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Abstract 

 
For over two decades, peptide self-assembly has been the focus of attention and a great source 

of inspiration for biomedical and nano-technological applications. The resulting peptide 

nanostructures and their properties, are closely related to the information encoded within each 

peptide building block, their sequence and their modes of self-organization. In this work we 

assess the behavior and differences between the self-association of the aromatic-aliphatic Phe-

Leu dipeptide compared to its retro-sequence Leu-Phe and cyclic Cyclo(-Leu-Phe) 

counterparts using a combination of simulation and experimental methods. Detailed all-atom 

molecular dynamics (MD) simulations offer a quantitative prediction at the molecular level of 

the conformational, dynamical and structural properties of the peptides’ self-assembly, while 

field emission scanning electron microscopy (FESEM) experiments allow microscopic 

observation of the self-assembled end-structures. The complementarity and qualitative 

agreement between the two methods not only highlights the differences between the self-

assembly propensity of cyclic and linear retro-sequence peptides but also sheds light on 

underlying mechanisms of self-organization. The self-assembling propensity was found to 

follow the order: Cyclo(-Leu-Phe) > Leu-Phe > Phe-Leu. 
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I. Introduction 

Self-assembly is a process encountered in all living systems, which creates degrees of order 

in otherwise disordered systems and allows them to function. Self-assembling peptides tend to 

undergo spontaneous assembly into ordered, biocompatible nanostructures, under mild 

conditions, through weak, yet powerful non-covalent interactions. For the last decades, peptide 

self-assembly has been the subject of much attention and inspiration partially due the enormous 

potential for scientific and technological applications but also due to the basic scientific 

questions surrounding it in relation to the origin of life itself.1 The most well-studied dipeptide, 

the diphenylalanine (Phe-Phe) one, first introduced by Gazit, Reches et al., is known to self-

assemble into ordered nanotubes in the presence of water2 with unique mechanical, optical and 

electrical properties3. Not only is diphenylalanine an excellent model candidate for 

understanding key-elements of the self-assembly process given the extensive theoretical and 

experimental studies conducted on it4, 5, but it also constitutes an ideal reductionist model for 

studying amyloid formation as the minimal recognition motif of the amyloid-beta peptide 

sequence KLVFFAE (residues 17−23)6. 

While aromatic phenylalanine rings are believed to be of vital importance to the assembly 

process through π−π* stacking interactions7, 8, they constitute one piece of a larger puzzle, as 

peptides rich in aliphatic amino acids also self-assemble efficiently into amyloid-type fibrils, 

with the GAIIG sequence being a primary example9, 10. Aliphatic peptide crystals can also 

function as novel materials, exhibiting high permeability and selectivity, with gas storage 

applications and sorption-release potential11-16 

The above interesting properties however, are not exclusive to peptides composed of solely 

aromatic or aliphatic amino acids, but extend to peptides containing combinations of aromatic 

with aliphatic amino acids. The distinct property of the mixed aromatic-aliphatic peptides is 

their frequent presence in neuropeptide sequences17. The Phe-Leu motif is the C-terminal motif 

in the Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu) and is also present in the sequences of 

dynorphin, and α and β neoendorphins 18.  Moreover, Phe-Leu based dipeptide and tripeptide 

drugs act as proteasome inhibitors and are used for the treatment of multiple myeloma.  

Furthermore, dipeptide structures comprised of an aromatic amino acid combined with Leucine 

seem to display antidepressant19 and anxiolytic activity in mice while interestingly, their retro-

sequence counterparts do not seem to exhibit such behavior20.  The effect of amino acid 
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sequence is mainly met in proteins, where the protein folding problem is based on it.21  

However, this is apparent even in dipeptides where it affects their behavior in aqueous 

solutions.   

As such, the challenging task of unraveling the mechanisms governing self-assembly is 

best approached by analyzing how various factors affect the end morphologies22. These 

comprise the effect of the environment (solvent, temperature, etc.)4, as well as the physico-

chemical nature of the peptides, including their termini and side groups, the presence or 

absence of protective groups and the types of specific interactions. In general, three main 

classes of peptide geometries can be distinguished, i.e. linear, stapled, cyclic ones, or variations 

of the above23. Cyclic peptides contain a circular sequence of bonds and can be either natural24 

or synthetic25, ranging from two to hundreds of amino acids long. These kinds of peptides tend 

to display improved binding affinity, specificity and stability due to their entropic advantage26 

and are less prone to proteolysis compared to their more flexible, linear analogues. The 

elimination of the charged termini in cyclic peptides often endows them with enhanced 

membrane permeability and the reduced conformational freedom they exhibit, usually prevents 

off-target side effects during drug-delivery. Their greatest assets however can also prove to be 

a double-edged blade, as the flexibility of the linear parent structure may at times be required, 

especially in the case of certain target-receptors or biodegradable scaffolds27. Moreover a lot 

of cyclic-peptides constitute excellent gelators28, with a lot of comparisons focusing on various 

cyclic dipeptides including Cyclo(-Leu-Phe)29, 30 in different solvents. S. Marchesan et al. have 

even performed extensive studies on the gelation capacities between stereoisomers, structural 

isomers and linear and cyclic dipeptides31, 32.Furthermore, diketopiperazines and various other 

cyclic dipeptides act as chiral catalysts or precursors in prebiotic processes33, they have cancer 

targeting applications when compared to linear ones34 and they are considered as valuable 

minimal models for explaining the origins of life. Thus, a lot of comparisons are being 

performed, both experimental32 theoretical35 and through combined experimental and 

computational studies36 amongst different kinds of cyclic peptides and the different capacities 

of  their various morphologies with entire libraries being dedicated to them35. 

