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Meta - Analysis of Self - Assembly of Aromatic
Amino Acids: A Molecular Dynamics Study

Shrajay Dixit

Abstract: Most natural biomolecules may exist in either of two enantiomeric forms. Although in nature, amino acid biopolymers
are characterized by I-type homochirality, incorporation of d-amino acids in the design of self-assembling peptide motifs has been
shown to significantly alter enzyme stability, conformation, self-assembly behavior, cytotoxicity, and even therapeutic activity.
However, while functional metabolite assemblies are ubiquitous throughout nature and play numerous important roles including
physiological, structural, or catalytic functions, the effect of chirality on the self-assembly nature and function of single amino acids
is not yet explored. Herein, we investigated the self-assembly mechanism of amyloid-like structure formation by two aromatic amino
acids, phenylalanine (Phe) and tryptophan (Trp), both previously found as extremely important for the nucleation and self-assembly
of aggregation-prone peptide regions into functional structures. Employing d-enantiomers, we demonstrate the critical role that
amino acid chirality plays in their self-assembly process. The kinetics and morphology of pure enantiomers is completely altered
upon their coassembly, allowing to fabricate different nanostructures that are mechanically more robust. Using diverse experimental
techniques, we reveal the different molecular arrangement and self-assembly mechanism of the dl-racemic mixtures that resulted in
the formation of advanced supramolecular materials. This study provides a simple yet sophisticated engineering model for the
fabrication of attractive materials with bionanotechnological applications.
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1. Background Abstract

In nature, metabolites self-assemble to  form Amino Acid
nanostructures. Science is trying to mimic this property for

advances in material science. Amino acid biopolymers in ' Rigid mechamcs
nature have L-type homochirality. Effects of introducing Purel

D-Amino acids alter a lot of properties. In this experiment, €05

Phe and Trp were used in both enantiomeric forms to . A

derive the self-assembly kinetics and the mechanism of Y-Y - (\ Knob-to-hole
structure formation data. The role of chirality in the self- "3 ’,—'-(" ~3 N Y Q%) packing
assembly and function of the amino acids and the effect of "-' ‘e = ol A' l
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2. Methodology, Results, and Discussion
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Faster rate of aggregation for DL-Phe system
1) Phase behaviour analysis: DL-Phe gave a turbid solution. Flake-like structures

L-Phe, D-Phe, and DL-Phe(1:1) were dissolved in double  precipitated. OD analysis was done. High-Resolution
distilled water > Heating to 90°C > Cooling to room  Scanning Electron Microscopy was done.
temperature. L-Phe and D-Phe gave clear solutions, and
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L-Phe Fibers

2) Structural characterisation

L-Phe and D-Phe fibers and DL-Phe aggregates dried on
Kapton film. X-ray scattering experiments were performed.
D and L-Phe showed isotropic 2D powder diffraction
indicating the random orientation of structures in the plane

D-Phe Fibers

DL-Phe Flake like crystalline structures

of the film. DL showed peculiar diffraction, indicating
flakes were preferentially oriented in certain directions.
The corresponding spectrum showed an altered
arrangement of D- and L-Phe molecules in the mixture.

A2|muthally integrated spectra

3) Structural characterization

Mass spectroscopy was conducted to show the presence of
both the enantiomers in the crystalline aggregates. A
mixture of deuterium level L-Phe(d5) with D-Phe (1:1) was
taken. m/z peaks at 164 and 169 corresponding to pure D-
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4) Material properties analysis

For thermal stability analysis, thermal gravimetric analysis
was done. To describe the mechanical rigidity of the
crystals, Young’s modulus and point stiffness were

Phe and L-Phe(d5), a strong signal was observed at 356
emanating from their composite materials. This shows the
formation of an enantiomeric conjugate in the mixed
system. Coassembly formation was further confirmed by
circular dichroism (CD) spectroscopy.
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calculated using nanoindentation through AFM. Results
say that all structures have similar thermal stability, while
the mechanical strength of DL-Phe is very high, indicating
a strong molecular packing in the DL-mixed system.
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5) Modeling Phe crystals

Atomistic molecular dynamics (MD) simulations to model
Phe crystals. Only pure enantiomers were modeled
because the structure of DL-Phe was unknown. These
elongated crystals were cut either along the well-visible
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oWe e e e W
Point stiffness (N m*)

aromatic zipper or orthogonal to it. Results show that
growth on the facet parallel to the aromatic zipper is more
likely to continue and produce twisted 1D crystals. The D-
isomer is only a mirror image of the L-isomer.

