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ABSTRACT. Self-assembling peptides can be used as versatile, natural and multifunctional
building blocks to produce a variety of well-defined nanostructures, materials and devices for
applications in medicine and nanotechnology. Here we concentrate on the 1D self-assembly of
de novo designed Px-2 peptide B-strands into anti-parallel B-sheet tapes and higher order
aggregates. We study six members of the Px-2 family, ranging from 3 amino acids (aa) to 13 aa
in length, using a range of complementary experimental techniques, computer simulation and

theoretical statistical mechanics. The critical concentration for self-assembly (c*) and is found to



increase systematically with decreasing peptide length. The shortest peptide found to self-
assemble into soluble PB-tapes in water is a 5 amino acid residue peptide. These investigations
help decipher the role of the peptide length in controlling self-assembly, aggregate morphology
and material properties. By extracting free energies from these data using a statistical mechanical
analysis and combining the results with computer simulations at the atomistic level, we can

extract the entropy of association for individual B-strands.

1 INTRODUCTION

Peptide self-assembly can give rise to an extensive range of functional or pathological
nanostructures [1-5]. In recent years, self-assembling peptides have been used as versatile,
natural and multifunctional building blocks to produce a variety of well-defined nanostructures,
materials and devices for applications in medicine and nanotechnology [2,6—11]. To develop
novel materials from self-assembling peptides, it is imperative that we acquire a thorough
understanding of the principal and forces that govern peptide self-assembly as well as a detailed
knowledge of the relationship between peptide primary structure, self-assembly, nanostructure

formation and material properties.

One class of self-assembling peptides shown in Figure 1, has been found to undergo one-
dimensional self-assembly in solution to give rise to B-sheet nanotapes, as well as higher order
aggregates: ribbons, fibrils and fibres when equilibrium is reached (as per the previous
publications a tape is defined as a aggregated number of B-strands; a ribbon is a double tape; a
number of ribbons can stack together to form a fibril; fibers are formed when fibrils interact edge

on edge and twist together) [12—16]. Solutions and gels made of these peptides are currently



being explored in a broad range of applications [11,17-22]. One of the best characterised
members of this class of tape-forming peptides is the de novo designed 1lmer peptide Pi;-2
[13,14,23-25]. Once aggregated, P11-2 gives rise to amphiphilic B-sheet tapes with a hydrophilic
face decorated by polar (glutamine, arginine and glutamic acid) side chains and a hydrophobic
face decorated mainly by aromatic (phenylalanine and tryptophan) side chains. Electrostatic,
hydrogen bonding and aromatic interactions have all been designed into the primary structure of
P11-2 in order to promote its self-assembly in 1D into long fibrils which are soluble in water. An
odd number of amino acid residues were chosen in order to maximise the hydrogen bonding and
electrostatic interactions within the anti-parallel B-sheet. The length of this 1lmer peptide
provides an experimentally convenient balance between the equilibrium time required for self-
assembly (which becomes prohibitively long for longer peptides) and the emergence of a rich

variety of higher order fibrillar structures [14] as a function of peptide concentration.

Varying the length of the peptide B-strand can have profound effects on self-assembly.
Firstly, as the width of the resulting tape is equal to the length of the peptide strand, aggregated
structures can be designed with bespoke dimensions. Secondly, the peptide length determines the
number of intermolecular interactions between adjacent p-strands, which controls the energetic
driving force for self-assembly and the critical concentration (c*) of monomer strands required.
Consequently changing the peptide length can directly affect the morphology of the aggregates
produced (e.g. their width, length, persistence length, and scission energy) and therefore alters
the material properties of the peptide containing solutions. Properties such as the ability to
undergo an isotropic to nematic transition (I/N), and the concentration at the transition cyn, can
all be affected, as can the gelation properties and the mechanical robustness of the gels formed.

Finally, the peptide length has important commercial implications: the shorter the peptide, the



easier, faster and cheaper it can be synthesized, thus making it more attractive for industrial

applications.

Here we study six members of the Px-2 family, ranging from 3 amino acids (aa) to 13 aa
in length (Table 1 and Figure. 1). All peptides share the same principle architecture which
determines the properties of B-sheet structure: antiparallel -sheet (due to presence of oppositely
charged Arg (R+) and Glu (E-) residues close to the opposite ends of the sequence) with distinct
hydrophilic and hydrophobic sides (due to the presence of highly hydrophobic aromatic Phe (F)
and Trp (W) residues alternating with hydrophilic GIn (Q) residues). At pH 2, the charge on the
Glu (E) is neutralized in the isolated state of the peptides, however it may have a propensity to
remain charged when embedded in an anti-parallel B-sheet where it is located near the Arg
residue of the neigbouring peptide. The choice of pH 2 as an experimental condition was to
ensure that all of the 7 variants of peptides were completely soluble, which was not the case at
neutral pH. The self-assembly of all of these peptides in water in the dilute regime at pH 2 and in
the model polar organic solvent methanol (presented in supplementary Figures 1 and 2) are
studied by circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy,
transmission electron (TEM), and computer modelling. These investigations characterise the role

of peptide length in controlling self-assembly, aggregate morphology and material properties.

