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Abstract

Ribonuclease Sa and two charge-reversal variants can be converted into amyloid in vitro by the addition of
2,2,2-triflouroethanol (TFE). We report here amyloid fibril formation for these proteins as a function of pH.
The pH at maximal fibril formation correlates with the pH dependence of protein solubility, but not with
stability, for these variants. Additionally, we show that the pH at maximal fibril formation for a number of
well-characterized proteins is near the pI, where the protein is expected to be the least soluble. This suggests
that protein solubility is an important determinant of fibril formation.
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The formation of amyloid fibrils is of medical interest be-
cause it is associated with diseases such as Alzheimer’s
disease, Parkinson’s disease, and cystic fibrosis (Dobson
2001). Fibrils are formed from the extracellular deposition
of aggregated protein (Cohen 1967a,b; Glenner 1980a,b;
Rochet and Lansbury Jr. 2000). These insoluble aggregates
originate from a number of proteins that are structurally
diverse; some 20 disease-causing proteins have been iden-
tified in humans. Amyloid formation is also of interest to the
protein chemist because it has been shown that many pro-
teins can be induced to form amyloid fibrils in vitro, sug-
gesting that amyloid fibril formation is not limited to a
select few proteins or by specific physiological factors, but
rather it may be a general feature of all polypeptides (Lai et
al. 1996; Chiti et al. 1999).

Recently, proteins such as human muscle acylphospha-
tase, hen egg white lysozyme, the B1 binding domain of
protein G, the SH3 domain of PI3, and myglobin have been
shown to form fibrils in vitro (Chiti et al. 1999; Krebs et al.

2000; Ramirez-Alvarado et al. 2000; Fändrich et al. 2001).
These fibrils show ultrastructure and dye-binding character-
istics identical to fibrils formed from the disease-causing
proteins (Wetzel 2002). In most cases, fibrils were obtained
from solution conditions where the native conformation was
destabilized by pH, temperature, and/or the addition of co-
solvents like alcohols, salts, or metal ions. These results
suggest that the ability of a protein to form fibrils in vitro
depends upon the conformational stability of the protein,
defined as the difference in free energy (�G) between the
folded and unfolded conformations (Kelly 1996; Chiti et al.
1999, 2000; Ramirez-Alvarado et al. 2000). It further im-
plies that as proteins are destabilized, either through alter-
ations in amino acid sequence or changes in the solutions
conditions, the formation of amyloid fibril is enhanced.
Here, we wish to expand these conclusions to include the
idea that the solubility of the folded (or partially folded)
conformation(s) of a protein is important, and perhaps the
major factor in amyloid fibril formation.

A significant population of partially unfolded protein is
likely necessary for fibril formation to occur in many of the
proteins studied to date (Chiti et al. 1999, 2000; Ramirez-
Alvarado et al. 2000; Khurana et al. 2001a,b; Taddei et al.
2001). For example, fibrils of acylphosphatase fibrils are
formed in mixtures of water and 2,2,2-trifluoroethanol
(TFE), an organic solvent that has been shown to promote
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secondary structure formation at low concentrations. Be-
cause TFE is known to increase the solubility of hydropho-
bic groups while decreasing the solubility of peptide groups
(Luo and Baldwin 1997; Buck 1998), structures that have
exposed hydrophobic groups and buried peptide groups are
favored. Other studies of fibril formation with transthyretin
(TTR; Jiang et al. 2001), human lysozyme (Pepys et al.
1993), the light chain of IgG (Souillac et al. 2002), methi-
onine aminopeptidase (Nielsen et al. 2001), and fibronectin
(Litvinovich et al. 1998) emphasize that conditions that fa-
vor partial unfolding of the protein can significantly en-
hance fibril formation. Together, these results also support
the hypothesis that any protein can form amyloid under
certain conditions, and fibril formation is accelerated when
the conditions favor partial unfolding of the native confor-
mation (Dobson 1999).

