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Abstract: A variety of proteins are capable of converting from their soluble forms into highly ordered

fibrous cross-b aggregates (amyloids). This conversion is associated with certain pathological
conditions in mammals, such as Alzheimer disease, and provides a basis for the infectious or

hereditary protein isoforms (prions), causing neurodegenerative disorders in mammals and

controlling heritable phenotypes in yeast. The N-proximal region of the yeast prion protein Sup35
(Sup35NM) is frequently used as a model system for amyloid conversion studies in vitro. Traditionally,

amyloids are recognized by their ability to bind Congo Red dye specific to b-sheet rich structures.

However, methods for quantifying amyloid fibril formation thus far were based on measurements
linking Congo Red absorbance to concentration of insulin fibrils and may not be directly applicable to

other amyloid-forming proteins. Here, we present a corrected formula for measuring amyloid

formation of Sup35NM by Congo Red assay. By utilizing this corrected procedure, we explore the
effect of different sodium salts on the lag time and maximum rate of amyloid formation by Sup35NM.

We find that increased kosmotropicity promotes amyloid polymerization in accordance with the

Hofmeister series. In contrast, chaotropes inhibit polymerization, with the strength of inhibition
correlating with the B-viscosity coefficient of the Jones-Dole equation, an increasingly accepted

measure for the quantification of the Hofmeister series.

Keywords: amyloid; Congo red assay; Hofmeister effect; prion; Sup35

Introduction

Amyloids and prions

Amyloids are highly ordered cross-b fibrous poly-

mers associated with a variety of human diseases

including Alzheimer’s and Parkinson’s diseases.

Because of the debilitating nature of these diseases,

considerable effort has been devoted to studying

amyloid formation in hope of developing a cure.

Amyloids can form as misfolded proteins self-assem-

ble into a stable fibril with a characteristic cross b-
repeat structure, and proteins or peptides of differ-

ent sequences have been shown to produce amyloid

fibrils that share similar characteristics, such as X-

ray diffraction patterns and ability to bind certain

dyes, for example, Congo Red or thioflavine T.1–3

Prion diseases, or transmissible spongiform

encephalopathies (TSE), are infectious amyloid dis-

eases caused by a protein-based agent, composed of

a certain protein (called PrP) in an amyloidogenic

forms. Human forms of prion illness include Creutz-

feld-Jacob disease (CJD), Gerstmann-Sträussler-

Scheinker disease (GSS), fatal familial insomnia

Additional Supporting Information may be found in the online
version of this article.

James M. Broering’s current address is Department of
Bioengineering, Stanford University, Stanford, California.

Buxin Chen’s current address is University of California at San
Diego, La Jolla, California.

Grant sponsor: NSF; Grant number: MCB 0614772.

*Correspondence to: Andreas S. Bommarius, School of Chemistry
and Biochemistry, Georgia Institute of Technology, 315 Ferst
Drive, Atlanta, GA 30332-0363.
E-mail: andreas.bommarius@chbe.gatech.edu

Published by Wiley-Blackwell. VC 2009 The Protein Society PROTEIN SCIENCE 2010 VOL 19:47—56 47



(FFI) and Kuru, whereas the animal forms include

scrapie (Sc) in sheep and goat, and bovine spongi-

form encephalopathy (BSE), or ‘‘mad cow’’ disease, in

cattle, that is transmissible to humans.4 Recent

studies show that prion infection and propagation

occurs when an abnormally structured protein con-

verts a normal protein molecules of the same

sequence into the abnormal (prion) form,5 which

then aggregates with other abnormal forms and

accumulates as amyloid deposits in the brain of

infected humans or animals.6

Prion-like proteins have also been found in

fungi including yeast.7–9 Fungal prions are not ho-

mologous to mammalian PrP but control transmissi-

ble phenotypic traits. They do not ultimately kill

fungi, and they certainly are not infectious to

humans. The best studied fungal prion protein is the

translation termination factor Sup35 protein of yeast

Saccharomyces cerevisiae. Yeast cells containing the

prion form of Sup35 are referred to [PSIþ], as

opposed to [psi�] cells bearing the nonprion form of

this protein. Due to amyloid aggregation of Sup35,

[PSIþ] cells are partially defective in termination of

translation. The amyloidogenic properties of the

Sup35 protein are determined by its N-terminal

region (Sup35N), also termed the ‘‘prion domain’’

