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Abstract

We have investigated the self-assembly of fluorenylmethoxycarbonyl-conjugated dialanine
(Fmoc-AA) molecules using combined computational and experimental approaches. Fmoc-AA
gels were characterized using TEM, circular dichroism, FTIR, and WAXS. Computationally, we
simulated the assembly of Fmoc-AA using molecular dynamics techniques. All simulations
converged to a condensed fibril structure in which the Fmoc groups stack mostly within in the
center of the fibril. However, the Fmoc groups are partially exposed to water, creating an
amphiphilic surface, which may be responsible for aggregation of fibrils into nano-scale fibers
observed in TEM. From the fibril models, radial distribution calculations agree with a-spacings
observed in WAXS for the fibril diameter and r-stacking interactions. Our analyses show that
dialanine, despite its short length, adopts a mainly extended polyproline 1l conformation. In
contrast to previous hypotheses, these results indicate that B-sheet-like hydrogen bonding is not
prevalent. Rather, stacking of Fmoc groups, inter-residue hydrogen bonding and hydrogen
bonding with water play the important roles in stabilizing the fibril structure of supramolecular
assemblies of short conjugated peptides.
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Introduction

Molecular self-assembly continues to be explored as a powerful approach for fabricating
functional nanostructured materials.1~# Artificial self-assembly methods offer a “bottom-up”
route to fabricating novel complex structures with nanometer precision. Numerous examples
of the self-assembly of low molecular weight organic molecules leading to hydrogel
formation can be found in literature,>~” and of these, hydrogels composed of self-
assembling, peptide-based small molecules have recently gained interest for their potential
uses in biomedical applications such as tissue engineering and drug delivery.® In contrast to
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traditional hydrogels composed of chemically cross-linked high molecular weight polymers,
gel materials based on self-assembling peptide conjugates consist of low molecular weight
components that associate based on non-covalent interactions, such as hydrophobic forces,
rt-stacking and hydrogen bonding. These materials may therefore be more sensitive to in
vivo chemical and physical stimuli than polymeric hydrogels, and more easily degraded by
the body and cleared by the kidneys.5 Also unlike many polymer hydrogel systems, these
molecules self-assemble via a pH or temperature trigger and can therefore be delivered via
transdermal injection and gelled /n situ, minimizing the invasiveness of the procedure
required to place them. Being peptide-derived, these materials are easily customized with
bioactive sequences that may serve to enhance cell adhesion or induce specific signaling
pathways.

Notable among self-assembling peptide-based gel materials are those created by Stupp and
co-workers. @ These engineered peptide amphihiles (PAs) consist of a hydrocarbon tail
conjugated to a short (8-12 residue) peptide sequence, with the inner residues having a high
propensity to form B-sheet type hydrogen bonding interactions with neighboring
molecules.10 The putative supramolecular arrangement of these molecules is a cylindrical
fibril, stabilized by hydrophobic interactions among the hydrocarbon tails within the core of
a fibril and by hydrogen bonding between the B-sheet forming segments. A recent molecular
dynamics study of the proposed assembly confirmed this general structure, demonstrating
the water- and ion-excluding properties of the hydrophobic core as well as the extensive
hydrogen bonding between adjacent peptide segments.11

Recently it has been shown that much shorter (2-5 residues) peptides conjugated to aromatic
N-terminal protecting groups (such as fluorenylmethoxycarbonyl, naphthalene, pyrene, and
even DNA nucleotide bases) can also self-assemble to form gels.”-8:11-17 Of these, the
fluorenylmethoxycarbonyl (Fmoc) derivatives were the first such molecules that were
shown to gel in part because Fmoc-protected peptides and dipeptides are widely available
for use in solid phase peptide synthesis. Their gelation ability was likely discovered
serendipitously during attempts to drive aqueous dissolution; gelation of certain Fmoc-
peptides has been demonstrated by raising then lowering the solution temperature, adding an
excess of water to a miscible organic solvent containing the peptide conjugate, or by raising
then lowering the solution pH.8

Like PAs, these conjugate peptides are thought to form nanometer diameter fibril structures
stabilized by noncovalent interactions between aromatic protecting groups and p-sheet-like
hydrogen bonding between amide bonds on adjacent molecules. However, the proposed
supramolecular arrangement of the conjugated peptides is markedly different from that of
the PA system. Researchers observed, using Fourier-transform infrared spectroscopy
(FTIR), circular dichroism (CD) spectroscopy, and x-ray diffraction (XRD) techniques, that
these gels contain hydrogen-bonding patterns, molecular configurations, and intermolecular
dimensions indicative of antiparallel B-sheet structures.1218 Smith er a/18 proposed a model
in which pairs of Fmoc-diphenylalanine molecules are arranged in a helix around the long
axis of a tubular fibril in an anti-parallel manner, with the aromatic rings of the Fmoc group
on one molecule located near the peptide carboxyl terminus of the adjacent molecule. The
authors offer a computational/theoretical confirmation of the energetic feasibility of this
structure, involving a potential energy minimization using the AMBER force field; however,
potential energy minimization typically leads to local minima and excludes the contribution
of thermal energy and entropic effects.