2 EXPERIMENTAL

2.1 Materials. Peptides P13-2 and P11-2 were synthesized in-house as described previously [12],
P9-2, P7-2 and Ps-2 were custom synthesised by NeoMPS SA, France, and P3-2 was custom

synthesized by GenScript. Peptide quality control was undertaken using mass spectroscopy,



analytical HPLC, amino acid and elemental analysis (carbon, hydrogen, nitrogen and fluorine)
and UV spectroscopy, and the result are provided as Supplementary Information in Table S1.
Non-peptide molecules present in the dry peptide mass were mainly residual amounts of water
and intrinsic counterions; charged ammonium counterions bound on negatively charged peptide
groups and trifluoroacetic acid (TFA) counterions bound on positively charged groups. All
peptides were stored at -20°C as lyophilised white fluffy powders. DO (99.9% D, Fluorochem
Ltd/Sigma-Aldrich) DCI (35% weight DCI1,99%D,sigma-Aldrich), NaOD (40% weight Sigma-
Aldrich), (2,2,3,3-d4)-trimethylsilyl-3-propionic acid (TMSP) (Cambridge Isotope Laboratories,

Inc).

2.2 Sample preparation. Samples were prepared by dissolving dry lyophilised powder in the
relevant solvent producing a stock solution. This stock solution was subsequently diluted to the
correct concentration accordingly. The morphology of the resulting fibrils can be sensitive to the
precise method of preparation [14], such as whether the aggregation occurs directly from the
hydrated powder or from a stock solution. In this study, it was necessary to prepare the samples
using an intermediate stock solution in order to accurately produce samples with low

concentrations.

2.3 UV spectroscopy. Solutions were measured in Hellma 1 mm quartz cuvettes and spectra
were collected with a Perkin-Elmer Lambda 2 UV-Vis spectrophotometer. Peptide concentration
was derived by using the Beer-Lambert law with a molar absorption coefficient of 5500 mol’!

dm® cm™ at 279 nm [26)].

2.4 Secondary structure determination with circular dichroism UV (CD-UV) and high

resolution "H- NMR. To determine the critical concentration (¢*) of monomers required for



self-assembly, CD and UV were used to obtain secondary-structure information during
aggregation for Pi3-2, P11-2 and Po-2. All CD spectra were acquired using a JASCO 715
spectrometer using 1 mm or 10 mm quartz cuvettes at 20°C. Spectra were recorded with a step
resolution of 1 nm, a scan speed of 50 nm/minute, a sensitivity of 50 mdegs and a response time
of 1 second. Ten scans per sample were typically acquired over a range of 190 to 300 nm. The
resulting data was then solvent subtracted, baseline corrected, smoothened and normalised.
Regions of the spectra where the high tension voltage exceeded a value of 750 mV were

removed before analysis was carried out.

For the shorter peptides, however, the amount of secondary structure present in the self-
assembling peptide solutions was measured with '"H NMR. Solutions of peptides were prepared
using D20 and pH adjusted using DC1 and NaOD with the addition of (2,2,3,3-d4)-trimethylsilyl-
3-propionic acid (TMSP) reference. Peptide solutions (800 pl) were then dispensed into 500
MHz borosilicate glass tubes. Spectra were recorded at room temperature using a DPX300
spectrometer operating at 300MHz (5 mm probe, spectral width 5995 Hz), controlled by
XwinNMR software. A presaturation program was used to minimize the water peak, and 1024
scans were measured per spectrum. In order to ascertain the concentration of peptide monomer
present in solution, the aromatic peaks of the peptide at chemical shifts 6.9-7.8 ppm were
integrated and normalised against a reference peak of 0.125 mM TMSP at 0 ppm. The
normalised integrals of the aromatic peaks were then compared with the corresponding values

from solutions containing known concentration of monomeric peptides.

2.5 Transmission electron microscopy (TEM) Electron microscope (EM) grids (hexagonal

copper grids of mesh size 400 mesh) were carbon coated prior to use, by the flotation of a carbon



film from a mica sheet onto the grids. The EM grids were then glow discharged prior to sample
application to ensure adhesion of the sample to the EM grid. Peptide solutions were immediately
diluted. The EM grids were touched onto the peptide solutions for one minute. The grid was air-
dried and then negatively stained with uranyl acetate solution (4% w/v) for 20 seconds and again
air-dried. TEM images were obtained using a Philips CM10 electron microscope operating at 80
kV accelerating voltage. Images were obtained quickly to avoid artefacts and destruction of the
sample. The morphological studies of the fibrillar aggregates were performed primarily with

TEM.

