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1. Introduction

Peptides are essential biomolecules and have a diversity of natural activities. Peptides
are short chains of amino acids linked via amide bonds. There are twenty standard
natural amino acids, with different side chains which confer particular bioactivity and
biofunctionality. Amino acids can be grouped in different categories according to
their chemical composition such as hydrophobic/ hydrophilic/ aliphatic/ aromatic/ or
neutral/ positively/ negatively charged.* A diversity of non-natural amino acids has

also been synthesized and incorporated into peptides to confer particular properties.
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Intermolecular interactions between peptides allow for complex self-assembled
nanostructures to develop. Particularly important are intra- and inter-molecular
hydrogen bonds which control the type of secondary structure that may form.
Additional interactions that influence peptide self-assembly include electrostatic
interactions, hydrophobic interactions, aromatic interactions (n-n stacking) and van
der Waals forces. The diverse properties of amino acids can be exploited in the design

of peptides in order to control self-assembly to produce novel functional biomaterials.

There are two main classes of amphiphilic peptides; these are (i) designed purely
peptidic systems with amphiphilic properties arising from sequences of hydrophobic
and hydrophilic (charged) residues termed surfactant-like peptides (SLPs), and (ii)
peptides modified by attachment of hydrophobic lipid chains these are termed peptide

amphiphiles (PAs) or lipopeptides.?

This Chapter is focussed on methods to characterize the molecular conformation and
self-assembly (leading to defined nanostructures) of peptides and peptide
amphiphiles. This Chapter is organized as follows. The first section details methods to
determine the critical aggregation concentration through fluorescence probe methods
(Section 2). Then spectroscopic methods to characterize peptide secondary structure
are considered including circular and linear dichroism (CD, LD; Section 3), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy (Section 4) and NMR
spectroscopy (Section 5). The analysis of the structure of amphiphilic peptide
assemblies using X-ray diffraction (XRD) is the subject of Section 6. We then turn to

method to investigate fibrillization and the morphology of amphiphilic peptide self-



assemblies. Section 7 is concerned with light scattering, Section 8 with small-angle
scattering methods and Section 9 with microscopic imaging technique, i.e. scanning
probe and electron microscopies. Section 10 describes analytical ultracentrifugation
(AUC). Section 11 discusses methods to characterise peptide gels such as rheology.
The Chapter concludes with some brief summarizing remarks. This Chapter is not a
review of the literature, but is intended as a guide to methodologies. As such we have
mainly used data from our own publications for convenience, although of course
papers from other groups will contain other excellent examples. This chapter is a

modified and extended version of our recent contribution on the same theme.?

2. Fluorescence Methods — Labelling and Fluorescence Probe Assays

Fluorescence probe methods are widely used in the biosciences and as such have been
utilized to investigate aspects of peptide aggregation in a number of ways. In this
section, we discuss the use of fluorescence probe assays to determine the critical
aggregation concentration (cac), analogous to the critical micelle concentration (cmc)
of surfactants. In addition, we discuss dye staining methods such as the use of Congo
red staining to detect amyloid. Molecular structures of fluorescent probe/dye

molecules mentioned are shown in Figure 1.

Peptide amphiphiles can undergo aggregation into nanostructures above a critical
aggregation concentration (cac) which is a more general term than critical micelle
concentration (cmc) as observed for surfactants since it allows for aggregation into
non-micellar structures. The cac may be detected via fluorescence methods. Pyrene is

a fluorescent probe molecule which is used to locate the cac for conventional



amphiphiles, as its fluorescence is sensitive to the local hydrophobic environment.* °
It has also successfully been used to determine the cac for several PA systems.®’
Pyrene fluorescence measurements of cac usually involve determination of the ratio
of third and first vibronic band intensities, 1373/lzg3 or 11/l3, although sometimes Iy
itself shows discontinuities at the same concentration.™ 8 For conventional
amphiphiles, 11/13 decreases at the critical micelle concentration, from a typical value
around 1.7-1.8 to a lower value 1.0-1.2 [see, for example ref.*® 9], although this is not
always observed for lipopeptides, in particular if they contain an aromatic residue
which contributes to UV absorbance. Pyrene derivatives such as 1-pyrene carboxylic
acid offer lower toxicity than pyrene itself and have been successfully used in
amyloid peptide cac determination.?! We have recently used the fluorescent probe
ANS (8-anilino-1-naphthalenesulfonic acid, Fig.1) to locate critical aggregation
concentrations of a range of lipopeptides and SLPs.??* Like pyrene, ANS
fluorescence is also sensitive to the local hydrophobic environment.?? 23 2527 |t shows
good fluorescence sensitivity and is less toxic than pyrene. A further possibility for
peptides containing tryptophan is to use the intrinsic tryptophan fluorescence to locate

