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Solubility is a key requirement for the functioning of a protein
within the complex network of cellular components.[1–4] A
class of highly debilitating disorders, including Alzheimer�s
and Parkinson�s diseases, is related to the loss of solubility of
peptides and proteins that is accompanied by their aggrega-
tion into ordered amyloid fibrils.[5] It has been found that,
under at least some physiological conditions, these aggregates
are thermodynamically more stable than the native forms of
biological polypeptides.[6] This finding raises questions as to
the factors governing the crucial ability of native proteins to
remain soluble even under conditions where they do not
necessarily correspond to global minima on free energy
landscapes. In order to address this question, we have studied
in detail the kinetics of elongation of amyloid fibrils formed
by a wide range of polypeptides. The formation of amyloid
fibrils from soluble protein molecules involves at least
a primary nucleation step, an elongation step and, in general,
a secondary nucleation process such as fibril fragmentation.[7]

In addition, multiple interconverting oligomeric intermedi-
ates can be involved.[8] Measurements of amyloid growth in
bulk solution often reflect all of these processes, and it can
therefore be extremely challenging to determine accurately
the concentrations of the different species and the rate
constants for the individual elementary steps.

In order to overcome these difficulties, surface-based
sensing techniques, notably those based on quartz crystal
microbalance (QCM) measurements, have been developed in
recent years, by which the growth of a constant, surface-
bound ensemble of fibrils can be monitored.[9–11] These
methods make use of the fact that in the presence of
preexisting fibrils, aggregation can be highly accelerated
through seeding.[12] This seeding process corresponds to the
elongation of existing fibrils and can be well described as

diffusional motion over a single free energy barrier,[13]

involving no intermediate species between monomeric and
fibrillar peptide. The elongation of the fibrils is monitored
through the increase in hydrodynamic mass bound to the
quartz crystal, as the rate of change of the resonant frequency
is proportional to the average elongation rate of the fibrils.[9]

The opportunity to image the sensor surface enables an
estimation of the surface density of fibrils, an important factor
in the determination of the rate constants in this bimolecular
reaction, the overall rate of which depends on both the
concentration of soluble protein and the number of available
fibril ends. In addition, the lengths of the fibrils before and
after an experiment can be compared and therefore an
independent measurement of the length increase can be made
and used to calibrate the frequency response of the micro-
balance. The covalent irreversible attachment of the pre-
formed fibrils to the sensor surface[14] and the subsequent
passivation of the remaining surface, as well as the short
duration of individual experiments, ensure that only fibril
elongation is measured, and that primary and secondary
nucleation events can be neglected; this selectivity is con-
firmed by the high reproducibility of the data obtained from
QCM measurements.[15]

The starting point of a systematic study of the energy
barriers that separate the soluble from the fibrillar states of
a protein is the measurement of the temperature dependence
of the fibril elongation rate; such an approach allows for the
determination of the enthalpy of activation from an Arrhe-
nius plot. The temperature dependence of amyloid growth has
already been measured for a range of amyloidogenic peptides
and proteins,[16–22] and where possible these literature data are
included in the analysis described herein. These published
data have been acquired with a range of different techniques,
mainly involving small-molecule labels such as Thioflavin-T.
In such experiments, the exclusive study of the elementary
elongation reaction is challenging and therefore the published
values on energy barriers may in some cases refer to
a combination of different elementary steps. We have,
however, used the QCM approach, which is particularly
suited for such measurements, to increase substantially the
size of the available dataset by studying peptides and proteins
of very diverse sequence that form amyloid fibrils under
varied solution conditions. Figure 1 shows, as an example, raw
QCM data for the temperature dependence of PI3K-SH3
amyloid fibril elongation, as well as AFM images of the QCM
sensor surface.

Similar experiments were performed for a range of other
peptides and proteins, and the resulting Arrhenius plots are
shown in Figure 2. No pronounced curvature is apparent,
unlike that sometimes observed for protein folding;[23] this
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may simply be due to the narrower
temperature range investigated in the
present study. In addition, however, this
finding suggests that the differences in
heat capacity between the soluble states
of the proteins and the transition states
for the elongation reaction, DCp

�, are
small. The enthalpies of activation DH�

were therefore extracted directly from
linear fits. The values obtained are listed
in Table 1 and plotted as bars in Figure 3.