2.6 Statistical mechanical model fitting to self-assembly data Self-assembly data (i.e. the
concentration dependence of the fraction of aggregated peptide measured by NMR or CD) for
each peptide were fitted to a statistical mechanical model previously reported by Nyrkova et al
[14,27]. This model describes peptide aggregation in terms of individual monomers, single and
double B-sheet tapes, and fibrils (which are stacks containing p tapes, where the number of tapes
in these fibrils is estimated from TEM measurements), and calculates the corresponding
concentration dependences of their populations (see eqs.(10,50) in ref. [27] for further details).
The equilibrium self-assembly of the different possible structures is parameterised by a small set

of coarse-grained peptide-peptide interaction energies:

v 18 the transformation energy, that is the free energy difference between a peptide in a random
coil conformation in solution and a peptide in rod-like conformation which is required in order to
be incorporated into the B-sheet. We note that these peptides are expected to have significant
helical order when free in solution, so the associated entropy change will be far smaller than that
obtained for the transition between a truly random coil[28] and an extended B-strand, and has

been found to make a small or negligible contribution, depending on the aggregating system



studied [29,30].

€ 1s the B-scission energy, i.e. the total free energy gain when two tapes join into a common f3-
sheet. This contains the interaction energy between two neighbouring rods in a single B-sheet (gp)
and the translational entropy associated with peptide localization inside the -sheet. Defining the
effective bond volume (see Supplementary Information for further details) within a B-sheet vg,
and an arbitrary reference volume (chosen to be 10 nm?, which corresponds to an effective

peptide concentration of 1660M) gives:

e =¢p+ kpT xIn (vg/v) Eq. 1

&p 1s the fibrillization energy for a fibril made of p single tapes. This is the mean free energy gain
per peptide in a stack containing p tapes compared with a peptide in a single tape. For the
peptides from Px-2 family in question, ¢, = ¢2 (Where e is the energy of a double tape), as the
side-liaison energy is dominated by the energy responsible for the double tape formation (related

to strong hydrophobic interactions due to the presence of W- and F- side-groups).
The total free energy gain for peptide association into a fibril is given by:

cor = &p + &p— & Tkl x In (vp/vo) = —kgT x In (voc™) Eq.2

To physically interpret the terms in Eq. 1, note that e 1s the chemical potential of a peptide
within a fibril, whereas ksT x In(voc”) is the one for a free peptide at critical concentration for
fibril assembly. The total energy gain for the peptide in a fibril comes from the energies of
hydrogen bonding between the tapes within the fibril, from conformation transformation from

random coil to rod, and from the entropy of peptide translation within the fibril, respectively. The



right-hand approximate equation in Eq.2 reflects the fact that there should be a chemical
equilibrium between free peptides and the peptides associated into fibrils; note that g is the
chemical potential of a peptide within a fibril, whereas kgT ® In (voc* ) is the one for a free
peptide in equilibrium with the fibrils (the critical concentration for fibril assembly c* coincides
with the saturation concentration of free peptides in high concentration solutions) (see ref [26]

for details) .

We previously showed that the experimental data for self-assembling of Pi1-2 peptide in pure

water were best-fitted with [14,27]:

Etr z3 OkBT
e =¢p+ kpT xIn (vg/vo) = 19.3 kgT Eq. 3
& = 0.6 kBT

&—E = 2x10™ kzT

p=8

The bond volume for P11-2 was estimated, from simulations, as vs ~(2 - 15) x 10 nm® with the
logarithmic average vs ~ 5 x 10°® nm?, this corresponds to the B-strand best-fit interaction energy
of ~ 24.6 kgT (at neutral pH). Note that, from the experimental data alone, it is not possible to
extract values for vs and gp separately, however they represent distinct physical contributions and

a convincing model must permit reasonable fitting values for both.



2.7 Construction of atomistic models. Peptides Ps-2, P7-2 and P11-2 were constructed in a f3-
strand configuration (with torsion angles = -139.0, = 135.0 and = -178.0), and assembled into
the anti-parallel B-sheet tape-like structures (see Figure 1) using the NAB molecular building
tool v1.3 [31]. The peptide end groups were acetylated and amidated to neutralise the termini.
To construct the tapes, we duplicated the B-strand peptides and used a matrix transformation to
place them so that the strand-strand backbone hydrogen bond distances were 2.75A (the distance
between neighbouring -sheets is around twice this value as it includes the contribution from the
covalent bond lengths of atoms within the peptides). The side-chain conformations were selected
and optimized based on the rotamer libraries in SCWRL and Swiss-PdbViewer [32-34]. The

anti-parallel ribbon was constructed by assembling two tapes via the hydrophobic interface

2.8 Molecular dynamics (M D) simulation protocol.

All MD simulations were carried out using the Amber suite of programs [35] and the Amber03
force field [36]. The fast particle-mesh Ewald algorithm was used to treat long-range
electrostatic interactions and bonds to hydrogen were constrained with SHAKE [35], allowing an
integration time step of 2 fs. The atomistic models of the tape and ribbon (constructed as
explained above) were energy minimized and then solvated in a periodic box of TIP3P water
molecules with the solute a minimum distance of 10 A from the edge of the box. To allow direct
comparison with the experimental data, Glu residues were protonated to mimic the experimental
condition of pH2 and CI” counterions were added to neutralize the system. To equilibrate the
system, the solvent and solute were firstly energy minimized. This was followed by a restrained
MBD simulation in which the system was heated up to 300K followed by a multistate relaxation

[37] (distance restraints were applied to the backbone hydrogen-bonds for 1 ns). Unrestrained

10



MD was then performed for over 40ns at constant temperature (300K) and constant pressure (1
atm). The MD simulations were run with 32 processors on the Opteron-Myrinet supercomputer

at the University of Leeds.

