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Abstract

The propensity of protein molecules to self-assemble into highly ordered, fibrillar aggregates lies 

at the heart of the understanding of many disorders such as Alzheimer’s disease or lysozyme 

systemic amyloidosis. In this article we use highly accurate kinetic measurements of amyloid fibril 

growth in combination with spectroscopic tools to quantify the effect of modifications in the 

solution conditions and the amino acid sequence of human lysozyme on its propensity to form 

amyloid fibrils under acidic conditions. We elucidate and quantify the correlation between the rate 

of amyloid growth and the population of non-native states, and show that changes in 

amyloidogenicity are almost entirely due to alterations in the stability of the native state, while 

other regions of the global free energy surface remain largely unmodified. These results provide 

insight into the complex dynamics of a macromolecule on a multidimensional energy landscape, 

and point the way for a better understanding of misfolding diseases.

Introduction

Lysozyme systemic amyloidosis is a fatal hereditary disease associated with the deposition 

of amyloid fibrils in the spleen, liver and kidney.1 These fibrils are composed of mutational 

variants of the 130-residue anti-bacterial protein lysozyme that possess a decreased native 

state stability and folding cooperativity, and predispose the protein to populate partially 

folded states under conditions that can readily lead to aggregation.2–6 The general link 

between mutations, partial unfolding and amyloid formation is robust and has been well-

documented for a variety of systems.7–18 However, a quantitative relationship between the 
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population of partially folded states and aggregation rates would provide direct and 

definitive evidence of the way in which the free energy landscape is modified by mutations. 

To achieve this objective requires the ability to make measurements of both parameters with 

high accuracy; in this paper, we describe the means by which such data can be obtained.

A crucial point in establishing the connection between changes in the free energy surface 

and aggregation rates in a quantitative way is the availability of precise kinetic data for 

protein aggregation. Recent developments, based on quartz crystal microbalance (QCM) 

measurements now make it possible to determine highly accurate values for the rates of 

elongation of amyloid fibrils.19,20 Biosensor-based methods such as QCM have the 

advantage over conventional solution state assays in that small differences in elongation 

rates due to small variations in the reaction conditions can be resolved quantitatively.21,22 

In this approach, a constant ensemble of pre-formed seed fibrils, covalently attached to the 

microbalance sensor,23 is exposed to a solution of soluble amyloidogenic precursor 

molecules. The elongation reaction is then monitored in real time through the resulting 

increase in the surface-bound hydrodynamic mass that can be detected through changes in 

the mechanical resonant frequency of the piezoelectric sensor. Under conditions where 

successful cross-seeding between mutants of a protein can be achieved, this technique can be 

used in a particularly straightforward manner to determine accurately the influence of 

changes in the amino acid sequence on the free energy surface governing misfolding and 

aggregation.

We have recently characterized the energy landscape of monomeric human lysozyme in 

great detail under acidic conditions using temperature as a means of unfolding the protein.24 

We have demonstrated that, rather than the classical three-state model (native, intermediate 

and unfolded states), an extended two-state-model is needed to describe the thermal 

unfolding process: the native state is in equilibrium with a structurally heterogeneous 

‘denatured ensemble’ whose constituent non-native species gradually unfold further from an 

initially compact ’molten globular’25 state as the temperature is increased. Monitoring the 

locally cooperative unfolding of this denatured ensemble has revealed that the regions that 

unfold most readily (the β-domain and helix C) are also those that form the core of amyloid 

fibrils grown under similarly acidic conditions, suggesting that the unfolding process is 

closely linked to the aggregation of human lysozyme into amyloid fibrils.26

In the present paper, we describe the enhancement of our knowledge of the energy landscape 

of human lysozyme by performing at high accuracy measurements of elongation rates of 

amyloid fibrils formed from human lysozyme under conditions where we have detailed 

spectroscopic and structural information about the populations of different species present in 

solution.24 We focus our study on the WT protein and two single-point mutational variants: 

the I56T variant, associated with systemic lysozyme amyloidosis, and the non-natural I59T 

variant, which exhibits an unfolding behavior that is intermediate between that of the WT 

protein and the I56T variant.3,24,27 The energy landscape of a protein can be examined by 

probing the effect of small perturbations, such as single point mutations and changes in 

solution pH, on the dynamics of the system.28 Here the elongation rates for amyloid fibrils 

were measured using a quartz crystal microbalance (QCM), a highly accurate method for 

kinetic measurements of amyloid growth.19 We chose to use low pH conditions, where the 
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population of partially folded states can be determined at temperatures close to physiological 

ones using near-UV circular dichroism (CD) spectroscopy, and readily varied, therefore 

allowing us to quantify the link between the nature of the species populated under given 

conditions24 and the propensity of lysozyme to aggregate.

