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The prediction of dipeptide assembly into crystals or gels is chal-

lenging. This work reveals the diverging conformational landscape

that guides self-organization towards different outcomes. In silico

and experimental data enabled deciphering of the electronic

circular dichroism (ECD) spectra of self-assembling dipeptides to

reveal folded or extended conformers as key players.

Self-assembly is a process through which building blocks form
a supramolecular structure held together by non-covalent inter-
actions. Several classes of molecules are known to undergo this
process. Among them, short peptides have attracted much
interest over the past 20 years due to their easy, modular, and
low-cost syntheses, and their biocompatibility. Their use is
being explored to develop smart, green materials with potential
uses that span broadly from medicine to electronics.1–6

The most studied self-assembling dipeptide is diphenyla-
lanine (Phe–Phe).7 This motif was reported to form various
nanomorphologies e.g., nanotubes, nanowires, necklaces, and
nanovesicles.7–11 Its success has prompted modifications to derive
new functionalities. For instance, the substitution of the N-
terminal Phe with an aromatic N-cap,12,13 or with another alipha-
tic amino acid (e.g., Leu,14 or Ile15,16) yields self-assembled hydro-
gels. The chirality of amino acids can have a drastic impact on the
dipeptide ability to self-assemble, too.14,16,17 In the Phe–Val case,
only the heterochiral isomers form hydrogels, while the homo-
chiral ones do not. This divergent behaviour was ascribed to the
increased hydrophobicity of the heterochiral isomers. However,
their ability to give rise to supramolecular water-channels – unlike
their L-analogues – could play a role too,17 as it is a feature shared
by other dipeptide gelators, such as heterochiral Phe–Phe18 and
Phe–Ile.16

It is clear that several factors affect the ability of peptides to
self-assemble. Consequently, the possibility to predict the
supramolecular behaviour of an amino-acid sequence using
computational approaches has also attracted much attention.
Tuttle and co-workers have worked on di- and tri-peptides,
screening all the possible combinations for aggregation pro-
pensity through coarse-grained molecular dynamics (MD).19–22

Using this approach, several gelators were discovered. Coarse-
grained and all-atomistic MD simulations were also used to
model the self-assembly behaviour of classes of peptides and
their derivatives.23–25 Recently, machine-learning techniques
were employed as predictive tools for the formation of
peptide-based hydrogels.26,27 To the best of our knowledge,
the modelling of the aggregation of heterochiral dipeptides has
not been explored thus far.

Over the years, recurrent structural features have been
identified for dipeptide hydrogelators, such as hydrophobicity.
One of the outstanding unanswered questions pertains to the
molecular ingredients that drive self-assembly towards hydro-
gelation, as opposed to crystallisation. For instance, hetero-
chirality was found to promote hydrogelation of Phe–Val and
Phe–Ile.16,17 However, changing the order of amino acids to
Val–Phe and Ile–Phe,16,17 or substituting Val for its linear
isomer norvaline (Nva), led to crystallisation.28 To shed light
on the divergent supramolecular behaviour of such similar
structures, here we investigate the conformational landscape
of heterochiral (L,D, or D,L) dipeptides (Scheme 1) containing D-
Phe and one aliphatic L-amino acid, i.e. Val, Nva, or Ile.

For this purpose, we adopted a computational approach29

that allows to calculate accurately the electronic circular dichro-
ism (ECD) spectrum, exploiting its ability to assess which are
the main conformers in solution.29,30 Extraction of the most
significant conformations, through a combined MD-Essential
Dynamics (ED) approach, enabled the calculation of a statisti-
cally averaged ECD spectrum, subsequently used to rationalise
the corresponding experimental data.16,17,28 Details on the
procedure are reported in Section S2 of the ESI.† Remarkably,
for each dipeptide, the conformers defining the ECD features in
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solution can be correlated with those observed in the solid-state
(vide infra), i.e., in the hydrogels or crystals.16,17,28

The first pair of D,L-dipeptides investigated in this work was
L-Val-D-Phe and D-Phe-L-Val. The former readily crystallises in
phosphate buffer at neutral pH, while the latter gels, then under-
goes crystallisation after two days.17 The comparison between the
experimental and calculated ECD response in solution in Fig. 1
shows a satisfactory qualitative agreement, within the limits of the
present model and the complexity of the real system. Indeed, the
calculations reproduce the two minima (i.e., A/B, and A0/B0)
observed for both peptides. Fig. 1 also points out that for L-Val-
D-Phe, peaks A (197 nm) and B (216 nm) are well-defined and
distinguished. By contrast, for D-Phe-L-Val, A0 (198 nm) and B0

(217 nm) are broader and coalesce together. In addition, peak A is
narrower than peak A0 in both the experimental and calculated
spectra. The maximum at 205 nm is more defined for L-Val-D-Phe,
than for D-Phe-L-Val. Hence, switching the amino acid position, we
observe variations in the spectra reflecting the ability of ECD to
capture conformational changes, even in such small systems.