2.9 MD data analysis

The last 20 ns trajectory from each MD simulation run was used for data analysis. The terminal
strands in the aggregates excluded from the analysis in order to avoid edge effects. The
hydrogen-bond occupancy and backbone Root Mean Squared Deviations (RMSDs) were
calculated with the PTRAJ program in the AMBER suite of programs 31. Energetic analysis was
performed on the atomistic structures generated by MD by removing the explicit solvent
molecules and using the generalised Born/Surface Area (GB/SA) methodology to compute the
energies of the solute [38,39]. The GB/SA model has been successfully applied to study the
energy changes in biomolecular systems including amyloid f§ structures [40—42]. In addition to
the configurational energies provided by the MD forcefield, and an estimate of the electrostatic
interactions, the GB/SA model includes an approximation for the solvent entropy changes using
an empirical term which is proportional to the total solvent accessible surface area. It does not
include any estimate of the configurational entropy associated with the different atomic
structures adopted by the solute. We introduce the notation Up.mp and U,.mp for the energetic
components calculated from the simulations in order to distinguish them from the free energy

extracted from experimental data using the statistical mechanical model.

The association energy of strand-strand in the single B-sheet of tape, Ug-mp, was calculated using:

11



§ _ <Esheet> B (< Estrand> + < Estramz> o < Estrandlé) Eq 4
pmup N-1

where N is the number of strands in the peptide assembly, N-7 is the number of interfaces, Ex
denotes the internal energy of the peptide at position x within the stack and the angular brackets
denote the ensemble average. The association energy of a ribbon from two tapes was calculated

using:

U, w = <Eribb0n> - (< Esheet> + <Eshe92>) Eq. 5

Molecular structures of the tape and ribbon were visualized using VMD v1.8.7 [43] Convergence
of these energies with the length of the -sheet assemblies was checked by calculating the energy
as a function of the number of B-strands considered, as shown in Supplementary Figure 3. To
demonstrate that the energies of the peptide aggregates are statistically valid and have the
expected Gaussian distribution, these were plotted as histograms, as shown in Supplementary

Figure 4.

3 RESULTS AND DISCUSSION

To study the aggregation properties of this series of peptides, solutions were prepared as per the
method outlined. The self-assembly as a function of peptide concentration was studied in the
presence of 10 mM H3PO4 (Sigma-Aldrich) (at pH =2). In acidic conditions the peptides are
more soluble than at the neutral pH we studied previously [14,25,27]) because they carry +1 net
charge per monomer (Table 1). Depending on the length of the peptides, self-assembly was

monitored by CD (for P7-2, Po-2, Py1-2 and Pi3-2) or by 'H-NMR (for more concentrated

12



solutions of Ps-2 and P3-2) to acertain the aggregation status of the solution (until equilibrium
was achieved). By performing these experiments for a range of concentrations, the critical
concentration c* for self-assembly was determined. The same samples were also used to probe
the morphological properties with TEM. The pH was held constant throughout the experiment

and the assumed charge state is shown in Table 1.

3.1 Self-assembling properties in acidic aqueous solutions

For the longest oligopeptide P13-2 the self-assembly of monomer peptides into B-sheets occurs at
such low concentrations that these were below the threshold of sensitivity of the CD
spectroscopy (c*<3uM). Moreover, [-sheet spectra were obtained at all measured
concentrations, indicating that no random coil monomeric structures are present (Figure. 2(a)).
TEM further revealed that these dilute solutions of P13-2 had formed rigid fibrils with widths ~15

nm and lengths longer than 10um (Figure. 3(a)).

For P11-2 at pH2 we found c* to be 10 uM. The morphologies observed are uniform fibrillar
structures, Figure 3(b), with lengths > 10 um, widths of 9-10 nm and a full twist pitch around
200-240 nm. Self-assembling behavior of the peptide P11-2 has been published previously in
water 14. At neutral pH, the observed fibrils were similar to the present ones in width (made of
~8 individual 3-sheet tapes), however, the critical concentration c* for aggregation into double

tapes was 87 uM and for aggregation into fibrils was 500 uM which reflects the weakness of

13



electrostatic screening in pure peptide water solutions (hence, the tapes repel each other by a

greater amount in pure water).

Typical CD UV spectra of Po-2 at pH 2 are shown in Figure 2(b). At concentrations ¢ < 16 uM,
spectra show that the peptide is in a monomeric, random coil conformation illustrated by a
negative band at Amin ® 200 nm. At ¢ = 16 uM, a mixture of random coil and B-sheet bands are
obtained. When ¢ > 40 uM the spectra indicates that the peptide is in a B-sheet conformation.
The positive absorption band obtained in the near-UV region at A244 also increases in magnitude
with peptide concentration. The solutions were subsequently measured after incubation at 20 °C
for 7 days, and no change in the CD spectra was observed, indicating that the solutions were at
an apparent equilibrium after 2 days. TEM studies of P9-2 showed a small number of short curly
aggregates are present as well, which may come from intermediate stages of the aggregation
process (e.g. they may be super twisted ring-like double tapes); these aggregates represent less

than 20% of the peptide and are ignored in the statistical mechanics analysis below.

