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Self-assembly of modified amino acids facilitate the formation of various structures that have unique
properties and therefore serve as excellent bio-organic scaffolds for diverse applications. Self-assembly
of Fmoc protected single amino acids has attracted great interest owing to their ease of synthesis and
applications as functional materials. Smaller assembly units enable synthetic convenience and potentially
broader adoption. Herein, we demonstrate the ability to control the morphologies resulting from self-
assembly of Fmoc modified aliphatic single amino acids (Fmoc-SAAs) namely, Alanine, Valine, Leucine,
Isoleucine, and Proline. Controlled morphological transitions were observed through solvent variation
and the mechanism that allows this control was investigated using coarse-grained molecular dynamics
simulations. These show that FmocA can form well defined crystalline structures through uniform
parallel Fmoc stacking and the optimization of ion concentrations, which is not observed for the other
Fmoc-SAAs. We demonstrate that Fmoc protected aliphatic single amino acids are novel scaffolds for
the design of distinct micro/nanostructures through a bottom-up approach that can be tuned by

rsc.li/pcecp

Introduction

Elucidating the link between discrete molecular construction
and resultant self-assembled nanostructures is the first step
towards the de novo design of functional materials and doing
so would be highly beneficial in manifold contexts. Self-assembling
materials can find diverse applications from antimicrobial
materials? to emulsifiers for food, cosmetic, and biomedical
industries.®* Given the inherent biological interactions within
these application areas, a wide variety of small biomimetic
assembling molecules are the focus of this research, including
peptides and peptide amphiphiles,®” heterochiral peptides,®°
peptoids,'®'" and single amino acids (SAAs). The assembly of
SAAs is of particular interest for many reasons, including their
ease of synthesis,"”” functional diversity,"® stability,"* and
biocompatibility.'"> SAAs with sidechains presenting aromatic
and other functional groups assemble into a variety of morphol-
ogies such as fibres,'® micelles,’” and tubes'*'® to highlight a
few. Self-assembly of short amino acids has also drawn attention

“ Department of Chemistry, Indrashil University, Kadi, Mehsana, Gyjarat, India.
E-mail: nidhi.gour@indrashiluniversity.edu.in
b Department of Chemistry, University of Strathclyde, 295 Cathedral Street,
Glasgow G1 1XL, UK. E-mail: tell.tuttle@strath.ac.uk
i Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2cp05938;
1 These authors contributed equally to this work.

1522 | Phys. Chem. Chem. Phys., 2023, 25, 11522-11529

control of the environmental parameters.

due to its implications in the pathogenesis of in-born errors of
metabolisms (IEMs) relating the aetiology of IEMs to amyloid
associated diseases.'’

A popular strategy to promote amphiphilicity and conse-
quently induce the aqueous assembly of SAAs and other short
oligopeptides is the functionalisation of the N-terminus with an
N-(9-fluorenylmethoxycarbonyl) Fmoc group.”°> In the study
of assembling Fmoc modified peptidic molecules, there has
been a particular focus on the characterisation of di- and
tripeptides.>®* Most notably that of Fmoc-FF which is a particu-
larly well described assembly system.>*** In contrast work
surrounding the assembly forming properties of Fmoc-SAAs is
disjointed™**~>® with many of these studies focusing on self-
assembly either by co-assembly or conjugation with other
functional groups as opposed to the native self-assembly prop-
erties of the individual amino-acid residue.>**° It is surprising
that this class of molecules have not received more attention, as
Fmoc-SAAs present an appealing alternative to more complex
peptide based assembling materials: their small size means
that extensive synthetic procedures can be avoided in their
preparation which is both cost effective and more environmen-
tally friendly. Furthermore, the antimicrobial properties of
Fmoc modified amino acid short peptides have been reported,
highlighting a avenue to application to this concern.>'* A well-
established methodology by which to control/induce molecular
assembly is through the dilution of a stock solution with a more
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Fig. 1 Chemical structure of Fmoc protected aliphatic single amino acids
studied for their self-assembly.

