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ABSTRACT: An experimental determination of the ther-
modynamic stabilities of a series of amyloid fibrils reveals
that this structural form is likely to be the most stable one
that protein molecules can adopt even under physiological
conditions. This result challenges the conventional assump-
tion that functional forms of proteins correspond to the
global minima in their free energy surfaces and suggests that
living systems are conformationally as well as chemically
metastable.

Aithough amyloid structures were initially identified in connec-
ion with a variety of pathological conditions such as Alzheimer’s
disease, Creutzfeldt-Jacob disease, and type II diabetes,' > many
other protein molecules that differ substantially in both amino
acid sequence and length have recently been shown to be able to
form amyloid fibrils in vitro.”* As a result it has been proposed
that the ability to form assemblies of this t};‘pe is a generic and
intrinsic property of polypeptide molecules.

A detailed and quantitative knowledge of the factors that
stabilize the structures of amyloid fibrils would not only provide
great insight into the nature and evolution of biologically active
protein molecules but also contribute very significantly to the targeted
design of therapeutic agents for amyloid diseases, as well as
hasten the development of nanomaterials with core components
based on amyloid fibrils.> However, despite the great progress
that has been made recentlgr particularly through the use of solid-
state. NMR spectroscopy”’ and cryo-electron rrucroscopy,8 a
detailed and quantitative understanding of the relative stabilities
of such species has remained elusive. In the present study, we
address this issue by defining the difference in free energy
between the monomeric and the fibrillar forms of a series of
polypeptide systems (Table 1), ranging from short peptides
(e.g, GNNQQNY, TTR(;0s5_115)) and model systems (e.g., the
PI3-SH3 domain) to proteins or protein fragments associated
with human diseases” (e. g., 0.-synuclein, insulin, lysozyme, the
amyloid 5 peptide A(1—40), f2-microglobulin), selected to
represent a variety of different characteristics in sequence and
structure of the monomeric state.
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In order to gain insight into the nature of the free energy surfaces
defining the different states of specific proteins, we per-
formed direct in vitro measurements (Supporting Information S1)
of the free energy difference, AG,;, between a protein molecule in
solution and incorporated into a fibril. When studying fibrils
formed from a given protein at the end of the growth reaction,”
the concentration of soluble monomers has been found to tend
toward a fixed steady-state value, MS, for awide range of different
total protein concentrations, MT

This steady-state concentration is approached both when addi-
tional free monomer is added to pre-equilibrated samples and
when residual free monomers are separated from the aggregates
by ultracentrifugation.'”'" By measuring the values of Mg and
My at equilibrium (Figure 1), it is then possible in principle
to determine experimentally the change in free energy, AG,,
associated with fibril elongation (Figure 2A). We adopted a
strategy analogous to that employed for measuring the free
energies of folding of the native states of proteins through their
denaturation, although in contrast to the folding of many small
proteins, amyloid growth is not a two-state process and is more
accurately described as a linear polymerization process'®'®
(Supporting Information S2). In this strategy, therefore, the
overall aggregation reaction is taken to consist of a sequence of
reversible additions of monomers M to aggregates F of size i,
governed by the equlhbrlum constant Ksuchthat M + F;<> F; 4
and [F,,,] = K[F,][M]/c°, where ° is the standard concentra-
tion, 1 mol/L. In the presence of chemical denaturants, the free
energy of elongation in the fibrillar state relative to the free
energy of the soluble state can be wrltten as AGel =m[D] + AGY,
where m is a cooperativity coefficient'® and AGY is the free energy
difference in the absence of denaturants. This linear polymerization
picture yields the fraction of soluble protein Mg over the total
protein concentration Mt as!

Ms MK/ +1/2—/MK/® +1/4

My M2K? /()
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Table 1. Thermodynamic Stabilities of Amyloid Forms of the Peptides and Proteins Analyzed in This Work (See

Supporting Information S6)*

system abbreviation no. of residues
GNNQQNY GNN 7
TTR(105115) TTR 11
TTR(105.15)RGD TTRRGD 17
AB(1-40) AB(1—40) 40
AB(1—40)F20P AB(1—40)F20P 40
bovine insulin Ins2 S1
bovine insulin Ins7 S1
bovine PI3-SH3 SH3 86
human [32-microglobulin B2M 119
human lysozyme Lys2 130
human lysozyme Lys7 130
human o-synuclein Asyn 140
human oB-crystallin ABC 174

AGg (I mol ) AGY/N (k] mol ") pH
—13.7£3.0 —2.0 7
—233+035 —2.12 2
—232+3.0 —1.36 2
—46.7° —~1.17 7
-35.0° —0.88 7
—54.5+ 1.4 ~1.1 2
—37.0+2.0 —0.73 7
—38+ 11 —0.44 2
—41.4° —0.34 7
—65.0+35.5 —0.50 2
—40.0+2.0 —0.31 7
—33.01+2.0 —0.24 7
—285+2.0 —0.16 7

“The experimentally determined elongation free energies of the fibrils measured here, or taken from the literature, are listed along with the number of
residues in the polypeptide chain from which they were formed, together with the solution conditions where their stabilities were measured. The mean
uncertainty in the free energies estimated both from multiple measurements and the scatter of the data about the best fit was 5%. "Ref 13. “Ref 15.