It is therefore imperative to properly assess the self-assembling tendencies of both linear 

and cyclic peptide analogues in order to select the most suitable for each application. This 

challenging, yet necessary task of correlating both the nature and outcome of the self-assembly 
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process with the information encoded within each molecular building block can be optimally 

tackled using a combination of experimental and theoretical approaches4, 37. As an example, 

Arnon et al38 used a mixture of Monte Carlo and implicit solvent MD simulations on parts of 

the crystalline assemblies of diphenylalanine (Phe-Phe) and Cyclo-diphenylalanine [Cyclo(-

Phe-Phe)], to interpret their respective unidirectional and bidirectional growth, while also 

measuring and directing their elongation using micro-fluidics. Other computational 

comparisons have also been performed by J. Jeon et al39 in order to postulate on the tendency 

of  vapor-deposited in vacuum diphenylalanine to dehydrate, crystallize into Cyclo-

diphenylalanine and produce hydrophobic rod-like assemblies, as opposed to the usual hollow 

nanotubes yielded in water40. Direct MD comparisons between linear and cyclic peptides have 

often been performed, much like the case of Arg-Gly-Asp peptide motif and its interactions 

with integrin αvβ3
41 , or in the cases of the opioid (D-Pen2,D-Pen5)-Enkephalin (Pen standing 

for penicillamine)42 where the conformational flexibility of both cyclic and  non-cyclic 

analogues was investigated in an effort to link calculated properties to their biological 

functions.   

The present study refers to a thorough investigation of the structural and conformational 

properties of three specific mixed aromatic-aliphatic dipeptides, namely Phenylalanine-

Leucine (Phe-Leu), Leucine-Phenylalanine (Leu-Phe) and Cyclo(-Leucine-Phenylalanine-) 

[Cyclo(-Leu-Phe)] in aqueous solvent. This is achieved through a combination of all-atom 

molecular dynamics (MD) simulations, and field emission scanning electron microscopy 

(FESEM) experiments. Our aim is to investigate the differences that the retro-sequence of 

amino acids and the geometry of the dipeptides induce in their self-assembly propensity in 

aqueous solutions.  Quantitative predictions of the peptide conformational, structural and 

dynamical properties at the molecular level as well as information regarding the end structure 

at the macroscopic level are presented. The two approaches allow us to explore a wide range 

of concentrations from high, often observed in atomistic simulations of biomolecules in 

explicit solvents due to system-size limitations, to low, commonly found in experiments due 

to peptide solubility issues. 

The rest of the paper is divided into the following sections: Section II comprises systems and 

methods for both simulations and experiments; sections IIIA and IIIB comprise the results and 

section IV follow with discussion and concluding remarks. 
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ΙΙ. Systems and Methods 

a. Simulation Details 

The model systems presented in this work are shown in Table 1. Details concerning the 

number of dipeptides (Np), number of solvent molecules (Ns) and the total number of atoms in 

the system (N), as well as the size of the simulation box (L) and the simulation time (tsim) are 

included. The concentration (c) is 38 mg(dipeptide)/ml(solvent) for all systems and the 

temperature (T) is constant at 300K. 

All atom molecular dynamics simulations were performed using the GROMACS software43. 

Solvent was described explicitly through the explicit single point charge SPC/E water model44. 

Inter- and intramolecular interactions between atoms were described using the GROMOS54a7 

force field45-47. The non-bonded interactions were parameterized through spherically truncated 

6-12 Lennard-Jones potential and standard Lorentz-Berthelot mixing rules were used.  

 

Table 1. Setup Details for the Simulated Systems 

System Np Ns N L (nm3) tsim (ns) 

Leu-Phe in H2O 80 32011 98353 10x10x10 200 

Phe-Leu in H2O 80 32627 100201 10x10x10 250 

Cyclo(-Leu-Phe) 

in H2O 

80 30060 92420 9.8x9.8x9.8 250 

   

Simulations were performed in the isothermal−isobaric (NPT) statistical ensemble where the 

pressure was kept constant at P=1 atm using the Berendsen barostat48, while the stochastic 

velocity rescaling thermostat49 was used to maintain ambient temperature at T=300 K. The 

particle-mesh Ewald (PME) summation was used for the evaluation of long-range electrostatic 

interactions. The integration time step was 1.0 fs, and cutoff for non-bonded interactions was 

set at 10 Å. After creating randomly, the dipeptide configurations and adding the water 

molecules energy minimization was performed, followed by equilibration runs of ~ 50 ns. 

Then, production runs of about 0.25 μs were executed. A model representation of the three 

dipeptides is shown in Figure 1. 
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Figure 1: Model representation of dipeptide molecules. Characteristics vectors used for the 

orientational analysis are depicted with dotted lines. 