Results and discussion

QCM measurements of the elongation of amyloid fibrils from human lysozyme variants

After attaching WT fibril seeds to the gold surface of the sensor (see Supporting Information 

for experimental procedures and Buell et al23), we exposed the surface to a 70 µM solution 

of the I59T variant, at pH 1.2, 100 mM of NaCl and 35°C (see Figure 1). This led to a 

decrease in the resonant frequency, proportional to the increase in mass of protein attached 

to the sensor surface, due to the elongation of seed fibrils by addition of the amyloidogenic 

precursor.19 After flushing the sensor surface with buffer solution, a solution of the I56T 

variant at identical concentration, pH and ionic strength was then introduced into the flow 

cell containing the QCM sensor. A further decrease in resonant frequency was then 

measured for this variant; the results shown in Figure 1 demonstrate that the growth rate was 

significantly higher than that obtained in the presence of the I59T solution. After washing 

with buffer and upon a second exposure of the sensor to a solution of I59T, a further 

decrease in resonant frequency was observed, yielding a slope similar to that obtained in the 

first exposure to a solution of the same variant. The frequencies of the three overtones with 

N = 3, 5, 7 are plotted in Figure 1; in the remaining figures, for clarity, we instead only show 

the overtone with N = 3. In the analysis carried out in this work, we always used the average 

of the three overtones.19 The origin of the difference in the mass sensitivity coefficients 

between the three overtones, which minimally affects our analysis of the relative changes in 

rate, lies in the complex material and hydrodynamic properties of the surface-bound fibrils 

(see Supporting Information). Similarly to the experiment described above, we have 

observed that the WT, I59T and I56T variants can all elongate both WT or I59T fibrils with 

rates that depend only on the identity of the soluble precursor and not on the seed (see 

Figure 1, Figure 2 and Fig. S2 in the Supporting Information). These experiments show that 

the different forms of the proteins can all access regions of the free energy surface 

corresponding to fibril growth at pH 1.2 and elevated temperatures, and that the QCM 

measurements allow us to monitor the fibril elongation process. Atomic force microscopy 

images of the sensor surface before and after the experiment confirm that the amyloid seed-

fibrils have indeed elongated over the course of the experiment (insets in Figure 1). The 

elongation rates measured by QCM are in agreement with the more qualitative aggregation 

rates obtained using bulk solution experiments monitored by thioflavin T (ThT) 

fluorescence29 (see Figure 2 and Fig. S1 of the Supporting Information). The QCM 

experiments described above have the unique advantage over the conventional solution 

based assays, such as ThT fluorescence, in that the growth rates of a constant ensemble of 

fibrils are monitored; this feature allows the rates under different conditions to be readily 

compared. Moreover, this experimental strategy allows a single process on the aggregation 

pathway to be monitored, namely the elongation of mature amyloid fibrils, rather than the 

multiple processes that contribute to the overall mechanism of fibril formation.30 In 
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addition, our approach makes complex cross-seeding experiments like the one shown in 

Figure 2 straightforward, rapid and highly accurate.

Cross-seeding of WT human lysozyme and its destabilized I59T and I56T variants

The experiments described in the previous paragraph (see Figure 1, Figure 2 and Fig. S2 in 

the Supporting Information) show that lysozyme amyloid fibrils elongate with a rate that is 

independent of the nature of the seeds, within experimental error, and so depends only on the 

nature of the soluble protein in the aggregation reaction. At a given pH and temperature, the 

I59T monomer, for example, elongates WT and I59T seeds with a very similar rate, but at a 

different rate from that of the monomer of the I56T and WT variants. The observed cross-

seeding between WT human lysozyme and its associated single point mutational variants 

I59T and I56T is in agreement with previous results for lysozyme and other proteins.21,31–