which contains a QN-rich stretch and region of

imperfect oligopeptide repeats.7–9 The adjacent mid-

dle region (Sup35M) contains a high concentration

of charged residues. The fragment of Sup35 protein

bearing N and M regions (Sup35NM) is dispensable

for its function in translation termination, which is

determined by the C-proximal release factor domain

(Sup35C).8

In addition to in vivo studies, amyloid formation

of Sup35 derivatives has also been widely studied in

vitro.10,11 Protein fragments containing only the N-

terminal or the N-terminal with middle region of

Sup35 (Sup35NM) are sufficient for forming amyloid

fibers.10,11 Due to the presence of M domain, the

Sup35NM fragment of 253 amino acids behaves in a

more reproducible and controlled fashion than the

N-terminal region alone and is therefore most fre-

quently employed for in vitro work. In vitro gener-

ated amyloids of Sup35NM are infectious and can

confer the prion state to the cellular Sup35 protein

upon transfection into a yeast cell.12,13

One of the most commonly used assays for

detection of amyloid formation in vitro is based on

the ability of Congo Red (CR) dye to bind amyloid

fibers, resulting in a red shift of the characteristic

absorbance spectrum of CR. This shift is stoichio-

metrically dependent upon the amount of amyloid,

so that the amount of dye bound to amyloid protein

can be readily calculated.14 Purified Sup35 or its

fragments have been shown to form amyloid fibers

that bind to CR in vitro. However, most studies

using a CR assay for quantifying Sup35NM and

other amyloids utilize formulas previously developed

for insulin, which is not directly applicable to other

proteins.14,15

Protein stability: Hofmeister series

The Hofmeister series was originally introduced as a

series of salts ranked by their ability to precipitate

hen egg white proteins.16 This ranking has since

been observed to describe the relative effects of ions

on a number of protein parameters, such as solubil-

ity and stability.16 The ions that increase solubility

and decrease stability are commonly known as the

chaotropes; conversely, the ions that decrease solu-

bility and increase stability are known as the kosmo-

tropes. Although both cations and anions can be

ranked by the Hofmeister series, the anionic effects

tend to dominate in aqueous solutions due to their

ability to affect polarizable molecules and thus to

hydrate more strongly than cations.16 Relative dif-

ferences in ion hydration have been speculated to be

the major cause of the Hofmeister effect,17 and an

indication of the ion hydration can be found in the

B-coefficient of the Jones-Dole equation, which

expresses the relative viscosity of salt solutions as a

function of salt concentration.18

g=g0 ¼ 1 þ Ac0:5 þ Bc þ Dc2

The A term in this equation is used to describe

electrostatic effects and becomes negligible at higher

concentrations (>0.1 M). The D term is only relevant

at very high concentrations (>1 M). Owing to their

larger hydrated radii, kosmotropes have larger, posi-

tive B-viscosity coefficients while chaotropes have

negative B-values (Fig. 1). Our previous research

has demonstrated that the Jones-Dole B-viscosity

coefficient can be used to quantitatively predict the

effect of the Hofmeister salts on protein stability.19

Specifically, Broering and Bommarius have shown

that the negative B-viscosity coefficient of chaot-

ropes correlates logarithmically with the observed

deactivation constants of different proteins, while

there seems to be a maximum stabilization effect

with kosmotropes (B > 0). Although previous work

has shown qualitatively that the Hofmeister series

salts correlates with the rate of fibril formation of a-
synuclein, no quantitative relationships was demon-

