-
meric) protein was determined based on its ability to enter an
SDS-PAGE gel (gel entry assay). DLS detects a rapid growth of
the protein size above a threshold temperature T, which we
attribute to the coagulation of at least partially denatured, col-
loidally unstable protein. This threshold temperature 7', deter-
mined by DLS (Fig. 3B) correlates well with the temperature of
disaggregation determined by gel entry assay (Fig. 3A).
Observed data are consistent with a disruption of the highly
ordered detergent-resistant structure of amyloid aggregates
and their replacement by large detergent-sensitive agglomer-
ates of partly denatured protein molecules with increased tem-

OCTOBER 18,2013 +VOLUME 288+-NUMBER 42

lon Specificity and Prion Strains

A Temperature
100
NO, e 75
clo, il ik 50
cH.co, 25

o

o

30 45 60 75 90
Temperature (°C)

O Relative Band Intensity (%)

w

= "D PBs

& 300t 80F O Perchlorate 1
3 A Thiocyanate o
© 73 70} O Nitrate

£ e Y Chloride

& 2001 a @ Acetate

€ — 60 @ Formate R?=0.90 T
c n % Sulfate

® = 50t

S 100} o)

e}

o 0':','. 2 ) . R i 7 0‘5‘.'. L N L T
g 030 45 60 75 90 0 50 60 70 80
I

Temperature (°C) Gel Entry T, (°C)
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perature. Moreover, despite slight numerical differences
between the DLS-based and gel-based assays, caused by quali-
tative and conventional differences in the two techniques, both
assays indicate that amyloids created in the presence of kosmo-
tropes have lower thermostability than those formed more
slowly in chaotropic conditions.

Amyloid frangibility was assessed by fractionating polymers
by sizes using SDD-AGE after sonication. Amyloids formed in
the presence of sulfate (ScS), a strong kosmotrope, were more
readily fragmented by sonication than amyloids formed in per-
chlorate (ScP), a strong chaotrope (Fig. 4A4). This result also
confirms that ScS is physically less stable than ScP. Notably,
nonsonicated ScP fibers could not enter the gel, whereas ScS
fibers could, indicating that ScP fibers are larger than ScS fibers
(Fig. 4B).

The differences in stability, like differences in kinetics (Fig. 2)
between amyloids formed in the presence of intermediate
Hofmeister ions, were less pronounced than for ScS and ScP
(Fig. 3C). Ion-specific effects are more apparent when compar-
ing ions at the extremes of the Hofmeister series, as exemplified
by comparing ScS and ScP.

Microscopy Analysis of Amyloids Produced in Saline Solutions—
TEM of Sup35NM amyloids formed in the presence of different
salts revealed a systematic structural variation dependent on
ionic composition. Amyloids formed in chaotropes were visibly
more structured as compared with those formed in kosmo-
tropes (Fig. 5, A—E). The most pronounced difference is seen by
comparing the highly ordered helical fiber bundles of ScP
aggregates (Fig. 5A) with the grainy ScS aggregates (Fig. 5E).
The strong contrast between amyloids formed in chaotropes
(Fig. 6F) and kosmotropes (Fig. 6G) was also confirmed by using
AFM.
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FIGURE 4. Comparison of the ScS (sulfate) and ScP (perchlorate) aggre-
gates by SDD-AGE and sonication. A, sonication in the same conditions
generates a large fraction of monomeric/dimeric protein in the sulfate-pro-
duced sample as compared with the perchlorate-produced sample. The
images indicate higher frangibility of the sulfate-produced amyloids. B, amy-
loids generated in sulfate can enter the gel even without sonication, indicat-
ing the higher abundance of shorter fibers as compared with amyloids pro-
duced in perchlorate that cannot enter the gel in these conditions. After
sonication, a larger amount of the sulfate-produced amyloid enters the gel as
compared with perchlorate-produced amyloid. This confirms that the fibers
formed in sulfate were more frangible than those formed in perchlorate. The
gel in panel B was run for a longer time than the gel in panel A to resolve the
upper limit of the polymer bands.