In Fig. 2 we report the conformational landscapes obtained
from the MD-ED analysis together with some of the most
representative conformers (DG o 1.0 kJ mol�1). The space of
L-Val-D-Phe (Fig. 2a) is defined by two shallow low-energy
basins, A and B, which contain only folded conformations.
Instead, the landscape of D-Phe-L-Val is more complex, with
four stable basins, A–D, that are separated by lower energy
barriers, relative to the L-Val-D-Phe case, and a fifth indepen-
dent low-energy region, E.

The complexity of the space is reflected in the observed
conformers, ranging from strongly folded in basin D, towards
more or less extended in basins A and E. The same conforma-
tional analysis was performed for the other dipeptides in
Scheme 1, and their free energy landscapes are collected in
Fig. S1 and S2 (ESI†). All the crystallising peptides (i.e., L-Nva-D-
Phe, L-Ile-D-Phe, and D-Phe-L-Nva) show two main low-energy
regions (DG r 1.0 kJ mol�1) in Fig. S1 (ESI†), resembling the
L-Val-D-Phe conformational space. This is particularly true for
L-Nva-D-Phe and L-Ile-D-Phe, while for D-Phe-L-Nva three additional
small basins appear in the energy range of 1.5–2.5 kJ mol�1. The
conformational landscape of gelling D-Phe-L-Ile is defined by five
low-energy regions (Fig. S2, ESI†), in agreement with D-Phe-L-Val.

Remarkably, the low-energy (DG r 2.0 kJ mol�1) conforma-
tions extracted for the crystallising dipeptides (Fig. S3 and
Table S1, ESI†) are exclusively folded, closely resembling those
of the corresponding crystal-unit structures.16,17,28 For D-Phe-L-
Nva, we found a small number of stretched conformations
associated with a DG of 2.1–2.5 kJ mol�1 (basin E, Fig. S4,
ESI†). Notably, this dipeptide does transiently gel in MeCN.28

We repeated the same procedure of overlapping the MD and
crystal structures for the two hydrogelators16,17 shown in Fig. S5
(ESI†). Here, both adopt folded conformations, in agreement

Scheme 1 Heterochiral dipeptide sequences with D-Phe and an L-
aliphatic amino acid (i.e., Val, Nva, or Ile) studied in this work to rationalise
their supramolecular behaviour towards hydrogels or crystals in phosphate
buffer at neutral pH.16,17,28

Fig. 1 Comparison between the experimental (Exp., top) and calculated
(Calc., bottom) ECD in aqueous solution of L-Val-D-Phe (dashed blue line)
and D-Phe-L-Val (solid red line). The Calc. ECD for L-Val-D-Phe and D-Phe-
L-Val were shifted by +15 nm, and +0.7 nm, respectively. The intensity
scales of the calc. ECD were normalised to match the exp. peak A/A 0.
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with the crystal structure, and extended ones which deviate
from them. Interestingly, the conformational equilibrium for
the gelators is shifted towards the extended structures.

The clear effect of different conformations on the spectral
features is also noteworthy. As shown in Fig. S6 (ESI†) for

D-Phe-L-Val, differences in the energy, intensity, and even sign
of the peaks arise because of both the secondary structure, and
the solvation shell. ECD confirms to be very sensitive to even
small, conformational changes and solvent effects.29

This conformational analysis suggests that the systems that
crystallise assume folded conformations very quickly in
solution similar to those found in the crystal structures. In
contrast, hydrogelators are mostly defined by b-strand-like
conformations that favour fibrillation.31 However, the folded
conformations, which are still significant, can play a role in
proceeding towards the thermodynamically stable phase over
days. Therefore, the conformational landscape of a single
peptide in solution may indicate its solid-state evolution.