strated.20 One recent article on hen egg white lyso-

zyme fibril formation in ionic liquids found no corre-

lation with anion size/type, but the concentration

used in the study was much lower than what is used

typically to demonstrate Hofmeister effects.21

Scope of present work
In this article, we adjusted the CR assay for use in

studying Sup35NM aggregates. By using this

improved assay, we expand the analysis of protein
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deactivation kinetics by Hofmeister salts to proteins

that irreversibly aggregate via forming amyloids,

such as Sup35NM. Specifically, we investigate if the

simple linear relationship observed between the log-

arithm of the observed deactivation rate constants of

other proteins and the B-viscosity coefficient of deac-

tivating salt anions can also describe the effects of

salts on the kinetics of Sup35NM amyloid formation.

Results

Adjustment of congo red assay

for Sup35NM fibrils

Almost all previous work involving quantification of

Sup35NM and most other amyloids via CR assay

utilizes the method developed by Klunk et al.14 How-

ever, this method was developed using insulin fibers

and has been adopted for Sup35NM and other amy-

loids without modification. Moreover, a later publica-

tion by the same group effectively invalidated the

application of the original CR assay to quantification

of noninsulin derived amyloid fibers.15 Nevertheless,

the original insulin-derived equation linking spectro-

photometric measurements to fibril concentrations is

still utilized in published reports.10,22,23 We have

performed an analysis of CR spectra in the presence

of Sup35NM amyloid fibers to adjust the quantita-

tive parameters of the CR assay to the properties of

Sup35NM.

Upon binding to amyloid fibrils, the color of CR

changes from orange-red to rose red, and the absorp-

tion spectra are changed correspondingly. The

degree of color change has been shown to correspond

quantitatively and linearly to the amount of amyloid

present.15 Following Klunk’s method, the appropri-

ate parameters needed to adapt the CR assay to

Sup35NM fibrils can be identified. Based on absorb-

ance spectra of free CR [Fig. 2(A)] and amyloid-satu-

rated CR [Fig. 2(B)], the wavelengths of maximum

and minimum difference were identified as 543 nm

and 415 nm, respectively. The molar absorptivities of

free CR [Fig. 2(C)] and CR saturated by amyloids

[Fig. 2(D)] at these two wavelengths are then

obtained by plotting the concentration-dependent ab-

sorbance at these two wavelengths. [The numbers

can be found in the Supporting Information.]

The total absorbance at a wavelength (w), wAt,

is equal to the sum of the absorbance of bound CR

(Ab) and free CR (Af), and using the Lambert-Beer

law with an assumed path length of 1 cm, this total

can be written as:

wAt ¼ wAb þ wAf ¼ wabcb þ wafcf

where wa is the molar absorptivity of the at wave-

length w, and c is the concentration of bound or free

CR.15 The only two unknowns that cannot be

directly observed are cb and cf. However, they can be

calculated from absorbance measurements at two

wavelengths using Eqs. (1) and (2):

w1At ¼ w1Ab þ w1Af ¼ w1abcb þ w1afcf (1)

w2At ¼ w2Ab þ w2Af ¼ w2abcb þ w2afcf (2)

Then equating (1) to (2) and solving for cb:

cb ¼ ðw1At=
w1af Þ � ðw2At=

w2af Þ
ðw1ab=

w1af Þ � ðw2ab=w2af Þ
(3)

In the spectrum of a mixture of free and amy-

loid-bound CR, the highest signal to noise is

obtained at the point of maximum difference, which

for Sup35NM is observed to occur at 543 nm. Using

this wavelength, the detection limit is maximized

when dealing with a low ratio of cb/cf. The second

point is chosen somewhat arbitrarily to be a point of

minimum difference in absorbance, which was cho-

sen to be 415 nm. Therefore:

cb ¼ ð543At=
543af Þ � ð415At=

415af Þ
ð543ab=543af Þ � ð415ab=415af Þ (4)

From Figure 2, we can obtain the molar absorp-

tivities listed in Table I. Substituting these values

into Eq. (4) gives:

cb ¼
543At

9927
�

415At

9107
(5)

Klunk et al.15 recognized the importance of cor-

recting absorbance measurements for effects of light

Figure 1. The Hofmeister salts are listed along with their corresponding B-viscosity coefficients. The relative kosmotropicity

and chaotropicity of each salt can be followed by its position on the arrow.