the cac, this has been shown to successfully detect the same cac value as pyrene

fluorescence.®

In contrast to use of pyrene or ANS, the fluorescence of Thioflavin T (ThT) is
dependent on the formation of amyloid-like structures (B-sheet fibrils) 2> % and has
been used for amyloid fibril-forming peptides. Excitation of ThT at 450 nm produces
fluorescence at 482 nm.?* 31 ThT can be used to determine the cac of lipopeptide PAs,
the value obtained being similar to that obtained from pyrene fluorescence techniques

in the case that amyloid fibril formation occurs at the same concentration as



hydrophobic collapse.® ' 3 This is not always the case. Figure 2 compares assays to
obtain cac values from ANS fluorescence with those using ThT for two amyloid
peptides based on the KLVFF core motif32 2 of the Amyloid B (AB) peptide.? For
NH2-KLVFF-CONH_, the cac measured by both techniques is the same (within
uncertainty) showing that fibril formation and hydrophobic collapse occur at the same
concentration for this sample. However, for the blocked analogue peptide NH-
K(Boc)LVFF-CONHy, the cac determined from the concentration dependence of
ANS fluorescence is significantly lower than that from the ThT probe assay. This
suggests that hydrophobic collapse occurs at a lower concentration than that at which
fibril formation occurs.?® In the intermediate concentration range, presumably small
oligomeric structures with hydrophobic interiors are present. ThT fluorescence has
also been widely used probe the kinetics of amyloid aggregation processes.® 3 This

phenomonen has also been observed for AioHs* and

Other fluorescent dyes such as Nile red (Fig.1) have been used to determine the cac of
amyloid-forming peptides,®® *” but have not yet been widely employed in studies of
PA systems. The fluorescent probe DPH [1,6-diphenyl-1,3,5-hexatriene] (Fig.1) has

also been used to locate the cac of lipopeptides.®

Staining with fluorescent dyes is used in confocal microscopy and has been applied to
image micron-scale self-assemblies. For example, the lipopeptide “Matrixyl” C16-
KTTKS forms highly extended nanotape structures which were imaged by confocal

microscopy using Rhodamine B staining.®® Congo red staining provides a method



that, by definition, identifies amyloid.** Under polarized light, amyloid samples
exhibit green birefringence when stained with Congo red. Figure 3 shows an example
of a polarized optical microscopy (POM) image of an [3-sheet forming lipopeptide

stained with Congo red, showing the green birefringence texture.*

Forster resonance energy transfer (FRET) has been used to investigate the binding of

dye to amyloid fibrils.*

3. Circular and Linear Dichroism

Cicular dichroim (CD) is a technique to probe the secondary structure of proteins and
peptides. The method relies to the differential absorption of right- and left- circularly
polarized light. The usual method is based on “fingerprinting” of spectral features in
the 190-250 nm far UV region.*** Data in the near UV region can provide
information on the conformation of peptides containing aromatic residues with
absorption features in the 250-310 nm range. In the far UV region, characteristic
minima are observed in the absorption spectra at (approximately) 208 and 222 nm (o.-
helix) or 216-220 nm (B-sheet) as shown in the spectra in Fig.4a. On the other hand, a
broad weak minimum in the range 195-200 nm is characteristic of disordered,
sometimes known as random coil conformation (Fig.4b). This can be contrasted with
the spectra for The polyproline 1l (PPII) conformation which is characterized by a
deep minimum in the CD spectrum at around 190-205 nm, along with a broad positive
maximum at around 215-225 nm (Fig.4b).**® Examples showing the comparison
between CD spectra for PPII and disordered conformation can be found in the

literature.*” *° The CD spectra for the main secondary structures structures are



characterized by typical values of the molar (or alternatively mean residue) ellipticity
43,50 “as well as the position of the maxima/minima. In fact, CD spectra should be
normalized in this way (Eqg.1) for this reason, and also to facilitate comparison
between samples at different concentration or measurements in different path length

cells. The molar ellipticity is given by

[o]= -2 )

Here [4] is the molar ellipticity (in units deg cm? dmol™?), @is the measured CD signal
amplitude in millidegrees (mdeg), c is the molar concentration and | is the path-length
of the cell in cm. The magnitude of the mean residue ellipticity (MRE, molar
ellipticity divided by number of residues) can be used to determine the a-helical
content of coil peptides,® and comparison of the ratio of the molar ellipticity at 222
and 208 nm gives information on the coiled coil content.>* A recent example of the
use of this analysis for coiled-coil forming peptides based on the gut hormone PYY
explores the effect of lipidation and PEGylation on the conformation and self-

assembly.>?

CD spectra for proteins are usually analysed using algorithms based on databases
compiled for proteins for which the x-ray crystal structure is known.*® This permits an
accurate determination of secondary structure content which can be used to
“calibrate” CD spectra. A range of software is available based on various databases,
see for example refs.>6 Most consider only larger proteins although there are limited
reference data sets (and curve fitting programs) for shorter peptides.> This type of

analysis is of little use for small peptids or lipopeptides for which individual residues



(especially aromatic residues) and specific conformations (e.g. turns) can dominate

the CD spectrum.