35 Cross-seeding between the conformational states of the different variants in the vicinity 

of the midpoints of their thermal denaturation can be rationalized by considering the 

structural and physico-chemical similarity of the resulting fibrils formed at pH 1.2 and at 

high temperature. Indeed, an analysis by Fourier Transform Infra Red (FTIR) 

spectroscopy36 of the conformation of the protein molecules embedded in the fibrils formed 

from the WT and I59T variants shows that these adopt very similar conformations (see 

Figure 3A-B). In addition, the fibrils have very similar resistance to de-polymerization by 

denaturants37 such as guanidinium thiocyanate (GdnSCN), indicating that the nature of the 

core structures is very similar in both cases (see Figure 3C-D).

Differential effects of small changes in solution conditions on the fibril elongation rates of 
the I59T, I56T and WT variants

We next examined the elongation rates of the protein fibrils in greater detail by exposing a 

given QCM sensor to different solution conditions. To investigate the link between the 

differences in native state stability of the lysozyme variants and the kinetics of aggregation, 

we studied the impact of temperature (from 25°C to 40°C) and pH (1.2 to 2.0), two variables 

that strongly influence the relative populations of native and non-native states of the three 

lysozyme variants under low pH conditions.24 We first compared the rates of incorporation 

of the monomeric WT protein and its I59T and I56T variants into WT fibril seeds at 25°C, 

30°C and 40°C (see Figure 2). The rate for the WT protein is so slow under these conditions 

that it could only be measured at 40°C, although the rates of the two variants I56T and I59T 

could readily be measured at all temperatures. Interestingly, the difference in aggregation 

rates between the I56T and the I59T variants decreased substantially as the temperature was 

increased: fibrils of the I56T variant grew ca. 10 times faster than those of the I59T variant 

at 25°C but at approximately the same rate at 40°C. We then investigated the effect of small 

increases in pH (from pH 1.2 to 1.7 and 2.0) at constant ionic strength (I = 0.2 M; adjusted 

by addition of sodium chloride) and found that lowering the acidity of the solution induced a 

significant decrease in the aggregation rate of the I59T variant at 35°C (see Figure 4). These 

results show that temperature, pH and the location of single point mutations have dramatic 

and differential effects on the aggregation rates of human lysozyme.
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Link between elongation rates and populations of non-native states

In order to determine the specific origins of the observed differences in aggregation rates, we 

determined the relative populations of the native and non-native states under the same sets of 

conditions that we had investigated during the kinetic experiments. As shown in our recent 

work,24 the populations of the native and non-native states of each protein can be 

determined by fitting the near-UV circular dichroism (CD) thermal unfolding curves to an 

apparent two-state model. The unfolding of the I56T, I59T and WT variants at pH 1.2 was 

monitored by near-UV CD at 270 nm (data taken from Dhulesia et al.24), as well as the 

unfolding of I59T at pH 1.7 and 2.0 (see Supporting Information Fig. S3). The unfolding 

traces were fitted globally to an apparent two-state model by imposing common slopes for 

the signals arising from the native and non-native states: the resulting populations are shown 

in Figure 6A-B (see Supporting Information for more details on the fitting procedures).

Since both the temperature and the number of fibril ends attached to the QCM sensor will 

influence the observed rate of frequency change, we directly compared only QCM 

experiments carried out on identical sensors (where the number of fibril ends is fixed) and at 

the same temperature. For each different variant (WT, I59T and I56T) at pH 1.2 we 

calculated the ratios between the amyloid growth rates, as well as for I59T at different pH 

values (pH 1.2, 1.7 and 2.0). Most of these measurements were repeated several times, 

therefore allowing estimation of the errors associated with the ratios of the growth rates of 

two variants under a given set of conditions or of the I59T variant at different pH values. 

When only one measurement was performed, we used the reproducibility of our initial 

experiments, where we tested for successful cross-seeding, as an estimate of the error which 

was determined to be approximately 40% (see e.g. the difference between the first and third 

growth periods in Figure 1). The ratios of all independent experiments are reported in Table 

S1, where we indicate from which variant the initial seed fibrils were made, and a summary 

of the data is shown in Table 1. The link between the ratios of rates and those of the 

population will be established in the next section.