Yeh et al. PROTEIN SCIENCE VOL 19:47—56 49



scattering due to the presence of amyloid fibrils.

This correction is applied to the Sup35NM amyloids

following Klunk’s method using an ‘‘r’’ value of

0.538, which can be determined from Figure 2(B) as

the ratio of 543A/415A of a solution of only fibrils, to

obtain the final equation for the calculation of CR-

amyloid complexes:

cb ¼
543At

9927
�

415At

18434
�415 ACR � 5:55 � 10�5 (6)

In this form, the CR-amyloid concentration in

an undetermined sample can be calculated from the

absorbance at 543 nm, 415 nm, and the absorbance

of an amyloid-free control CR sample at 415 nm. Eq.

(6) has the correct coefficients that have to be used

to calculate the concentration of Sup35NM amyloids;

they are different from the coefficients derived for

insulin that are usually used in literature. The error

when neglecting scattering by fibrils was found to be

around 66%; when accounting for background scat-

ter but employing the coefficients derived for insulin

the error still is on the order of 50% (see Supporting

Information).

Evaluating the effect of the Hofmeister series
on amyloid polymerization

Experiments on Sup35NM polymerization were per-

formed under three different protocols: (1) unseeded

polymerization in quiescent solution; (2) un-

seeded polymerization in agitated solution; and (3)

seeded polymerization (see ‘‘Material and Methods’’

section for the description of protocols).

The lag phase, defined as the period in which

little or no polymerization is observed, is highly no-

ticeable under quiescent conditions, and can last up

to 20 hours.10 In solutions subjected to continuous

rotation, the lag phase is almost eliminated and po-

lymerization rate is increased in a concentration de-

pendent manner (Supporting Information Fig. S-1).

In the seeded experiments, sonicated preformed

Figure 2. Spectral characteristics of Congo Red (CR) and Congo Red with amyloid fibrils. The legends in panel A and B

indicates the concentration of CR. (A) Absorbance spectra of free CR at varying CR concentrations in (lM). (B) Absorbance

spectra of a CR and varying amyloid concentrations (lM), including pure scattering without CR. (C) Molar absorptivity of free

CR at the isosbestic point (415 nm) and point of maximum difference (543 nm). (D) Molar absorptivity of bound CR at

isosbestic point (415 nm) and point of maximum difference (543 nm).

Table I. Molar Absorptivities of Congo Red Solution
and Values Used for Calculation

Wavelength
(nm)

Unbound
CR Ab (M cm)�1

Bound
CR Af (M cm)�1

%
difference

543 21800 31400 44.04
415 20000 19700 1.50
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fibrils were added to the Sup35NM solution, thus

eliminating the lag phase.10

In both unseeded and seeded experiments, an

increase of Sup35NM polymerization rate was

observed in the presence of kosmotropes (NaHCO2,

NaF, Na2SO4, and NaCH3CO2). This increase was

more pronounced solutions containing stronger kos-

motropes [Fig. 3(A,B)]. In contrast, little to no poly-

merization occurred in with the presence of strongly

chaotropic salts both with and without seeding

[Fig. 3(C,D)].