polar solvent, such as water."'* In related work many small

simple molecular precursors have been shown to form assembled
hydro/organogels®® The small size of Fmoc-SAAs means that
chemical expectations can be subverted, for example Kundu
et al. have shown that the dipeptide Fmoc-KK can assembly in a
variety of different organic solvents®® as can Fmoc-K in DMSO:
water solutions as demonstrated by Sato et al®’ With these
perspectives in mind, we decided to undertake a systematic survey
of the assembly characteristics of N-(9-fluorenylmethoxycarbonyl)
modified single aliphatic L-amino acids namely: t-alanine (FmocA),
rvaline (FmocV), t-leucine (FmocL), t-isoleucine (Fmocl), t-proline
(FmocP) (Fig. 1) under varied concentration, pH, temperature, and
solvent conditions. A variety of optical microscopy methods
(bright-field, phase contrast, and fluorescence) and field-
emission scanning electron microscopy (FE-SEM) to characterise
assemblies under these varied conditions. In particular we make
use of fluorescence labelling, with fluorescein and rhodamine B
dye. This was done to assess the formation of aggregates and self-
assembled structures while in solution, through the incorporation
of dyes into organic domains present within assemblies, as has
been reported elsewhere.***° Moreover, by focusing on the Fmoc
modified aliphatic amino acids the contributions of both aromatic
and aliphatic hydrophobicity to assembly may be better under-
stood. To this end we also undertook co-incubation experiments
with tannic acid, urea and solution state 'H-NMR experiments
have also been performed. Further the mechanism of self-
assembly was further characterised assessed using coarse-
grained molecular dynamics (CG-MD) methods. In this report we
show that despite their small size, a wide range of self-assembled
morphologies comparable to those formed by larger peptidic
molecules, may be obtained ranging from crystalline structures,
rods, spheres, and fibres. The ability to control this behaviour
through environmental controls is of interest for varied materials
applications. Lastly, we can show how in mixed organic/aqueous
solvent conditions the formation of ordered structures is depen-
dent on the steric effects of aliphatic sidechains.

Results and discussion
Aqueous solution study

The aliphatic sidechains of alanine, valine, leucine, isoleucine,
and proline are non-polar as such their interaction with polar
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solvents is not favoured and this hydrophobicity drives their
coalescence. At close range, aliphatic dispersion interactions
will make coalescence enthalpically favoured.** Modification of
these SAAs with Fmoc will increase the entropic penalty of
solvation, further driving coalescence. Enthalpic and entropic gains
will also be made through n—r stacking interactions of Fmoc, which
have the potential to impart order within the hydrophobic domain
that can subsequently become crystalline.>* Our experiments began
with preparation of 20 mM stock solutions in 50% water: methanol
of each amino acid. These were then diluted to 3 mM and 8 mM
using deionized water. Optical microscopy and FE-SEM analysis of
FmocA (3 mM) revealed a unique crystalline structure reminiscent
of a Catharanthus flower with angular hexagonal ‘petals’ (Fig. 2).
This structure is regular and uniform and there is no morpholo-
gical difference between the 3 mM and 8 mM systems (Fig. 2,
Fig. S4 and S5, ESIt). Fluorescence microscopy suggests these
structures could bind with the fluorescein dye and green fluores-
cence was observed (Fig. S4 and S5, ESIf). No morphological
transition or rearrangement occurred after heating at 70 °C for 30
minutes (Fig. 2) indicating that this crystalline form is thermo-
dynamically stable. Crystallinity is further confirmed by phase
contrast microscopy, in which the structure appears light with
respect to the background (Fig. 2 and Fig. S6, ESIT).