Ms/MT

3
[D1/M

Figure 1. Variation of the fraction of soluble protein, Ms/Mr, in equili-
brated fibril samples as a function of denaturant concentration. The
corresponding fraction of insoluble aggregates is given by (Mp—Ms)/
Mr. These data are fitted to the linear polymerization model'®"" (lines) to
obtain an estimate of AGY (Table 1). The denaturant used was GASCN in
all cases apart from that of TTR, where high concentrations of GAHCl were
sufficient to dissociate fully the fibrils.

where K = exp(—(AGY + m[D])/RT) is the equilibrium constant,
R the gas constant, and T the temperature. Hence, the measurement
of the population of free monomer Mg at equilibrium, in the
presence of known concentrations of chemical denaturants, is a
direct measure of the free energy of elongation of the fibrils AG,
(Figure 2A and Table 1).

A plot of the experimentally measured fibril energies per
residue as a function of residue number (Figure 2B) reveals that
the thermodynamic stability of the fibrillar relative to the soluble
state depends primarily on sequence-independent characteristics
of the polypeptide chains involved. This finding is in marked
contrast to the free energies of native folded states relative to
unfolded chains (Figure 2A), which are highly dependent on their
specific amino acid sequences. Furthermore, we found that the
fibril free energies can be described well by simple subextensive

power laws of the form
GO
ﬁ = & + ElNy

with the exponent —1 < ¥ < 0. Such behavior fundamentally
reflects the fact that the connectivity of the chain does not allow
an independent search of the optimal interactions within the fibril
for each amino acid. For example, shorter sequences will exhibit
less packing constraints than longer ones; indeed, fibrils formed
from short sequences such as GNNQQNY and TTR(;05-115),
where the entire chain can be incorporated into the cross-f3 core
structure as each molecule forms a single strand, can be con-
sidered to be optimally stable in thermodynamic terms, yielding a
free energy gain relative to the soluble state of about —2 kJ mol '
per residue. But our experimental data show that geometric and
topological frustration inherent in the packing of a longer
polypeptide chain into the fibrillar state leads to a decrease of
this value to about —0.5 kJ mol " per residue for fibrils formed
from polypeptide sequences with 100 residues. These findings
can be formalized by simple scaling arguments as mentioned
above (Supporting Information S3), which provide a practical
formulation of this characteristic frustration that, as in spin
glasses,'” leads to the emergence of relatively simple subextensive
power law relations as discussed above. The phenomenon of
frustration is also likely to be the origin of the observation that
fibrils formed from longer 5protein sequences have on average
a lower Young’s modulus’ than those formed from shorter
peptides,'® indicating that the local intermolecular interactions
per unit length within the fibril core decrease with increasing
sequence length.

The largest deviation from the trend shown in Figure 2B is for
fibrils of lysozyme formed at pH 2.0, for which the predicted free
energy of elongation AGY is about 30% lower than the value
measured experimentally. Such variations from the stability
predicted solely on the basis of the scaling arguments can be
used to estimate the magnitude by which we can expect specific
factors associated with sequence and with experimental condi-
tions to affect core stability, including, as is the case here for
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Figure 2. (A) Experimentally determined elongation free energies AGy
as a function of the number of residues in the protein chain N (red
points). (B) Experimentally determined elongation free energies AGY
per residue as a function of residue number N. These data are fitted
with y = —1/2 (purple line, see Supporting Information S3) and with
y = —1/3 (green line, see Supporting Information S3). For comparison,
the free energy per residue of the native state is shown for a set of 76
globular proteins (green, see Supporting Information SS). Model para-
meters for the fibrillar state obtained from fitting to the experimental
dataare £,=04+0.1and &, = —89 £ 0.8fory =—1/2,and g=1.1 £ 0.1
and &= —7.5 £ 0.6 for y = —1/3.

lysozyme, the presence of disulfide bonds and a multidomain
architecture of the native state. This situation contrasts with
trends observed in the stability of the native states of globular
proteins against unfolding, where, for example, we find that the
mean free energy per residue for the native states of 76 repre-
sentative small proteins is —0.27 k] mol ' (Figure 2A, green), but
the correlation coefficient between the free energy per residue
and the number of residues is only 0.2.