Peptide Ps-2u (CH3:COFQWQFNH>) was originally designed to complement the studies of its
13, 11, 9 and 7mer counterparts, as an exact ’truncated variant’ of P7-2. However, the reduction
in length removed the only two charged residues (arginine and glutamic acid). Synthesis of crude
Ps-2u was successful as indicated by mass spectrometry. The absence of charged groups in the
primary structure of Ps-2u resulted in it being highly insoluble in solvents suitable for HPLC
purification including but not limited to: H>O, acidified H,O (TFA), methanol, tetrahydrofuran

and toluene. Therefore Ps-2u could not be purified. Ascertaining that charged residues are an

14



essential component for soluble peptides, Ps-2 (Table 1) was subsequently designed and
synthesised to replace Ps-2u. Ps-2 includes the charged residues arginine and glutamic acid on its
polar side, but also still retains key design elements such as the lateral hydrogen bond potential
along the peptide backbone and distinct faces of opposing hydrophobicity which should drive
self-assembly into tapes. Inclusion of these charged peptides successfully increased the solubility
of Ps-2 and purification of it was successful. Initial experiments of Ps-2 using CD UV
spectroscopy again showed that it was not possible to clearly observe the random coil to B-sheet
transition clearly. This is likely due to the high aromatic content in this peptide and subsequent
packing of the aromatic residues with each other, which causes significant distortion of the CD
spectra (originating from the tryptophan). To overcome this problem, the self-assembly
behaviour was monitored using high resolution 'H NMR. The spectra acquired from low
concentration solutions consist of sharp peaks indicative of monomeric peptides undergoing
random re-orientational motion, whilst the normalised integrals of the aromatic side chains
increase linearly with concentration up to ~300 uM. Above this concentration the normalised
integrals no longer increase with increasing concentration, denoting the start of self-assembly.
Morphologically there were a number of structures present rare flat structures with widths of 17-
172 nm and lengths > 0.2 um (image not shown). Fibrils that were observed more frequently had

widths ranging from 15-30 nm and a pitch twist of common structures 75-80 nm (Figure 3(e)).

The self-assembly of P3-2 was also monitored by high resolution '"H NMR. Figure 2(c) illustrates
that with increasing peptide concentration the relative size of the reference TMSP peak
decreased upon comparison with the peptide peaks. Indeed the normalised integrals of the

aromatic side chains increased linearly with increasing concentration for all concentrations

15



studied up to 3,400 uM with a positive gradient of 0.0073 £ 0.0002. This gradient is one third the
value of the gradient of Ps-2 below c* which is due to P3-2 having only one third of the aromatic
residues of Ps-2. These results are consistent with the peptide not self-assembling at any
concentration studied; indeed, for c< 3,143 puM, no aggregates were observed by negative

staining TEM (not even amorphous aggregates).

By performing a systematic analysis of the self-assembly of a series of peptides of varying
lengths but well defined physical chemical properties, we have demonstrated that to self-
assemble into fibrils at some critical concentration ¢*, peptides should contain at least 5 amino
acids, and should possess three or more aromatic residues on one side of the beta-sheet. The
typical lengths of such resulting fibrils are at least um in length (the longest length that can be
observed is restricted by the size of the TEM grids). The critical concentration c* decreases
monotonically and regularly with the peptide length x, see Figure. 4(a) . The width of the fibrils
also decreases regularly with the peptide length x (Figure. 4(b)). Unambiguously determining the
pitch-length, A, of the fibril twist proved to be difficult, as a mixture of flat quasi-crystalline

aggregates and shorter, twisted morphologies are seen by TEM.

3.2 Self-assembling data analysis based on the statistical mechanical coarse-grained

fibrillization model

The self-assembly data on the fraction of beta-sheet aggregated peptides fs as a function of the
total peptide concentration ¢ can be fitted using the statistical mechanical model proposed in

refs [14,27]. An appropriate asymptotic form is given by Eqn. (S1), presented in Supplementary

16



Information. Our experiments provide the critical concentration of peptides required for self-
assembly (c*) as a function of their length x. By fitting the data to fs (see Supplementary Figure 5
(a to d) for the fits and or the individual energetic contributions Table 2), it is possible to derive

the total free energy gain for a peptide association into a fibril, &, see Table 2:

The results for &t have a simple linear dependence on x that can be fitted by:

ot = 0.6 kgT x x + 13 kgT Eq 6

To interpret this result, consider the total energy & as a sum of individual contributions to fibril
formation. The transformation energy & is the energy of transformation from a random coil to a
rod-like conformation, it is mainly of entropic origin and for short chains (or in so-called theta-
solvents where the chain statistics is as in an ideal coil) it is proportional to the peptide length x.
We previously estimated & for x=11 (P11-2) to be 3.0kgT (Eq. 3, [39].),giving a per-peptide

dependance of:

er=x % 0.27kgT For x=35,7,11 Eq.7

Because all these peptides share a common hydrophobic core (the FWF residues, see Table 1),
which dominates the tape stacking energy, we assume the interaction energies which are
responsible for the tape association into double tapes are practically the same for all these
peptides. Note also that g, - €2 << &> due to the hydrophilic nature of the outer sides of the double
tapes (the attraction between them is weak in water. Hence (taking into account the value of &>

for P11-2, Eqn 3):

17



e~ e ~0.6ksT For x=5,7,11 Eq. 8

For x=13 however, which possess an FFWF aromatic core (which is around 33% larger than the

FWF motif), we estimate this energy to be &, = 0.8 kpT.