Linear dichroism refers to the differential absorbance of plane polarized UV radiation,
and it gives information on the alignment of extended objects resulting from peptide
self-assembly. Since amyloid fibrils and nanotapes are highly anisotropic, they can
align under flow or other fields and this can be probed using LD which in particular
provides information on the orientation of the peptide backbone and of chromophores

such as aromatic residues.*? 44 50. 58

4. FTIR and Raman Spectroscopy

FTIR is sensitive to the vibrational modes of bonds within peptides. Specific regions
of the spectrum are the focus of particular analysis. Specifically, the amide I region in
the range 1600-1700 cm™ is sensitive to the modes of CO, CN and NH groups®®
which are influenced by H-bonding. A prime is added to the name of the region of the
spectrum, for example to give the term amide 1’ for spectra measured in D20O. All
band positions mentioned above are slightly downshifted if measurements are
performed in D20.% In fact, measurements in DO are beneficial since water
absorption features around 1650 cm™* can be avoided. Our group always perform
measurements in D>0O solutions. In our experience, peptide concentration must be 0.5
wt% or more typically to obtain a reliable signal. It is also quite common to perform
FTIR on dried samples in the form of films for transmission mode measurements or

via ATR (attenuated total reflectance) measurements.



The amide | region gives information on secondary structure, via “fingerprinting” or
peak fitting methods.>® ! These are prone to uncertainty associated with the overlap
of features in the spectra >* 6% 62 although clear features of secondary structures such
as [3-sheets can be resolved by performing measurements in transmission mode on a
modern FTIR instrument, with sufficiently concentrated samples in D20 in narrow
path-length cells. A band typically in the 1620-1640 cm™ range is associated with -
sheet structures.>® 51-¢* A band in the typical range 1648 — 1657 cm is associated
with a-helix structure whilst disordered peptides give a peak in the typical range
1642-1650 cm™, % 60,62 The narrow intense band observed for some peptides at 1675-
1695 cmt is usually ascribed to antiparallel B-sheet structure.®® Caution is required
since a peak in the amide I region of an FTIR spectrum at 1673 cm™ is due to residual
trifluoroacetic acid from the peptide synthesis bound to peptide cations (unless this is

removed by ion exchange methods).® 467

The amide 11 band around 1550 cm™ mainly results from the N-H bending vibrations
which are responsive to deuteration (the deuterium from D20 exchanges positions
with hydrogen from the N-H bond).>® As a consequence the amide 11" band is shifted

by approximately 100 cm™ to 1450 cm™ in D20.%8

Tables of specific side-group FTIR bands are available.®® 8 0 |n addition, a peak near
1705 cm™ may be assigned to carbonyl stretch, e.g. in acidic side residues or from the
C terminus.* % ™. 72 Information on lipid chain CH, deformations in lipopeptides is

provided by peaks in the 2800-3000 cm™ range of the spectra.??



Isotope labelling of peptides enables specific features in the FTIR spectrum to be
resolved as bands associated with deformation modes of labelled residues will be
shifted .”>7. Typically, isotopic substitution using **C-labelled peptide splits amide |
bands for B-sheets into higher and lower frequency peaks. The magnitude of the *>C
wavelength shift depends on the extent of perturbation of the *2C carbonyl coupling
induced by **C substitution and strongly coupled B-sheets are generally sensitive to
such isotopic substitution.” This can be used to infer information on the registry of p-

strands.”®

FTIR can be extended to study linear dichroism (polarized FTIR) on aligned samples
with isotope labelling”™ ’” and to vibrational circular dichroism.%® Vibrational circular
dichroism (VCD) is analogous to (UV) electronic CD, but evidently extended to the
IR mode, sensitive to bond vibrations.” " The analogous technique using Raman
scattering is Raman Optical Activity (ROA).”® Polarized Raman spectroscopy can

provide information on the orientation of specific features such as aromatic residues.

58

Recently, 2D IR methods have attracted great interest as it is possible to correlate
vibrational modes, providing information on mode coupling. When combined with
isotope editing of peptides, 2D IR can provide detailed information on (3-sheet
conformation and the pathway of amyloid formation in amyloid peptides such as
human islet amyloid polypeptide, hIAPP.8% 8 In another example, the method was

used to investigate the PPII conformation of di-alanine.®

10



Raman spectra provide similar information on peptide secondary structure (the
transition rules are generally satisfied for peptide deformation modes for both Raman
and FTIR spectroscopy) and side chain deformation modes to FTIR,® although this
technique is less commonly available in the laboratory. As it is a scattering-based
method, Raman spectroscopy also typically requires a higher sample concentration
than FTIR to get a useful spectrum. However, measurement of Raman spectra can be
recorded in H2O in contrast to FTIR where the water absorption band prevents
measurements in the vital amide | region. Raman microscopy enables the chemical
mapping of peptide samples scanning across the sample at micron resolution and
measuring Raman spectra. In one example, the cell-penetrating peptide penetratin
secondary structure within live cells was detected by Raman microscopy, using a

peptide labelled with *3C-Phe (and adjacent *°NH amide).®

5. NMR Spectroscopy

This section does not consider the routine use of NMR to analyse syntheized protein
structures, but rather focussed on specialised NMR techniques to probe peptide

aggregates.