This result demonstrates that, in contrast to the situation
found here for amyloid fibrils, there is no simple relationship between
the number of residues in natively folded globular proteins and
their thermodynamic stabilities. This situation is likely to be a
result of the fact that native structures have been selected by
evolutionary pressure to have properties that optimize biological
function and are therefore not determined simply by the poly-
meric nature of polypeptide chains. Importantly, the energy

difference between the soluble and the fibrillar states of a
polypeptide chain, in the majority of cases studied here, exceeds
the energy difference between the unfolded and natively folded
states (Figure 2). An interesting feature revealed through our
scaling analysis is, however, that there is a sequence length of
approximately 100 residues at which amyloid fibrils are predicted
to have their maximal stability relative to the corresponding
soluble state. Indeed, the condition

thot

dN'Nu:()

with
Geot(N) = &N + & N” ™!

enables the optimal length to be predicted (Supporting Informa-

tion S4), i.e.,
1y
—&
No = {40}
Y€ + €1

which is 123 for y = —1/2 and 94 for y = —1/3. This result
suggests an explanation for the observation that, although the
average Ien%th of proteins in the human genome is over 400
residues,'””" the peptides and proteins that are commonly
involved in disorders related to amyloid formation are all
significantly shorter, such as the IAPP peptide in Type II diabetes
(37 residues), the A peptide in Alzheimer’s disease
(42 residues), and @-synuclein in Parkinson’s disease (140
residues). Our results show that the energy gained from the transition
of a longer sequence from its soluble state to an amyloid con-
figuration would be substantially less than for these shorter
disease-associated sequences, leading to the interesting possibi-
lity that a reduced propensity to form intractable amyloid deposits
could be one of the driving forces for the evolution of large
protein molecules.

The results that we have presented here have profound
implications on our understanding of the thermodynamics and
kinetics of protein molecules. When the concentration Mg of a
protein exceeds a critical value”'*”'* given by

Mg™ = exp(AGy/ksT)

the native state is not thermodynamically stable and a protein can
in principle lower its overall free energy through amyloid forma-
tion, in the same manner in which other types of molecules that
exceed their solubility limit have a tendency to form insoluble
amorphous or crystalline structures.

The question is then whether living systems, ever or even in
general, operate under conditions of such metastability under
normal circumstances. In order to answer this question, we have
obtained values from the literature for the physiological concen-
trations of as many as the proteins considered in this study as we
could find (Figure 3). Remarkably, these values are generally
found to exceed the limiting concentrations determined in this
study, in some cases by a substantial margin.

Thus, for example, the physiological concentration of lysozyme in
plasma®” typically exceeds that corresponding to the critical value
(Table 1) by a factor of over SO. The results that we describe in
this paper indicate, therefore, that the stability relative to amyloid
formation of the native states, at least for small proteins, is not a
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Figure 3. Experimentally measured in vivo concentrations of a range
of proteins studied here (Mp, filled red circles) are compared to the
limiting concentrations (Ms™™, black line); the red shaded area indicates
the region in which the in vivo concentration exceeds its limiting value and
conversion to the amyloid state is thermodynamically favored. The
estimates of protein concentrations obtained from mRNA expression
levels (blue squares) are also shown for comparison (values from ref 21).

consequence of thermodynamic factors but of kinetic ones,
which are associated with the aggregation process in vivo and
which act to reduce the possibility of uncontrolled amyloid
formation. Such a situation is not, however, unique in biological
systems, as the covalent structures of the biomolecules them-
selves are metastable relative to their chemical components.>®
We conclude, therefore, that although the native folds of
proteins are almost universally stable under physiological condi-
tions with respect to unfolding, the native states of either folded or
natively unfolded proteins may be only metastable with respect to
amyloid formation, because of the high kinetic barriers associated
with the in vivo self-assembly of polypeptide chains. As the loss of
solubility resulting from amyloid formation is generally highly
detrimental to the biochemical processes that take place in the cell
as a result of a loss of normal function or a gain of toxic function," 3
living organisms have evolved a range of regulatory and quality
control mechanisms with the aim of preventing aggregation over their
normal life spans.”>* Such mechanisms act to raise still further the
intrinsic kinetic barriers to aggregation, thus adding further protec-
tion. This protection may be particularly strong in higher organisms,
as the average thermodynamic stability of amyloid fibrils should
decrease with the increasing average protein length found from
prokaryotes to eukaryotes (see Figure 2). In some circumstances,
however, for example as a result of mutations, stress, and aging,
aggregation either of individual proteins or at the proteome level does
occur on biologically relevant time scales.”*** These factors cause
protein molecules to overcome the kinetic barriers that maintain
them in their soluble states, enabling them to convert into thermo-
dynamically more stable aggregates, at least some of which are linked
to highly debilitating and currently incurable pathogenic conditions.”
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