In agreement with the quiescent and seeded

experiments, strongly kosmotropic salts also

increased Sup35NM polymerization rate in the

unseeded agitated solutions [Fig. 4(A)]. Surprisingly,

the total amount of amyloids detected by the CR

assay began to decrease after reaching the peak in

the presence of three of the four kosmotropic salts

studied, and eventually returned to the level

observed at the outset of the experiment. Further

research is required to elucidate the mechanism of

this effect. The fibril concentration observed in so-

dium formate solutions did not show a decrease in

polymer abundance even after 40 hrs. Chaotropes

delayed polymerization in the agitated solutions

and decreased the polymerization rate although

they did not completely abolish amyloid formation

[Fig. 4(B)].

In general, the increase in observed polymeriza-

tion rates was roughly proportional to the kosmotro-

picity of the anion. In our experiments, the general

ranking of polymerization rate has consistently

shown to be sulfate > fluoride > acetate > formate >

chloride in all experimental conditions, which is con-

sistent with experimentally observed rankings of

kosmotropic effects on protein properties such as sol-

ubility and stability.16 However, the effect of kosmo-

tropes on amyloid polymerization did not correlate

with the B-viscosity coefficient, as we originally

hypothesized. Enzyme deactivation kinetics were

previously demonstrated to correlate with the B-vis-

cosity coefficient of chaotropic anions while deactiva-

tion kinetics appear relatively unaffected by kosmo-

tropic salts. If ranked by B-viscosity coefficients, the

general kosmotropicity ranking of the salts should be

acetate > sulfate > formate > fluoride > chloride.19

Figure 3. The effect of the Hofmeister salts on the polymerization of Sup35 NM under seeded and unseeded condition.

Sodium salt anions are listed to the right. Seeded reactions contained 2% by volume sonicated preformed fibril samples.

(A) Seeded condition and kosmotropic salts. (B) Unseeded condition and kosmotropic salts. (C) Seeded condition and

chaotropic salts. (D) Unseeded condition and chaotropic salts. Units of CR[bound] are (M cm�1).

Yeh et al. PROTEIN SCIENCE VOL 19:47—56 51



Chloride, with a B-viscosity coefficient around

�0.007, lies at the interface between chaotropes and

the kosmotropes and seemed to somewhat inhibit po-

lymerization but not nearly as efficiently as strongly

chaotropic salts.

Quite interestingly, especially at higher concen-

trations of Sup35NM, we observe that reduced cha-

otropicity decreases lag time and accelerates fibril

formation rates. The length of the lag phase

decreased linearly with B-viscosity coefficient, while

the logarithm of polymerization rate correlated line-

arly [Fig. 4(C,D)]. This suggests that, as noted with

protein stability kinetics,19 amyloid fibril formation

kinetics are sensitive to chaotropic anion hydration

and ion hydration plays an important role in the for-

mation of amyloidal fibrils.19

Finally, we tested whether the inhibitory effect

of chaotropic ions on amyloid polymerization is dos-

age-dependent. Indeed, polymerization of Sup35NM

was gradually inhibited as the concentration of

NaNO3 was increased, with both length of lag

phase [Fig. 5(B)] and maximal polymerization rate

[Fig. 5(C)] linearly dependent on concentration of

NaNO3.

Discussion
There is considerable evidence that amyloid forma-

tion proceeds via a nucleated polymerization mecha-

nism.7–9,24–26 In such a model, the amyloid-forming

(prion) protein initially generates an oligomer capa-

ble of immobilizing the native protein molecules and

converting them into a prion form, resulting in

oligomer growth and, eventually, in formation of the

amyloid fibril. While large fibrils may have low or

no conversion-promoting activity, smaller pieces gen-

erated by fragmentation of the amyloid fibril are ca-

pable of restarting the cycle.11 Studies of the in vitro

Sup35NM polymerization indicate that relatively

small Sup35NM oligomers, between 20 and 80 mole-

cules in size, are the molecular intermediate for

amyloid formation.27,28 In a subsequent study, we

intend to test if Sup35NM aggregation fits the

nucleated polymerization model.

