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Abstract 

The formation of ordered protein and peptide assemblies is a phenomenon related to a wide range of 
human diseases. However, the mechanism of assembly at the molecular level remains largely 
unknown. Minimal models enable the exploration of the underlying interactions that are at the core 
of such self-assembly processes.  In particular, the ability of phenylalanine, a single aromatic amino 
acid, to form amyloid-like structure, has challenged the previous dogma viewing a peptide backbone 
as a prerequisite for assembly. The driving forces controlling the nucleation and assembly in the 
absence of a peptide backbone remain to be identified. Here, aiming to unravel these forces, we 
explored the kinetics and thermodynamics of three phenylalanine-containing molecules during their 
assembly process: the amino acid phenylalanine, which accumulates in phenylketonuria patients, the 
diphenylalanine core-motif of the amyloid beta peptide related to Alzheimer's disease, and the 
extended triphenylalanine peptide which forms a range of distinct nanostructures in vitro. We found 
that the aggregation propensity, regarding the critical monomer concentration, strongly increases 
with size, with triphenylalanine being the most aggregation prone species under our experimental 
conditions. In the context of classical nucleation theory, this increase in aggregation propensity can 
be attributed to the larger free energy decrease upon aggregation of larger peptides and is not due to 
the presence/absence of a peptide bond per se. Taken together, this work provides insights into the 
aggregation processes of chemically simple systems and suggests that both backbone-containing 
peptides and backbone-lacking amino acids assemble through a similar mechanism, thus supporting 
the classification of amino acids in the continuum of amyloid-forming building blocks. 
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Introduction 

The formation of supramolecular aggregates is a hallmark of a wide range of human disorders. For 
instance, peptide and protein aggregation is commonly associated with neurodegenerative 
conditions, such as Alzheimer’s or Parkinson’s disease.1 In inborn error of metabolism (IEM) disorders, 
such as phenylketonuria (PKU) and hyperoxaluria, it are small metabolites that form ordered 
assemblies.2–4 However, the process of aggregation at the molecular level, especially nucleation, is not 
well understood.5–7 Specifically, a detailed understanding of the molecular events that lead to 
nucleation is critical for the prediction of prognosis as well as for the development of innovative 
therapeutic approaches. This is especially important in the case of IEM disorders as the concentration 
of the metabolites can be extremely high and thus prone to nucleation and consequent propagation 
of assembled structures, leading to deleterious effects. Moreover, comparison of the aggregation 
behaviour of proteins and metabolites will contribute to the comprehensive understanding of the 
biomolecular aggregation process.      

Kinetic and thermodynamic effects govern supramolecular self-organisation.8 Often, the aggregated 
state corresponds to the most stable state of these systems, leading to strong thermodynamic driving 
forces for aggregation.9 However, there are barriers to aggregation, which can kinetically stabilise the 
different stages of assemblies as well as the soluble state.10 This often leads to a nucleated 
polymerisation mechanism, i.e. a process in which an energetically unfavourable process, nucleation, 
precedes the favourable growth of the aggregated phase. This mechanism is widespread in nature and 
found, for example, in amyloid formation and molecular crystallisation.11–13 The size of the nucleus is 
dependent on the degree of supersaturation of the solution, i.e. the ratio of monomer concentration 
to solubility.  

Peptide and protein systems with a wide variety of primary sequences can aggregate.14,15 Similarly, 
metabolites with no peptide backbone, such as amino acids, nucleobases and other small 
biomolecules, can also form amyloid-like ordered structures.3,4,15,16 A prominent example is the amino 
acid phenylalanine (Phe) which plays a central role in PKU. Its levels are closely monitored in patients 
based on the well-established correlation between the blood concentration of Phe and the clinical 
outcome.17,18 In patients, the concertation of Phe is in the mM range compared to tens of M in 
healthy individuals.19–21 Furthermore, this amino acid serves as part of a central diphenylalanine (Phe2) 
motif of the amyloid beta (Aβ) peptide related to Alzheimer’s disease.22 Both Phe and Phe2 have been 
shown to self-assemble into fibrillar structures,3,22,23 raising the question of whether the peptide 
backbone plays a fundamental role in the aggregation process as was previously assumed.24–27  

In the case of phenylalanine structures, we can infer on the process of self-assembly from the crystal 
packing of the amino acid in its zwitterionic state.28  The amino acids are organised in a -sheet-like 
orientation possessing a typical zig-zag order as observed in -sheet peptide and protein assemblies. 
However, unlike the peptide assemblies in which the structures are stabilised by backbone 
interactions, in the case of the phenylalanine solid-state arrangement, the inter-sheet organisation is 
stabilised by hydrogen bonding network and π-π stacking interactions to form a supramolecular 
equivalent of a -sheet conformation,16,27 referred to as a "supramolecular -sheet". 29 

