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ABSTRACT

Peptide therapeutics have the potential to self-associate, leading to aggregation and
fibrillation. Non-covalent PEGylation offers a strategy to improve their physical stability; an
understanding of the behaviour of the resulting polymer:peptide complexes is, however,
required. In this study we have performed a set of experiment with additional mechanistic
insight provided by in silico simulations to characterise the molecular organisation of these
complexes. We used palmitoylated vasoactive intestinal peptide (VIP-palm) stabilized by
methoxy-poly(ethylene  glycol)skpa-cholane (PEG-cholane) as our model system.
Homogeneous supramolecular assemblies were found only when complexes of PEG-
cholane:VIP-palm exceeded a molar ratio of 2:1; at and above this ratio the simulations
showed minimal exposure of VIP-palm to the solvent. Supra-molecular assemblies formed,
composed of, on average, 9-11 PEG-cholane:VIP-palm complexes with 2:1 stoichiometry.
Our in silico results showed the structural content of helical conformation in VIP-palm
increases when it is complexed with the PEG-cholane molecule; this behaviour becomes yet
more pronounced when these complexes assemble into larger supra-molecular assemblies.
Our experimental results support this: the extent to which VIP-palm loses helical structure as
a result of thermal denaturation was inversely related to the PEG-cholane:VIP-palm molar
ratio. The addition of divalent buffer species and increasing the ionic strength of the solution
both accelerate the formation of VIP-palm fibrils, which was partially and fully suppressed
by 2 and >4 mole equivalents of PEG-cholane, respectively. We conclude that the relative
freedom of the VIP-palm backbone to adopt non-helical conformations is a key step in the

aggregation pathway.
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INTRODUCTION

The number of protein and peptide based drug therapies (biopharmaceuticals), particularly
monoclonal antibodies, has increased markedly over the last 20 years; a considerable number
of peptide therapeutics have already been approved by the US Food and Drug
Administration, with around 140 candidates are currently in clinical trials." > In comparison
to small drug molecules, peptide therapeutics offer the advantage of high bioselectivity and
are often targeted to metabolic diseases. Their development, however, is often hampered by
their physical, chemical and enzymatic instability in addition to rapid clearance and low
bioavailability.> Biopharmaceutical products usually require at least 18-24 months shelf-life,
which can be challenging to achieve.* For example, recombinant human (rh) interferon (INF)
B-1b and a-2b, some monoclonal antibodies (mAbs), th growth hormone (thGH) and rh
insulin, undergo spontaneous denaturation and degradation if downstream processing,
formulation, shipping and storage are not properly optimized.’ Protein structural instability
often yields increased B-sheet content leading to amorphous or fibrillar aggregates,® with
consequent reduction in activity, bioavailability and, in the worst case, increased toxicity.”®

Protein and peptide structural rearrangement into ordered 3-dimensional fibrils® '* has been
observed in vitro and in vivo, the latter being etiologically correlated to the development and
progression of neurodegenerative diseases including Alzheimer’s and Parkinson’s diseases.'!"
12

Strategies developed to enhance the stability of proteinaceous drugs include chemical
modifications either by genetic manipulation of the protein sequence'® or by post-translation
manipulation including lipidation, glycosylation or chemical (covalent) conjugation with
hydrophilic polymers such as poly(ethylene glycol) (PEG).'* !> Nevertheless, these strategies
may reduce activity of the peptide therapeutic or worsen its physico-chemical properties for

downstream processing, formulation and delivery.'®



Achieving the desired shelf-life of a peptide/protein with poor physico-chemical stability
can be achieved with judicious selection of excipients such as amino acids, sugars, buffer/pH
and ionic strength.!” '® Additionally, non-ionic surfactants are added to prevent surface
adsorption-induced denaturation and concomitant aggregation, although these can themselves
occasionally bind proteins in the unfolded state.® Self-assembling amphiphilic
macromolecules are known to physically associate with several therapeutic proteins via
electrostatic and/or hydrophobic interactions.'® 2 This phenomenon has been exploited in the
design of amphiphilic polymers (methoxy-PEGs bearing a terminal cholanic moiety) to
formulate rhGH for improved pharmacokinetics and pharmacodynamics.?!:2?