 

Computation of PMF: 

In general, the effective interactions between the dipeptides in water can be quantified by 

the (many-body) potential of mean force (PMF) which is given by the following equation: 

( )/k

( )
( ) log BU q T

B
Q

U Q k T e dq
−


= −  , where q=(q1, q2…qN) describe the positions of all atoms 

(N) of the system, and Q=(Q1, Q2…QN) are the coordinates of the center of mass (cm) of 

molecules. The integral is over all atomistic configurations that correspond to a given Q 

whereas V, T denote the volume of the system and the temperature accordingly. A common 

approximation of this demanding calculation is to estimate the potential of mean force through 

the calculation of the force: 
( )

( ) 1,...i

i

U Q
F Q i M

Q


= − =


; acting on each molecule I through 

the interactions with all other molecules (M) of the system. The many-body PMF is usually 

approximated by a two-body, pair, potential and a widely used procedure for its calculation is 

to perform constraint simulations of only two molecules in a solvent. In such simulations, the 
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Cyclo(-Leu-Phe) 
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distance between the centers of mass (cm) of the two molecules is kept constant throughout 

the entire simulation and the PMF (U(r)) is computed by integrating the mean force, F(r), 

required to keep the two molecules at distance r, as follows: 
max

( ) ( ) 2 ln
r

B
r

U r F r dr k T r= − ; 

rmax is the distance between the two molecules beyond which U(r) equals to zero. The last term 

in the PMF formula is an entropic one, which corrects for the constraint of the cm−cm distance 

(i.e., it is required due to the rotation of the cms). 

 

 

b. Experimental Details 

All peptides were obtained from Bachem, Switzerland in the form of lyophilized powder 

and had a purity greater than 95%. Methanol solvent when required, was provided by Sigma-

Aldrich and the water solvent used was nanopure purified, filtered and sterilized. Peptide 

solutions were prepared by dissolving at room temperature, the peptide powder into water, and 

methanol/water (3:7) at concentrations of c= 1mg/ml. 

In the case of Cyclo(-Leu-Phe) dilution in pure water proved impossible and the two-

solvent methanol/water (3:7) approach was used. Following methanol addition, the mixture 

was vortexed and placed in a water bath thermostat with a temperature of T=50 °C. Sonication 

was performed for 10 seconds with 20 seconds intervals for 15 minutes until complete 

dissolution was achieved, after which water addition took place to induce self-assembly. 

For the Leu-Phe and Phe-Leu dipeptides water was added followed by vortex and brief 10-

seconds sonication at 50-55 °C with 20 seconds intervals for two minutes. Dissolution was also 

possible without the use of temperature. A similar approach was also used in the case of the 

two-solvent methanol/water (3:7) systems. Post dilution, all peptide solutions were kept at 

ambient temperature for 24 h while a 10 μl sample was collected immediately after dilution 

for FESEM visualization. 

For FESEM observations, sample solutions of 10 μL were collected at different time 

intervals of 0 min, 1 h, 2 h, 3 h, and 24 h after dilution with the moment of complete peptide 

dissolution counting as time 0. Samples (10 μL) were then deposited on glass slides followed 

by 24h evaporation at room temperature. Prior to characterization, sputtering was performed 

for 64 seconds at 40 mA with (Αu) layers at a thickness of 15 nm. The FESEM experiments 
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took place at the Biology Department of the University of Crete using a field-emission 

scanning electron microscope JEOL 7000,  operating at 15 kV. 

 

ΙIΙ. Results and Discussion 

III.A Simulation Results 

III.A.1 Effective Interactions 

We start the analysis of the model dipeptides by investigating their tendency towards self-

assembly in water, which is quantified through the calculation of   the potential of mean force 

(PMF).  

The pair PMF has been calculated for all three systems of dipeptides in water and results 

are presented in Figure 2. Attraction is apparent only in Leu-Phe and Cyclo(-Leu-Phe) systems, 

represented by the attractive well in the potential curves, while for Phe-Leu a fully repulsive 

potential is found. However differences are still observed between Cyclo(-Leu-Phe) and Leu-

Phe, i.e. a deeper attractive well is found in Cyclo(-Leu-Phe), of the order of ~3kBT, ranging 

between 0.5nm and 1nm, whereas in Leu-Phe the depth of the well is of the order of ~ kBT (i.e. 

comparable to thermal fluctuations), located at a similar r-range. As expected, for distances 

shorter than 0.5nm the repulsive interactions dominate, while beyond 1nm all effective 

interactions approach the zero value.  

Moreover, based on the PMF data shown in Figure 2 it is clear that the attraction is the 

strongest in Cyclo(-Leu-Phe), indicating strong tendency for self-assembly among these 

molecules, Leu-Phe follows with a less strong self-assembly  propensity, whereas no attraction 

is indicated among Phe-Leu dipeptides. PMF provides a first sign for the attraction between 

molecules in water. However, self-assembly is a collective phenomenon that requires further 

investigation which is presented below. 
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Figure 2: The potential of mean force (PMF) between Phe-Leu, Leu-Phe, and Cyclo(-Leu-

Phe) dipeptides at 300K. Solid horizontal line corresponds to kBT, thermal energy. 

 

 

III.A.2 Structural and Conformational features  

Next, we analyze the conformational and structural features of the dipeptides in 

aqueous solutions. A more detailed insight into the conformations of dipeptides, in the 

formed structures, can be provided by probing their preferred orientation relative to each 

other.  To achieve this analysis on a pair of dipeptides for a series of constant cm-cm 

distances has been performed, based on the trajectories of the corresponding PMF runs. 

The preferable orientation is quantified by the dot product of two vectors defined along the 

backbone of each molecule, as presented schematically in Figure 1. The probability 

distribution of θ-value, P(θ), at different distances between the cms for all three dipeptides, 

is presented in Figure 3a, 3b and 3c for Leu-Phe, Phe-Leu and  Cyclo(-Leu-Phe) 

respectively. 
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Figure 3: Probable orientations between a pair of Leu-Phe dipeptides in terms of angles 

between their backbone vectors (a) Leu-Phe; (b) Phe-Leu; (c) Cyclo(-Leu-Phe). 