Figure 4. The effect of the Hofmeister salts on agitated Sup35 NM polymerization. (A) Agitated polymerization of 10 lM
Sup35 NM in kosmotropic solutions. (B) Agitated polymerization of 10 lM Sup35NM in chaotropic solutions. (C) In a

separately conducted agitated experiment with 15 lM Sup35 NM focusing on the chaotropic samples, a negative linear

relationship was found between the lag phase of the solution (in hours) to the B-viscosity coefficient of the Hofmeister salt.

The Figure with original data can be found in the Supporting Information. (D) In the same experiment as panel C, a linear

correlation was found between the initial rate of aggregation to the B-viscosity coefficient of the Hofmeister salt.
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Our current experimental results clearly demon-

strate that the chaotropic salts inhibit amyloid for-

mation. As this effect is observed in both unseeded

and seeded reactions, most likely chaotropes prevent

protein conversion into an amyloidogenic state and

disrupt both initial formation of oligomeric nuclei

and extension of the pre-existing ones. Kosmotropic

salts solutions, on the other hand, consistently

increased the polymerization rate.

Because strong denaturants such as urea and

GdnHCl are commonly used to maintain the amyloi-

dogenic proteins in a soluble state, it is perhaps not

too surprising to observe chaotropic inhibition of

Sup35NM fibril formation. The physical basis for

such a behavior, however, is less obvious. It is rather

intriguing that anion hydration (as indicated by the

B-viscosity coefficient) can be used to rank effects of

chaotropic salts on fibril formation lag time and po-

lymerization rate, though it does not accurately

rank the effects of kosmotropic salts. Our recent

analysis on globular proteins suggests that protein

deactivation in the chaotropic region is thermody-

namically controlled and proceeds through an

unfolded protein state, while deactivation in kosmo-

tropic solutions is more likely to be kinetically con-

trolled.29 Similar consideration of the cosolute effects

on the native and intermediate species during

Sup35NM amyloid formation might also explain the

differential effects of each salt. One possibility is

that dissolved kosmotropes disrupt the stability of

the native Sup35NM molecule. Sup35NM is natu-

rally an unfolded protein in solution with a high

degree of random coil content.22 This conformational

flexibility is also found in other amyloidogenic pro-

teins and is thought to be important for prion-form-

ing capabilities.7 Interestingly, loosely packed, ran-

dom-coil proteins have been shown to be

thermodynamically destabilized with more accessible

conformation states in kosmotropic solution.30

Therefore, dependence of the polymerization rate on

the Hofmeister effect could be a reflection of the rel-

ative thermodynamic stability of native, loosely

packed and amyloidic, more tightly-packed state

induced by cosolute addition; then, the kosmotropic

salts acting as destabilizers while the chaotropic

salts act as thermodynamically stabilizing agents.

Alternatively, and more likely, the Hofmeister

effect on prion polymerization could be considered as

a result of the cosolute effect on the secondary struc-

tures in misfolded Sup35NM and its fibrils. Kosmo-

tropic salt solutions has been shown to decrease the

random coil content and subsequently increase beta

sheet content of proteins while chaotropic salt solu-

tions have the opposite effect.22 As amyloid forma-

tion depends on the cross-b interactions, and possi-

bly on generation of the precursor with high b-sheet
contents,31 strongly kosmotropic salts may promote

amyloid formation by stabilizing the misfolded form

and increasing the population of misfolded forms,

while the chaotropic salts may inhibit amyloid for-

mation by antagonizing b-sheet formation.

One more explanation could focus on kinetics.

On the basis of solubility, it is not beyond reason to

surmise that the kosmotropic salt solutions facilitate

Figure 5. Concentration dependence of the inhibition effect

of NaNO3 on Sup35NM polymerization. (A) Various

concentrations of NaNO3 were tested under the agitated

condition. The concentrations used were 0M, 0.15M,

0.313M, and 0.994M NaNO3 with 5 mM NaH2PO4 at pH 7.4.