This gives rise to the principle of non-covalent (physical) PEGylation of lipidated peptides,
in which the hydrophobic moiety of the amphiphilic polymer is anticipated to interact with
the acyl chain, leaving the PEG moiety aqueously solvated. Note that lipidation is not
employed to solely facilitate physical PEGylation of the peptide but as a common strategy to
increase the in vivo half-life of therapeutic peptides via binding to the hydrophobic pockets of
human serum albumin (HSA), examples being liraglutide and detemir.?* Physical PEGylation
can have advantages over chemical PEGylation where covalent conjugation of the peptide
therapeutic attenuates target binding affinity through steric inhibition and/or associated
structural changes.* Furthermore, physical PEGylation can circumvent the need for
additional, possibly complex chemistry, or the introduction of amino acids conducive to
conjugation (e.g. lysine).?

A recent study has also highlighted that lipidation can accelerate the formation of peptide
fibrils in bulk solution, at least for insulin under acidic conditions and elevated
temperatures.?® This is interesting since our previous work with a palmitoylated vasoactive
intestinal peptide mutant (‘“VIP-palm’) observed that the gelation of concentrated samples

was induced by acidic conditions in the absence of methoxy-PEGskpa-cholane (‘PEG-



cholane’).?” Since gelation of concentrated peptide solutions is generally indicative of the
presence of peptide fibrils, the mechanism by which physical PEGylation apparently
attenuates the aggregation/fibrillation process is worthy of further study. Fibrillation is a
multi-step process of amyloidogenic peptides that is usually defined by a sigmoidal kinetic: a
‘lag’ phase preceding a steep transition zone, the ‘elongation’ phase, followed by the
‘plateau’ phase. During the lag phase, the peptide undergoes structural alteration with an
increase in B-structure and formation of ordered clusters®® that nucleate elongated fibrils
without ramification (primary fibrillation) and the branching of fibrils (secondary
fibrillation). Fibrillation can affect peptide bioavailability, efficacy and toxicity.?

In the context of formulation, excipient (PEG-cholane) control of VIP-palm
aggregation/fibrillation is not only relevant to its development as a potential therapeutic’!*
but also to the structurally related glucagon/secretin superfamily, which includes lipidated
peptide drugs in the clinic, e.g. semaglutide, liraglutide. Thus, this work aims to elucidate at
the molecular level how the amphiphilic polymer PEG-cholane forms well-defined
assemblies with VIP-palm that can inhibit its aggregation and fibrillation. An understanding
of the aggregation behaviour of the supramolecular assemblies will be derived from a
combination of in silico modelling and analytical data, and will refer to previous data®’
showing that PEG-cholane bound VIP-palm with a 2:1 molar ratio at the acyl chain (K
~3.5x10* M), increasing aqueous solubility (5000-fold at pH 7.4) and stability under
accelerated storage (25 °C, 30 d), recovering a-helical conformation at pH 7.4, and
significantly prolonging peptide concentration in the rat systemic circulation (0.1 mg/kg,
subcutaneous administration). A molecular model of this PEG-cholane:VIP-palm assembly
will provide insight to the ordered aggregation of peptides and a basis from which to exploit

PEG-cholane as a multi-functional excipient for the formulation of lipidated peptide

therapeutics.



MATERIALS AND METHODS

VIP harbouring the substitution of Trp for Ser 25 and palmitoylated via an amide linkage to
the side chain of lysine 20 (H2N-HSDAVFTDNYTRLRKQMAV-K(Palm)-KYLNWILN-
CO-NHy), termed ‘VIP-palm’, was synthesized by solid phase peptide synthesis (CPC Inc.,
Sunnyvale, CA, USA). Cholane conjugated to 5 kDa methoxy-polyethylene glycol, termed

‘PEG-cholane’, was synthesized according to a method reported elsewhere.?!