 

 Starting from the retro-sequenced dipeptides (Figure 3a, 3b) a first difference in their 

orientation is observed at distances up to 0.4 nm. An almost normal orientation of the two 

molecules is observed for Leu-Phe, while their relative angle decreases in Phe-Leu to ∼700. At 

these short distances the effort to reduce strong electrostatic repulsions determines the 

arrangement of the molecules, and this observation is an initial indication of different 

electrostatic interactions between the two dipeptides, as will be discussed in more detail below. 

Beyond 0.4 nm, broad θ-distributions indicate random orientation. Similar to  Leu-Phe,  for 

Cyclo(-Leu-Phe) dipeptides normal orientation is detected at very short cm-cm distances 
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~(0.2– 0.4)nm. As the distance between the centers of mass of the two dipeptides increases, 

molecules are inclined and their orientation is randomized. In contrast to diphenylalanine 

peptides where an antiparallel orientation of molecules is evident up to ~0.6nm4 in the current 

aromatic-aliphatic dipeptides not any strong orientation preference is detected.    

 In the following all the results concerning static/structural properties, originate from data 

coming from simulations of aqueous solutions of dipeptides at c = 38 

mg(dipeptide)/ml(solvent) (Table 1) and the analysis is based on the part of the trajectory in 

which the systems have reached a steady conformational state.  

 A typical measure which characterizes the local structure at the molecular level is the pair 

radial distribution function (rdf), g(r), which is calculated in a solution of many molecules; 

however, it is a pair property closely related to the “conditional probability” to find two 

dipeptides one close to another. The rdfs between the center-of-mass of various dipeptides and 

between dipeptide and water molecules have been calculated for all systems and results are 

presented in Figure 4. The highest peak of rdf which corresponds to Cyclo(-Leu-Phe), followed 

by Leu-Phe and finally by Phe-Leu curve (Figure 4a) are in good agreement with the results 

from PMFs (Figure 2), assigning the strongest tendency for self-assembly to Cyclo(-Leu-Phe). 

Differences among the three dipeptides become more pronounced through this measure, i.e. 

rdf curve for Cyclo(-Leu-Phe) is not only much higher than the one which corresponds to Leu-

Phe but wider as well, providing a rough estimation for the size of the formed aggregates in 

each system. The wider the curve the bigger the aggregate, which is the case of Cyclo(-Leu-

Phe). Moreover, the tail of the curve, which tends to zero for large distances in Cyclo(-Leu-

Phe), indicates assembly into a single aggregate of all dipeptides that exclude water molecules 

from their vicinity. On the contrary, for Leu-Phe rdf has a tail which tends to one for long 

distances indicating the existence of individual molecules or smaller aggregates of Leu-Phe 

distributed in the aqueous solution. In addition, the comparison of Leu-Phe with Phe-Leu 

system reveals a huge difference in the value of the first peak which is considerably shorter for 

the latter where tail values tend also to one. 
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Figure 4: The pair radial distribution function (rdf) calculated for the cm of molecules in the 

aqueous solution at T=300K (a) dipeptide - dipeptide and (b) dipeptide – water.  

 

 The above features signify a very weak propensity for self-assembly in Phe-Leu, in 

agreement with the corresponding PMF prediction. In Figure 4b the rdfs between dipeptide 

and water molecules show complementary to Figure 4a characteristics. The exclusion of water 

atoms from the vicinity of dipeptide is evident in Cyclo(-Leu-Phe) (i.e., very low values of the 

rdf at short distances). In Leu-Phe system a similar behavior is observed but less pronounced, 

while in Phe-Leu system an almost uniform distribution of water molecules is indicated from 

the corresponding rdf curve.  

The aforementioned behavior supports a strong self-assembly propensity of Cyclo(-Leu-

Phe) in water, milder in the case of Leu-Phe and almost none for the Phe-Leu dipeptides. In 

Figure 5 representative snapshots of the three systems verify the above discussion.  The 

presented configurations correspond to typical molecular configurations in the steady state 

(time independent) region.  
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Figure 5: Characteristic snapshots from MD simulations of a) Phe-Leu; b) Leu-Phe and c) 

Cyclo(-Leu-Phe) dipeptides in aqueous solution. Water molecules are depicted as ghost 

molecules.  

 

An almost spherical aggregate of Cyclo(-Leu-Phe) in water, consisting of all dipeptide 

molecules is found; moreover, smaller aggregates, formed by groups of Leu-Phe dipeptides, 

distributed in aqueous solution are observed. On the contrary, Phe-Leu dipeptides are rather 

a) Phe-Leu b) Leu-Phe 

c) Cyclo(-Leu-Phe) 
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well dispersed throughout the solution, in agreement to the very weak attraction observed in 

the pair PMF data (see Figure 2). In all systems water molecules are omitted for clarity. 

Conformational differences of individual dipeptides in the solution can be seen as a 

potential cause of the different behavior of the two retro dipeptides. The distributions of the 

dihedral angle along the peptide bond on the backbone of dipeptides can provide a measure for 

their conformational preferences. A corresponding Figure SI-1 for Leu-Phe and Phe-Leu is 

presented in the Supporting Information, where a clear difference is observed, with the angle 

for Phe-Leu dipeptide to attain a broader distribution compared to the one of Leu-Peu, 

indicating a larger variety of conformations. Representative snapshots of individual dipeptides, 

chosen randomly from the solution, are presented in Figure SI-2, which highlight these 

differences. 