Considering the potential conformational changes during the time evolution in self-
assembly, molecular dynamics (MD) simulations are more favorable than simple energy
minimization to study the self-assembly of biomolecules.19-20 Besides providing atomistic
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information on Kinetics, thermodynamics, and time evolution of molecular conformations,
MD can also remove unfavorable interactions that remain after energy minimization.
Therefore, MD can overcome the minimization’s inadequacy in predicting the entropically
favored conformations and therefore has been widely used in other self-assembly studies in
recent years.1121-23 |n one example, MD simulations were used to study the self-assembly
of Fmoc-tetrapeptides based on the RGD cell adhesion sequence.2* However, the
simulations were relatively short (10-20 ns), consisted of assemblies of only 21 molecules,
and there was no clear evidence that the structures had converged. Furthermore, the study
concerned Fmoc-tetrapeptides, which have two more peptide bonds available for hydrogen
bonding than do Fmoc-dipeptides and is therefore an arguably more “peptide-like” system.

In our preliminary molecular dynamics study (see Supporting Information), the Fmoc-
dipeptide fibril model proposed by Smith et a/18 did not maintain its hollow tube structure;
instead, it shrunk into a more compact aggregate with water molecules excluded from the
center. We thus focus on models in which the aromatic protecting groups are concentrated
toward the center of the fibril with the attached peptide chains radiating outward, as is the
case for PAs.

In this work, we sought to answer two questions about the self-assembly of Fmoc-
dipeptides: 1) What are the major driving forces for self-assembly? and 2) How are
individual molecules arranged within the gel-forming fibril structures? To this end we
performed experimental validation of past results along with the first demonstration of the
use of extensive molecular dynamics simulations to gain insight into the supramolecular
structure of the Fmoc-dipeptide assembly. By answering these questions we will improve
our understanding of the nano-scale properties of these materials and can therefore assess
the feasibility of using self-assembling short peptide conjugates for /n7 vivo biomedical
applications. Our system and approach may also be extended to investigate the dependence
of side chain identity and sequence on self-assembly25:26 in order to move toward rational
design of peptide-based small molecule hydrogelators.

Materials and Methods

Experimental

Preparation of Fmoc-AA gels—Fmoc-Ala-Ala-OH was purchased from Bachem, Inc.
(Torrance, CA) and used without further purification. To form gels via a pH trigger, Fmoc-
AA was added to deionized water, vortexed, and sonicated for several minutes. 1 eq 0.5 M
NaOH was added and mixture was vortexed until completely clear. The mixture was then
added quickly to a vial containing 1 eq 0.1 M HCI, to trigger gelation.

Wide angle X-ray scattering—Fmoc-AA gel samples were prepared at 10 mg/ml (final
pH = 2.6-2.8) by a pH trigger method (1 eq 0.5 M NaOH added to dissolve Fmoc-AA, then
1eq 0.1 M HCI added to induce gelation, as described above) and were spread out onto a
quartz slide and allowed to dry for two days. Samples were run on a Scintag X1 theta-theta
powder diffractometer with a Cu x-ray source. Peak analysis was performed using Jade
v9.1.1 (Materials Data Inc.) software, and atspacings were calculated assuming an x-ray
wavelength of 1.54059A (Cu K-a.1).

Transmission Electron Microscopy—Gels for TEM analysis were prepared at a final
concentration of 5 mg/ml (final pH = 3.3-3.4). Approximately 10 p.I of gel was placed on
the shiny side of Formvar/Carbon coated 300 mesh nickel grids (Electron Microcopy
Sciences, Hatfield, PA) and was allowed to adsorb for 2 minutes. Excess solvent was
removed using a Kimwipe, and the grid was further allowed to air dry for 1 minute, after
which the grid was washed with 10 p.l deionized water for 1 minute and dried with a
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Kimwipe. Finally, the grids were placed on 10 pl drops of 2% uranyl acetate for 1.5
minutes, then dried with a Kimwipe and allowed to air dry before placing in the instrument.
Samples were imaged using a FEI Tecnai instrument operating at 80 kV, and the associated
AMT Advantage HR 1kX1k digital camera was used both for sample navigation and image
capture.

Fourier Transform Infrared spectroscopy—Gels were prepared at 5 mg/ml (final pH
= 3.3-3.4) as described above, except D,O was used in place of deionized water in all
solutions. For pH triggered gels, NaOH and HCI solutions were diluted to the concentrations
described above using D,O. Gel samples were sandwiched tightly between two calcium
fluoride (CaF5) windows (25 mm wide by 2 mm thick) and placed in line with the beam in a
transmission configuration within the instrument. A Thermo-Mattson Infinity Gold FTIR
instrument was used to collect spectra, which were averaged over 200 scans.

Circular Dichroism spectroscopy—Fmoc-AA gels for circular dichroism were
prepared at a concentration of 5 mg/ml. ~2.5 eq of Glucono-delta-lactone (GdL), a slowly-
hydrolyzing lactone that ring-opens to form gluconic acid, was used to acidify and hence gel
a solution of Fmoc-AA and 1 eq 0.5 M NaOH in deionized water, as described previously.2”
Prior to GdL addition, a background spectrum was taken using deionized water with 1 eq 0.5
M NaOH added. After GdL addition and dissolution the Fmoc-AA solution was pipetted
into a cylindrical demountable quartz cuvette with a 0.1 mm pathlength. Spectra were
measured using a Jasco J-810 CD Spectrometer every 10 minutes after GdL addition. The
instrument was operated with a data pitch of 0.5 nm, scan speed of 200 nm/min, and
response time of 1 second. Three spectra were taken for each time point then averaged. After
the final time point we checked for linear dichroism (LD) artifacts by performing the scan
again with the cuvette rotated 90, 180, and 270 degrees from its starting position, but we
observed no significant change in the CD signal and thus concluded that LD effects were
minimal. The final pH of GdL-formed gels after 24 hours was in all cases between 3.5 and
3.7.