Asymmetrical Flow Field Flow Fractionation

VIP-palm and PEG-cholane: VIP-palm solutions in 5 mM sodium acetate buffer, pH 5.0, or
5 mM sodium acetate buffer, 140 mM NaCl, pH 5.0, were prepared by adding 80 uL of
10 mg/mL VIP-palm stock solution to 320 pL of buffer or to 320 uL of PEG-cholane
solutions in order to yield 2 mg/mL VIP-palm and 0:1-6:1 PEG-cholane:VIP-palm molar
ratios. PEG-cholane:VIP-palm samples were also prepared using 20 mM sodium phosphate,
140 mM NaCl buffer, pH 7.4 in place of the acetate buffer.

The samples were analysed using a Wyatt Eclipse AF4 instrument (Santa Barbara, CA,
USA), equipped with a Superon PES membrane (MWCO 1 kDa), an Dual Tech Eclipse
Separation System, a Wyatt Dawn Heleos-11 light scattering detector, a Wyatt Optilab T-Rex
IR detector. Two Agilent 1100 series pumps ran the system at a 2 mL/min cross-flow at the
separation membrane. Five uL of each sample were injected immediately after generation in
the system that was equilibrated at 25 °C with the same buffer of the sample. The results were
analysed with an Agilent Chemstation and Astra 6.1 software. A Debye plot (K*c/R(®)
plotted against sin2(® /2), where ¢ = concentration, ® = scattering angle, K = optical
constant, R(®) = Rayleigh ratio) using Zimm formalism was produced for each data
collection point in a defined region of the chromatogram (the elution peak) and the values

(intercept and slope) averaged to evaluate mass.



Simulation of VIP-palm:PEG-cholane association

Peptide model. The initial structure for the VIP-palm was obtained from the available NMR
structure in the PDB database:** PDB id:2RRH.>® The peptide structure was then edited using
UCSF Chimera.’® The obtained VIP(Trp25) peptide structure was then palmitoylated using
the CHARMM-GUI server.>’” The OPLS-AA forcefield parameter set was used to simulate
VIP-palm. The protonation state for the peptide at pH 5 was obtained using the pdb2gmx
tool, found in Gromacs.*®

Polymer model. The EG-cholane model was built using the OPLS-AA parameter set. We
used models developed in previous studies for the 5 kDa PEG-segment® ** and the model of
the cholane group was built from our model of cholesterol used in previous studies.*!:*?

MD Simulation and parameters. In total, 10 systems were simulated as shown in Table S2.
All systems were simulated for 0.6 ps, with the exception of systems 9 and 10; for these
systems, the first 100 ns were considered as equilibration time. Due to the large simulation
system size, for the case of systems 9 and 10, simulations were performed for 1 us and first
0.5 us was considered as equilibration time; thus all analyses were performed on the final 0.5
us of the simulation run.

The molecular dynamics simulations were conducted under constant pressure (1 Bar)
conditions, controlled through a Parrinello-Rahman barostat*® using a semi-isotropic pressure
scheme. The temperature (310 K) was controlled using the Nose-Hoover thermostat.** The
temperatures of the solute and solvent were controlled independently. For water we used the
TIP3 water model.*® Periodic boundary conditions with the usual minimum image convention
were used in all three directions. In order to preserve the covalent bond lengths, the linear

constraint solver (LINCS) algorithm*® was employed and a 2 fs time step was used in all

simulations. The Lennard-Jones Interactions were cut off at 1.0 nm, for the electrostatic



interactions we employed the particle mesh Ewald method.*” All error bars were calculated
using the block method.*® All simulations were performed with Gromacs software 4.6.7% and
all visualizations were performed using VMD software.*® All analysis was performed using
the standard analysis tools available in Gromacs as well as previously developed in-house

protocols (for solvent accessible surface area analysis).>

Dynamic Light Scattering

VIP-palm alone and PEG-cholane:VIP-palm molar ratios of 2:1, 4:1, 6:1 (2 mg/mL VIP-
palm) were prepared in 5 mM sodium acetate buffer, pH 5.0, or in 5 mM sodium succinate
buffer at pH 5.0, or the same buffers with 140 mM NaCl. Samples were analysed by
Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano S Photon Correlation
Spectrometer. The samples were equilibrated at 25 °C for 300 seconds before analyses. The
size of the complexes was derived as number, volume and intensity. Since the particles
measured were << 300 nm, volume and number distributions were calculated from the
intensity distribution assuming a population of spherical, isotropic particles, this was
considered reasonable since the incubation time and temperature excluded the generation of

fibrils in the samples.