Here, we investigate the role of the peptide backbone in two central aspects of aggregation: 
thermodynamic stability and nucleation barrier. We used solution concentrations close to 
supersaturation which resulted in large nucleus sizes. In contrast, for peptides such as Aβ42, in vitro 
aggregation experiments are performed at concentrations orders of magnitude above the 
supersaturation, and therefore a relatively low constant nucleus size is observed.30 In both cases, the 



concentration range is typically chosen to lead to aggregation within easily accessible experimental 
time scales. We studied the self-assembly process of three phenylalanine-containing molecules: The 
single amino acid Phe, the dipeptide Phe2, and the further extended triphenylalanine (Phe3) peptide. 
The backbone-containing peptides and backbone-lacking amino acid tend to assemble through a 
similar mechanism thus supporting the classification of amino acids in the continuum of amyloid-
forming building blocks.3,4,15,31,32    
 
Results and Discussion 

Energy of peptide bond dominates thermodynamic driving forces 

We studied the aggregation of systems consisting purely of Phe building blocks, specifically the amino 
acid Phe, the dipeptide Phe2 and the tripeptide Phe3. To establish the thermodynamic stability of each 
system with respect to its aggregated state, their solubilities were determined as the soluble 
monomer concentration in equilibrium with the aggregates formed (see  Materials and Methods for 
details): purified monomeric samples up to concentrations significantly above the solubility were 
allowed to aggregate at 25 ˚C in PBS, pH 7.4, for 29 h. Aggregates were then removed by ultra-
centrifugation and the concentration of monomer remaining in the supernatant was determined by 
absorbance measurements.33 As shown in Figure 1a, we found that the solubilities decrease by at least 
one order of magnitude per additional peptide bond and that this trend follows a power law.34 For a 
given peptide or protein, the solubility can vary substantially between different solution conditions, 
such as solvent, pH and temperature.35,36  Thus, it is important to note that the phenylalanine-based 
systems in this study were investigated under identical environmental conditions.  

To determine the relative stability of the monomeric state with respect to the aggregated state at a 
given concentration, the measured solubilities can be converted to chemical potentials. The difference 
in chemical potential, ∆µ, between the monomeric and aggregated phase is given by  

 ∆µ = µ −  µ = 𝑅𝑇 ln  (1) 

where R is the universal gas constant, T the absolute temperature, c the monomer concentration and 
cs the solubility. To compare the different systems, we evaluated ∆µ at a constant concentration of 
amino acids, i.e., at 1 M phenylalanine equivalents, so cPhe = 1 M, cPhe2 = 0.5 M and cPhe3 = 0.33 M where 

cPhe, cPhe2 and cPhe3 are the total monomer concentrations of Phe, Phe2 and Phe3, respectively. We found 

that the stability of the aggregated phase, relative to the soluble state, increases with the number of 
peptide bonds (Figure 1b). Interestingly, for both Phe2 and Phe3, this increase in energy difference 
between the soluble and aggregated states is almost the same as the energy required to form the 
peptide bonds in the respective monomers.37 Thus, when the absolute stabilities of fibrils are 
compared, with 1 M of Phe amino acid equivalents as the common reference, the relative stabilities 
of the fibrils formed from Phe, Phe2 and Ph3 are comparble.  In other words, in the fibrillar state, the 
presence of the peptide bond only marginally affects the stability, which is supported by our earlier 
findings that the molecular structure of fibrils is very similar, regardless of the presence of a peptide 
bond.16,29  

 

 



Figure 1: Thermodynamics of peptide self-assembly: (a) The solubility cs determines the monomer 
concentration above which the aggregated phase is more stable than the soluble phase. For phenylalanine-
derived systems (in PBS pH 7.4, 25 ◦C) of increasing chain length, the solubility was found to decrease as a power 
law. (b) The reduced solubility translates into stronger thermodynamic driving forces for aggregation with 
increasing chain length. The indicated values are with respect to 1 M amino acid equivalent. 