Furthermore, the size of individual dipeptides can be quantified by their mean radius of 

gyration:

2( )i i cmi
g

ii

m r R
R

m

−
=




 , where ri represents the coordinates of each atom i with 

mass mi and Rcm is the center of mass of the molecule. Values for 
gR are presented in Table 

2 as an average over the equilibrated part of the trajectory.  Phe-Leu and Leu-Phe are of quite 

similar size in vacuum (i.e., individual molecules) although a smaller size of Leu-Phe is 

observed in solution, which can be attributed the self-assembly process that takes place in Leu-

Phe. Moreover, the cyclic architecture results also in a small reduction of size in Cyclo(-Leu-

Phe) compared to the two other dipeptides.  

 

Table 2:  The mean radius of gyration of all three dipeptides in aqueous solution: 

System <Rg>(nm) 

Phe-Leu 0.362±0.002 

Leu-Phe 0.320±0.001 

Cyclo(-Leu-Phe) 0.304±0.002 
 

 

Since aggregates are structures that are created and destroyed during the simulation due to 

energy fluctuations and their size, as well as their number vary, we examine the aggregation 

procedure by defining an “effective radius of gyration”, Rgeff, based on the above formula of 

the radius of gyration, using the center of mass of all dipeptides in the system, taking into 
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account system’s periodicity (i.e., minimum image convention) of a single molecule. We 

compute the average of Rgeff over all molecules in the system, even if no aggregates exist. 

Consequently, in a uniformly distributed system Rgeff will be equal to the half of the side of the 

cubic simulation box. Therefore, the smaller the value of Rgeff, the more dipeptides form 

aggregates. Rgeff values as a function of time for the three systems are presented in Figure 6. 

All curves start from a value almost equal to the half of the simulation box (see Table 1). For 

Cyclo(-Leu-Phe) (Figure 6c) Rgeff is clearly a decreasing function of time, whereas beyond a 

specific time point, which also characterizes the time beyond which a steady conformational 

state is attained, it fluctuates around a constant value. A less pronounced decrease is observed 

in Leu-Phe curve (Figure 6b), where the attained constant value is much higher compared to 

Cyclo(-Leu-Phe). This is due to the formation of a single aggregate from all dipeptides in 

Cyclo(-Leu-Phe) in contrast to Leu-Phe where self-assembly propensity is weaker and more, 

smaller aggregates are formed. However, obviously self-assembly is not the case for Phe-Leu 

(Figure 6a), where Rgeff fluctuates around a constant value throughout the simulation.  
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Figure 6: The effective radius of gyration as a function of time for the three systems. Note the 

different y-axis scaling which highlights the difference among curves.  

 

 Having reported the differences in the conformational properties among the three 

dipeptides the understanding of their origin is of particular interest. The proximity of the 

molecules in the assembled structures is determined by various factors. The molecule 

architecture and the compactness of the aggregate are two of them. In order to address this 

issue, two distinct comparisons are attempted; the first is between the cyclic dipeptide and its 

linear analogue and the second is between the dipeptide and its retro counterpart. 

Coformational freedom is reduced in the cyclic architecture, which imposes bigger 

distances between atoms. This is expected to affect the mass distribution within the formed 

assemblies. Therefore, we monitor the assembly propensity of dipeptides and record the 

formed aggregates. Clusters of dipeptides of various sizes are detected. The compactness of 

these aggregates is quantified through the calculation of the average atom density measured as 

a function of the distance from the center of mass of the clusters. Results for atom density of 

Leu-Phe and Cyclo(-Leu-Phe) are presented in Figure 7. Comparison between the two curves 

reveals a density peak at shorter distances for the former dipeptide, indicating the concentration 

of atoms at closer distances and consequently more compact structures. This highlights the 

differences of the cyclic geometry as it is juxtaposed to its linear analogue whereas, at the same 

time, predisposes for different energetic interactions, as it will be discussed in the following. 
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Figure 7: Average atom density probability of clusters as a function of the distance from their 

center of mass for Leu-Phe and Cyclo(-Leu-Phe).  

 

Since the self-assembly tendency of Phe-Leu is very weak, the comparison of the 

dipeptides with reverse sequences will be based on energetic measures and is listed in the next 

subsection. 

 

III.A.3 Self-Assembly Driving Forces  

Hydrogen Bonds  

 In conjunction with hydrophobicity, a crucial interaction, which also drives the self-

assembly propensity of dipeptides, is the hydrogen bonding. Hydrogen bonds are formed 

between all molecule types exist in the aqueous solution (i.e., dipeptide-dipeptide (P-P); 

dipeptide-water (P-W); water-water (W-W)). We have monitored hydrogen bonding for all 

systems and average values over the part of the trajectory in which the systems have reached 

a steady conformational state are listed in Table 2. The detection of hydrogen bonds is based 

on geometric criteria, namely the maximum distance between the hydrogen donor and the 
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acceptor to be 0.35nm and the angle formed by the Hydrogen-Donor-Acceptor triplet to be 

lower than 30o 50. According to values presented in Table 2, hydrogen bonds between 

dipeptides per dipeptide in Cyclo(-Leu-Phe) system are double compared its linear analogue 

Leu-Phe. The positioning of atoms due to the cyclic geometry and the arrangement of 

molecules in the formed aggregates enhances the potential hydrogen bonding. Secondly, 

hydrogen bonds in Leu-Phe are significantly greater than in its reverse sequence dipeptide Phe-

Leu. These results are in accordance to the degree of the self-assembly propensity as it has 

been observed through the various measures above.    