Circular Dichroism

VIP-palm alone and PEG-cholane:VIP-palm molar ratios of 2:1, 4:1, 6:1 (13.6 uM VIP-
palm) were prepared in 5 mM sodium phosphate buffer, 140 mM NaF, pH 5.0. Samples were
analysed by Circular Dichroism (CD) in the far UV (195-260 nm) in the temperature range
25 to 85°C and back to 25 °C at 1°C/min step increase, using a J-810 Jasco
spectropolarimeter (Tokyo, Japan) and a quartz cuvette with 0.1 cm path-length. The average

of three accumulations was elaborated for data analysis. The CD spectra of free VIP-palm



and of the PEG-cholane:VIP-palm complexes were background corrected for signal
generated by the buffer or the PEG-cholane solutions. The CD spectra were plotted as molar
circular dichroism (Aeg) (L-mol™?-cm™) vs wavelength and the secondary structure content of
the VIP-palm was calculated using ‘CDNN’ software by Gerald Béhm. The VIP-palm
melting temperature was obtained by the molar ellipticity at 222 nm vs temperature plot.>
NaF was used in place of NaCl since the latter absorbs light in the far UV region thus

interfering with the CD signal.>

Fibrillation studies

VIP-palm alone (0.5, 1 or 2 mg/mL) and PEG-cholane:VIP-palm at molar ratios of 2:1, 4:1
and 6.1 (2 mg/mL VIP-palm) were prepared in 5 mM sodium succinate buffer at pH 5.0 and
7.4, or 5 mM sodium acetate at pH 5.0 and 7.4, with and without 140 mM NaCl, or 5 mM
sodium phosphate, 140 mM NaCl, pH 7.4, for the fibrillation assay by adding 0.16 mg/mL
Thioflavin T (ThT) solution in deionized water to yield a 50 pM ThT final concentration.>°
The samples (200 pL) were placed in a Corning 96-well half bottom plate (Corning 3381,
Flintshire, United Kingdom), sealed with a Costar aluminium foil and incubated at 25, 37 and
50 °C, without agitation. Every 35 minutes for 92 hours the samples underwent fluorescence
analysis using a Viktor X3 (Perkin Elmer Italia - MI) plate reader (hex 440 nm, Aem 480 NM).
The data were analysed using WorkOut 2.5 and GraphPad Prism 4.0 software, applying least
squares fitting method and the following equation to derive the fibrillation ‘lag time’:

Y =yo + yf/ (1 +exp(- (t - to)*K))

where Y is the detected fluorescence, yo is the fluorescence at time 0, K is the apparent rate
constant for the growth of fibril corresponding to 1/t.5¢ The lag time was derived from to and
K as follows:

Lag time =to - (2/K) =10 - 21



Transmission Electron Microscopy (TEM)

VIP-palm and PEG-cholane: VIP-palm at molar ratios of 2:1, 4:1, 6:1 (2 mg/mL VIP-palm)
were prepared in 5 mM sodium acetate, with and without 140 mM NacCl buffer or in 5 mM
succinate buffer, with and without 140 mM NacCl, pH 5.0. The samples were incubated for 67
h at 37 °C, without agitation and then transferred on copper grids (400 mesh), stained with a
1% wi/v uranyl acetate solution and covered with a punctate carbon layer. The samples were

analysed by TEM in negative staining mode using a Tecnai G2 microscope (FEI).