As the length x of the peptide increases, so does the number of available hydrogen bonding
interactions between adjacent rods within the B-sheets. In addition to H-bonding, the B-sheet is
also stabilized by the specific bonding related to hydrophobic side-chain stacking (primarily
within the FWF block). Hence, it is reasonable to assume that the corresponding [-strand

interaction free energy ¢ is a linear function of the peptide length x:

€3~ X X €H T EFWF Eq.9

By combining Eq 2 (for &) with Eqs 5-8, we get the following estimates for the main inputs into

the beta-sheet stabilizing energy ep:

en~1.15 kT, erwr=~14.7 ksT Eq. 10

where ey is the typical energy gain from one hydrogen bond in a B-sheet and erwr is the free
energy associated with the hydrophobic interactions between the two blocks containing FWF
(the three aromatic side groups) in adjacent peptides. A more detailed physical discussion of the

contributory terms in Eq 2 is provided in Supplementary Material.

3.3 Molecular modelling of tapes and ribbons in acidic aqueous solution

Fully atomistic molecular models of the B-sheet tapes for Ps-2, P7-2 and P11-2, and ribbons made

of two tapes joined by their hydrophobic lateral sides were constructed using the AMBER

18



modelling software. The Glu (E) residues on the peptides were fully protonated to mimic the
acidic aqueous solution at pH=2. The aggregates were solvated, equilibrated and then an
ensemble of representative conformers was generated by MD simulation (see Methods). The
interaction energies maintaining the -sheet assemblies were calculated to compare the energetic
stability of tapes and ribbons (see Figure 5). Our results are consistent with the results of
quantum mechanics calculations of Perczel et al who computed the thermodynamic stability of
beta-peptides at the B3LYP/6-31G(d) level of theory [44]. Indeed, within their polarised-
continuum model, the interaction energy difference between the two separate extended beta-
stranded peptides Alas and the same peptides placed into a backbone (Alas); in the standard anti-
parallel beta-sheet conformation was found to be -32.52 kcal/mol. Our classical 20-ns Amber
MD simulations of a B-sheet tape peptides gives a consistent result for the interaction energy of

this interface for peptide of a similar size, Ps-2: Epsotp =-33.87 kcal/mol (see Figure. 5a).

Figure 5 (a) and (c) show that the interaction energy holding the B-strands together within the
tapes (blue bars) and the ribbons (yellow bars) increases with the length of the individual peptide
strands, as it 1s assumed in the statistical mechanical model (Eq. 8). The interaction energy per
residue is approximately constant for tapes (blue bars in Figure 5(c), but shows a slight increase
with increasing peptide length for ribbons (yellow bars in Figure 5(c)). The relative contributions
of the intra- and inter-sheet energetic terms in the MD simulations are compared for the three
peptides in Figures. 5(b) and 5(d). Although the self-assembly from tapes to ribbons is
enthalpically favorable, the energetic contribution from the hydrophobic core is considerably

smaller to that from B-sheet hydrogen bonds.
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To interpret these data, a detailed analysis of hydrogen bonding in the tapes and ribbons was
performed for the MD ensemble of aggregates constructed from Ps-2, P7-2 and P11-2. Figure 4(c)
shows the mean number of hydrogen bonds formed via the backbone and sidechain interactions.
While the number of hydrogen bonds per amino acid formed by the backbone atoms in tapes and
ribbons is similar in all three peptides, and so increases in proportion to the number of residues,
the hydrogen bonds formed by side-chain interactions increases in ribbons with increasing
peptide length. This side-chain hydrogen bonding is mainly contributed by GIn-Gln interactions,
and arise so frequently between these sidechains as they are sufficiently long and flexible that
they can interact across adjacent tapes within a ribbon, and with residues above and below within
a P-sheet stack. The tapes composed of peptides containing only 5 and 7 amino acids show
reduced levels of anti-parallel B-sheet content relative to P11-2, particularly in the tapes (see
Figure. 6). The disordered nature of the Smers and 7mer tapes compared to the 1lmers
demonstrates that there is a level of co-operativity of the hydrogen bonding interactions as the
peptide length increases, in agreement with the experimental observation that if there are too few
potential interactions between the [(-sheets, as is the case for the 3mer peptide, then self-

assembly is suppressed.