(B) Negative correlation between the initial polymerization

rate and concentration of NaNO3 were observed. (C) Linear

correlation between the length of polymerization lag phase

and the concentration of NaNO3 was observed.
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the formation of protein oligomers, while chaotropic

salts can potentially inhibit the formation of oligom-

ers. If relative concentration of oligomeric intermedi-

ates in the solution is increased, this would effec-

tively increase the concentration of the substrates

interacting with amyloidogenic nuclei. In such a

model, the increased lag phase in the chaotropic sol-

utions would be explained by low concentration of

the oligomerizing intermediates joining the nuclei,

rather than by low concentration of nuclei per se.

These models are not mutually exclusive and

may simply reflect different parameters influenced

by the Hofmeister effect. Further experiments are

needed to decipher the molecular mechanism of the

observed phenomena. It is also interesting to see

whether effects detected for Sup35NM will be appli-

cable to other amyloids. A number of recent studies

have supported our observation of accelerated fibril

formation in kosmotropic salts using different amy-

loid forming systems.32,33 If our observation on cha-

otropic salt inhibition holds true for other systems,

chaotropic salt solutions may potentially serve as a

basis for the treatments that would decrease amyloi-

dogenic potential of the prion contaminants and in

this way, prevent the spread of prion infections via

medical mistreatment.

In conclusion, the results in this study clearly

show that polymerization of the yeast prion protein

Sup35NM into an amyloid is influenced by the Hof-

meister effect. In particular, the kosmotropes accel-

erate polymerization while the chaotropes inhibit po-

lymerization. The stringency of the acceleration

effect of the kosmotropes is shown to follow the Hof-

meister series, and the inhibition effect of chaotropes

correlates with both the B-viscosity coefficient and

chaotrope concentration. These findings suggest that

water-protein interactions play a critical role in the

processes of amyloid formation and propagation.

Material and Methods

Strains and Plasmids

HMS174 (pLysS) (Novagen) was used as a host

E. coli strain for the pET20b expression system. The

construction of plasmid pET-20b-SUP35NM-(His)6
was published previously.34

Expression and purification of Sup35NM

Sup35NM was expressed in HMS174 (DE3)/pLysS.

In each case, 10 individual freshly obtained trans-

formants were grown each in 5 mL of LB media

with 7–52 lg/mL chloramphenicol and 100 lg/mL

ampicillin, then pooled to inoculate a 1 L culture

with a starting OD600 of about 0.01–0.05. The cul-

ture was grown to OD of 0.6–0.8 and induced with

1 mM IPTG for 4 hours. Cell pellets were collected

by centrifugation and stored at �80�C until

purification.

All steps of Sup35NM purification were carried

out at room temperature (�23�C). Cells were lysed

by incubation in the denaturing buffer (10 mM

TrisċHCl, pH 8, 8 M urea) for 30 min. Cell debris

was removed by centrifugation at 10,000 g for

20 min. The supernatant was then applied to a

5 mL bed volume of Ni2þ NTA resin in a superflow

column. The column was washed with �5 bed vol-

umes of the Congo Red binding buffer (CRBB)

(5 mM potassium phosphate, 150 mM sodium chlo-

ride, pH 7.4) containing 10 mM imidazole, and

eluted with the same buffer containing 50 mM imid-

azole. The eluted fraction was then concentrated to

6–8 mg/mL and was used immediately after purifica-

tion. Sup35NM concentrations were measured on a

Beckmann-Coulter DUVR800 spectrophotometer (Full-

erton, CA) at 280 nm, using a protein extinction

coefficient of 1.045 abs/(mg/mL)/cm�1.35

Congo red assay development
To create amyloid fibers for the Congo Red (CR)