FmocV on the other hand assembled into fibrous ball like
structures at 3 mM which changed to fibrillar assemblies at
8 mM. Concentration dependent self-assembly studies of
FmocV suggest fibrous balls merge with each other and gradu-
ally change to fibres (Fig. S7-S10, ESIt). In contrast, FmocL
form star-like flowers with petals composed of needles at 3 mM
(Fig. 2, Fig. S11 and S12, ESIt). Phase contrast microscopy
suggests these structures are semi-crystalline, and the flowers
appear to be arranged from rod-like morphologies. The struc-
tural isomer Fmocl assembled into conventional fibrous

FE-SEM
3mM_RT

FE-SEM
3mM_70°C

Optical Microscopy
3mM_RT

Phasc Contrast Microscopy
3mM_RT

Fig. 2 Microscopy images of 3 mM Fmoc-SAAs studied by different
techniques ie., Optical microscopy, FE SEM, and Phase contrast
microscopy.
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structures under all conditions at 3-8 mM concentration which
was surprising (Fig. 2, Fig. S13 and S14, ESIt). Therefore, from
the microscopy analysis, it was evident that aliphatic Fmoc-
SAAs namely FmocA, FmocV, FmocL and Fmocl self-assembled
into unique and distinct structures. The structure of Fmoc-SAAs
just differs in the length of carbon chain attached it. Moreover,
FmocL and Fmocl are structural isomers and the different
morphologies observed suggest a crucial role of branching of
carbon chain in determining the structure. Fmocl is more
hydrophobic than FmocL which may promote the formation of
more uniform fibrillar morphologies. Further we also studied the
self-assembly of the more unusual amino acid, FmocP, which
assembled to conventional spherical morphologies at 3 and 8 mM
concentration both before and after heating (Fig. 2 and Fig. S15,
ESIt). FmocP has a compact, closed cyclic ring in the side
chain which might impart it relatively “more hydrophilicity” than
suggested by the length of its hydrophobic aliphatic side chain;
hence it may assemble to vesicle like structures in the polar
aqueous environment rather that forming fibres as observed for
other Fmoc-SAAs. Indeed, from the phase contrast microscopy it
appears only FmocA and FmocL self-assembled structures have
some crystalline characteristics while FmocV, Fmocl, and FmocP
assembled into amorphous morphologies as they appeared dark
in contrast to the background. After annealing at 70 °C for
30 minutes the morphologies deviate structurally for some
Fmoc-SAAs. The temperature of 70 °C was chosen for heating
since it was an optimal temperature wherein enhanced aggrega-
tion can be achieved without altering the composition of aqueous
solvent mixture and chemical stability of Fmoc-SAAs. In the case
of FmocV a network of fibres is formed since the temperature rise
might lead to enhanced aggregation driving merging of fibrous
ball like structures (Fig. 2). Intriguingly, in contrast to FmocV,
FmocL (3 mM) disintegrates into small rods which are crystalline,
as indicated by the phase contrast microscopy; it may be the case
that the extra thermal energy herein enables a structural rearran-
gement to occur for this sequence (Fig. 2). In case of other Fmoc-
SAAs the effect of annealing is not so prominent, and the
structures remained robust both before and after heating (Fig. 2).

Mixed solvent studies

To assess the relative importance of different noncovalent
interactions in the assemblies observed, 3 mM of each Fmoc-
SAA was dissolved in tetrahydrofuran (THF) which is a compa-
tible solvent for all aliphatic Fmoc-SAAs. To induce aggrega-
tion/assembly, water was then added in increasing proportions.
For FmocA it was observed that as the water concentration was
increased fibre like structures were formed at room tempera-
ture in the range of 10% water to 90% water in the water: THF
system. These fibre-like morphologies appear flexible and
curved at low water concentrations. However, they gain linearity
and become needle like as the water concentration is increased
(Fig. 3). Clearly, the hydrophobic Fmoc group is entropically
driven to minimize its water contacts in solvent systems with a
higher water composition; a crystalline arrangement appears to
offer optimal minimisation.
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Fig. 3 Since no morphological transition was seen from 3 mM to 8 mM in
the THF: water systems a 3 mM concentration was taken as standard.
Optical microscopy images of increasing percentage of water in THF at
room temperature.