Solution NMR can be used to provide high resolution peptide structures, such as those
of helical peptides via 2D correlation methods such as TOCSY, COSY or NOESY.
One example of interest to our group is the NMR study of the conformation of the

human gut peptide hormone PY'Y 336, which showed which residues are in the helical

11



domain.® This is relevant to our studies on the aggregation and conformation of
analoguous lipidated or PEGylated PY'Y 3.36 peptides, with different positions of

lipidation and PEGylation with respect to the helical domain." ®2

The aggregation state of many peptides has been probed using solution *H NMR. For
example, the degree of ionization of the C terminus of a model amyloid peptide has
been studied as a function of concentration.*® Likewise, *H NMR solubility
measurements have been used to obtain solubility phase diagrams and related
diffusion measurements have enabled the critical micelle concentration of a
lipopeptide to be obtained.® Specific chemical information, for information on metal
ion binding to peptides can also be obtained from solution *H NMR.% In a recent
study *H NMR has been used to probe aggregation in proline-rich surfactant-like
peptides PsK and PeE, which form vesicle-like structures at 80 °C.8” On heating to this
temperature from 25 °C, NMR visible species were reduced to ca. 50% using an
internal standard for integration. This fact proves the formation of large, NMR-silent
aggregates (which were imaged by cryo-SEM and sized using DLS). In addition, *H
NMR spectra revealed that the multiplicity pattern of the signals corresponding to the
diasterotopic protons at position 3 in the proline ring is heavily modified (Fig.5),
indicating important conformational changes and changes of *H-°N long-range
correlations, carried out for both peptides *°N-enriched sample at the fifth proline
proline, also revealed important changes in the complex multiplicity pattern of the

signals corresponding to the proline ring.%’

Solid state NMR (ssNMR) has provided much detail on amyloid fibril structure. A

number of high resolution experiments employing magic angle spinning may be

12



performed using isotopically labelled **C or N peptides.®°! For example, the
peptide KLVFFAE [AB(16-22)] has been found to adopt an antiparallel $-sheet
arrangement through ss NMR,% and isotope-edited FTIR on labelled peptides
(combined with ssNMR) ™ ™ and computer simulation.®® Information on peptide f3-
strand alignment within nanotubes (based on line-shape analysis) was obtained from
sSNMR spsctra obtained from aligned films of labelled variants of the surfactant-like
peptide AsK including measurement of 2H and °*N spectra for peptides labelled with
these isotopes at specific alanine residues provided.”® Homo-nuclear and hetero-
nuclear 2D and 3D NMR spectroscopy enable information on interatomic distances

and torsion angles to be obtained for isotopically labelled peptides in the dried state.%*

95

Hydrogen/deuterium exchange techniques have also been employed to probe
structural changes during amyloid aggregation.®* Information on structural
rearrangements of subsegments of a protein or peptide during folding, unfolding or
fibrillisation cab be obtained from exchange rate measurements. This method has also

been used to provide a 3D structure for the Amyloid B peptide AB42.%

6. X-ray Diffraction

Single crystal x-ray diffraction can be used to obtain the crystal structure of peptides,
although there are relatively few reports on this for aggregating peptides and
lipopeptides due to the difficulty in growing a crystal from a sample in which self-

assembly occurs (in preference to crystal formation). In particular, with a very few

13



exceptions, amyloid peptides and lipopeptides do not crystallize, prohibiting single
crystal X-ray diffraction. This is because fibrillar assemblies are by their nature non-
crystalline, one or two-dimensional arrays with a low degree of molecular ordering.
With careful preparation, it is possible to obtain single crystal XRD patterns from

small amyloid peptide fragments.?" 1%

Fibre diffraction is an alternative to single crystal XRD which is particularly suited to
analyse the structure of peptides which form fibrilla assemblies, including amyloid
peptides, coiled coil peptides, lipopeptide fibrils and peptide nanotubes.

Amyloid peptide fibrils comprise bundles of B-sheets with backbones orthogonal to
the fibre axis, in the so-called “cross-B” structure 1%, Fig.6 shows a high quality
fibre XRD pattern from the PA C1s-GGGRGDS, ! which contains the RGDS cell
adhesion motif (key short peptide motifs such as RDGS have been discussed in a
recent review'%). This is obtained from a stalk dried from a concentrated solution at
the end of a wax-coated capillary.'%” The signature in an X-ray scattering pattern of
the cross-p structure is a 4.7 A meridional reflection corresponding to the spacing
between peptide backbones and at least one equatorial reflection with a d-spacing 8-
14 A which corresponds to the stacking of B sheets. In the case of the pattern in Fig.6
there are additional equatorial reflections. In general, multiple such reflections come
from molecular and B-sheet periodicities (for example the long spacing 52.3 A is
assigned to a bilayer periodicity,*t). Unit cell parameters can be obtained by indexing
cross-p fibre XRD patterns and this can be performed using software such as
CLEARER.'® Fibre XRD is performed on dried films. In one study, the effect of
hydration has been examined. coworkers have examined whether the cross-3 structure

is retained in flow-aligned solution.’® The wide angle X-ray scattering (WAXS)