 
Monomer size determines nucleation behaviour  

Despite similar thermodynamic driving forces for aggregation, different systems can exhibit distinct 
kinetic profiles.38 Provided that the energy barriers between the soluble and the aggregated phase are 
large enough to control the conversion process, the reaction is under kinetic control. Nucleated 
polymerisation reactions, such as amyloid formation, are generally kinetically controlled.38 In such 
models, the nucleation step requires overcoming the largest energy barrier and thus nucleation acts 
as an (initial) bottle neck for the formation of a new phase. Once the nucleus has formed, the 
aggregates grow rapidly by addition of further building blocks from solution. In some cases, existing 
aggregates can self-replicate, i.e. catalyse the formation of new aggregates, for example by 
fragmentation or secondary nucleation.38 

Here, we investigated the kinetics of aggregate formation by turbidity assays, a method commonly 
used to study protein aggregation.39 This technique is based on the intrinsic light scattering properties 
of the aggregates. As the aggregation reaction proceeds, the number and size of aggregates increases, 
leading to a higher scattering intensity. Exemplary time traces of the scattering intensity obtained for 
Phe are shown in Figure 2a. The traces are sigmoidal in shape, with a flat lag time followed by a sudden 
increase, which generally indicates the presence of a self-replication mechanism, such as secondary 
nucleation or fragmentation. Such secondary mechanisms are also observed in the formation of 
amyloids from larger peptides.6,38  

A robust and easily determined characteristic of the aggregation kinetics is the lag time, namely the 
time until a detectable amount of aggregates has formed. In amyloid assembly kinetics, its 
dependence on the monomer concentration, referred to as the scaling exponent, is used as a guide to 
determine the aggregation mechanism.40,41 The lag times, at a range of concentrations for each of the 
molecules, are shown in Figure 2b, plotted on a double logarithmic plot against the supersaturation, 
S = c/cS.  

One of the most fundamental descriptions of nucleation is provided by classical nucleation theory 
(CNT), which balances bulk energy gained from forming a new phase with the energy penalty from the 
interface of two phases, thereby linking the nucleus size to the underlying thermodynamic parameters 
of the phase change (see SI for details). Using CNT, the dependence of the lag time on the monomer 



concentration, through its relation to the nucleus size, can be used to further break nucleation down 
into its constituent effective driving forces. The main underlying assumptions are local equilibrium 
conditions, the neglection of finite size effects of the nucleus, and a one-step aggregation mechanism. 
In this framework, the free energy of a spherical cluster comprising n monomers is given by 

 

 
 

where kB is the Boltzmann constant, T the absolute temperature, S = c/cS the supersaturation, γ the 
effective surface tension and ν the partial volume of a monomer in the condensed phase. The first 
term on the right-hand side of equation (2) is the integral of equation (1) over the number of 
monomers in a cluster, i.e. describes the relative stabilisation of the aggregated phase. As outlined in 
the SI, the lag time, τ, can be related to the supersaturation according to 

 ln 𝜏 =  
ln

+ 𝐴  (3) 

where A is a constant. The first term on the right-hand side of equation (3) is essentially the nucleation 
barrier. This term increases as the concentration approaches the solubility and diverges when the 
concentration equals the solubility. In this limit, the monomeric and aggregated states are equally 
stable, and the nucleus size approaches infinity. The data of ln(τ) versus ln(S) are found to follow our 
expectations from CNT, and fitting of equation (3), allows us to extract an effective surface tension γ 
(Table S1) from the slopes of these plots, using the value of ν estimated from reported crystal 
structures.42–44 We found that there is little variation in the surface tension (per surface area of the 
clusters) for the different phenylalanine systems tested (Table S1), which is not unexpected given the 
chemical similarities of the species involved. The implications of this finding on the nucleation kinetics 
are very interesting. From equation (2), the nucleation barrier and nucleus size can be deduced. 
Figures 3a and c show plots of these two quantities at a fixed supersaturation. By design, the bulk term 
only depends on supersaturation and thus is unaffected by the monomer size at constant 
supersaturation. In contrast, the surface term scales with the monomer size as ν2/3. Consequently, the 
increase in molecular volume from the additional amino acid residue(s) increases the surface term 
along with increasing the number of peptide bonds. Thus, at a given supersaturation, the energy gain 
by bringing one peptide from solution to the aggregated phase is constant by definition, whereas the 
energy penalty of the interface depends on the surface area of the interface and thus on the size of 
the monomer. Therefore, at the same supersaturation, larger peptides show a larger critical nucleus 
size. By contrast, at the same absolute monomer concentration, the bulk term completely outweighs 
the surface term (Figure 3b and d). The massive decrease in stability of the monomeric state relative 
to the aggregated state for the larger peptides described above means that the nucleus size decreases 
with increasing peptide length. For a small nucleus size, however, the assumption of negligible finite 
size effects breaks down and CNT ultimately yields an unphysical nucleus size smaller than one 
monomer. In this limit, there is no barrier for nucleation. In the other limit, when the monomer 
concentration is below the solubility, aggregation does not occur. This is captured in CNT by an 
infinitely large nucleus size. Of the systems studied here, Phe solutions were prepared at the lowest 
supersaturations but highest monomer concentrations. In line with the above, these solutions showed 
the largest concentration dependence, which indicates the largest nucleus size. This highlights the fact 
that, when comparing aggregation data, supersaturation rather than absolute monomer 
concentration should be considered.  