Molecular models and dynamics simulations

Initial structures preparations—Fmoc-AA molecules were built in TINKER.28 As
shown in Figure 1, all the fibrils are cylindrical nanofibrils, “Cubic 4” has 4 molecules
placed as a “cross” on each layer; “Cubic 5” has 5 molecules with the alanines radiating
outward; “Cubic 6” and “400 ns” has parallel placed Fmoc-AAs also with alanines radiating
outward. Except Cubic 4’s fibril, the plate layers are rotated 35.9 degrees relative to the
adjacent layer. The distance between each layer is 4.5 A for SA and 400 ns models, and 5 A
for all Cubic models. A lower density of molecules on each layer (like 2 or 3 Fmoc-AA
molecules on each layer) will result in an unstable fibril. Specific geometrical details are
listed in Table S1of supporting information.

Details of atomistic simulations—Individual Fmoc-AA molecules were built and
parameterized using TINKER and GROMACS (version 4.5.4) 29, For the Fmoc residue, an
OPLS-AA-type molecular mechanics model was developed in both TINKER and
GROMACS. The atomic charges for new atom types in the Fmoc residue were derived by
quantum mechanical (QM) calculations; the bond, angle and vdW parameters were
transferred from OPLS-AA, OPLS-AA/L30-32 and MM333 force fields; the torsion
parameters were derived by fitting the molecular mechanics (MM) calculations to the QM
potential surface (details about parameters are provided in supporting information).

Some of our molecular dynamics simulations were performed on the Texas Advanced
Computing Center (TACC) Ranger (3,936 16-way SMP compute, 15,744 AMD Opteron™
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processors for a total of 62,976 compute cores, 579 TFLops Peak) and TACC Lonestar (Dell
PowerEdge 1955 Blade, 55.5 TFlops Peak, 1300 nodes, 2 Dual-Core Xeon 5100 at 2.66
GHz, InfiniBand interconnection).

All simulations and calculations were performed using GROMACS 4.5.4 and 4.5.32° with
OPLS-AA force field343°, and applied periodic boxes with explicit water molecules. All
starting structures for MD simulation, except simulated annealing and replica exchange
molecular dynamics (REMD), were subjected to steepest descent energy minimizations with
5000 maximum steps to remove high-energy contacts. Before the productive MD, in order to
keep the system stable at 300 K and 1 bar, a 100 ps NVT and a 100 ps NPT equilibration
were applied respectively. During the productive MD, all bonds were constrained using
LINCS algorithm36:37; for every 10 fs, neighbors were searched in grid cells with 1 nm as
cutoff values for short-range neighborlist, electrostatic and van der Waals; long-range
electrostatics were treated with the particle mesh Ewald method3® with a grid spacing of
0.16 nm; constant temperature and pressure were maintained by coupling the system to an
external bath at 300 K and 1 bar, using velocity rescaling3? and Parrinello-Rahman?,
respectively. A 2 ps pressure coupling time was applied and the isothermal compressibility
of water is 4.5x107° bar~1. A leap-frog integrator with the integration time step of 2 fs was
used.* GROMACS OPLS-AA force field with our fitted parameters for Fmoc group was
used for the Fmoc-AA, and a TIP3P model was applied for water.#2 In SA of Fmoc-AA
molecules self-assembly, the initial fibril structure was the first 15 layers of the 400 ns
model. The system temperature was firstly heated up from 288 to 300 K in 0.5 ns, then
linearly and gradually cooled down to 0 K in the following 39.5 ns. We randomly extracted
120 frames during the temperature dropping from 700 to 290 K in SA that covered the
conformational space broadly, and those frames were then used in REMD as initial
structures; a set of temperatures ranging from 280 to 600 K was estimated and preset in
order to maintain the success rates of exchange within 20-30%.

Results and Discussion

Our model gelator, Fmoc-Ala-Ala (or Fmoc-AA, Figure 1A), is a simple molecule known to
self-assemble in aqueous solution to form a self-supporting gel.12:26 We confirm that Fmoc-
AA does indeed form a self-supporting gel at 0.5% wi/v by vial inversion (Figure 1B) with
circular dichroism (CD) experiments (Figure 1B) and transmission electron microscopy
(TEM) (Figure 1D) showing chiral and nanostructural evidence of self-assembly,
respectively.