 A further analysis of hydrogen bonding is used in order to understand the origin of the 

differences observed between the two dipeptides of reverse sequence (i.e., Leu-Phe and Phe-

Leu). We explore the propensity of head to tail interactions between the termini of two 

interacting dipeptides by measuring the corresponding hydrogen bonds which are presented in 

Table 3.  Head to tail hydrogen bonding constitutes a percentage of ~28% of the total hydrogen 

bonds between dipeptides in Phe-Leu while, this percentage is only ~12% in Leu-Phe. This 

enhanced preference, percentage-wise, for head to tail arrangement of Phe-Leu explains the 

conformational differences between the assemblies formed by the two reverse dipeptides and 

is reflected alsoin the electrostatic interactions, presented below. Additionally, the pairs of 

hydrogen-bonding atoms are identified according to their code names which are presented in 

Figure 1. A comparison between the two dipeptides of reverse sequence is provided in order 

to discern which part of the molecule stops contributing to this process and as a result does not 

promote self-assembly. The average number of all hydrogen bonds of each corresponding pair 

is shown in Table 4. The differences are large for all pairs, but obviously, the reduction is huge 

for hydrogen bonds formed from the backbone atoms. 

 

Table 3: Hydrogen bonds among all components in the aqueous solutions, number of water 

molecules in the vicinity of dipeptides and the percentage of the disturbance of hydrogen bond 

network of water for all systems: 

 

System HB (P-P)/P HB (P-P)/P 

Head to Tail 

HB (P-W)/P HB  

(W-W)shell/Wshell 

NWater D(%) 

Phe-Leu 0.06±0.03 0.017±0.03 9.78±0.20 1.36 8567.1 61.8 

Leu-Phe 0.52±0.08 0.06±0.08 8.84±0.19 1.37 4756.8 61.3 
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Cyclo(-

Leu-Phe) 

1.11±0.07 - 1.92±0.10 1.43 1523.9 59.8 

 

 

Table 4: Average number of hydrogen bonds among the potential pairs of hydrogen-bonding 

atoms for the two dipeptides of reverse sequence. 

 

Atom Pairs Leu-Phe Phe-Leu 

NL-OM 12.83 2.56 

NL-O 3.08 0.84 

N-OM 9.39 1.13 

N-O 14.77 0.44 

 

The hydrogen bonds between dipeptides and water molecules, which are shown in the third 

column of Table 3, have an opposite order compared to the number of hydrogen bonds between 

dipeptides. This value is highest for Phe-Leu, Leu-Phe follows closely, while in Cyclo(-Leu-

Phe) a large decrease is observed consistent with the higher hydrophobicity of this dipeptide 

which leads to compact assembled structures. 

In conjunction with the decrease of contacts with water for the dipeptides with the stronger 

self-assembly propensity, destruction in the hydrogen bond network of water molecules 

(NWater) in the vicinity of dipeptides is observed. In order to quantify this destruction we define 

a spherical shell with radius equal to 1nm around each dipeptide and count the total number of 

hydrogen bonds around one dipeptide, which is equal to HB = NWater x HB(W-W)shell/Wshell + HB(P-

W)/Wshell. The comparison with the number of hydrogen bonds between NWater molecules in the 

bulk phase (HBbulk = NWater x <W-W>/W) reveals a percentage of the disturbance: 

%
bulk

bulk

HB HB
D

HB

−
= . Hydrogen bonds of pure water in bulk (<W-W>) is equal to 3.56, in very 

good agreement to the 3.6 value reported in the literature51. Results of the aforementioned 

calculations are presented in Table 3. The number of water molecules in a shell of 1nm radius 

is almost half in Leu-Phe compared to Phe-Leu, whereas in Cyclo(-Leu-Phe) is the one third 

compared to Leu-Phe. These values illustrate the degree of hydrophobicity of the respective 

dipeptides and thus the strength of their tendency for self-assembly. Noticeably, the resulting 

percentage of disturbance of hydrogen bonds network of water is comparable for all three 

systems at ~62% for Phe-Leu and Leu-Phe and slightly lower for Cyclo(-Leu-Phe) at ~60%.  



 

P
ag

e2
2

 

0 50000 100000 150000 200000

20

40

60

80

100

120  (Leu-Phe)

 Cyclo(-Leu-Phe)

 (Phe-Leu)
N

u
m

b
er

 o
f 

H
B

s

t(ps)

dipeptide-dipeptide

 

Figure 8: Hydrogen bonds between dipeptides as a function of time for the three systems. 

 

The evolution of hydrogen bonding in time is presented in Figure 8 providing an estimation 

for the kinetics of self-assembly procedure. The tendency for self-assembly leads to an increase 

of hydrogen bonds between dipeptides, starting from very small values, due to the uniformly 

distributed initial configurations. A relatively faster self-assembly kinetics is observed for the 

Cyclo(-Leu-Phe) (i.e., ~90ns) than the Leu-Phe ones, which is ~130ns. In Phe-Leu fluctuations 

around a small value are observed throughout the simulation. This behavior reflects a fast 

association process in Cyclo(-Leu-Phe) compared to the Leu-Phe, whereas no self-assembly is 

observed for the Phe-Leu, in agreement with their degree of hydrophobicity as discussed above 

(see also Figure 2). 