14



patterns for a peptide and a protein sample subjected to flow-alignment showed the
same pattern as for the corresponding dried samples, indicating that the cross-3
structure is present in solution and is not an artefact caused by dehydration. Fibrils are
other classes of peptides such as those adopting coiled-coil conformations and these

have distinct XRD patterns. ' 111

As mentioned above, fibre XRD is performed on dried samples, in the form of films
or “stalks”, the latter being dried threads of solution. Other methods of alignment
include the use of stretch frames or cryo-loops, the latter producing a dried flat film or

“mat,’.llz

7. Dynamic and Static Light Scattering

In dynamic light scattering (DLS, sometimes known as photon correlation
spectroscopy), analysis of the intensity autocorrelation function of scattered light from
a particle undergoing translational or rotational diffusion enables determination of a
diffusion coefficient, and hence via the Stokes-Einstein equation, the effective

hydrodynamic radius.

Static light scattering (SLS) can be used to obtain the molecular weight of peptide
aggregates and also to provide an indication on particle shape, via measurements of
the angular dependence of the scattered intensity. The angular dependence of the
scattered light from amyloid fibrils in an SLS experiment can provide information on
the conformation of amyloid fibrils, for example whether stiff, flexible or branched.

Murphy and coworkers have applied linear and branched wormlike chain models to

15



describe static light scattering data from AP alone and also from mixtures of A with
AP fragments [including AB(16-20)] 3. They also reported a branched wormlike
chain form factor 1** 114 We have used this method to fit SLS data from Ap fragment

peptide KLVFF %,

Dynamic light scattering has been used to monitor the formation of amyloid
protofilaments and fibrils 118 in the sense that it can distinguish between
monomers, oligomers and larger structures. However, DLS provides the translational
diffusion coefficient based on the assumption of spherical particles (in the case of the
usual Stokes-Einstein) equation.!!® 12° The analysis is more complex for anisotropic
particles since the decay of the correlation function depends on both the rotational and
translational diffusion coefficients.!?! These can be decoupled in depolarized dynamic

light scattering (DDLS).*?

8. Small-Angle Scattering

Small-Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering (SANS)
are powerful complementary techniques to probe the nanostructure of self-assembled
objects such as peptide assemblies. SAXS can be performed in the laboratory or at a
central synchrotron facility, whereas SANS is performed using either a spallation or
nuclear reactor as the source of neutrons. In either technique, the variation of the
scattered intensity with g = 4nsin6/A (20 is the scattering angle and A is the
wavelength) provides information on the interaction between self-assembled objects
via the structure factor, and also on the shape and scattering density profile (from the
form factor). Since X-rays are scattered by electrons, a SAXS form factor depends on

the electron density profile, whereas SANS provides information on the scattering

16



length density profile (this depends on the nuclear scattering factors). In dilute
solution, only form factor scattering is obtained and this is used to obtain the
dimensions of the peptide assembly. SAXS offers the potential for fast time-resolved
measurements and higher throughput measurements. SANS enables contrast variation
measurements using H>0/D>0 mixtures,'?? and longer measurements without the risk
of beam damage of samples (leading to ionisation and molecular dis-assembly) which
can occur with synchrotron SAXS. In our experience on various SAXS and SANS
beamlines, both techniques can be employed for solutions down to around 0.1 wt% (1

mg/ml) although we usually study samples with above 5 mg/ml of peptide.

The SAXS form factor from unaggregated peptide can readily be distinguished from
that of peptide assemblies, as shown through the examples presented in Fig.7. Fig.7b
shows the shape of a monomer form factor, which has been fitted with a so-called
Gaussian coil model to represent the unordered conformation. It has a characteristic
flat shape at low g, curving over at high q. The shape of this form factor can be

contrasted from those of the assembled structures shown in Fig.7.

SAXS data from lipopeptide/peptide micelles has been fitted using a core-shell (two
electron density level) sphere form factor, 17 18 5285 123-125 9 example being shown in
Fig.7d. This figure also shows the influence of the structure factor (solid red line
model fit) which leads to a broad peak at low g. For the spherical micelle case, the
structure factor may be the simple hard-sphere structure factor model as in the fit in

Fig.7d (the corresponding fit parameters are listed in Table 1).