4 CONCLUSION

This systematic study of the effect of peptide length on self-assembly of the Px-2 motif indicates
that peptide sequences containing 5 or more amino acid residues undergo aggregation into fibrils
under the conditions studied. On reducing peptide length, c* increases due to the decrease in the
magnitude of the favourable interaction enthalpy between the individual B-strands. We also

observe differences in morphology between the aggregates of peptides containing different
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numbers of amino acids. In particular, the proportion of thicker fibrillar aggregates increases, as

the peptides get shorter.

By using a statistical mechanical model for the thermodynamics of self-assembly, we have
extracted key thermodynamic parameters by fitting to the experimental data. In accordance with
Eq. 8, this procedure implies that each extra hydrogen bonding interaction (associated with
extending the sequence by one amino acid) supplies an extra 1.15 kT to the free energy
stabilising the interactions between the individual peptide strands in a B-sheet (as in Eq. 9). In
contrast, the bare interaction energies between the B-strands extracted from simulation (Up.mp)
are significantly more stabilising (see Supplementary Figure 6). Fitting the extracted values to a

linear dependence on peptide length x, we find for the MD calculations:

Usmp=(-12.6 x x + 8.8) kT Eq. 11

The difference between the energies Ugmp and the free energies ep (see Figure S6(a)) emerges
from the two different physical length-scales at which they model the interaction. The energetic
parameter Upmp at the atomistic level is a combination of all of the pair-wise van der Waals and
local electrostatic energies. However, at the coarse-grained level of a rod, ¢ is a free energy that
contains additional contributions not explicitly represented by the atomistic model, such as the
entropy of localisation of the stacked side-chains when the B-strands self-assemble into sheets
and reorganisation of the solvent environment, which includes a contribution from the counter-
ion localisation entropy (long fibrils will be neutralised by Manning condensation of anions

[45,46]). These entropic terms are local to the peptides at this coarse-grained level, and
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contribute to the free energy of association, which is proportional to peptide length. There are
also entropic penalties associated with global modes of the peptides independent of their length,

such as rotation and bending.

By comparing the free energy calculated by model fitting with the enthalpies obtained from the
simulation data we can obtain an estimate for the entropy penalty associated with localising a [3-
strand into a fibril aggregate as a function of peptide length (see Figure S6(a) in Supplementary
Information). This procedure shows that there is a larger reduction in entropy for longer peptides,
but that the entropy per peptide (Supplementary Figure 6(b)) converges towards a fixed value of
~11k as the length of the peptides increases. The implied number of entropic degrees of freedom
per amino acid associated with assembly, (of order 10) is consistent with the restriction of bond
angles and positions observed in MD simulations, in which the monomers are constrained into
aggregates. In contrast to the length-independent terms in the entropy penalty, favourable
enthalpic attractions increase with peptide length. So the compensating enthalpy becomes
increasingly dominant in the overall free energy change during aggregation for longer peptide
strands, than for shorter. This also explains why the molecular structures observed in the MD
contain more disorder for the shorter strands — the reduced available compensating enthalpy

restricts the degree of ordering (and its entropic cost) possible.

By using a combination of statistical mechanics and atomistic computer simulation, we have
been able to provide a structural and thermodynamic rationale for the experimental data obtained

on peptide self-assembly as a function of length. The entropy/enthalpy compensation has a
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subtle but important dependence on chain length that determines both the ability of a peptide of a
given length to form aggregates, and the degree of ordering present in the assemblies that form.
This work validates the coarse-grained model designed originally for a single peptide to a much
broader range of amino acid sequences, and combined with atomistic simulation can provide a

general multi-scale method for rational design of self-assembling nanomaterials.

5 ASSOCIATED CONTENT

Details on the calculation of assembled monomers and bond volume estimates along with

Figures S1-S6 and Table S1 are provided as supporting information.
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Figure 1. Molecular models of Pi3-2, P11-2, Po-2, Ps-2 and P3-2 B-sheet tapes, indicating the
decrease in tape width with decrease of peptide and B-strand length; peptides are represented as

individual B-strands arranged in an antiparallel conformation.
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Figure 2. Self-assembly of Pi3-2, Po-2 and P3-2 in water at pH 2: (a) CD spectra for Pi3-2

obtained 2 days after sample preparation, (b) CD spectra of Po-2 obtained 2 days after sample

preparation (c) High resolution "H NMR spectra of P3-2b at increasing peptide concentration and

the corresponding graph of NMR integrals of aromatic peaks vs concentration; (d) Self-assembly

curves showing fraction of peptide in B-sheet aggregate vs peptide concentration in water at pH

2.
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Figure 3. Negatively stained transmission electron micrographs of peptide nanostructures in
water: (a) P13-2 at 256 uM pH 2; (b) P11-2 at 286 uM pH 2.(c) Po-2 at 350 uM pH 2; (d) P7-1 at

¢ =4.6 uM in HsPO4 pH 2. (¢) Ps-2 at 2100 uM pD 2
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Figure 6. a) Final structure of P -2 tapes (TP) and ribbons (RB) in molecular dynamic

simulations; b) side-view (top) and bottom-view (bottom) of TP conformations from last
snapshots of P.-2, P,-2 and P, -2; ¢) side-view (top) and bottom-view (bottom) of RB
conformations from last snapshots of P.-2, P_-2 and P,,-2; d) bottom view of atomic details of