AFM was employed to measure average fiber lengths. All
conditions produced roughly log-normal fiber length distribu-
tions (Fig. 6). For the fibers formed in chaotropes, such as per-
chlorate and nitrate (Fig. 6, A and B), the mean of the fiber
length distribution was shifted to the right as compared with the
distributions observed in kosmotropes such as acetate and sulfate
(Fig. 6, Cand D). This indicates that longer fibers are more abun-
dant in chaotropes as compared with kosmotropes. Such a tend-
ency agrees with the frangibility data discussed above.

Phenotypic Characterization of Prion Variants Caused by Ion
Specificity—Next, we investigated whether the amyloid struc-
tures formed in different salt solutions would lead to different
strains of the [PSI] prion upon transfection into the yeast cells.
Conversion of Sup35p into a prion ([PSI*]) form results in a
defect of translation termination. [PSI "] strains cause termina-
tion defects of varying stringencies. These differences can be
detected in a yeast culture bearing a reporter construct with a
mutation generating a stop codon (UGA) in the middle of the
ADE]I gene (adel-14). Cells that contain a fully active (non-
prion) form of Sup35p are denoted [psi~ |; they do not grow on
the medium lacking adenine (—Ade) and appear red on YPD
medium due to accumulation of the intermediate of the ade-
nine biosynthetic pathway. The degree of Sup35p inactivation
depends on the prion variant or strain and leads to a spectrum
of [PSI"] phenotypes ranging from white (strong [PSI*]) to
dark pink (weak [PSI"]) (6). It is well established that pheno-
typically strong [PSI "] strains typically correspond to the phys-
ically less stable and shorter amyloids; the opposite is true of
weak variants (38, 39). This is rationalized by the ability of fran-
gible fibers to break and create more fiber ends at which soluble
Sup35p can be quickly recruited to the fiber; conversely, more
robust fibers create fewer fiber ends and therefore cannot
immobilize and inactivate soluble Sup35p as efficiently in vivo.
As a result, a strong correlation is observed between the amy-
loid frangibility and its phenotypic stringency or proliferation
efficiency. Thus, we expected that smaller and frangible fibers
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assembled in the kosmotropes favoring rapid aggregation, such
as ScS, would lead to phenotypically strong [PSI'] strains,
whereas larger and more stable fibers, assembled as a result of
slow aggregation in chaotropes such as ScP, would lead to phe-
notypically weak [PSI"].

This expectation was tested by transfecting in vitro formed
Sup35NM amyloids into S. cerevisiae cells (Fig. 7A). For sim-
plicity, [PSI"] strains were divided into three classes: strong,
intermediate, and weak (Fig. 7B). All three classes were curable
by three passages on YPD medium containing 5 mm guanidine
HCI (Fig. 7C), as typical of [PSI"] (54). Differences in the
amount of Sup35p sequestered in aggregates between the rep-
resentative [PSI"] strains of different classes were confirmed by
Western blot (Fig. 7D).

Inline with our hypothesis, the fast-forming, frangible ScS amy-
loids primarily produced strong [PSI "] after transfection into yeast
(Fig. 8, A and B), whereas the slowly forming, stable ScP amyloids
predominantly produced weak [PSI"] (Fig. 8, A and C). A strain
continuum was produced by transfected amyloid formed in anions
that fall between perchlorate and sulfate; however, the proportion
of strong prion isolates was steadily decreasing with an increase of
chaotropicity. The differences in the proportions of strong and
weak prion strains between the strong chaotrope (perchlorate)
and strong kosmotrope (sulfate) were statistically significant (see
the legend for Fig. 8). To compare the entire ensemble of pheno-
types formed from ScS and ScP amyloids, we employed a “strin-
gency rank” (SR), calculated as outlined below,

B 3(Str) + 2(Int) + 1(Weak)

SR Total

(Eq.3)

where Str, Int, and Weak are numbers of strong, intermediate,
and weak [PSI"] colonies, and Total is a total number of [PSI "]
colonies obtained in a given transfection experiment. Applying
Equation 3 to the data for sulfate and perchlorate presented on
Fig. 8, the SRs can be calculated as 2.55 and 1.47, respectively.
Performing a Student’s ¢ test on these sample populations, we
find that p < 0.0005, which provides strong evidence for these
samples being statistically different.