17



For amyloid fibrils, a uniform*? or core-shell*?” cylinder form factor can be used to
fit SAXS or SANS data. A representative fit is shown in Fig.7f. A core-shell model is
generally required since there is usually a contrast difference between the core of the
peptide fibril and the exterior. This is particularly evident for instance in the case of

PEG-peptides with a PEG corona.'?" 18

For nanotapes formed in particular (but not exclusively) by lipopeptides we have
found that a form factor developed for lipid bilayers can successfully be employed.
This so-called Gaussian bilayer form factor comprises three Gaussian functions, one
of which represents the electron density (in the case of SAXS) of the lipid-chain rich
core (negative amplitude), the other two being (positive amplitude) Gaussians
representing the electron density of the charged head-groups (Fig.7g). The
corresponding parameters are shown in Fig.8 and the form factor equations and
definitions can be found in the original paper where this form factor was reported,*?

or our recent papers utilising this form factor.® 1% 130

We have extensively used the software SASfit 23 to fit form factor data from
amphiphilic peptide assemblies. The software includes many different form factors
including those described above and many others, and it also has a powerful least-
squares fitting algorithm. Other data to fit SAS data is available including
SASView,® and GENFIT® or FISH (SANS specific).** In addition, software is
available to calculate SAS profiles from pdb files (which can be constructed or
generated from simulations of peptide assemblies) including Crysol***/Cryson (x-ray
and neutron versions) available within the ATSAS SAS data analysis and modelling

package'® and FoXS.1" 138 and others.**

18



The remarkable assembly of amphiphilic peptides into nanotubes has also been
observed, and data have been fitted with corresponding form factors (e.g. Fig.6j).1%"
140, 141 If the nanotube radius R >> t, where t is the tube wall thickness (e.g. of a
bilayer) then the Gaussian bilayer form factor used above can be used to fit the high q

part of the small-angle scattering data.'*?

Further information on peptide samples that either exhibit the formation of lyotropic
liquid crystal phases (e.g. nematic, hexagonal-packed cylinder or lamellar) or which
align under shear flow, can be obtained through small-angle scattering. At most
synchrotron SAXS beamlines (and on many lab instruments) and SANS instruments
the data is measured on a 2-dimensional area detector and it is straightforward to
check the original SAXS or SANS pattern (before reduction to 1-dimensional
intensity profiles) to check for sample alignment which is manifested in anisotropy in
the SAS pattern. In some cases, spontaneous alignment of the sample is observed. We
have noted this phenomenon with several peptide and lipopeptide samples (forming
aligning fibril or nanotube structures) when flowing them through a capillary at SAXS
and BioSAXS beamlines (see for example, ref.1*?). However, orientation is best
studied under precisely defined flow conditions such as steady shear (with a Couette
cell for example, Fig.9) or with simultaneous rheology and SAXS or SANS
(rheoSAXS or rheoSANS). Representative SANS data obtained for a peptide
nanotube solution in a commercial rheometer are shown in Fig.10.1* The SANS

pattern (here the data corresponding to the radial configuration in Fig.9 is shown)

19



develops anisotropy under steady shear, although this is lost upon cessation of shear

(i.e. this sample only aligns under flow).

9. Electron Microscopy and Scanning Probe Microscopy

These methods provide direct imaging of peptide fibrils. Atomic force microscopy
(AFM) which is a scanning probe microscopy provides images at the surface. To
date,the method has mainly been used to image fibrils from solutions dried onto
planar solid substrates such as mica. The use of AFM to study amyloid fibrils has
been reviewed.** Recent developments include sophisticated analysis software which
can be used to quantify the properties of amyloid fibrils including conformation,
stiffness, orientation etc.*4146 Measurement of fiber mechanical properties using peak
force microscopy with an AFM instrument has now yielded values of the elastic
modulus for many amyloid fibril systems.'*3 4’ Fig.11 shows a nice example of AFM
height images taken during the aggregation process of an Ap peptide-based fragment
based peptide which forms twisted tapes, then ribbons and then finally, after low

temperature incubation, nanotubes.#

There are two main types of electron microscopy. Conventional transmission electron
microscopy (TEM) is performed on dried films on carbon grids (these are usually
stained with heavy-metal containing compounds to enhance contrast). Scanning
electron microscopy (SEM) is used to image surfaces of pieces of a sample, most
typically prepared by drying, although frozen or partially hydrated specimens can be
imaged by cryo-SEM or environmental SEM (ESEM) respectively. Cryogenic

techniques in cryogenic-TEM involve cooling the sample to -187 °C in liquid ethane
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to vitrify the aqueous phase. This technique avoids artefacts caused by slow drying,
exemplified by images for Ap fragment peptide KLVFF — cryo-TEM clearly shows
extended fibril structures which were not observed in conventional TEM.% In our
experience, cryo-TEM is the best imaging technique for amphiphilic peptide
nanostructures. Reviews of the topic are available.***!° Fig.12 shows representative

cryo-TEM images from different classes of peptide nanostructures.

In our opinion, SEM images should be interpreted with a degree of scepticism since a
“fibrillar network” morphology is observed for many peptide structures on the micron
lengthscale which is not related to the individual nanostructure elements such as
fibrils with 1-10 nm diameters, which can be resolved using (cryo)TEM or AFM.
Fig.13 shows a representative cryo-SEM image of nanotapes formed by self-assembly

of a B-sheet —forming peptide.