Circular dichroism measurements confirm the assembly of Fmoc-AA. Figure 1C illustrates
the increase in dichroism over time when glucono-6-lactone (GdL), a ring molecule that
slowly hydrolyzes to gluconic acid, is used to slowly lower the pH and hence slowly gel a
solution of Fmoc-AA (see Methods section for experimental details). The increase in
dichroism can be attributed to an increase in the apparent chirality of the sample; this
increase in “nanoscale chirality” is a known hallmark of the self-assembly process.*3
Therefore, the data in Figure 1C corresponds to the progression of self-assembly over the
course of an hour, and the concomitant tendency of individual Fmoc-AA molecules to adopt
preferred orientations, giving rise to an overall “handedness” of the assembly. We confirmed
that the hydrolysis of GdL itself does not contribute to the increase in dichroism over time
(see Supporting Information). Within the data there are several important features: a broad
positive peak centered at ~210 nm, a negative peak at 228 nm, and peaks at higher
wavelengths (> 260 nm). The broad peak at ~210 nm is roughly 10 nm higher than a
characteristic B-sheet peak typically between 195 nm and 202 nm.*4 The negative peak at
228 nm is similar to what has been suggested as a “B-sheet peak” in previous studies,12:18:45
although it is also shifted about 10 nm higher than typical characteristic B-sheet-type peaks.
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It is important to note that there are published CD data for other Fmoc-dipeptide
hydrogelators that do not contain this negative peak.2” The high wavelength peaks likely
arise due to the induced chirality of aromatic residues (specifically, the Fmoc group) placed
within the environment of a supramolecular assembly.#4 Though slight wavelength
variations exist, the CD data presented here are generally in good agreement with published
data for Fmoc-dipeptides. Interestingly, the peaks in our CD align well with those reported
for Fmoc-Leu-Gly by Adams et a/2” but are opposite in sign, indicating similar
supramolecular structural features that give rise to nanoscale chirality, but with reversed
handedness (e.g. left- vs. right-hand helix). Given the wavelength discrepancies with protein
data and the fact that not all Fmoc-dipeptide gelators exhibit B-sheet-like peaks in CD, we
hesitate to use CD to make specific conclusions regarding the structural arrangement of
molecules within a fibril assembly. Rather, these data serve as confirmation that Fmoc-AA
self-assembles in a manner similar to other Fmoc-dipeptide systems.

TEM analysis was also performed to confirm that the nanoscale morphological features of
Fmoc-AA gels were similar to those reported for other Fmoc-dipeptide gels. Figures 1C and
D clearly show the ribbon-like morphology seen in previous studies of various Fmoc-
dipeptide gelators. The ribbon width ranges from 10 to 50 nm, dimensions also noted in
previous studies,12:18.27,46.47

Molecular simulations of self-assembly and stability analysis

Next we carried out molecular dynamics simulations to investigate the self-assembly of
Fmoc-AA fibrils. We performed several simulations on different initial fibril structures
consisting of loosely stacked “layers” with four, five, or six fully protonated Fmoc-AA
molecules, as is shown in Figure 2. These potential fibril structures were inspired by
previous work on PAs and the duplex structure of DNA. Each fibril model was named
according to the number of Fmoc-AA molecules in a single plate and the geometry of the
water boundary, i.e. “Cubic 4” refers to the model in which the initial structure is a 20-layer
containing 4 Fmoc-AA molecules each, and this structure is placed in a cubic box of water
molecules for the simulation. The rationale for running several different initial
configurations was to determine what effect initial conditions might have on the final
assembled structures. Each system was subjected to 160 ns room-temperature MD
simulations or more.

Additionally, we attempted “ab /nitio” predictions using simulated annealing (SA)*8 to
investigate the assembly process without well-defined initial structures. SA is a global
optimization algorithm designed to search for an optimal configuration. In SA, the system is
“heated up” to yield random configurations and slowly “cooled back” down to a low
temperature using molecular dynamics simulations. As shown in Figure 2E, during the SA
procedure the initial fibril is heated up and the structure falls apart; Fmoc-AA molecules are
randomly distributed in the water box without any aggregation. As the system is cooled,
Fmoc-AA molecules begin to assemble together into a fibril. However, with finite
simulation time length, SA cannot guarantee to output the optimal structure (at a global
energy minimum). Therefore we performed further simulations using replica exchange
molecular dynamics (REMD), a technique that utilizes the faster kinetics at the high
temperature to accelerate the sampling at room temperature.*® REMD has been utilized to
successfully fold small proteins 59-53 and study self-assembly. 456 In our REMD,
simulations are performed in parallel on 120 replicas of the molecular system, each at
different temperatures from 280 to 600 K for 100 ns. The structures in the neighboring
replicas are allowed to exchange with a success rate greater than 0.18. In this work, the
initial structures for REMD are a collection of structures at different temperatures extracted
from the SA process. Due to the computational cost, we used a smaller system with 60
Fmoc-AA molecules in a 396 nm3 rectangular water-containing box.
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Snapshots of the last frame of each simulation (Figure 2A to D) show that each model has
been compacted and reorganized during the simulation but all maintain a fibril shape. The
REMD ensemble at 299 K also lead to a similar fibril shape to the SA assembled fibrils in
Figure 2E. It is also apparent from these snapshots that the hydrophobic fluorenyl rings are
mostly buried but not completely inaccessible to water, and this feature may help to explain
why lateral aggregation of fibrils into larger fiber structures is observed in TEM.

We also assessed the stability of each model’s assembly by calculating the solvent
accessible surface area (SASA) per molecule over the course of the simulation. Results of
this analysis are displayed in Figure 2F. SASA represents quantitatively the contact between
solute and the solvent and therefore depicts the changes and rearrangements of hydrophobic
surfaces during the molecular assembly and aggregation.’ During the assembly process, the
space between Fmoc-AA plate layers lessens and the structure becomes more compact.
Water molecules initially located in the hydrophobic “hollow” between the Fmoc rings in
the starting structures are expelled out of the fibrils during the simulations, and therefore the
SASA per molecule decreases, suggesting the process of the aggregation of molecules.
Additionally, hydrogen bonding between water and Fmoc-AA would also provide
information about assembly.

Figure 2F and G show, respectively, the convergence of the SASA of each fibril model and
the number of hydrogen bonds between water and Fmoc-AA during the simulations. During
the first few of nanoseconds of the simulation, SASA and hydrogen bond numbers drop
dramatically, suggesting the rapid aggregation and assembly of Fmoc-AA molecules. After
50ns, all systems become stable; the constant values of both SASA (~1.7 nm2/molecule) and
hydrogen bonds (~4/molecule) per molecule between simulations with different starting
structures suggest similar self-assembled fibrils are formed regardless of the nature of the
initial starting structures.