Energy landscape model for human lysozyme at low pH

We have recently discussed a framework for describing protein aggregation on the basis of 

diffusive dynamics on an energy landscape38 in a manner analogous to the behavior 

encountered during protein folding.39,40 The key determinants of protein aggregation 

kinetics are the barriers on this energy surface separating the soluble state from the fibrillar 

configuration. It can be shown that under many conditions the principal factor affecting the 

overall conversion rate is the height of the highest saddle point that the reactive trajectories 

cross relative to the energy of the soluble state. Many other barriers can be present, and for 

proteins such as human lysozyme, that show a cooperative unfolding transition, a second 

barrier exists under most conditions that separates the native state from a denatured 

ensemble.24 We have illustrated schematically a one-dimensional projection of a free energy 

landscape with these features (Figure 5C). This illustration does not imply that all of the 

denatured ensemble is "on-pathway" for aggregation in a mechanistic sense.

The landscape picture allows us to generate predictions for the effect of changes in different 

parts of the energy landscape and thus by comparison with experimental data pinpoint the 
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origin of the amyloidogenicity of human lysozyme. We have analysed the limiting cases of 

several scenarios where we consider the influence that variations in amino acid sequence can 

have on the global free energy landscape (Figure 6A), and on measurable quantities such as 

the ratios of rates and populations listed in Table 1. Since the energy difference between the 

lowest energy state of the landscape and the saddle point of the aggregation reaction is the 

principal determinant of aggregation kinetics, energy variations in regions that do not change 

this overall energy difference will not influence the kinetics (Figure 6A, cases 2 and 3). On 

the other hand, if the region of the free energy landscape in proximity of the saddle point is 

modified, we expect changes in the rate, but the relative populations of the native and 

denatured states should remain unaffected (case 1). We also consider a scenario where the 

modifications solely affect the native state and where they lead to changes in both the 

relative populations and the aggregation rate (case 4). The limiting case of such a scenario 

yields a slope of 1.0, demonstrating a direct relationship between the destabilization of the 

native state and the increased aggregation rate.

In order to gain insight into the origin of the increased amyloidogenicity of the lysozyme 

mutants considered in this study, we therefore compare our experimental data (summarized 

in Table 1) with the predictions of the landscape picture in Figure 6A. This comparison 

reveals a situation very close to the limiting case 4 (Figure 6B). A linear fit of the data to y = 

a · x yields a slope of 1.10± 0.12. We therefore conclude that the mutations I59T and I56T 

increase the amyloidogenicity of lysozyme principally by affecting the stability of the native 

structure.

Also remarkable is the fact that variations in pH between 1.2 and 2.0 for the I59T variant 

have a comparable effect on the overall energy landscape as do the single point mutations 

I59T or I56T (Figure 6B). Several experimental studies have shown that hen lysozyme, 

which has a sequence identity of ca. 60% to human lysozyme and a closely similar fold, 

possesses aspartic acid residues with pKa values lower than 2.0;41–43 this is the case, for 

example, for aspartic acid at position 66, that is also present in the sequence of human 

lysozyme, with a pKa value of ca. 1.5. A decrease in pH to values below 2.0 therefore 

modifies the charge state of the protein and affects its thermal stability. Such a change in 

charge can in principle influence the stability of the native state as well as the height of the 

barrier separating the denatured ensemble and the fibrillar state, as a result of a change in the 

electrostatic repulsion between the fibril ends and the monomers. Our finding that the 

correlation between aggregation rates and populations of denatured states holds under 

different pH conditions shows, however, that this effect must be negligible in comparison 

with the change in the overall kinetic barrier resulting from the shift in energy of the native 

state. This can be rationalized through efficient electrostatic screening at the ionic strength 

of 0.2 M, where the Debye length is shorter than 1 nm;44 such screening is likely to be more 

efficient between a partly unfolded monomer and a fibril end than within a folded monomer.