These results resemble data obtained for Sup35NM amyloids
formed at different temperatures (37). We have repeated
Sup35NM aggregation at different temperatures (4 and 37 °C)
followed by transfection and confirmed that a variety of prion
variants was generated at each temperature, with stronger
strains more prevalent (but not exclusive) at lower temperature
and weaker strains becoming more abundant at higher temper-
ature (data not shown). Nonhomogeneity of each sample
apparently originates from the fact that in vitro aggregation is
initiated by multiple nucleation events in each case.

DISCUSSION

Our data confirm an inverse Hofmeister effect on Sup35NM
aggregation, which agrees with our previous work (18) and with
observations for other amyloidogenic proteins that allow this
conclusion while not explicitly stating it (41, 42, 44). An inverse
Hofmeister trend arises when a colloidal particle is positively
charged and hydrophilic or when a particle is negatively
charged and hydrophobic (55). We probably observe this trend
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FIGURE 5. Bright-field TEM images of negatively stained amyloid fibers. A-E, amyloids were formed in the presence of the following salts: perchlorate (A),

nitrate (B), chloride (C), acetate (D), and sulfate (E).
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FIGURE 6. AFM analysis of amyloid fibers. A-E, AFM analysis of the Sup35NM amyloids formed in perchlorate (A), nitrate (B), chloride (C), acetate (D), and
sulfate (E). Scale bar = 500 nm. Length distributions were fit to a log-normal probability density function, shown as a black curve: fiL, u, o) = (1/Lo\/2m)
exp(—(lIn(L) — u?1)/20?), where L, u, and o are fiber length, mean, and standard deviation, respectively (44). F and G, close-up images of amyloid formed in
nitrate (F), a chaotrope, and sulfate (G), a kosmotrope, are shown to contrast their structures.

because unfolded proteins are inherently hydrophobic (56), and
at our operating pH, 7.4, Sup35NM carries a net negative
charge (pI = 5.3) as determined by electrophoretic mobility
measurements (see “Experimental Procedures”).

We hypothesize that the structural and biological differences
observed between amyloids produced in kosmotropes versus
chaotropes stem from their contrasting amyloid formation
kinetics. Although the theory on why and how Hofmeister
effects exist is still evolving, the notion that chaotropes adsorb
onto the protein surface and kosmotropes preferentially inter-
act with bulk water is generally accepted (55-57).

The adsorption of chaotropes to the surface of the proteins
changes the topography and electrostatic landscape of the pro-
teins. Given that amyloid formation is a site-specific, recogni-
tion-based process (23-27), such steric and/or electrostatic

OCTOBER 18,2013 +VOLUME 288+-NUMBER 42

alterations likely hinder aggregation; however, resulting aggre-
gates are characterized by higher order and more rigid struc-
ture. Apparently, the more robust amyloids form due to a selec-
tion pressure requiring a higher stringency of intermolecular
interactions to overcome the anti-aggregation effect of chao-
tropic ions. This means that fewer collisions result in an aggre-
gation event and that the aggregates that ultimately do form
are structured and stable. Although chaotropes produce more
ordered aggregates, their fiber lengths are generally longer than
for fibers formed in kosmotropes. This is due to differences in
frangibility, resulting in less efficient fragmentation of the chao-
trope-derived fibers.

For aggregation in the presence of kosmotropes, we hypoth-
esize that depletion interactions accelerate aggregation (58, 59).
Depletion interaction arises when a solute molecule (a hydrated
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kosmotrope in this case) cannot fit between two colloidal par-
ticles (proteins). The absence or depletion of kosmotrope from
the gap between colliding means that the osmotic pressure
force associated with the solute no longer acts from within the
gap but only on the outside and effectively pushes the two par-
ticles together. The more hydrated the ion and the higher the
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FIGURE 7. In vivo assay for in vitro generated prion strains. A, transfection
experiments were conducted by enzymatically stripping the cell walls of the
yeasts and then simultaneously transforming a marker plasmid and amyloid
material. The yeast cells were recovered in the stabilizing medium, and result-
ing colonies were checked for phenotypes. B, [PSI*] strains were classified as
strong, intermediate, or weak. C, these [PSI"] strains differed by frequencies of
spontaneous mitotic loss of the [PSI"] phenotype, visualized as appearance
of red ([psi—]) colonies after three passages on YPD medium, but were all
curable after three passages on YPD medium containing 5 mm guanidine
hydrochloride, an agent antagonizing prion propagation. D, boiled gel anal-
ysis demonstrates that cultures of strong [PSI*] strains contain essentially all
Sup35 protein sequestered into an aggregated form (top band), whereas in
intermediate strains, some Sup35 protein remains soluble, and in the weak
strain, essentially all detectable Sup35 protein is soluble, apparently due to
low propagation capabilities of aggregates and gross accumulation of the
[psi~1 cells. Standard [PSI"] and [psi~] cultures are shown as controls.