When the THF composition is higher, the Fmoc residues are
likely to be less solvophobic and so the assemblies qualitatively
appear to be less crystalline and more amorphous in nature.
In contrast to FmocA, the water: THF studies of FmocV, FmocL
and Fmocl yielded no structures, except for some sphere-like
aggregates which generally began to form at 80% Water: THF
(Fig. 3). In the case of FmocP the same trend was observed.
However, as the percentage of water in THF system was increased,
self-assembly is induced and at 10% Water: THF small fibres
were obtained (Fig. 3). Interestingly, these fibres disappear after
addition of more water, possibly due to the comparatively more
hydrophilic nature of proline. As the percentage of water is
increased to above 80% Water: THF spherical aggregates as
observed in Fig. 2 again appear. Notably, spheres are the most
thermodynamically stable due to the minimum surface area to
volume ratio they enable. Clearly the assembly pathway of FmocA
is distinct from that of the other aliphatic Fmoc-SAAs, both in
mixed solvent and in aqueous assembly. We also performed
mixed solvent studies with methanol and water (Fig. S44, ESIt
for details). It was observed that similar distinctions between
assembled morphologies for different Fmoc-SAAs formed, remi-
niscent of those in the aqueous solution study at high water
contents (Fig. 2), which implies that the driving forces for
assembly are consistent for both aprotic and protic solvent systems.
To further probe the role of hydrogen bonding and n-n stacking in
the self-assembled structure formation we co-incubated Fmoc-SAAs
with urea and tannic acid. Urea is a well-known hydrogen bond
brealker,** while tannic acid is a generic amyloid inhibitor known to
disrupt m-m stacking.** Hence, any morphological transition or
disruption occurring due to co-incubation of urea or tannic acids
can provide insights into the crucial role of m-m stackings and
hydrogen bonding in the self-assembled structures. We observed
disruption of self-assemblies formed by all Fmoc-SAAs on co-
incubation with tannic acid while with urea the assemblies remain
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unaffected (Fig. S18-S31, ESIt). Hence, hydrogen bonding is of
relatively less importance to these assemblies than the n—r stacking
of the Fmoc group. Further, the pH dependent studies of Fmoc
modified aliphatic single amino acids suggest that the assemblies
are formed only in neutral and acidic condition while in basic
condition the assemblies were not formed (Fig. S32-S37, ESIt)
indicating electrostatics are also important to the Fmoc-SAA assem-
blies. XRD analysis on FmocA self-assembled structures further
confirmed their crystalline morphologies as the diffraction peaks
appeared prominent unlike FmocI where the peaks appeared broad
indicating its soft nature (Fig. S39, ESIT for details). The critical role
of n-r stacking of the Fmoc groups is further supported by the up-
field shift in the aromatic protons observed via NMR when a drop
of D,O or increasing % of water was added (see Fig. S40-S43, ESIt
for details). Clearly, this feature is dominant in the generation of
assemblies and yet clear morphological differences still arise
between the Fmoc-SAA’s.