To assess similarities between solution and crystal phases,
we also calculated the ECD of models composed of four unit
cells for L-Val-D-Phe, D-Phe-L-Val, and L-Nva-D-Phe. All the spec-
tra calculated from the crystals, reported in Fig. S7 and S8
(ESI†), are defined by two minima, thus resembling the spectral
features in solution and supporting our analysis above.

Analysis of the conformational distribution is essential to
justify and predict why and whether a certain sequence under-
goes gelation. Detailed investigations on the conformational
preferences of short peptides are available.32–35 Folded confor-
mers are favoured enthalpically, whereas extended ones are
entropically-driven. Thus, electrostatic, steric, hydrophobic, and
thermal effects, as well as the stabilisation through intra-, and
inter-molecular H-bonds play a role in the folded-extended
equilibrium. For the dipeptides in Scheme 1, we suggest that
repulsion takes place when Phe is at the C-terminus, contribut-
ing to the folding of the aromatic ring, while the –NH3

+–p
attractive interaction favours the opening of N-terminal Phe.
Cation–p interactions promote peptide gelling.36 In addition,
C-terminal bulky residues with b-branching (e.g., Val, Ile) can
destabilise the folded conformer, which is instead favoured with
the linear Nva.

To validate these findings, we heated samples to promote a
conformational change towards fibrils, as opposed to crystals.
We first measured the ECD spectra at 70 1C for L-Nva-D-Phe and
L-Val-D-Phe (Fig. S9 and S10, ESI†). Our computational proce-
dure was repeated for the former case, and the calculated ECD
is shown in Fig. S9 (ESI†). In both cases, the chiroptical features
(peaks B/B0 for L-Nva-D-Phe, and peaks A/A0, and B/B0 for L-Val-D-
Phe) are reduced, being indicative of a conformational change,
which resulted in a differing solid phase, i.e. fibres (Fig. 3 and
Fig. S11, ESI†).

In summary, this work sought a correlation between the
conformational behaviour in aqueous solution and the solid-state
structures of D,L Phe-based dipeptides. Combining previous16,17,28

and new experimental data (i.e., ECD spectra, and microscopy
data) with a recent computational procedure,29 we rationalised
the chiroptical features that were observed by identifying repre-
sentative conformers.

The crystallising dipeptides (i.e., L-Val-D-Phe, L-Nva-D-Phe,
L-Ile-D-Phe, and D-Phe-L-Nva) are defined by conformational
landscapes with two main low-energy regions containing only
folded conformers that resemble their crystal units. To assess

Fig. 2 Relative free energy landscape in the essential plane of L-Val-D-
Phe (panel a, top) and D-Phe-L-Val (panel b, bottom) at room temperature
(RT). The energy scale, in kJ mol�1, is reported as a vertical colour bar. All of
the low-energy regions are labelled with capital letters. The most prevalent
conformations with DG r 1.0 kJ mol�1 extracted from these basins are
shown in the bottom panel.
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the similarities between structures in solution and in the
crystal, we calculated ECD spectra on four unit cell models,
obtaining an optical response in qualitative agreement with the
experimental one in solution, particularly for L-Nva-D-Phe.

In contrast, complex conformational landscapes characterise
the peptides that undergo gelation (i.e., D-Phe-L-Val, and D-Phe-L-Ile)
followed by crystallisation. In these latter cases, both folded and
extended conformers are present, with the latter ones predominat-
ing and likely guiding gelation. However, the presence of folded
conformers in solution could be responsible for the observed
transition from gel to crystal over days, as confirmed by the
structural similarity between the calculated folded conformers
and those found in the crystal by XRD. Finally, heating drove a
conformational change from folded to extended for crystallising
dipeptides, as confirmed by ECD and fibrillation (Fig. 3).

The agreement between experimental and in silico data
validates the utility of gaining key insights about dipeptide
assembly in the solid state by investigating the conformational
preferences in solution. Extension of this approach to other
peptides could offer a tool to predict crystallisation or gelation
based simply on their ECD response, potentially enabling more
rapid progress in the area of smart biodegradable materials.
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Fig. 3 Optical microscope images of fibres under normal light for L-Nva-
D-Phe (panel a, left) and L-Val-D-Phe (panel b, right) after the assembly at
70 1C. Magnification 20� (left) and 10� (right).
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