Concluding remarks

In the present study, we have combined CD spectroscopy and QCM, an emerging method in 

the field of protein aggregation, to study the link between the effects of mutations and 

solution conditions on the amyloidogenicity of a globular protein. We have shown that 
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variations in the population of non-native conformations of human lysozyme at low pH 

quantitatively account for changes in the rates of formation of amyloid fibrils under a variety 

of conditions. The fraction of non-native states populated in solution, as determined by CD 

spectroscopy, correlates remarkably well with the amyloid fibril elongation rates measured 

by QCM, with a closely similar proportionality factor for all conditions studied in the work 

discussed in this article. This finding can be easily rationalized, as changes in charge state or 

amino acid composition modulate almost exclusively the energy landscape of the protein in 

the proximity of the native state, and the accuracy of our data allows us to go beyond a 

purely qualitative understanding of this effect. We therefore corroborate the well-known 

correlation between native state stability and amyloidogenicity in a uniquely quantitative and 

systematic way.

At pH 1.2 and the temperatures studied here (up to 40°C), we have recently shown that the 

non-native states of the amyloidogenic I56T variant comprise both ‘molten globular’ and 

highly unfolded regions, and that the unfolding of the molten globular region occurs 

gradually with temperature, with the first unfolded region being part of the β-domain and 

helix C, while the last residues to unfold are part of the rest of the α-domain (helices A, B 

and D).24 Our results show that the population of all non-native sub-states that constitute the 

denatured ensemble correlates very well with the aggregation rate, therefore suggesting that 

aggregation is generally driven by the presence of non-native states (that are locally molten 

globular or unfolded, but non-native like) rather than by the formation of non-native species 

with specific and well-defined properties. Given that residues of the β-domain are the first 

ones to fully unfold in non-native states, and that residues that form the β-domain and helix 

C in the native state are found at the core of the fibrils, we hypothesize that the unfolding of 

those residues allows the formation of first intermolecular contacts in the self-assembly 

process.

In conclusion, the ability to make highly quantitative measurements of amyloid fibril 

elongation kinetics, and to compare these data with detailed descriptions of the 

conformational states populated under different conditions, have enabled us to obtain 

mechanistic insights into the process of fibril formation and to characterize the free energy 

landscape governing this process. Such information and its interpretation represent the first 

and crucial step towards rational intervention to inhibit the misfolding and aggregation of 

proteins that can give rise to disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Growth rates of WT lysozyme fibril seeds in contact with solutions of the I59T or I56T 

variants (at pH 1.2, 100 mM NaCl and 35°C), measured through the changes in resonant 

frequency (f-f0) of the sensor system. The green bands indicate the times when the cell 

contained a solution of the protein under investigation. We used the average of the rates of 

frequency change of the three overtones with N = 3 (black line), 5 (blue) and 7 (red) as a 

measure for the aggregation rate. The differences between the mass sensitivities of the 

frequency overtones is discussed in the main text. The numerical values of the average for 

the three growth periods shown in this figure are: -12.8, -35.9 and -17.5 Hz/min. Within 

experimental error, the rate of mass addition depends only on the nature of the monomer, 

and not on the history of the seed fibrils. The insets show AFM images of the gold coated 

quartz crystal before and after a growth experiment, yielding an independent confirmation of 

the elongation of the surface-bound fibrils as the origin of the decrease in resonant 

frequency. Experiments such as these ones were used to compute the ratios of rates reported 

in Table S1 and a summary of which can be found in Table 1.
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Figure 2. 
Comparison of the elongation rates of amyloid fibrils from lysozyme variants at different 

temperatures. The main part of the figure shows a direct comparison of the rates of monomer 

addition of all three proteins (WT, I59T and I56T) to WT seeds at 40°C (a similar 

experiment with I59T seeds is shown in Fig. S2 in the Supporting Information), 

demonstrating a large difference in absolute rates between the WT protein and the two 

variants. The two inserts show the fibril growth rates of the two variants at 25°C and 30°C 

and reveal that the relative kinetics are temperature dependent; at higher temperatures the 

aggregation rates are substantially more similar than at lower temperature. Equivalent 

experiments were used to compute the ratios of rates reported in Table S1, a summary of 

which can be found in Table 1.
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Figure 3. 
(A) and (B): Amide I region of the FTIR spectra of WT (black) and I59T (red) fibrils grown 

at pH 1.2. The measured spectra are shown in thick black lines, whereas the deconvoluted 

Gaussian contributions are shown in thin lines (black for backbone and grey for side chains). 