P,-2, P.-2 and P,;-2 in TP and RB.
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Supplementary Data

Fraction of assembled monomers: If & is high enough (this condition depends on other
parameters of the system (see eqs.(28,36-38) in ref2®) but in practice is always valid for
transitions from monomers to multi-tapes (fibrils), e.g. for peptides made of x>5 aminoacids with
strong tendency to double tape formation due to hydrophobicity of one side of the beta-sheet),

the fraction of aggregated peptides fp follows an asymptotic pattern everywhere apart from a

narrow region near the critical concentration c* (see eqgs.(35,42) in ref. 2%):
fp=2exp[(ep-2ex )/ ksT Jvpe<<1  for c<c*-Ac, fp=1-c*c for c>c*+Ac Eq.(S1)
c*vp = exp [(ew-¢€p - & )/ ksT] Eq.(S2)

For c<c*-Ac the peptide solution is dominated by monomers with a small fraction cfp of dimers.
For c>c*+Ac concentration of monomers saturates at ¢ = c¢* whereas all extra peptide material (c-

c*) goes to fibrils.

Details of bond volume estimate: Dependence of the bond volume vp on the length x is less
straight-forward. However, it is possible to follow the line of ref.?® for the estimation of vp: we
assume that adjacent rods are connected by x identical elastic springs corresponding to the

number of H-bonds. The result is
vp~ ki (x%°+ ka2 )® ((x+x0)! + ks)? Eq.(S3)

where ki are constants. The factor (x*° + k, )* comes from the rod’s center-of-mass slipping
fluctuations (k> reflects the fact that the rod itself cannot be considered as completely rigid for
x>k>?). The factor (x*° + k> )* /x? comes from similar angular fluctuations, however in order to

exclude the divergence at small x, in eq.(D) the factor 1/x? is replaced by ((x+xo)! + k3)>. We
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expect that xo ~ 2, ko ~ 0.3, ks~ 0.1. The factor k; ~2 x 1073 nm? can estimated from the known
value vp ~ 5 x 10% nm? for P11-2 peptide (cf.Eq.(A)), For x=5-11 the bond fluctuation volume

eq.(D) can be approximated linearly as

In(vp/vo)x - 2.3 - x x 0.28 Eq.(S4)
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Figure 1S. Self-assembling properties of P13-2, P7-2 and Ps-2 in methanol: (a) CD spectra for
P13-2 and the corresponding graph of molar ellipticity at 220 nm vs concentrations after 2 and 5
days from sample preparation; (b) CD spectra of P7-2 and corresponding graph of molar
ellipticity at 218 nm vs concentration; (c) High resolution 'H NMR spectra of Ps-2 at increasing
concentration (42uM, 336uM and 2100uM) and corresponding graph of aromatic peak integrals
vs concentration; (d) Self-assembly curves showing fraction of peptide in B-sheet aggregate vs

peptide concentration in methanol for Pi13-2, Po-2, P7-2, Ps-2 and P3-2.
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Figure 2S. Negatively stained transmission electron micrographs of peptide nanostructures in

methanol: (a) P13-2 at 80uM; (b) P11-2 at 83 uM; (c) Po-2 at 64uM; (d) P7-2 at 40 uM.
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Figure 3S. Cooperativity of tape (a) and ribbon (b) enthalpies at pH 2; (c and d) cooperativity of

decomposed ribbon enthalpies.
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Figure 4S. Histogram of single B-strand enthalpies of (A) Ps-2 in tape; (B) Ps-2 in ribbon; (C)

P7-2 in tape; (D) P7-2 in ribbon; (E) P11-2 in tape; (F) P11-2 in ribbon.
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Figure 5S. a) Theoretical fit of Py1-5 using a C* of 170 uM, p=19, &= 13.5, £=0.6 b)
Theoretical fit of P11-7 using a C* of 76 uM, p=12, ex= 1.9, ,=0.6 c) Theoretical fit of P1;-9
using a C* of 14 uM, p=10, ex= 2.4, £=0.6 d) Theoretical fit of P11-11 using a C* of 4.5 pM,

p=8, &v= 3, £=0.6
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Figure 6S. (a). Free energy (red) and enthalpy (black) obtained from model fitting to the

experimental data and MD simulations respectively. (b). Effective entropy per amino acid as a

function of peptide length.
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Table 1S. Manufacturing details of peptides, including the peptide purity by HPLC and the net
peptide content which is an average of results from amino acid analysis, UV concentration

determination and elemental analysis (from the nitrogen content)

Peptide Manufactured Theoretical Purity (%) Net Peptide

mass / Da content (%)
Pi3-2 In house 1334.4 80.0 85.0
Pi1-2 In house 1593.7 96.1 84.4
Py-2 NeoMPS 13344 96.1 92.2
P7-2 NeoMPS 1080.0 97.6 86.5
Ps-2 NeoMPS 823.9 99.2 98.0
P3-2 GenScript 530.0 97.7 66.7
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