In the 299 K REMD ensemble, the initial structure was taken from the simulated annealing
at a high temperature, and thus the Fmoc-AA units are not in a fibril form, but randomly
distributed in the water box (as in Figure 2E the middle, the snapshot at 12 ns). However,
during the exchanges of replicas between different temperature conditions, the stacked
fibril-like configurations are quickly exchanged to and stayed in the 299 K ensemble. As a
result, the REMD 299K ensemble gives remarkably similar results as the “traditional” MD
results as shown in Figure 2F and G. These MD simulations confirm that the self-assembly
is a rather robust phenomenon and the fibril structure is energetically very favorable.

In our simulations, we also observed that the fibril composed of completely deprotonated
Fmoc-AA molecules would fall apart very quickly. This observation is confirmed by
experiment: at high pH (wherein Fmoc-AA is likely totally deprotonated), the solution was
free flowing and not gel-like, indicating that long, entangled fibrils were not present.

Experimental WAXS results confirm the molecular dimensions derived from simulations

We further validated our computational simulations by comparing molecular dimensions
calculated from Radial Distribution Functions (RDF) with actual d~spacings obtained from
Wide Angle X-ray Scattering (WAXS) experiments on dried films of Fmoc-AA gels
triggered by a pH change. RDF describes the variation of the density of an atom (or group of
atoms) with the distance from a reference particle,>8 providing dimensional information that
can be experimentally determined using X-ray scattering techniques. WAXS can give
information about local order in non-crystalline polymers,>® and therefore is employed in
this study to compare with RDF computational results. We recognize that drying gel films
on quartz single crystal slides yields results likely unrepresentative of the gel phase;%0
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however, for the sake of comparison with previous studies we opted to use a similar sample
preparation method.

Our WAXS analysis of dried Fmoc-AA gel films gives molecular dimensions similar to
those reported previously. The diffraction pattern is shown in Figure 3A. Similar to Smith ef
al.,x8 we found a reflection corresponding to a dtspacing of 26.3 A (green arrow in Figure
3A), with subsequent higher order reflections up to /=6, indicated by green lines. Distinct
from the higher order reflections is a peak corresponding to a dimension of 4.35 A (orange
arrow). This dimension is also similar to one observed by Smith er a/.18 and is seen in other
self-assembling dipeptide-conjugate gel systems2>47 in which the dimension has frequently
been attributed to a p-sheet like spacing between adjacent molecules within the fibril
assembly.

The obtained characteristic dimensions from WAXS are consistent with our radial
distribution analyses of simulated fibrils. Note that due to the various simulation box sizes
and concentrations of Fmoc-AA, it is more meaningful to compare the non-normalized
RDF, e.g. without dividing the probability density by the average density in the whole box.
Otherwise, doubling the box size without increasing the number of peptides, reduces the
RDF intensity by factor of two since the final fibril structure remains the same. The
positions of peaks are not affected by the normalization. During self-assembly simulation,
the fluorenyl rings (colored yellow in Figure 2) are stacked in an ordered way, as seen
within differently-colored Fmoc-AA pairs highlighted in Figure 3E. The non-normalized
RDF between fluorenyl rings is shown in Figure 3B. All atoms in the fluorenyl rings were
used for the RDF calculation. The high peaks correspond to distances of around 0.41 to 0.5
nm, indicating an ordered stacking patterning between the fluorenyl rings within the Fmoc
group. A similar distance at o= 4.35 A also appears in the WAXS in Figure 3A, suggesting
that this distance may be characteristic of the w-r stacking between fluorenyl rings, rather
than a specific B-sheet-like spacing between peptide bonds on adjacent molecules. This
interpretation was offered by Braun and Cardoso,1 who argued that reflections of this
dimension likely arise due to spacing of the aromatic groups (in this case, Fmoc) along the
fibril axis. Furthermore, by inspecting the fluorenyl rings in the simulated structures, we
observed a few well-recognized -t stacking geometries (Figure 3E right),52-84 which
likely explain the range of distances seen in the non-normalized RDF of fluorenyl rings.

By calculating the non-normalized RDF between the terminal alanine’s hydroxyl hydrogen
and the center of the fibril (the “center” here is defined by a set of dummy atoms along the
z-axis of the fibril, as shown Figure 3C, inset), the radius of the fibril can be estimated as a
range between 1 to 1.5 nm as shown in Figure 3C. This radius range is also consistent with
the experimental results obtained from our WAXS in Figure 3A, which shows a pronounced
peak at 26.3 A. Smith et a/18 observed a very similar value (26.0 A) in their WAXS
experiments using dried gel films of Fmoc-diphenylalanine.

Figure 3D shows the non-normalized RDF of the distance between adjacent peptide
backbones (including a.-carbons, amide nitrogens and amide carbons) along the axis of the
assembled fiber. The predominant value is 0.46-0.48 nm, which corresponds well with
typical antiparallel B-sheet chain-to-chain distances.%>:66 However, we do not see a distinct
reflection corresponding to this dimension in our WAXS results (Figure 3A). Given the
broadness of the peak corresponding to @=4.35 A in WAXS and the simulated non-
normalized RDF of fluorenyl suggesting multiple preferred interaction distances from 4.1 —
5.0 A, it is possible that a reflection corresponding to d=4.8 A is present but convoluted with
reflections arising from -7t stacking dimensions. While it is not present in our experimental
data, the presence of this dimension in our non-normalized RDF calculations may serve to
explain why others have observed a similar atspacing and ascribed it to the presence of -
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sheets. We further explored the secondary structures using FTIR experiments and
conformational analysis of the simulations, as discussed below.