In order to determine the free ener-
gies of activation DG�, the absolute
elongation rate r was also measured in
each case at 25 8C, as r = [M] Gexp-
(�DG�), where [M] is the concentration
of monomeric protein and G is a kinetic
prefactor that can be calculated from
polymer theory on the basis of our
simplified model for amyloid fibril
growth.[13] This method is formally equiv-
alent to the one outlined in Ref. [24] and
also obviates long extrapolation of Arrhe-
nius plots. The absolute aggregation rate
was estimated in a relatively straightfor-
ward manner from the surface-based
QCM technique used in this
study as discussed above, (see
for example, Figure 1b). The
mass sensitivity of the QCM
instrument for amyloid elonga-
tion measurements was empiri-
cally calibrated (see the Sup-
porting Information) as existing
models that relate the fre-
quency change to an addition
of mass are not appropriate to
describe the hydrodynamics of
a fibril layer in contact with
liquid.

We have determined the
mass sensitivity coefficient to
be (5� 4) ng Hz�1 for all the
systems in this study (additional
mass of elongated fibrils per
observed frequency change).
Together with the total
number of fibrils on the crystal
(extrapolated from images of
several independent regions of
the sensor), we were able to
obtain the average elongation
rate per fibril. This value, in
turn, allows us to compute the
free energy of activation DG�

and, together with the enthal-
pies of activation from the
Arrhenius plots, we obtain the
entropies of activation TDS�.

Figure 1. a) QCM experiments probing the temperature dependence of the elongation of PI3K-
SH3 amyloid fibrils. The increase in temperature between each measurement leads to an
increase in resonant frequency (white background). After a stable baseline had been
established, the surface-bound fibrils were incubated in a solution of the same protein (green
bands), and their elongation led to a decrease in resonant frequency due to the associated
increase in surface-bound hydrodynamic mass. The rate of change of frequency is proportional
to the (average) fibril elongation rate. The three frequency overtones N = 3 (black), N = 5
(red), and N = 7 (blue) are shown. The insert shows an Arrhenius plot of the raw data (the
average of the three overtones is used). b) AFM images of two different areas of the QCM
sensor used to estimate the surface number density of fibrils.

Figure 2. Arrhenius plots for the various peptides and proteins studied in this work. Each plot
corresponds to a single experiment, similar to that shown in Figure 1. The error bars of the data points
stem from the divergence of the frequency response for the overtones with N = 3,5,7 (see the Supporting
Information for details). The molecules involved are illustrated schematically with pdb structures or
random coils, as appropriate under the conditions of the experiment. For human lysozyme, two plots are
shown, one corresponding to the native form of the protein (lower data points with steeper slope), and
the other to the form where the disulfide bonds are reduced (see text and the Supporting Information).

.Angewandte
Communications

5248 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 5247 –5251

http://www.angewandte.org


We note here that the largest uncertainties in the values of all
the thermodynamic parameters are associated with the
entropy terms, as they contain the combined uncertainties
of both the free energy and the enthalpy measurements.

A summary of these experimental data and calculations is
given in Figure 3 and Table 1 with error bars defined from
multiple experiments; most measurements of temperature
dependences were performed at least in triplicate. In addition,
and in general, the smaller the value of DH�, the larger the
relative error, as a result of the weaker dependence of the
elongation rate on temperature. The determinations of the

absolute elongation rates were also performed at least in
triplicate; here the errors are dominated by the order of
magnitude uncertainty in the mass sensitivity coefficients,
which are linearly related to the errors in the rates.

A striking feature of this collection of data is that the
enthalpies of activation are unfavorable in all cases, whereas
the entropies of activation are universally favorable. Both
enthalpy and entropy values vary more strongly in absolute
terms than the free energies of activation; therefore the well-
known phenomenon of enthalpy–entropy compensation,
a characteristic of many reactions in (aqueous) solution,[25,26]

is clearly apparent.
Having established this data set, and combining it with the

available data from the literature (Table 1), we can now
examine the information contained within it by correlating
the values of the activation parameters with characteristics of
the polypeptides involved. A plot of the activation enthalpies
DH� against sequence length (Figure 4a) shows that these
quantities are significantly correlated (r2 = 0.51). This finding
suggests a simple scaling of the energetics of the transition
state with the size of the protein. It is also apparent from this
plot, however, that the proteins which are folded to a signifi-
cant degree (i.e. that possess a substantial degree of tertiary
structure) under the conditions at which the aggregation data
were measured have in most cases higher activation enthal-
pies for a given sequence length. When the values of DH� are
normalized for the number of residues and grouped according
to the presence of tertiary structure (Figure 4b) it emerges
that the presence of significant tertiary structure generally
increases the enthalpy of activation per residue. We note here
that the fact that all experiments have been performed under

Table 1: Summary of the thermodynamic parameters of activation determined for the proteins examined in this study, along with additional data taken
from the literature.[a]

Peptide/Protein No. of
residues

Structure pH Charge Ionic
strength [m]