 ∆𝐺(𝑛) =  −𝑛𝑘 𝑇 ln 𝑆 + (36𝜋𝑣 ) ⁄  𝛾𝑛 ⁄  (2) 

bulk stabilisation surface destabilisation 



Figure 2: Kinetic barriers for aggregation: (a) Exemplary kinetic traces for Phe. The lag times, τ, were extracted 
as the times required until the scattering intensity in turbidity assays reached 10% of its plateau value (dashed 
lines). (b) A double logarithmic plot of the lag time, τ, versus supersaturation, S. Dashed lines are best fits to the 
relationship given through equation (3).  

 

 

Figure 3: Nucleation barriers and nucleus sizes at constant supersaturation or monomer concentration: Energy 
profile of nucleation according to equation (2) at (a) a supersaturation of S = 2 and (b) a monomer concentration 
of 1.4 g/L. Vertical, dashed lines denote the critical point of ∆G(n). (c) At a given supersaturation, the nucleus 
size increases for longer chains of (poly-)phenylalanine due to the ν2/3 dependence of the surface term of 
equation (2). It also increases with decreasing monomer concentration, as the supersaturation decreases 
towards one. (d) At a given monomer concentration, however, the nucleus size decreases for longer chains, due 
to the strong size dependence on the solubility.  



In vivo peptide concentrations and implications for disease 

As stated above, Phe blood and plasma levels of phenylketonuria patients vary between individuals 
and are dependent on the compliance to the restrictive diet and the total Phe intake. For most patients 
with a balanced diet and without severe symptoms, Phe levels are below 360 µM.20 In the case of 
patients that do not keep a balanced diet, Phe levels are above 360 µM, neurological symptoms 
become apparent at 600 µM, and in some patients Phe levels can reach the mM range, up to 1.5 
mM.20,21,45 This is in marked contrast to normal Phe concentration in the range 40-60 µM.46 As such, 
the Phe blood and plasma levels even in individuals with phenylketonuria are far below the solubility 
determined in our in vitro experiments ((139 ± 6) mM), i.e. in a regime where we would expect no 
aggregation under in vitro conditions. This implies that in vivo, local enrichment of Phe or altered 
thermodynamics due to the biological environment enhance Phe aggregation.  
 
Conclusions 

There is a pressing need to understand the forces driving the assembly process of phenylalanine and 
phenylalanine-containing peptides into well-ordered structures. The aromatic amino acid Phe is 
prevalent in the sequences of many amyloidogenic peptides and proteins, and accumulates at high 
concentrations in the IEM disorder PKU.8,20,47,48 The assembly mechanism of amyloid-like structures by 
the non-peptide phenylalanine has been challenging to determine. Here, we studied the kinetics and 
thermodynamics of assembly of Phe into ordered structures in comparison to peptide models as 
similar as possible to the free amino acid. The use of Phe2 and Phe3 allowed us to determine the 
possible role of a peptide backbone in several aspects of the aggregation process. We find that the 
stability of the fibril relative to the free amino acid is largely unaffected by the presence of a peptide 
bond, and that the decreased solubility of larger peptides is mainly a result of the destabilisation of 
the monomeric state due to the presence of a peptide bond. Given that we found that the effective 
surface tensions from CNT are comparable for the three species studied here, the kinetic barrier to 
nucleation at a given supersaturation is higher for larger peptides due to the increased penalty from 
the effective surface tension, simply as a result of the larger surface area per monomer.  