 The difference in the hydrophobicity between the two dipeptides of reverse sequence is 

further highlighted by the calculation of the pair radial distribution function between the phenyl 

rings for Leu-Phe and Phe-Leu, which is presented in Figure SI-3 in the Supporting 

Information. Differences between the two curves are similar with those of the total pair radial 

distribution functions (Figure 4) and indicate attenuated hydrophobicity in the case of Phe-

Lue. Moreover, a histogram of the average distance between the side chains of Leu and Phe 
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respectively (hydrophobic groups), which includes both intra- and inter- molecular 

contributions, has been created and presented in Figure SI-4. This is in agreement with the 

overall self-assembly behavior showing a distribution centered at shorter distances in the case 

of Leu-Phe compared to Phe-Leu. 

Electrostatic Interactions 

In addition to hydrogen bonding, electrostatic interactions between dipeptides are often a 

critical driving force for the self-assembly propensity. We proceed to this calculation for all 

three systems in a part of their trajectory equal to 20ns, which corresponds to a steady 

conformational state. The short-range coulombic interaction among all atoms of dipeptides, 

according to their assigned charge is quantified, where greater attraction is expected when the 

molecules are a short distance apart. The considerable weaker self-assembly propensity 

excuses the big difference in the electrostatic energy for Phe-Leu compared to the other two 

systems. In addition, the more than twice the proportion of head-to-tail hydrogen bonding 

found in Phe-Leu, compared to its retro sequence (Leu-Phe), increases the spacing of atoms, 

resulting in lower electrostatic interactions. In the case of Cyclo(-Leu-Phe) compared to its 

linear analogue, although the PMF for the former has a deeper attractive well than the latter, 

electrostatic interactions are stronger for Leu-Phe. This can be attributed to the cyclic 

architecture which imposes bigger distances between atoms and as a consequence leads to 

looser aggregates (see Figure 7). Results for the coulombic interactions are presented in Figure 

9. It is interesting to note that electrostatic attractions do not follow the strength of the for self-

assembly propensity. This finding suggests the role of hydrogen bonding as prominent for the 

self-organization of the present systems. 
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Figure 9: Coulombic interactions among dipeptides in aqueous solutions for all three systems. 

 

III.B Experimental Results 

Self-assembly of Leu-Phe, Phe-Leu: 

We first examined the self-assembling tendency of Phe-Leu and Leu-Phe in pure water. Post-

dissolution, no visible structures could be observed with the naked eye for neither peptide 

system, however upon solvent evaporation following deposition of 1 mg/ml peptide solution 

on glass slides, the Phe-Leu dipeptide would give rise to random irregular tube-like structures, 

of various sizes and formations with different openings symmetry-wise (Figure 10a). On the 

other hand well-formed fibrils could be observed in the case of Leu-Phe (Figure 10b) 

suggesting a more stable structure, probably as a result of stronger self-assembling tendency. 
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Figure 10: FESEM pictures of microstructures taken following H2O evaporation after: 24h, at 

room temperature, at 1mg/ml for the following dipeptides: a) Phe-Leu, b) Leu-Phe. 

Self-assembly of Cyclo(-Leu-Phe): 

Due to its poor water solubility a methanol/water (3:7) system approach was used for 

Cyclo(-Leu-Phe). Visible formations could be detected right away inside the tubes which 

turned into hydrogels after 24h (Supporting figure SI-5). Post-solvent evaporation and 

deposition of 1 mg/ml Cyclo(-Leu-Phe) peptide solution on glass slides, various fibrillar 

networks with microscale diameter were observed (Figure 11c). 

For the sake of comparison, the self-assembling tendency of Phe-Leu and Leu-Phe in the 

same solvent system was assessed. Phe-Leu would give rise to frayed ribbon/ tube-like 

structures (Figure 11a).  Leu-Phe, following the exact same procedure of solvent evaporation 

on glass slide, would once more assemble into fibrils (Figure 11b).  Pictures of these fibrillar 

structures taken at higher magnifications suggest a hollow, possibly microtubular nature 

(Supporting figure SI-6).  

Since for both Leu-Phe and Cyclo(-Leu-Phe) cases the size distribution of the fibrillary 

formations varies, it is possible that while solvent evaporation might have an effect, self-

assembly most probably is guided by small groups of molecule clusters acting as initiators 

while already formed fibrils and formations serve to increase the dimensional poly-dispersity 

of the fibrils. The observed Phe-Leu formations on the other hand, might be more affected by 

the solvent evaporation effect than their Leu-Phe and Cyclo(-Leu-Phe) counterparts due to 

their seemingly lower self-assembling tendency in solution as also observed computationally. 
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A comparative time course of all three peptides is presented in Figure SI-7 indicating that the 

formations remain mostly the same, if only slightly more accentuated, over time.  

  

 

Figure 11: FESEM pictures of microstructures taken following MeOH/H2O (3:7) evaporation 

after 24h, at room temperature, at 1mg/ml for the following dipeptides: a: Phe-Leu, b: Leu-

Phe, c: Cyclo(-Leu-Phe). The Scale bar is 5 μm. 

 

ΙV. Discussion and Conclusions 

In this work, atomistic molecular dynamics simulations and FESEM experiments have 

been used in conjunction, in order to investigate the self-assembling tendencies of specific 

mixed aromatic-aliphatic dipeptides, i.e., Phe-Leu, Leu-Phe and Cyclo(-Leu-Phe) in aqueous 

solvent. These mixed aromatic/aliphatic dipeptides have not been widely investigated either 

theoretically or experimentally whereas, their distinct property is their frequent presence in 

neuropeptide sequences with Phe-Leu being the C-terminal motif in the enkephalin 

pentapeptide.  