Analysis of hydrogen bonding patterns within assembled structure

Table 1 shows the hydrogen bonds distribution between the Fmoc, middle alanine (“Ala-
mid”), and terminal alanine (“Ala-term”) residues of adjacent Fmoc-AA molecules during
the last 50 ns of the simulations. We found that the carbonyl oxygen of the Fmoc carbamate
(-OC(O)NH-) group is particularly active in forming hydrogen bonds with alanine residues,
especially the terminal alanines on adjacent molecules. The high degree of interaction
between the Fmoc carbamate and the terminal alanine residue may help explain why single
residue Fmoc-protected amino acids with non-aromatic side chain groups have not, to our
knowledge, been shown to form stable gels. The only examples of gel-forming single
residue Fmoc-protected amino acids in literature are phenylalanine, tyrosine, and derivatives
of the two87-69—all of which have side chain groups capable of r-r stacking interactions
that likely contribute to fibril stability.

We also calculated the fraction of hydrogen bonds formed between Fmoc-AAs and the
solvent (water) molecules, as shown in Table 2. The Fmoc group’s carbonyl oxygen is
almost as active as the terminal alanine carboxyl group in making hydrogen bonds with the
surrounding water molecules. These data suggest, different from Stupp’s proposed structure
for the PA assembly,1 that in the fibril composed of short peptide conjugates like Fmoc-
AA, the hydrophobic Fmoc groups are not completely buried within the core of the fiber.
Instead, our simulations indicate that, although the Fmoc groups are mostly concentrated
toward the core of the fiber, both the Fmoc carbamate and the aromatic fluorenyl groups are
somewhat accessible to water molecules, making the fibril surface amphiphilic. This
observation becomes quite apparent looking at Figure 2 (bottom illustrations); the highly
hydrophobic fluorenyl rings (yellow) are exposed to the polar solvent molecules, as well as
the hydrophilic alanine residues (blue), and thus the fibril surfaces are composed of both
hydrophobic and hydrophilic components, as suggested in part by Smith er a/18 This
property may also explain why fibrils can further assemble into fibers; interactions between
hydrophobic regions on adjacent fibrils may force their aggregation into ribbon-like fibers.

Backbone conformational and secondary-structure analysis by FTIR and Ramachandran
plots

In transmission FTIR spectroscopy, Fmoc-AA gels formed from D,O show pronounced
shifts in the amide | absorption region (~1600-1700 cm™1). Protein secondary structures
involve specific hydrogen bonding interactions between amide bonds that shift the amide
C=0 stretch frequency resonance in an often-characteristic manner.”9 FTIR can therefore be
used to elucidate which secondary structures are most prevalent in a protein of unknown
structure. Naturally, this technique has been applied to peptide-based self-assembled gel
materials to probe for interactions that might point to certain secondary structures. Figure
4A shows the amide | absorption spectrum for an Fmoc-AA gel, with clear peaks centered at
1686 cm™1, 1644 cm™1, and a shoulder peak at 1634 cm™1. The 1686 cm™! peak and 1634
cm~1 shoulder are within characteristic absorption frequency ranges seen in proteins with -
sheet content (blue overlay in Figure 4A).70 These peak locations and relative intensities are
also quite consistent with previous FTIR data given for Fmoc-dipeptides.8-121846 The large
absorption at 1644 cm™1, similarly observed in related naphthalene-dipeptide gelator
systems,*’ lies outside the typical range of frequencies for B-sheet structures; instead, it falls
within a frequency range indicative of hydrogen bonding within unordered protein structures
(purple overlay)70 but the maximum absorption value itself is characteristic of polyproline-
like hydrogen bonding interactions within collagen that are shown to decrease upon
heating.”1 The spectroscopic data alone would seem to indicate that hydrogen bonding
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interactions indicative of polyproline-like or random coil structure are present in numbers
similar to or possibly even greater than those typical of p-sheet structures. However, the
above analysis of hydrogen bonding patterns in our computational simulations showed a
lack of significant p-sheet-like interactions (hydrogen bonding between amide groups on
adjacent Fmoc-AA molecules).

Therefore, while the spectroscopic data suggest it is reasonable to construct a
supramolecular model based on the assumption of B-sheet-like hydrogen bonding between
amide bonds on adjacent Fmoc-AA molecules, computational data suggest that other
significant interactions may be present and may point to an alternate model for the assembly.
Given this contradiction and given that conjugate peptides are structurally quite distinct
from long peptides and proteins, we comment that it may not always be appropriate to
extrapolate from peptide/protein-level spectroscopic data to make structural conclusions
about these conjugate peptide gel systems.