In some cases, amphiphilic peptide assemblies such as fibrils or nanotapes are large

enough to be imaged by optical microscopy — see for example ref. *°

10. Analytical Ultracentrifugation

Analytical ultracentrifugation involves centrifuging a peptide solution at very high
rotation speeds (angular accelerations ~10,000s of g) in order to determine the
distribution of species, monomers and oligomers, present in a sample.2®> 3 This can
be used for example to analyse the formation of coiled coils®® 1> or small amyloid
oligomers.™®>%" The sedimentation coefficient can be obtained and, with an estimate
for the frictional ratio which accounts for the deviation from spherical shape of the

particles, this can be used to obtain molar masses for the species present. AUC can be
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used for species with molar masses in the range from 100 Da up to megadaltons. The

data is processed using software such as SEDFIT.%®

11. Gel Characterization Methods

A large number peptides will form hydrogels under appropriate conditions
(sufficiently high concentration, adjustment of pH etc), especially under conditions
where fibril formation is favoured. These hydrogels are useful in the development of
peptide-based biomaterials such as scaffolds for cell growth and differentiation or as
slow release systems.'*® Peptide-based molecules are also capable to act as
organogelators with applications in oil/pollutant recovery and catalysis, among

others,160. 161

Rheology refers to the study of the flow properties of materials. It is a powerful
technique to investigate the dynamic mechanical behaviour of peptide materials, in
particular to measure the ridigity of peptide gels. The most common type of
experiment to characterize peptide gels is to measure the dynamic shear moduli in
controlled stress or controlled strain shear rheometer. The gel is typically placed in a
cone-and-plate or plate-plate geometry and subjected to oscillatory shear or strain.
The frequency-dependent measurements provide the dynamic elastic shear modulus,
G, and the dynamic loss shear modulus, G”. The measurements are performed in the
linear viscoelastic regime, which is identified by first performing a stress or strain
sweep to identify a stress or strain value within the range where the moduli (at a fixed
frequency) do not depend on the stress or strain (typically the highest value in the

range, to minimize noise on the measured data). Figure 14 shows typical frequency-
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dependent modulus data for two samples of peptide amphiphiles. The PA Cge-
GGGRGD forms a stiff hydrogel which is characterized by G’ > G” with both
moduli largely independent of frequency. In contrast, the PA C1e-GGGRGDS does
not form a hydrogel, the strong frequency dependence of the moduli and the fact that

by G” > G’ are both properties that are characteristic of a liquid.1%? 162

Gels are sample-spanning networks. In the case of peptides, gels are often formed
from entangled fibrils. The structure is best determined by in situ small-angle
scattering measurements. Imaging of gel morphology is typically carried out using
SEM or cryo-SEM (remembering the note of caution mentioned above about
interpretation of SEM images).1®® Samples for TEM, cryo-TEM or AFM must be
diluted in order to cover the grid or surface, and of course this disrupts the gel

structure.

Summary

In summary, a variety of methods are available to investigate the self-assembly of
amphiphilic peptides. Often it is first of interest to determine the critical aggregation
concentration, if present, from concentration-dependent fluorescent probe intensity
measurements. Then spectroscopic methods can be used to probe molecular
conformation (NMR), chiral ordering (CD), and hydrogen bonding (FTIR).
Molecular packing can be studied using fibre XRD which is appropriate to the typical
extended fibrillar and tape structures formed by -sheet amphiphilic peptide

assemblies. Small-angle scattering provides in situ techniques to determine the
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morphology and dimensions and scattering density profile of self-assembled
structures. We generally complement SAXS or SANS data with cryo-TEM images or
AFM images to provide a comprehensive characterization of nanostructure. Gels are
often fibrillary structures, which can be imaged by SEM and their mechanical

properties are measured via shear rheology.
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Fig.1. Molecular structure of fluorescent probe dyes mentioned in the text, used to

stain peptide structures or in assays of aggregation.
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forming peptides using different fluorescent probes: (a) ANS fluorescence for NH»-
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Fig.3. Congo red staining of B-sheet “amyloid” fibrils formed by lipopeptide Cie-