 All-atom MD simulations were performed for the three systems at concentrations of 

38mg/ml. In addition, end structures were observed using FESEM at concentrations of 1 

mg/ml. While the explicit-solvent all-atom MD simulations provide quantitative predictions 

for conformational and dynamical self-assembling properties, through a detailed description 

of the atomic structure of the dipeptides, within the solvent, the field emission scanning 

electron microscopy experiments offer direct visualization of macroscopic structures and their 

morphology. Obviously, the differences in length and time scales between the computational 

and experimental approaches do not allow a one-to-one comparison of the respective findings. 
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The experimental structures are observed on the μm scale while the simulations cover a nm 

range. Therefore, the self-assembled aggregates observed in the model systems can be 

considered as precursors to the experimental structures in the limit of large numbers of 

dipeptides and possibly at much longer times. As such, despite the time-scale, size-scale and 

concentration differences between the two approaches, a qualitative comparison of their results 

showcases their complementarity. 

Clear evidence of self-assembly was confirmed in the cases of Leu-Phe and Cyclo(-Leu-

Phe) from both simulations and experiments, while the respective Phe-Leu dipeptide displayed 

a much lower self-organization propensity. We address the challenging task of unraveling the 

mechanisms governing self-assembly by analyzing how various factors affect the end 

morphologies. Furthermore, differences induced by the geometry of the molecules (i.e., linear 

vs cyclic), as well as by the reversing of their amino acid sequence are also highlighted. 

The (pair) potential of mean force between dipeptide molecules constitutes the first evidence 

of self-assembly for Leu-Phe and Cyclo(-Leu-Phe), indicated by the presence of an attractive 

well in the potential curves, more pronounced for the later. On the contrary, the self-

organization tendency of Phe-Leu seems negligible. The above is further supported by the high 

peaks of the pair-radial distribution functions observed between Leu-Phe and Cyclo(-Leu-Phe) 

peptides and the weak tendency of the Phe-Leu dipeptides to approach one-another, preferring 

to remain distributed inside the solution. In addition, hydrogen bonding suggests Cyclo(-Leu-

Phe) as the dipeptide with the highest self-assembling propensity amongst all three dipeptides, 

while Phe-Leu displays the poorest. The significant role of hydrogen bonding in the self-

assembly process is further highlighted by the calculation of the electrostatic interactions 

among dipeptide molecules. The strength of attraction follows the order Leu-Phe > Cyclo(-

Leu-Phe) > Phe-Leu which is not the same with the strength of the self-assembly propensity. 

A high proportion of head-to-tail hydrogen bonds, with respect to the total number of hydrogen 

bonds, detected in Phe-Leu indicates conformations with more distant atoms compared to Leu-

Phe. Moreover, hydrogen bonding between the backbone atoms is dramatically reduced in the 

former system. Additionally, the cyclic architecture of Cyclo(-Leu-Phe) imposes looser 

structures of aggregates than its linear counterpart (Leu-Phe). Both observations are consistent 

with the order of Coulomb interactions, while simultaneously highlighting important factors 
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affecting self-assembly. Moreover, the kinetics of the formation of hydrogen bonds is the 

fastest for Cyclo(-Leu-Phe), Leu-Phe follows whereas for Phe-Leu is the slowest. 

Complementary information is provided by FESEM experiments which reveal large-scale 

assemblies and characterize the formed structures. In the case of Phe-Leu random and frayed 

ribbon/tube-like structures can be observed both in water and MeOH/water (3:7) systems, 

following solvent-evaporation. Given its apparently low self-assembling tendency in the 

solvent, our hypothesis is that the experimentally observed formations might be caused mainly 

by the dehydration and evaporation of the solvent from the glass slides with the glass surface 

also playing a role on the hierarchical organization of the formations37. 

On the other hand, Leu-Phe would always self-assemble into fibril-like formations of more 

consistent size and morphology in the solvents used, suggesting that they might be less affected 

by the evaporation effect in agreement with its higher self-organization propensity. Cyclo(-

Leu-Phe) in accordance with its highest speculated self-assembling tendency, would give rise 

to hydrogel formations in MeOH/water (3:7) systems that consist of fibril-like networks, much 

like its behavior in certain other solvents as noted by S. Marchesan et al.31, 32 and others.29, 30  

The present study points to the differences in self-assembly propensity between linear, 

cyclic and retro-sequence peptides composed of the two same amino acids, Phenylalanine and 

Leucine as examined through a combination of simulations and experiments. The findings of 

the study can serve as stepping stone for applications that can be foreseen for the Phe-Leu 

based drugs. As mentioned above, Phe-Leu based dipeptide and tripeptide drugs act as 

proteasome inhibitors and are used for the treatment of multiple myeloma 52. Despite the 

progress in the design and efficacy of proteasome inhibitors open issues remain, such as their 

formulation for controlled delivery, so the patients can avoid repeated injections. Hydrogel 

scaffolds such as the hydrogels formed by cyclo-Leu-Phe can serve as reservoirs for 

encapsulation and delivery of the aforementioned drugs. In that sense, the findings of the 

present study can pave the way for studying co-assembly of the carrier and the drug, both 

theoretically and experimentally and eventually, discover novel delivery routes. 

This work showcases how simple alternations to the sequence’s order or the peptide’s own 

linear or cyclic nature, without the need for further modifications, can be an effective approach 

towards obtaining structurally and functionally different end-formations, facilitating the design 
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and increasing diversity of biocompatible materials, peptide therapeutics and their overall 

applications.  

 

Supporting Information  

Supplementary experimental data for the microstructure of dipeptides as well as the time 

evolution of their self-assembly are provided. 
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