Mechanism of assembly

Intrigued by these results, we turned to molecular dynamics to
interrogate the self-assembly mechanism of FmocA versus the
other aliphatic Fmoc-SAAs. Specifically, we chose to use coarse
grained molecular dynamics (CG-MD) using the MARTINI
force field (version 2.1.) which enables access to the kinds of
timescales and systems sizes required to assess this process.**
We used an Fmoc model developed in our lab which has been
used to successfully reproduce a variety of experimentally
observable properties of other assembling Fmoc short peptide
conjugates.*> We performed simulations with C-termini fully
deprotonated, as would be expected at neutral pH, and with
the C-termini fully protonated. This was done on the basis
that pK, shifts are known to happen in similar Fmoc assembly
systems>>>* and that non-aqueous organic solvents, in this case
THF, can also cause substantial changes the pK, of titratable
groups.*® Given the ambiguity it was deemed most appropriate
to study both possibilities. To ensure system neutrality, sodium
ions were added to the charged assembly simulations. In this
study 1600 molecules were simulated for 1 ps at 0, 20, 50 and
80% water. Each THF molecule was represented by a single
bead (with 5 heavy atoms per bead), the bead type was Na and is
closely related to that reported by Patti et al.*” For solvent
systems containing water, 10% were antifreeze water beads, the
inclusion of which is necessary when using Martini version 2.1.
which may irreversibly freeze if a high degree of order emerges,
such as crystalline regions within the system.*®

SASAinitial

AP = SASAm @

The first parameter we chose to measure for these systems
was the Aggregation Propensity (AP); which corresponds to the
ratio of Solvent Accessible Surface Area (SASA) at the beginning
of the simulation in the non-aggregated state (SASAjicial)
verses this same property in the final frame of the simulation
(SASAfina))- As it depends on only two time-points it may be
considered a static measurement (eqn (1)). If the surface area
decreases over the course of the trajectory due to aggregation,
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then the AP score will be greater than 1.0. The larger this
number, the greater a molecules preference for coalescence/
assembly. This metric, and variations of it, have been used
effectively in previous studies for the directed discovery of
peptide-based materials.”*" Firstly, the AP metric indicates
that the assembly of FmocA is distinct from that of the other
Fmoc-SAAs, with a higher AP score at 50% water content for
both charged and neutral C-termini, though the assembly of
FmocV and FmocP yields a slightly higher AP score at 80%
water in the neutral case (Fig. 4). Inspection of the trajectories
immediately revealed the cause of the increased AP score for
FmocA; which forms highly crystalline structures, with parallel
packed Fmoc groups which over the course of the simulation
form initially as small platelets and consequently combine into
extended structures (Fig. 5b). In contrast the other sequences
form amorphous aggregates with only small regions of ordered
stacking (FmocV, Fig. 5b). In the charged systems, such an
arrangement by FmocA is supported by ions which adopt
regular and uniform positions along the parallel stacks. However,
this same crystallisation is observed in the neutral state when the
C-termini are assumed to be neutrally charged. The persistence of
this structuring irrespective of charge implies that the small steric
profile of FmocA, compared to the other aliphatic sidechains is
central to the formation of well-defined crystalline assemblies.
These results align with the experimental findings for these
mixed solvent systems (Fig. 3). Where only small aggregates are
observed in 50% THF: water systems for all systems except
FmocA. For solvent systems with 80% water the same pattern is
observed, with all species except FmocA forming amorphous
aggregates. Lastly, it is curious that the AP at 20% water is low
for FmocA given that assemblies were observed in this solvent

Neutral Termini

3.50

3.00 A
Q
5 2.50
A --e--FMP
a 4+
< 200 --e--FMV

150 4 —=

--..-----::::‘5('"
1.00 + + + 1
0 20 40 60 80
% Water
Charged Termini
3.50
--e--FMA

3.00 + --e--FMI
) FML
9]
a --e--FMP
a
< --e--FMV

% Water

Fig. 4 Aggregation propensity (AP) score with respect to water fraction;
FmocA and FmocV exhibit distinct behaviour. The low AP scores for
FmocA in high THF concentrations are attributed to the slower rate of
assembly in these more compatible solvent conditions.
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(a) The number of parallel stacked Fmoc groups in 80% water is highest for charged FmocA. For other aliphatic sequences, a range of spacings