DG� [kJmol�1] DH� [kJmol�1] TDS� [kJmol�1]
(at 298 K)

human glucagon 29 nt 2.0 + 5 0.03 16.2+ 4.5�1.5 30.0�12.0 13.8�18.0
bovine insulin B-chain 30 nt 2.0 + 3 0.01 16.2+ 4.4�1.5 35.0�10.0 18.8�16.0
human Ab (1–42) 42 nt 7.4 �3 0.1 5.9 + 4.0�1.4 66.1�8.1 60.2�13.5
bovine insulin 51 t 2.0 + 5 0.01 25.0+ 4.0�1.5 102.5�4.2[9] 77.5�9.6
yeast Ure2p 354 (�70) nt 8.4 �7 0.25 9.6 + 4.0�1.5 27.0�10.0 17.4�15.5
bovine PI3K-SH3 84 nt 2.0 + 12 0.01 20.4+ 3.9�1.5 42.1�8.5 21.8�13.9
human b2-microglobulin 100 nt 2.0 + 18 0.04 16.7+ 5.2�1.5 48.3�8.6 31.6�15.3
bovine a-lactalbumin 123 nt 1.2 + 17 0.2 13.5+ 4.1�1.4 107.0�10.0 93.5�15.6
human lysozym (native) 130 t 1.2 + 21 0.2 25.0+ 4.0�1.5 167.7�14.7 142.7�20.1
human lysozym (reduced) 130 nt 1.2 + 21 0.2 9.9 + 4.1�1.4 68�12 58.1�17.5
human a-synuclein 140 nt 7.4 �9 0.15 13.9+ 4.1�1.5 71.0�5.6[b] 57.1�11.2
bovine b-lactoglobulin 162 t 2.0 + 21 0.2 31.8+ 3.9�1.4 83.7�9.6[c] 53.9�14.9

human Ab (1–40) 40 nt 1.0 + 7 0.1 n/a 95.4�4.6[16] n/a
human Ab (1–40) 40 nt 7.5 �4 0.15 n/a 61.9�1.3[27] n/a
human Ab (1–40) 40 nt 3.1 + 6 0.1 n/a 42.9[19] n/a
fungal Het-s 289 (�70) nt 7.0 �6 0.12 n/a 16�2[28] n/a
human stefin B 98 t 4.75 + 8 0.165 n/a 112.9�20.9[22] n/a
human Ig light chain 122 t 7.4 + 1 0.11 n/a 153�12[18] n/a
human a-chymotrypsin 245 t 7.0 + 4 0.15 n/a 208�17[21] n/a

[a] We do not subtract the enthalpy of activation of water viscosity from the measured overall activation barrier, as is sometimes done in protein-folding
studies.[29] In addition, we do not quote literature values for the entropy of activation, as this quantity is strongly model-dependent and difficult to
compare between different studies. For Ure2p and Het-s, the number in brackets corresponds to the length of the fibril-forming domain.
Abbreviations: nt = no tertiary structure, t = tertiary structure (see the Supporting Information for references). Where the enthalpies of activation have
been reported previously, we find good agreement with our data. [b] (84.1�3.3) kJ mol�1 [17] . [c] 100.4 kJmol�1.[20]

Figure 3. Overview of the measured and calculated values of the
activation parameters. All values for the enthalpies of activation DH�

are unfavorable, while those for the entropies of activation �TDS� are
favorable. The enthalpy–entropy compensation discussed in the text is
evident from this dataset.
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solution conditions where the amyloidogenicity of the respec-
tive polypeptide is high is likely to reduce the observed
correlation, as it is known that most of these conditions
destabilize tertiary structure.[30]

Further support for the hypothesis that the presence of
nonrandom structure, in addition to the number of residues,
determines at least a part of the activation enthalpy for

amyloid elongation is given by the observation that reduction
and blocking of the disulfide bonds of human lysozyme results
in a significant reduction (more than 50%) in the enthalpy of
activation (see Figure 2 and Table 1). Reduction leads to the
complete disappearance of all tertiary structure in lysozyme
(see Ref. [31] and the Supporting Information). Despite the
complex effects that disulfide cleavage can have on the
overall energy landscape of a protein, this result further
supports the hypothesis that the presence of tertiary structure
contributes to the energy barrier for the conversion of the
protein from the soluble to fibrillar state.