Analysis of the predominant peptide torsion angles indicative of specific secondary
structures present in the simulated assemblies shows a strong preference for polyproline Il
(PP1I) and antiparallel B-sheet-like conformations. The ¢, angles of each alanine residue
for the population of Fmoc-AA molecules in a given simulation are illustrated with a
Ramachandran plot for backbone conformational analysis, a classical approach to
investigate the secondary structure of amino acids. In Figure 4B and C, Ramachandran plots
of the middle and terminal alanines of our systems are calculated for the Cubic 5 model
during the last 50 ns (results are representative of all fibril geometries simulated). Figure 4B
demonstrates that most of the middle alanine (“Ala-mid”) residues are likely to adopt a PPII
conformation: 64.1% of residues have ¢, v angles in the range ¢, v = (-=100° to 0°, 100° to
180°) and a peak at ¢, = (—=78°, 152°), whereas 10.6% of residues have backbone torsions
in the range ¢, = (-180° to —100°, 100° to 180°) indicative of B-sheet conformation. For
terminal alanine (“Ala-term”) residues, within the same ¢, 3 ranges 54.7% have mostly
PPII-like conformation, and 16.3% have p-sheet conformation. Figure 4C shows that the
PPII conformation is preferred among the terminal alanine (“Ala-term”) residues. It is
known that within the PPII structure, amide linkages preferably form hydrogen bonds with
water rather than with other amide groups.”2 Since our FTIR analysis showed distinct PPII
character, we counted the hydrogen bonds of residues on Fmoc-AA (Fmoc, Ala-mid and
Ala-term) with other Fmoc-AA versus with water (Table 3). We indeed observed that
hydrogen-bond capable residues of Fmoc-AA all prefer to form hydrogen bonds with water
rather than with other Fmoc-AA molecules even in the assembled form, further
corroborating our computational observation of the alanine residues’ preference for adopting
a PPII-like conformation.

Besides the PPII conformation, the terminal alanine also displays a notable population at
o, v = (—148°, 164°), which is close to typical antiparallel p-sheet’s ¢, - angles around
(-140°, 135°). In Figure 3D, the distance between Fmoc-AA strands is presented using non-
normalized RDF, and the peak at around 0.46-0.48 nm also suggest an p-sheet like
conformation according to previous X-ray diffraction patterns studies of protein secondary
structures %566, We did not observe a pronounced peak around 0.48 nm in our WAXS
results in Figure 3A, but in our FTIR experiments we have observed absorbance shifts
indicative both of B-sheet-like interactions between Fmoc-AA molecules and of PP1I-like
interactions with the solvent. While we observe p-sheet-like character in FTIR and in
backbone conformational analysis of the simulated assemblies, our hydrogen bonding
analysis shows that hydrogen bonding between peptides on adjacent strands (the mode of
interaction for B-sheet structures) is not the predominant interaction. Rather, the Fmoc
carbonyl oxygen and terminal alanine form hydrogen bonds most readily, both with each
other and the surrounding water molecules. Clearly, hydrogen bonding plays a role in
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stabilizing the fibril structure; however, based on our data it becomes apparent that the
importance of the B-sheet forming ability of these Fmoc-dipeptides in stabilizing the fiber
assembly may have been previously overstated.

Conclusions

In this paper, we presented a computational molecular dynamics simulations alongside
experimental analyses to gain new insight into the structure of the Fmoc-dipeptide
supramolecular assembly. We have shown in our simulations that Fmoc-AA molecules
assemble into well-defined fibril structures independent of starting conditions. Furthermore,
we show that alternate molecular dynamics methods (REMD and SA) give nearly identical
results, further confirming the convergence of the computational data. Our experimental data
show that Fmoc-AA indeed assembles into gel-forming fiber structures. Computational
analysis of characteristic dimensions for fibril diameter and -7t stacking interactions are
consistent with results from WAXS experiments, and comparison of FTIR spectra with
typical protein FTIR data suggests the presence of -sheet- and polyproline I1-like features.
However, assigning typical secondary structure motifs to these short conjugated peptides is
challenging. The alanine residues adopt mostly PPII conformations with limited p-sheet-like
torsion angles, according to the simulations. From the analysis of hydrogen bonding patterns
we find that the majority of hydrogen bonding interactions are between the Fmoc carbonyl
oxygen and either the terminal alanine hydroxyl group or the surrounding water, potentially
explaining why single Fmoc-protected amino acids with non-aromatic side chain groups
have not been shown to form stable gels. It appears also that hydrogen bonding between
peptide bonds on adjacent Fmoc-AA molecules is far less common, and therefore we argue
that the putative B-sheet character observed in Fmoc-AA gels arises due to the preferential
conformation of Fmoc-AA molecules within the assembled fibril and the chemical
environment of the fibril, rather than from “typical” interactions specific to p-sheet strands.
It is important to remember that no single spectroscopic analytical tool can provide
information about both of the two main characteristics of protein secondary structure:
hydrogen bonding and conformation (i.e. backbone torsion angles). Here, FTIR gives
information about bond stretching affected by hydrogen bonding and CD gives information
about sample chirality resulting from preferred molecular conformations. In the case of
proteins and polypeptides with repeated secondary structural patterns, the hydrogen bonding
effects on bond stretching and the sample chirality resulting from preferred backbone
dihedrals are well characterized and can be correlated with secondary structure features
thought or known to be present in the protein based on its primary sequence. However,
Fmoc-dipeptides are far shorter, less complex, and contain non-native conjugate groups;
therefore, they likely interact with each other in a manner distinct from peptide bonds within
classical protein secondary structures. For this reason, it is our belief that a) researchers
should exercise caution when extrapolating spectroscopic and other analytical data from
pure protein solutions to small, conjugated peptide systems such as these, and b)
computational tools can help us understand these systems where experimental analytical
tools are unable to provide explicit details. By combining computational studies and
experiments, we obtained missing critical insights into the supramolecular structure and
mechanism of Fmoc-dipeptide self-assembly.