100 % L isomer 1

Parallel

Orthogonal

6) Self assembly of Trp

a) Self assembly nature analysis of pure L-Trp

Dynamic light scattering (DLS) was used. The size of the
resultant nanostructures at increasing concentrations was
measured. Size abruptly increased at a concentration of 30
mg/mL indicating an extensive high aggregation. Self-
assembled morphology was studied by transmission

electron microscopy (TEM). Molecules stacked into a
tubular structure with a 4-fold symmetry and folded into
extremely well-organized fibrillar structures were found
where hydrophilic termini were positioned internally and
the hydrophobic rings resided externally, exposed to the
solvent.
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b) Role of the aromatic ring in the self-assembly

ANS (8-aniline-1-naphthalene sulfonic acid) binding assay
was used. Elevated concentrations of L-Trp, showed an
increase in the fluorescence intensity of ANS. This
indicates a change in the environment toward higher
hydrophobicity, probably due to aromatic interactions.

c) Role of the aromatic protons in the self-assembly
Concentration-dependent 1H NMR spectroscopy was
performed. Increasing the concentration resulted in an
upfield shift of the aryl proton, He, and Hf, indicating their
screening due to m—n interactions between aromatic rings.
The indole N—H proton (Ha) and the nearby proton(Hd)
shifted toward a higher ppm value, which specified the
involvement of the N—Ha proton in hydrogen bonding at
higher concentrations.

507 nm ‘

d v, e ANS caly
w—pNS ¢+ Smg Trp
w—ANS + 25 mg Trp
wn ANS + 75 mg Trp

310 4 e g Tip 0oty
2
2 210'4
<
<
£
10’
0 500 550 800
Wavelength (nm)
f 8
. n— 1
! * :
- |
1 30mg/mi L
. x
20 mg/ml <
* .

10 mg/ml a ) b !

d) Effect of chirality on self-assembly

Phase behavior of pure D- Trp was different from L-Trp. It
did not show a change in turbidity over time but formed
structures at higher concentrations. ANS binding assay
using D-Trp showed a similar change of environment from
hydrophilic to hydrophobic, Concentration-dependent
NMR study also demonstrated a shift toward lower ppm
values due to the screening of the aromatic proton as a
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result of n—mn stacking Turbidity of the DL-Trp solution
increased very rapidly during cooling indicating a higher
aggregation rate. An equimolar mixture of the L- and D-
enantiomers was further confirmed by Trp mass
spectrometry and CD Spectra. DL-conjugate fabricated
nanostructures with a crystalline flake-like morphology.
The details of the molecular arrangement was studied by
WAXS
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e) Packing structure ananlysis

Molecules were connected through head-to-tail H-bonding
and fabricated into a single molecular chain. Along the a-
axis, the molecules were connected in a sideways fashion
through two H-bonds on each side and thus produced a
tape-like arrangement. In the higher-order packing, L-Trp
is arranged in a layer-by-layer structure resembling a

15 2.0 25

qia™)

supramolecular B-sheet structure. Structure stabilized by
edge-to-face n— stacking interactions. For DL-Trp, head-
to-tail chain formation through H-bonding was observed,
and centrosymmetric dimer formation of two adjacent
chains. Perfect “knobs-in-holes” fitting of aromatic
surfaces through face-to-face n—n interaction.
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f)  Modeling

L-Trp crystal has a tendency to fold in a direction parallel
to the aromatic zipper and might grow along the aromatic
zipper. DL-Trp crystals stay on average flat. In DL-Trp
crystal, the facet orthogonal to the aromatic zipper is more

stable, while the facet parallel to the zipper is less stable.
100% L isomer 1‘
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Discussion

The experimental evidence presented here suggests
different self-assembly kinetics and mechanisms for DL-
composites of aromatic amino acids, allowing the
fabrication of interesting materials with exciting physical
properties compared to the pure enantiomers.

The single-crystal structure analysis clearly demonstrated a
favorable knob-to-hole packing of aromatic rings in the
DL- mixture, which induced the easy growth of racemic
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crystals and the fabrication of self-assembled
materials.
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