Although protein stability is certainly important for fibril
formation, the association between protein solubility and
fibril formation has not been directly correlated. The solu-
bility of globular proteins is determined by the amino acid
content, the pK values of the ionizable residues, and envi-
ronmental factors such as temperature, pH, and the presence
of cosolvents (Schein 1990). Proteins and polypeptides are
generally least soluble at pH values near their isoelectric
point (pI), where the overall net charge is zero (Riès-Kraut
and Ducruix 1997).

The purpose of this study is to investigate the relationship
between stability, solubility, and fibril formation using ri-
bonuclease Sa (RNase Sa) from Streptomyces aureofaciens
as a model system. RNase Sa is a small acidic protein (96
residues, pI � 3.5) with a mixed � + � structure. There are
no lysine residues, and the protein contains a single disul-
fide bond (Shaw et al. 2001). We have recently made vari-
ants that replaced solvent-exposed acidic residues with ly-

sine residues (Shaw et al. 2001). The mutant with three such
charge reversals is denoted 3K, and that with five charge
reversals is 5K. By reversing the charge at these sites, we
have changed the pI of RNase Sa from 3.5 to 6.4 (3K) or
10.2 (5K; Shaw et al. 2001). Thus, we are able, here, to
study the relationship between stability, solubility, and fibril
formation in a single protein over an exceptionally wide pH
range.

Results and Discussion

We have investigated the propensity of RNase Sa and two
variants (3K and 5K) to form fibrils in the presence of TFE
and as a function of pH. Figure 1 shows the CD spectra for
RNase Sa in water and 30% TFE. The presence of TFE
induces significant �-structure in the protein at both pH 7
and 3.5. As shown previously, the formation of �-structure
appears to be a hallmark of amyloid formation (Kallberg et
al. 2001), and it is clear that 30% TFE induces substantial
�-structure in RNase Sa.

The enhancement in the fluorescence intensity of Thio-
flavin T (ThT) upon binding to ordered protein aggregates is
one method to show the presence of fibril formation (Chiti
et al. 2000). Figure 2 shows ThT fluorescence as a function
of TFE concentration for wild-type RNase Sa. At pH 5.5, no
fluorescence is observed regardless of TFE concentration.
At pH 3.5, the fluorescence increases by ≈ 15- to 20-fold
from 10% TFE to 35% TFE. Above 35% TFE, ThT fluo-
rescence drops markedly, and CD spectra of the samples
show a change from predominantly �-structure to substan-
tial �-helical structure (data not shown). This change in
secondary structure at high TFE concentrations has also
been observed with other proteins (Chiti et al. 2000).

Figure 1. Far-UV CD spectra for RNase Sa. Representative spectra are shown for the protein in 0% TFE (open circles) or 30% TFE
(filled circles) at pH 7 (A) and pH 3.5 (B). The spectra were obtained after 5-h incubation at 25°C in 10 mM (citrate, phosphate, and
borate) buffer. The presence of TFE clearly induces a substantial amount of �-structure in RNase Sa at both pH values.
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When RNase Sa in placed in 30% TFE at pH 3.5, ThT
fluorescence was not observed for the first 2–3 h. After 6 h,
the fluorescence intensity reached a maximum and did not
change over a period of several days, at which time fibril
formation was clearly evident. The isolated fibrils have the
same morphology, dye-binding properties, nucleation-de-
pendent kinetics, and ultrastructure as those found for a
number of other proteins. The figure in the supplemental
material shows electron micrographs of the fibrils formed
from RNase Sa. In contrast, at pH 5.5 in 30% TFE, no ThT
fluorescence was observed and no fibrils formed, even after
several weeks of incubation.

The results shown in Figure 2 led us to study the effects
of pH on fibril formation with our charge-reversal variants.
RNase Sa, 3K, and 5K were incubated in solutions of 30%
TFE ranging in pH from 2 to 9.6. Figure 3 shows the cor-
relation between fibril formation, conformational stability,
and solubility for these proteins as a function of pH. All
three variants are maximally stable near pH 5, but the mini-
mum solubility of the proteins shifts with their pI, from near
pH 3.5 for RNase Sa to pH > 9 for the 5K variant (Shaw et
al. 2001). Fibril formation is most prominent at the pH
where solubilty is minimal, that is, near the pI of the protein.
These results show that fibril formation correlates with the
pH-dependence of the protein solubility and not with con-
formational stability for all these RNase Sa variants. These
results very strongly show that protein solubility is a major
factor in fibril formation.