salt concentration, the greater the range and strength of this
effect become (as seen in Fig. 2). As kosmotropes do not alter
the surface of a protein but can be depleted from the gap, aggre-
gates form faster, and intermolecular bonds need not be as pre-
cise and energetically favorable as in the case of aggregation in
chaotropes. This leads to aggregates that nucleate rapidly, elon-
gate quickly, and are less robust and less stable by comparison.

To explain how and why chaotropes and kosmotropes affect
amyloid formation, we propose the following model. The bulk
chaotropic solution, devoid of any protein, has lower cohesion
as compared with kosmotropic solutions. Upon introducing
protein to these solutions, there is a greater energetic penalty to
creating an interface in kosmotropic solutions than in chao-
tropic ones. Therefore, aggregation in kosmotropes is expected
to initiate at a higher free energy than in chaotropes. The ener-
getic barrier to forming a nucleus in chaotropic solutions is
greater than that of nucleating in kosmotropic solutions, for
reasons described above. However, once a nucleus forms in
chaotropic solutions, that structure is more highly ordered and
stable, with lower free energy as compared with kosmotropic
solutions.

Transfection experiments confirm that amyloids formed in
chaotropes and kosmotropes indeed produce different sets of
[PSI] strains. Both thermostability and transfection assays
reveal a clear analogy between amyloids produced in different
salts (present work) and at different temperatures (37-39). At
low temperature, strong kosmotropes induce amyloids that are
poorly thermostable, frangible, and preferentially generate the
phenotypically strong [PSI"] variants upon transfection. The
opposite is true for amyloids produced in strong chaotropes or
at high temperature. As this and previous works have shown
(60, 61), Sup35NM is able to create a number of distinct fiber
types, which alludes to fiber conformations as the determinant
of strains (37).

We hypothesize that chaotropic anions sterically alter the
prion recognition domain and encourage an unfolded interme-
diate conformation, thus slowing aggregation and forcing the
most energetically favorable intermolecular bonds to be
selected. In contrast, kosmotropes accelerate aggregation
through structural forces (depletion interactions, crowding,
and preferential hydration), thus promoting a folded conforma-
tion. In the case of an amyloidogenic/prionogenic protein, this
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FIGURE 8. Phenotypic characterization of prion strains generated in the presence of various salts. A, distribution of weak (Weak, red filling), intermediate
(Interm., medium pink), and strong (Strong, light pink) [PSI*] colonies in the samples obtained after transfection of yeast cells with Sup35NM amyloids obtained
in the presence of various salts, as specified. B and C, patches from transfection of ScP (B) and ScS (C) are shown to illustrate the most divergent phenotype
distributions. Proportions of strong [PS/*] colonies derived from transfection with amyloid formed in sulfate (ScS) and perchlorate (ScP) were statistically
different with a p < 0.005. Proportions of weak [PSI"] between ScS and ScP were also statistically different with a p < 0.0001.
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favors prion formation because an alternative (prion) fold, once
formed, exhibits a high stability and is able to reproduce itself.
The disparate kinetics gave rise to varied fiber morphologies, as
observed using TEM and AFM imaging. Thermostability and
frangibility assays indicated the differences in the fiber robust-
ness and stability, and finally, transfection experiments proved
that the varied structures induce different strains. To conclude,
our work demonstrates that ion composition of the solution
determines the amyloid formation rate, which in turn has a
strong bearing on fiber morphology, prion strains, and infectiv-
ity. We further corroborate the assertion that the form and
function of prion aggregates are interconnected.

More generally, this work supports the notion that environ-
mental conditions are a strong driver of prion variants. The rate
of fiber formation, whether it is influenced by temperature or
ion composition, is the salient determinant of aggregate size,
compactness/order, stability, and infectivity. Our data may be
relevant to understanding amyloid formation both in vivo (as
local gradients of ions exist in living systems) and in vitro (e.g. in
the preparations of protein- or peptide-based drugs).
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