The current work provides a distinct opportunity to understand the aggregation of metabolites 
associated to pathology. Fluxes of Phe following the consumption and breakdown of proteins result 
in varied concentrations of Phe in healthy individuals. Intriguingly, the physiological concentrations of 
Phe are approximately an order of magnitude lower as compared to the critical concertation of 360 
µM, in which the symptoms are observed in PKU patients, which are in turn at least two orders of 
magnitude lower than the solubilities we observe under our in vitro conditions. We believe that the 
range of Phe concentrations for individuals with normal metabolism reflects a safety margin lower 
than the aggregation limit, as was previously studied for proteins. Extensive studies of the critical 
concentrations of metabolite compared to the upper limit in normal metabolism should shed light on 
the interplay between nucleation, assembly, and pathological phenomena.   
 

Materials and Methods 

Chemicals 

Phenylalanine (Phe) (98%) was purchased from Sigma-Aldrich and used as delivered. Diphenylalanine 
(Phe2) (98%) and triphenylalanine (Phe3) (98%) peptides were purchased from Bachem and used as 
delivered. 
 



Solubility measurements 

Solutions of 10 g/L to 30 g/L Phe in PBS buffer (pH 7.4) were assembled overnight at 25 ˚C.  The 
remaining fraction of soluble monomers was separated by centrifugation (Eppendorf 5417R) at 50k 
RPM for 1 h at 4 ᵒC. The monomer concentration in the supernatant, and as such the solubility, was 
determined via absorbance measurements at 257 nm, for which a calibration curve in the range of 2 
g/L to 10 g/L Phe was used. The solubility measurements of Phe2 and Phe3 were performed 
analogously, with initial monomer concentrations of 1 g/L to 4 g/L and 0.25 g/L to 1.5 g/L, respectively, 
and using calibration curves in the range of 0.1 g/L to 0.5 g/L and 0.01 g/L to 0.16 g/L, respectively 
(Figure S1, Table S1). As the thermodynamic activity coefficient of amino acids is unlikely to 
significantly deviate from 1 in the applied concentration regime,49 we did not correct for it. Otherwise, 
the activity coefficient would enter the equations as a pre-factor for the concentrations, effectively 
rescaling the concentrations.  
 
 
Calculation of free energies 

The solubilities can be converted to free energies according to equation (1). In order to compare the 
relative stability of the fibrils formed from Phe, Phe2 and Phe3, 1 M Phe equivalents was chosen as a 
common reference. Stabilities were analysed using a thermodynamic cycle50 along with estimates of 
the energy required for peptide bond formation.37 
 
Kinetic turbidity assays 

A stock solution of 41 g/L Phe in PBS (pH 7.4) was heated to 90 ◦C for 3 h until fully dissolved. To a 96 
well plate with clear underside (Greiner bio-one, 655090) 5µL of 2.6 mM thioflavin T (ThT) was added 
(to a final concentration of 40 µL). A hot PBS-only solution was added at various amounts such that 
the hot Phe stock solution could be diluted to final concentrations of 30 g/L to 40 g/L within a final 
volume of 205 µL. The plate was sealed (TempPlate® sealing film, USA scientific) and rapidly 
transferred into a CLARIOstar plate reader (BMG). Turbidity absorbance was measured at 405 nm. The 
measurements were taken in 5 min intervals for 350 cycles at 25 ◦C. Stock solutions of 5 g/L Phe2 and 
2.5 g/L Phe3 were prepared in the same manner and diluted in hot PBS solution to final concentrations 
ranging from 0.5 g/L to 4 g/L for Phe2 and 0.25 g/L to 2 g/L for Phe3. Both Phe2 and Phe3 assembly 
kinetic measurements were conducted as for Phe.  
 
Analysis of kinetic data 

The time traces of the turbidity assays were normalised using the online fitting software Amylofit, as 
outlined in the respective manual.40 As the full kinetic curves could not be accurately described by our 
standard models for aggregate formation, we opted instead for a model-free approach that directly 
extracts the lag time from the data. The lag times, τ, were determined as the times required until the 
signal reached 10% of its plateau value. 
The effective surface tensions, γ, were estimated from the slope of ln(τ) against 1/ln2(S), where S = 
c/cS is the supersaturation, according to CNT 

ln 𝜏 =  
ln

+ 𝐴 (3) 

where ν is the partial volume of a monomer in the condensed phase, kB the Boltzmann constant, T the 
absolute temperature, and A a constant (see SI for derivation). The values of ν were estimated from 
reported crystal structures.42–44 Errors were estimated from variations between repeats, 



measurement, and fitting uncertainties. They were propagated assuming independent sources of 
errors.  

 

Supporting information 

Derivation of equation (3) describing how the effective surface tension and the critical nucleus size 
can be derived from kinetic data in the framework of CNT. The solubility measurements and effective 
surface tension values are represented in Figure S1 and Table S1. 
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