<10 A are found to be present in the assemblies. We hypothesise that steric and dispersive effects of the aliphatic sidechains disrupt homogenous
stacking in these cases. (b) Assembly structures of FmocA and FmocV in 80% water after 1 us. It is evident that more ions are solvated in FmocV than in
FmocA; as these are more readily incorporated into the crystalline assembly of FmocA, as supported by radial distribution function analysis (RDF), (c) ion—
molecule Radial Distribution Function (RDF) evaluated for all charged C-termini molecules in 80% solvent compositions. Clearly the substantially larger
RDF for FmocA is higher than all other aliphatic Fmoc amino acid derivatives. It is expected that this greater ion density supports crystallisation.

environment experimentally (Fig. 3). This is attributed to the
short duration of the simulation, on the basis that the rate at
which assembly occurs may be reduced by the improved solvent
compatibility in this system. To assess the structuring present
within the assemblies we measured the degree of parallel/
antiparallel Fmoc alignment between adjacent molecules. In
our methodology, molecules are deemed to be parallel stacked
if the distance between ‘backbone’ (BB) Fmoc beads is <6 A
while packing is antiparallel when this distance is ~10 A. If the
distance between the centre of geometry of a given Fmoc group
and its next closest neighbour > 7 A then it is considered to not
be in the stack and thus is deemed ‘free’ (Fig. 5a). This analysis
revealed that the degree of parallel Fmoc alignment is substan-
tially higher in the last frame of the 1 ps simulation for FmocA
in 80% water compared to all other aliphatic Fmoc-SAAs both
in the charged and neutral state (82% are within the stack with
neutral termini and 79% for the charged termini) (Fig. 5 and
Fig. S3, ESIT). In previous work the fluorenyl spacing distance
in Fmoc assemblies has been evaluated as being ~3.6-5.0 A
using atomistic molecular dynamics and wide-angle X-ray
scattering (WAXS) measurements.’>>* We find our estimated
spacing for the crystalline stacking in FmocA, ~5 A, to be in
good agreement with these results particularly given the
reduced level of molecular detail. In contrast to FmocA, for
all other systems in which amorphous assemblies arise, in 80%
water only ~50% of molecules have BB-BB distances less than
6 A apart (Fig. 5a). By this method it is not possible to evaluate
the sizes of stacked domains distributed throughout the

11526 | Phys. Chem. Chem. Phys., 2023, 25, 11522-11529

assemblies; however clearly the prevalence of well-defined
fluorenyl arrangements is reduced in all cases other than
FmocA and we attribute this to the presence of the aliphatic
sidechains which disrupt extended n-rn stacking based structur-
ing. The efficient parallel packing of Fmoc residues, in which
n-T interactions is optimised, and the solvent accessible sur-
face area is minimised, can only be achieved by drawing FmocA
molecules close together. A thermodynamic hindrance to this is
the increased proximity of charged C-termini which electrosta-
tically repel each other, and this effect can only be overcome by
adequate screening by cationic ions. Alanine has a very small
methyl sidechain, which in the Martini representation is sub-
sumed into the backbone bead. All other aliphatic amino acids
have a sidechain, which is represented by a second hydropho-
bic bead. Upon aggregation, FmocA will enable a larger number
of ions to come into proximity as opposed to the other aliphatic
amino acids, for which the non-polar sidechain will ‘frustrate’
ion organisation. To assess this hypothesis, we measured the
radial distribution function (RDF) of sodium ions with respect
to Fmoc-SAAs over the course of the 1 ps trajectory (Fig. 5¢) in
the 80% water simulations. In all systems the first sodium
solvation shell, occurs at 2.5 A and is substantially larger for
FmocA than for the other compounds. This supports the
hypothesis that crystallinity only emerges for FmocA as it does
not hinder counter ion screening and therefore enables close
and highly ordered packing, which in turn enables crystallinity
to arise. Notably, ionic support for Fmoc protected amino acids
has been reported elsewhere, so this observation is not without
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precedent.”* We also performed these simulations with neutral
termini and found the same stacking occurs for FmocA and its
absence for all other systems. The emergence of this structur-
ing irrespective of C-termini state implies that the sidechain
steric effects is of greatest significant for the FmocSAA assem-
bly structure.