We have measured the pH dependence of fibril formation
for a number of other proteins and summarized data from
other studies. Table 1 shows the pH values and the maxi-
mum conformational stability, pI, and the pH of maximum

fibril formation for these proteins. Figure 4 shows the cor-
relation between the pH of maximal amyloid formation and
the pI of the protein. The agreement between pI and pH of
maximal fibril formation (pHmax) is excellent, whereas there
is little correlation between the pH dependence of fibril
formation and conformational stability. The data for
�-synuclein, transthyretin, and the A� peptide are espe-
cially significant, since these proteins are known to form
amyloid fibrils in vivo (Wood et al. 1996; Jiang et al. 2001;
Hoyer et al. 2002).

In conclusion, our results suggest that the solubility of a
polypeptide chain is a major factor that determines the in
vitro conversion of globular proteins into amyloid fibrils
under nonpathological conditions and may contribute to fi-
bril formation in vivo. The results also suggest that increas-
ing the solubility of a protein should prevent the formation
of fibrils. We are in the process of testing this hypothesis
with RNase Sa and other proteins.
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Table 1. The relationship between the pH-dependence of
stability, pI, and the pH of maximum fibril formation for
several proteins

Protein
�Gmax (pH)i

(kcal mole−1)
�Gpi

j

(kcal mole−1) pIk pHmax
l

RNase Saa,g 7.0 (5.0) 4.0 3.5 3.1
RNase T1b 8.8 (4.5) 8.0 3.8 3.7
�-synucleinc NA NA 4.7 4.0
bsHPrd 4.5 (7.0) 3.5 4.9 4.8
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A� peptidef — — 5.3 5.3
ecHPrd 4.5 (7.0) 3.5 5.4 5.4
RNase Sa 3Kg 5.5 (5.0) 4.2 6.4 6.4
RNase Sa3a 8.9 (5.5) 4.0 7.2 7.4
RNase Ab 9.2 (7.0) 9.0 9.6 8.9
RNase Sa 5Kg 5.5 (5.0) 2.0 10.2 >10
HEWLh NA NA 11.2 >10

a Stability and pI values are from Pace et al. (1998) and the pH of maxi-
mum fibril formation was determined as described in the text.
b Stability and pI values are from Pace et al. (1990) and the pH of maxi-
mum fibril formation was determined as described in the text.
c The pI was calculated as described in Shaw et al. (2001), and the pH of
maximum fibril formation is from Hoyer et al. (2002). There are no entries
for stability, because this is not a globular protein.
d Unpublished results from this laboratory (J.P.S. and J.M.S.).
e The pI was calculated as described in Shaw et al. (2001), and pH of
maximum fibril formation is from Jiang et al. (2001).
f The pI and pH of maximum amyloid formation are from Wood et al. (1996).
g Stability and pI values are from Shaw et al. (2001), and the pH of
maximum fibril formation are from Figure 3.
h Stability and pI are from Pfeil and Privalov (1976), and the pH of maxi-
mum stability was determined as described in the text.
i �Gmax (pH) is the maximum conformational stability, which occurs at the
indicated pH, expressed in kcal mole−1.
j �GpI is the conformational stability at pH � pI for the indicated protein,
expressed in kcal mole−1.
k The pI value for the indicated protein, either measured or calculated as
indicated.
l pHmax is the pH where fibril formation is maximal, based on the ThT
assay described in the text.

Figure 4. The correlation between the pH of maximal amyloid formation
and the pI of the proteins listed in Table 1. The open squares represent the
5K variant of RNase Sa and hen egg white lysozyme (HEWL). These two
proteins have pHmax values greater than 10, and could not be determined.
The correlation coefficient for the 11 proteins shown as solid squares is 0.98.
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