According to Figure 4a, however, a very large contribu-
tion to the activation enthalpy scales with the number of
residues in the polypeptide. Therefore, the overall activation
enthalpy is likely to be a sum of a large number of weak
interactions, the number of which seems to be proportional to
sequence length. When a polypeptide rearranges in an
aqueous environment, large numbers of hydrogen bonds
and other weak interactions are simultaneously broken and
formed, often with very little net change in overall energy.[32]

These energetic changes are, however, often accompanied by
changes in the entropy of the system, especially for processes
involving hydrogen bonds with water.[33] For example, when
a monomeric polypeptide molecule incorporates into a fibril,
it will expose less of its total surface area to the aqueous
environment, and therefore the incorporation will be accom-
panied by (partial) desolvation, which results in both
enthalpic and entropic changes. This process could therefore
not only account for the correlation of Figure 4a, but also
account for the favorable, and in some cases very large,
entropies of activation[34] (Figure 3 and Table 1).

In order to probe this hypothesis further, we have plotted
the average entropy of activation per residue against the
average hydrophobicity of the respective sequence (Fig-
ure 4c); as a measure of the hydrophobicity, we use here the
free energy of transfer from water to octanol of the amino
acids (see Ref. [35] and the Supporting Information for
details). These two quantities are weakly correlated (r2 =

0.37) (red data points), but even if such a correlation were
to be strong, it is unlikely to be easily detectable in our data
set as the variability in the solution conditions and other
contributions to the entropy of activation, such as losses of
translational and chain entropy, are not taken into account in
this analysis. However, in an attempt to explore a potential
connection between hydrophobicity and entropy of activation
more clearly, we have restricted the analysis to those
polypeptides for which the region of the sequence that is
likely to be primarily in the core of the amyloid fibril has been
reported (see the Supporting Information); these regions of
the sequence are likely to be more crucially involved in the
formation of the transition-state ensemble than other parts of
the peptide sequence. When the entropies of activation are
divided by the number of “core” residues, the correlation with
the average hydrophobicity of these specific residues is
indeed stronger (green data points, r2 = 0.71). This analysis
strongly suggests that the desolvation of hydrophobic regions
of the peptide sequence in the transition-state ensemble is
a major contribution to the favorable activation entropy.

Figure 4. Correlations of the activation parameters with sequence
properties of the polypeptides. a) Correlation of the enthalpy of
activation for fibril elongation with sequence length (r2 =0.51). The
data points are color coded according to whether the protein has
significant native structure under amyloidogenic conditions (red,
separate r2 = 0.41) or not (black, separate r2 =0.39). b) The enthalpies
of activation DH� are shown divided by the number of residues. Box
plots (red, showing median and upper and lower quartile) illustrate
that a significant part of the enthalpy of activation is determined by
the presence of tertiary structure in the soluble amyloidogenic protein
(MannWhitney U = 12.5, n1 = 10, n2 = 6, P= 0.066 two-tailed). c) The
entropy of activation per residue is plotted against the average
hydrophobicity of the polypeptide (taken as the free energies of
transfer from water to octanol, from Ref. [35]) (red points). The
analysis is further refined by plotting only data for proteins for which
an estimate of the regions of the sequence forming the fibril cores has
been reported (see the Supporting Information). The correlation is
better after the refining (r2 changes from 0.37 to 0.71), indicating that
hydrophobicity contributes significantly to the favorable entropy of
activation.
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In summary, we have measured and analyzed the free
energy barriers associated with the growth of amyloid fibrils
using QCM techniques. We have found that the unfavorable
enthalpies of activation, DH�, stem from the net unfavorable
formation and breakage of many weak interactions necessary
to reach the transition state ensemble of structures, presum-
ably mainly between the polypeptide and the solvent water,
and from the need to unfold residual structure that is
associated with the soluble state of the protein. The entropies
of activation, however, are favorable and we have found that
this quantity correlates with the hydrophobicity of the core
regions of the polypeptides that form the fibrils. This study
therefore provides important information about the molec-
ular origin of the energy barriers that are responsible in many
cases for the metastability of soluble proteins against
aggregation,[6] and therefore contributes to an understanding
of the factors that govern the balance within proteins between
normal function and aberrant behavior[36] leading to disease.

Experimental Section
The measurements of amyloid elongation kinetics were performed
using an E4 quartz crystal microbalance (Q-Sense, V�stra Frçlunda,
Sweden). The data analysis is described in detail in the Supporting
Information. For the estimation of the surface concentration of fibrils,
the QCM sensor surfaces were imaged in air before and/or after the
kinetic experiments, using a Molecular Imaging PicoPlus (Tempe,
AZ) atomic force microscope, and the fibrils within defined areas
were counted. The proportionality factor between the frequency shift
and the increase in protein mass was analyzed in detail and defined
for four polypeptides (human Ab (1–42), yeast Ure2p, human a-
synuclein, and bovine insulin) by two different methods (peptide
depletion and AFM length increase, see the Supporting Information).
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