Experimental
Materials and methods

Co-incubation of Fmoc amino acids with microscopic dye.
Co-incubation studies of Fmoc protected amino acids were
done at both low and high concentration at room temperature
and after heating at 70 °C with fluorescein and rhodamine B
dyes. The final concentration of fluorescein and rhodamine B
dye was 10 pM. A 20 pL solutions of this was drop casted on a
clean glass slide and were visualized in fluorescent microscope
under green and red filter.

Co-incubation of Fmoc amino acids with urea. All Fmoc
modified amino acids were co-incubated with urea at both low
and high concentration. The co-incubation studies of Fmoc
modified amino acids with urea were done at various ratios of
urea such as 1:1, 1:3 and 1:5. A fixed concentration of Fmoc
protected amino acid as 3 mM was taken. A 20 pL solution of
this was drop casted on a clean glass slide and visualized in
Leica DM2500 upright fluorescent microscope under bright
field mode.

Co-incubation of Fmoc amino acids with tannic acid (TA).
The co-incubation study of Fmoc protected amino acids were
done using various ratio of TAsuch as1:1, 1:3 and 1:5 against
modified amino acids. The images were visualized under Leica
DM2500 upright fluorescent microscope under bright filed with
different magnification.

Solvent dependent analysis. The solvent dependent study
was performed in tetrahydrofuran (THF) and methanol by
using 50 mM stock solution of Fmoc protected amino acids
dissolved in THF or methanol and then diluting it with appro-
priate solvent. Further, THF: water study has performed by
increasing percentage of water from 10 to 90% in THF.

UV-Visible spectroscopy studies. For UV-Visible study of all
Fmoc protected amino acids, a 50 mM stock solution was
prepared in methanol. Further dilution was carried out at final
concentrations 5 uM, 10 uM, 25 uM, 50 uM, 75 uM, 100 uM
using Milli-Q water. The UV-visible spectra were recorded on
Specord@270 plus, Analytik Jena, Germany.

Fluorescence spectroscopy. The fluorescence spectra of
Fmoc protected amino acids were recorded using JASCO
FP8300 spectrofluorometer by giving excitation bandwidth
1 nm and emission bandwidth 2.5 nm respectively. The emis-
sion spectra of all Fmoc protected amino acids were recorded
by diluting the 50 mM stock solution (in methanol) of modified
single amino acids in Milli-Q water to 50 uM and 100 uM final
concentrations. The emission spectra were recorded by giving
an excitation wavelength 290 nm and recording its emission in
range of 300-600 nm.
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X-Ray Diffraction (XRD). X-Ray diffraction experiments were
performed on Bruker AXS D8 Focus P-XRD Bruker and AXS D8
VENTURE SC-XRD. All Fmoc protected single amino acids were
evenly dispersed over the substrate holder and scanned in the
range of 20 10-80°. The non-assembled samples (NA) used were
commercially available FmocA and Fmocl used as such, while
the assembled samples (SA) for XRD were prepared by lyophi-
lizing 3 mM solutions which were prior incubated for 24 h at RT
and thereafter lyophilized in Scale Bench Top Freeze Dryer.

Coarse grained Fmoc model. The MARTINI Fmoc protecting
group was produced according to the mapping scheme pro-
vided in (Fig. S1, ESI}). Bead types were selected to ensure a
close relation to the model for phenylalanine in the MARTINI
2.1 forcefield.** Accordingly, a three to one mapping scheme
was used with SC4 beads (mass 45 amu). To model the ester
linkage a P5 bead was used (mass 72 amu). It is in this same
manner that bonded terms were chosen. Improper dihedrals
were defined between ring beads to ensure planarity and the
equilibrium bond length between the two benzene rings are
inequivalent (e.g., the bond at the back was longer than at the
front, which connects to the P5 beads) to produce a more
triangular shape within the planar system. Previously we have
reported good agreement between computational and experi-
mental findings using this model.*> Note, for the amino acids
standard Martini 2.1. parameters were used.**