YEALRVANEVTLN.®

33



~~
Q
N
~~~
o)
o —

T T T T 5
. 15 o Omin
o r a4 20min
£ p <0
2 10 3
e £
O i < 5
o 5f § p—
(0} o ~
m\ 0 & 10 ——
o) % —
2 % —
X 5 () —
— 15 A
2, —
-10
1 1 1 1
180 200 220 240 260 280 W e i e s
Wavelength / nm Wavelength, nm

Fig.4. Representative peptide CD spectra from different secondary structures. (a) CD
spectra showing transition from a-helix (black squares) to B-sheet (blue diamonds) during
annealing of peptide PYY11 at pH 8.47 and 2 wt% at 56 °C. Adapted from ref.}’ (b)
Contrasting CD spectra for PPII (magenta, grey and orange family of curves) and
disordered conformations (other curves) from 2 wt% solutions of the indicated

lipopeptides.*’
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Fig.5. Partial '"H NMR spectra of surfactant-like peptides PsE and P¢K (0.1% w/w, pH

7) at 25 °C and 80 °C.¥’
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Fig.6. Fibre XRD pattern obtained from a dried stalk of lipopeptide C1e-GGGRGDS

with reflections indexed as indicated.'!

36



=
U

Intensity / arb. units
-
5

=
5]

,_\
53

H
2

Intensity/ arb. units
=
5

o
5}

o
s
-

10°F (f)

Intensity / arb. units

q/nm*

Intensity / arb. units
N
o

)

B
QU QS

Intensity / arb. units

e
ov—\

.
oc

ql nm*

Fig.7. Examples of fitted SAXS data: (a) Gaussian coil representing a monomeric
peptide, (b) SAXS data for a 1 wt% aqueous solution of PsE (open symbols) with fit
to Gaussian coil form factor (red line),?* (c) Sketch of core-shell spherical micelle, (d)
SAXS data from a 1 wt% solution of lipopeptide C16CSK4sRGDS with fit to core-shell
micelle form factor (dashed red line, fit parameters in Table S1) and also allowing for
structure factor (solid red line) (e) Schematic of core-shell cylinder, (f) SAXS data for
a 1 wt% aqueous solution of A¢R (open symbols) with fit to core-shell cylinder form
factor (red line),** (g) Schematic of a bilayer with superposed electron density profile
represented by bilayer Gaussian model (three Gaussian representation), with large dip
in the lipid interior (blue lamella) and positive relative electron density in the peptide
headgroup regions (red domains), (h) SAXS data for an 0.5 wt% aqueous solution of
lipopeptide C16-YEALRVANEVTLN (open symbols) with Gaussian bilayer form
factor fit,*’ (i) Schematic of a nanotube, (j) SAXS data for an 1 wt% aqueous solution
of lipopeptide C16-KKFFVLK (open symbols) with nanotube (i.e. hollow cylindrical
shell) + Gaussian bilayer (to account for electron density cross-section across the
nanotube wall) form factor fit.142
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Fig.8. Detailed parameterization of electron density profile across a bilayer (e.g.
lipopeptide bilayer), parameterized using three Gaussian functions. Here py and pc
denote the electron density of the headgroup and hydrophobic core respectively and
on and oc are the widths of the corresponding Gaussian functions, Zy is the offset

distance of the Gaussians representing the headgroup densities.!
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Fig.9. Definitions of Couette geometry and shear axes.**
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Fig.10. SANS patterns obtained from a 1 wt% solution of RFL4FR in D20 in the

radial configuration.'* (i) Zero shear (ii) under shear at y = 100 s, (iii) under shear

at » =1000 s, (iv) Following shear at y = 1000 s%. The shear direction is horizontal

and the intensity scale is logarithmic.
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10 min 10 hr 24 hour 28 day

Fig.11. Bottom: AFM height images during the time-dependent aggregation of
peptide CH3CONH-BABAKLVFF-CONH: during incubation at 25 °C. After 10 min
small oligomers are observed, after 10 hr nucleation of protofilaments is evident, but
after 24 hr twisted tapes and helical ribbons are formed. Finally, after 28 days of
incubation at 4 °C. Top: schematic of the corresponding structures. Adapted from

ref 148
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Fig.12. Representative cryo-TEM images from different classes of peptide
nanostructures. (a) Spherical micelles in a 0.5 wt% solution of C16-CSK4RGDS, (b),
fibrils formed in a 0.5 wt% solution of lipopeptide PYY17 at pH 8. (c) Twisted tapes

formed in a 2 wt% solution of peptide GNNDESNISFKEK, (d) Nanotubes formed in

a 1 wt% solution of C1s-KKFFVLK.
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Fig.13. SEM image of a fibril hydrogel of lipopeptide C14-YEALRVANEVTLN

(prepared from 1 wt% sample).*°
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Fig. 14. Dynamic shear moduli measured for 2 wt% samples of peptide amphiphiles

PA 1 C15-GGGRGD and PA 2 C1-GGGRGDS. ™
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Table 1. SAXS Fit Parameters for Fig.7d.

\W R/ AR/ R/ u n BG Rhs fo
Sample nm nm nm

C16CSK4RGDS | 2.32 | 0.76 |1.36 | - 0.193 | 145 |590 |0.074

1% 0.745

Key. FORM FACTOR PARAMETERS: R: outer radius, AR: polydispersity (Gaussian
half width) in R, Rz: inner radius, u: relative scattering contrast (electron density) of
core, n: scattering constrast of shell, BG: background. STRUCTURE FACTOR

PARAMETERS: Rhs: hard sphere radius, f, = volume fraction of hard spheres.
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