Finally, we show that hydrophobic groups, while mainly concentrated toward the center of
the fibril, are partially exposed to the solvent and may therefore aid in aggregating fibrils
into larger fibers seen in TEM, although the exact mechanism is unclear. It was reported by
Tang et a/*8 that there is a dependence on gel pH on fibril aggregation. However, current
analytical techniques are unable to provide detailed supramolecular information that would
give insight into this process. This “gap” may be addressed using computational models
beyond atomic resolutions.
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Fmoc-AA was chosen for comparison with the only other proposed structural model to date
(also an Fmoc-dipeptide) and because its side chain uniformity and simplicity decrease the
complexity of computational calculations performed during MD simulations. However, the
knowledge and approaches established in this study will enable us to explore and rationally
design novel self-assembling peptide-based materials that have bioactive sequences and
biological functionality for biomedical applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Experimental analysis of Fmoc-AA gels. (A) Fmoc-AA chemical structure; (B) Vial
inversion test confirms that self-assembly leads to formation of self-supporting gel. (C) CD
of Fmoc-AA gels formed via slow acidification with GdL shows increase in dichroism over
time due to handedness induced by self-assembly. Spectra shown were taken from 0 to 60
minutes at 10 minute intervals; (D) TEM shows nanoscale “ribbon” like features from 10-50
nm in width, similar to those seen in previous studies. Scale bar = 100 nm.
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Figure2.

Models of fibrils in simulations show independence of final assembly of initial structures.
(A) Fibril with 4 Fmoc-AA soaked in cubic box (“Cubic 4”). (B) Fibril with 5 Fmoc-AA
soaked in cubic box (“Cubic 5). (C) Fibril with 6 Fmoc-AA soaked in cubic box (“Cubic
6”). (D) Fibril with 4 Fmoc-AA soaked in long rectangular box with 400 ns simulation
(400 ns™). For A-C, all simulations were 160 ns. (E) Simulated annealing of 15 layers from
model in (D); also used as initial structures for REMD simulations. Note: yellow indicates
fluorenyl group of Fmoc, green is the carbamate linker, and blue is the peptide chain. For A—
D, Top: the arrangement of Fmoc-AA molecules (hydrogens are not shown) on each layer.
Middle: initial structures for simulations. Bottom: snapshots of the solvent accessible
surfaces from the last frames of simulations show self-assembled fibril structures. The
convergence of SASA and hydrogen bonding calculations over time indicates structural
stability: (F) SASA per molecule for Cubic 4, Cubic 5, Cubic 6 and REMD ensemble at 299
K (“REMD”); all converge to ~1.7 nm?/molecule, and (G) Number of hydrogen bonds per
molecule for Cubic 4 to 6 and REMD simulations (~ 4).
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Figure 3.

WAXS experiments confirm non-normalized RDF calculations. (A) WAXS diffraction
pattern for Fmoc-AA gel film shows strong reflection (green arrow) and higher order
reflections (green lines) corresponding to a d-spacing of 26.3 A (7=1). Orange arrow
indicates a reflection with ¢=4.35 A. (B) Last 50 ns non-normalized RDF plot of distance
between fluorenyl rings of Cubic 4, 5, and 6, REMD and the 400 ns simulations. (C) Last 50
ns non-normalized RDF plot of distance between terminal alanine’s hydroxyl hydrogen and
fibril axis. (D) Last 50 ns non-normalized RDF plot of Fmoc-AAs’ strand-to-strand distance,
showing predominance of a 0.46-0.48 nm (4.6—4.8 A) distance between adjacent dipeptides.
(E) Representative snapshot taken from Cubic 5 MD simulation displays the -1 stacking in
fibril after 160 ns simulation.
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Figure4.

Experimental FTIR results and backbone conformational analysis (Ramachandran plot) of
simulated assemblies show preferred conformations for Fmoc-AA molecules within fibril
assembly. (A) FTIR amide | absorbance data give a peak at 1686 cm~1 and a shoulder at
1634 cm™1, similar to that seen in predominantly p-sheet proteins. Another strong
absorbance at 1644 cm™1 correlates to random coil- or polyproline-like shift in amide C=0
stretch frequency. (B) Backbone conformational analysis of middle alanine in Cubic 5
model during the last 50 ns of simulation; PPII-like peak is at ¢,y = (-78°, 152°), B-sheet-
like peak is at ¢, = (—=78°, —23°). (C) Backbone conformational analysis of terminal
alanine in Cubic 5 model during the last 50 ns of simulation, PP1I-like peak is at ¢,y =
(—86°, 164°), B-sheet-like peak is at ¢,y = (—148°, 164°). Results are representative of all
simulations performed. In B and C, the color bar represents the population of residues in a
range of angles defined by the contour lines.
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Hydrogen bonds distribution between individual residues on adjacent Fmoc-AA molecules. Each matrix adds

to 100%.

Cubic4 Fmoc Ala-mid Ala-term
Fmoc 0% 28 % 30 %
Ala-mid 15% 22%
Ala-term 5%
Cubic 5 Fmoc Ala-mid Ala-term
Fmoc 0% 31% 26 %
Ala-mid 19% 20 %
Ala-term 4%
Cubic 6 Fmoc Ala-mid Ala-term
Fmoc 0% 17 % 37 %
Ala-mid 15% 22 %
Ala-term 9%

The number of hydrogen bonds is determined with a donor-acceptor distance < 3.5 A and interaction angle < 30°. The middle and terminal alanines

are named “Ala-mid” and “Ala-term”, respectively.
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