Simulation compositions. For each system 1600 molecules
of a given Fmoc molecule (FmocL, Fmocl, FmocA, FmocV and
FmocP) were randomly inserted into a cubic box with dimen-
sions 22 x 22 x 22 nm with a minimum molecular separation
of 3 A. These were solvated with a total of 80000 solvent beads
with varied compositions, selected to leverage the fact that one
Martini water bead is equivalent to four water atoms while one
THF bead represents only one molecule. For example, in a 50%
water: THF solution, there are 4.49 moles of H,O to 1 mole of
THF present. If the total number of solvent beads is conserved
(80000) then to obtain this same ratio, 37680 THF beads
(1 molecule per bead) and 42320 water beads (4 molecules
per bead) would be required. These compositions are detailed
in Table S3 (ESI{). 10% of the water component were antifreeze
beads to prevent freezing of water as crystalline domains
emerge which is a recognized issue with Martini force field
version 2.1.%° Simulations were performed both with neutral
and charged C-termini, for the latter case an additional 1600
sodium ions were added to neutralize the charge of the system.
All systems were build using Gromacs version 2020.7.°® Visua-
lization of simulation results was done using Visual Molecular
Dynamics (VMD)*” and analysis was done using the python
package MDAnalysis.>®

Simulation details. All simulation systems were minimized
for 10 000 steps. Following this an NPT equilibration (2 50 000 steps
with a 20 fs timestep) was performed for 5 ns using a Berendsen
pressure coupling (compressibility = 4.5 x 107> bar ' and
pressure = 1 atm) with velocity rescaling at a temperature of
298.15 K with a time constant for coupling of 1 ps. For the
production simulation, a timestep of 25 fs was used for a total
of 40000000 steps for 1 us, an NPT ensemble was used using
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isotropic Parrinello-Rahman pressure coupling (compressibility =
4.5 x 107° bar ', pressure = 1 atm and a time constant for
pressure coupling of 12 ps) and again velocity rescaling was used
with a reference temperature of 298.15 K. Both electrostatic and
Lennard Jones (L]) potentials were shifted to a straight cutoff at
11 A as consistent with Martini simulation methodology for
dealing with non-bonded interactions.”® The LINCS algorithm
was used for constraints within the Fmoc ring model.®’

Conclusions

We report for the first time a comparative study of the assembly
characteristics of all Fmoc protected aliphatic single amino
acids. As anticipated, given that hydrophobicity is enhanced via
Fmoc protection, all molecules assemble in high water content
systems with diverse morphologies. However, FmocA exhibits
distinct behaviour with respect to the other sequences as it
yields flower like structures formed by the assembly of hexago-
nal crystalline morphologies. Unlike FmocA other amino acids
assemble to amorphous or semicrystalline morphologies. The
importance of the Fmoc stacking to assembly was confirmed
via urea and tannic acid co-incubation; in which only the latter
did not yield assemblies, indicating that pi-pi stacking caused
due to presence of Fmoc group is the central non-covalent
interaction supporting assembly. Furthermore, the up-field
shift in the aromatic protons observed via NMR cements this
finding. To rationalise these interesting deviations in assembly,
despite the uniform assembly drivers in Fmoc-SAAs, we turned
to coarse grained molecular dynamics. In doing so it was found
that FmocA is unique in its ability to (i) optimize ion and
sidechains arrangements and (ii) adopt uniform parallel Fmoc
stacking in a manner not found for the other Fmoc aliphatic
amino acids. We attribute this to the small steric profile of the
methyl sidechain in alanine compared to the relatively bulky
sidechains present in all other molecules, in which favourable
dispersion interactions may result in more amorphous struc-
ture formation.
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