The relative intensities are given in Table S3 in the Supporting Information. (C) and (D): 

Conformational stability of WT (black) and I59T fibrils (red) formed in the presence of WT 

seeds, measured by de-polymerization experiments performed using GdnSCN. Continuous 

lines represent fits to a sigmoidal function (see Supporting Information).
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Figure 4. 
Growth of surface-bound I59T lysozyme fibrils in contact with solutions of I59T at different 

pH values and a constant ionic strength of I = 0.2 M, measured through the changes in 

resonant frequency of the sensor (T = 35°C). The green bands indicate the times when the 

cell was filled with a solution of the relevant protein, and the black vertical lines indicate a 

change in solution pH. The red lines show linear fits to the frequency shifts and provide a 

direct probe of the filament growth rate. A) pH 1.2 and 1.7; B) pH 1.2 and 2.0; the 

measurements in A and B were acquired using two different QCM sensors. Experiments 
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such as these ones were used to compute the ratios of rates reported in Table S1, a summary 

of which can be found in Table 1.
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Figure 5. 
Fractional populations pD of non-native denatured (D) states, derived from fitting near UV-

CD data to a pseudo two-state model (native state, non-native ’denatured ensemble’). A) the 

I56T, I59T variants and WT lysozyme at pH 1.2. B) I59T at pH 1.2, pH 1.7 and 2.0. C) Free 

energy landscape of human lysozyme. The native state N is in equilibrium with 

the ’denatured ensemble D’, a collection of non-native states populated according to the 

Boltzmann distribution. In addition, the presence of fibril seeds makes the fibrillar state F 

accessible; the monomeric state is separated from the aggregated state by a free energy 

barrier. The relative stabilities of the various states can be modulated by changes in solution 

conditions and amino acid sequence. We use this free energy landscape model to rationalize 

the origin of increased amyloidogenicity of lysozyme variants.
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Figure 6. 
A: Four scenarios of the influence of modifications in amino acid sequence and solution 

conditions on the free energy landscape are presented. Variations in energy are indicated 

with red dashed lines. Only modifications that change the energy difference between the 

lowest state on the energy landscape (“N”) and the saddle point for aggregation (“‡”) will 

change the aggregation rate (scenarios 1 and 4). Of those two cases, only the latter will lead 

to a direct relationship between ratios of rates and ratios of populations, with a limiting case 

of slope 1.0. Changes in the stability of the denatured ensemble (“D”) and the fibrillar state 

(“F”) do not influence the aggregation rate. B: Plot of the ratios of elongation rates and 

fractions of populations of non-native states (data from Table 1). The data shown in black 

correspond to pH 1.2, whereas the data shown in blue correspond to changes in pH for the 

I59T mutant (to pH 1.7 or 2.0). The linear fit (red) is given by the equation: y = a * x, with a 
= 1.10 ± 0.12 (correlation coefficient 0.90). The zone between the red dashed lines 

corresponds to the error in the fitting, as estimated by the variation in slope. As a guide to 

the eye, y = x is shown (green dashed line), the limiting case 4 and most direct link between 

the fraction of denatured states and aggregation rates. Our finding that the experimental data 

very closely follow this prediction indicates that our landscape model of lysozyme can be 

used to quantitatively understand the origin of amyloidogenicity.
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Table 1

Summary of the experimental results of this study that are reported in full in Table S1. The averages of the 

ratios of amyloid fibril growth rates from independent experiments (see text for details) and the populations of 

the denatured state for different variants, under different conditions (from Figure 5 A and B) are listed. Data 

from experiments using seed fibrils from different variants are taken together to compute a single average. The 

data presented here are used to plot Figure 5 C.

Monomeric proteins and conditions Temperature Ratio of amyloid fibril growth rates Ratio of populations of denatured state

I59T/I56T pH 1.2 25°C 0.13 ± 0.03 0.06 ± 0.03

30°C 0.35 ± 0.17 0.17 ± 0.06

35°C 0.40 ± 0.16 0.50 ± 0.08

38°C 0.63 ± 0.25 0.74 ± 0.08

40°C 1.21 ± 0.44 0.86 ± 0.05

WT/I59T pH 1.2 40°C 0.08 ± 0.04 0.08 ± 0.04

I59T pH 2.0/1.2 35°C 0.22 ± 0.04 0.13 ± 0.05

I59T pH 1.7/1.2 35°C 0.32 ± 0.13 0.42 ± 0.08
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