assay, an aliquot of the concentrated Sup35NM stock

was diluted to 10 mL of 20 lM Sup35 NM with

CRBB. If left for several days in these conditions at

room temperature, Sup35NM spontaneously forms

fibers. As residual urea from the original purifica-

tion might interfere the Congo Red assay, special

care was taken to remove the urea by dialysis. The

entire volume of the Sup35 NM solution was sealed

tightly in a 3500 molecular weight cut off dialysis

membrane and dialyzed against 1 L CR binding

buffer for 4 days, with a buffer being changed every

day. At the end of the fourth day, the liquid inside

the dialysis membrane became visibly turbid, and

the entire contents were moved to a separate tube

carefully. A small portion of the amyloid stock was

tested for residual soluble Sup35NM: a 500 lL sam-

ple was centrifuged at 18,000g for 5 minutes, and

the supernatant measured with A280. The A280

results (<0.05) indicate that soluble Sup35NM con-

centration was negligible. The Sup35NM amyloid

stock solution was then mixed with various concen-

trations of CR ranging from 0 to 4 lM. These con-

centrations were chosen to ensure saturation of the

CR by amyloids. A control sample set with the same

concentrations of CR but with no amyloid samples

was also created. After 15 minutes of incubation at

room temperature, scans from 300 to 600 nm were

taken for amyloid and CR and CR alone. The

remaining derivation of the CR assay is shown in

the ‘‘Results’’ section.

Congo red assay
To monitor Sup35NM amyloid fibril formation via CR

assay, aliquots were taken from the protein sample at

desired time points, diluted with CR buffer (12 lM CR,

5 lM potassium phosphate buffer, 150 mM sodium

chloride, pH 7.4) to a final concentration of 2 lM
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protein and 10 lM CR, and incubated for 20 minutes

at ambient temperature. Absorbance measurements

were then taken at 543 nm and 415 nm. Congo Red

binding is then calculated as described in "Results"

section. Because the calculated CR value does not

always begin at zero extinction due to the variation in

the Hofmeister sample buffer, the value at the time

point t¼ 0 is used to create a base line.

CR inhibition study

To test whether or not the salts used in our experi-

ments can potentially interfere with the Congo Red

Assay, fully polymerized 20 lM Sup35NM solutions

in CRBB were mixed at a 1:1 ratio with twice-con-

centrated solutions of the eight Hofmeister salts at 5

mM potassium phosphate buffer pH 7.4 to create a

final salt concentration of 0.97 water activity. The

resulting mixtures were then assayed with the

Congo Red Assay. The results clearly show that very

little difference can be seen in the assay result of

the eight different Hofmeister buffers when equal

amount of amyloids are present (Fig. 6).

Sup35NM polymerization rates in sodium

salt solutions
The highly concentrated unaggregated stock was

diluted at least 50-fold into 10 lM with various so-

dium salt solutions, NaI, NaNO3, NaBr, NaCl,

NaHCO2, NaF, Na2SO4, and NaCH3CO2 (pH 7.4,

0.97 water activity, and 5 mM potassium phosphate)

and allowed to aggregate at 23�C. Salt concentra-

tions were chosen to maintain constant thermody-

namic water activity between salt solutions and to

allow direct comparison with a previous study.19 A

control was also established using Congo Red Bind-

ing Buffer (CRBB; 150 mM NaCl, pH 7.4, 5 mM po-

tassium phosphate) as a reference to previous stud-

ies in literature. Polymerization was then measured

by Congo Red binding over the course of 3 days. For

seeded aggregation experiments, sonicated pre-

formed fibrils were added to the salt solutions at 2%

(1:50 by mass) of the total volume. For the agitated

experiments, the sample solutions were placed on a

12 rpm rotator (Fisher Scientific, Chemistry Mixer

Model 346) and polymerization was followed by

Congo Red assay for the next 4–5 hours, or until po-

lymerization is complete. The polymerization rate

was then obtained from the data by measuring the

maximum slope. Although protein batch variations

were observed between each experiment, the general

trend remains consistent.
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