RESULTS AND DISCUSSION

Excess polymer drives ordered, homogenous supramolecular assemblies that retain
peptide stability

DLS was performed to assess the hydrodynamic diameter (‘size’) of VIP-palm complexed
with PEG-cholane, under different conditions of buffer, pH, ionic strength and molar ratios.
Succinate, phosphate and acetate salts were chosen to buffer from the neutral to mildly acidic
pH range, with and without 140 mM NacCl to investigate the effect of ionic strength. Due to
poor solubility, VIP-palm was analysed at pH 5.0, while PEG-cholane: VIP-palm molar ratios
of 2:1, 4:1 and 6:1 were analysed at pH 5.0 and 7.4. Figure 1 shows that free VIP-palm in low
ionic strength buffer, pH 5, self-assembled into small colloidal particles ca. 3-4 nm in
diameter. The size of the peptide colloids increased to ca. 7-8 nm when 140 mM NaCl was
added, reflecting a salting-out mechanism. This implies that the colloids may exist as peptide
‘micelles’ whose size is driven by a balance between electrostatic repulsion (attenuated by
salt induced ‘charge shielding”) and weak van der Waals forces between the acyl moieties
and aliphatic amino acid side chains. The particles observed 300 sec after the peptide was

dissolved in water may correspond to self-assembled systems. As discussed further and

10



according to ThT and TEM results, these aggregates are not yet fibrils which are formed

with at least 4 hours lag time after dissolution.
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Figure 1. Hydrodynamic diameters (‘size’) of PEG-cholane:VIP-palm complexes at 0.5:1
(=), 1:1 (m), 2:1 (m), 4:1 (m) and 6:1 (m) molar ratios, compared to VIP-palm alone (m), in (A)
5 mM acetate (solid fill) and 5 mM acetate, 140 mM NaCl (striped fill), and (B) 5 mM
succinate (solid fill) and 5 mM succinate, 140 mM NaCl (striped fill), at pH 5.0, 25 °C, after

300 s incubation. VIP-palm concentration in all samples: 2 mg/mL.

Complexation of VIP-palm with PEG-cholane at stoichiometries of 2:1 and above
generated a particle consistently above 10 nm diameter (Figure 1). The statistically
significant change in particle size between free and complexed peptide implies that VIP-palm

was completely associated with PEG-cholane, which was further proved by A4F analysis.
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Particles with a size below 10 nm were not detected, which may account for the association
of VIP-palm with PEG-cholane. However, it should be pointed out that lower sensitivity of
DLS occurs for small particles when large size populations are present in the sample, which
may result in the underestimation of the former. However, A4F analysis showed that a
negligible amount of free peptide was detected (peak at 9 minutes in Figure 2A and B), which
accounts for a shift of equilibrium toward peptide association with PEG-cholane under the
experimental conditions, namely polymer:peptide ratios. In acetate buffer, in the range of 0:1-
2:1 polymer:peptide molar ratio, an increase of size was observed increasing the PEG-
cholane:VIP-palm molar ratios and for the addition of NaCl. Above 2:1 PEG-cholane:VIP-
palm molar ratio no statistically significant effect on particle size was observed either
increasing the polymer:protein molar ratio or the salt addition. In the case of succinate or
phosphate buffers (Figure S1) the size increase due to the increase of polymer:protein molar
ratio and salt addition were strongly attenuated and no or negligible statistically significant
differences were observed in the rank series. The statistically insignificant differences in size
observed by DLS for increasing PEG-cholane:VIP-palm ratios above 2:1 polymer:peptide
molar ratios in acetate buffer with/without 140 mM NaCl (Figure 1A) are consistent with the
overlap in elution times for the same systems observed by AF4-MALS (Figure 2D). Results
for PEG-cholane alone showed a particle size of 16.0 + 0.5 nm, corresponding to the micellar
structure of this amphiphilic polymer. The small differences between the particle size for
PEG-cholane and the PEG-cholane: VIP-palm complexes can be hypothesized as being due to
the extent of hydration of the free PEG chains and their association with the peptide surface.
Further insight into the specific nature of the structure at molecular level of the PEG-
cholane:VIP-palm complex is, however, difficult to ascertain through experimental tools
alone; we have used computational molecular modelling to obtain insight into this that

complements our experimental results and these results are discussed later.

12



Asymmetrical Flow Field Flow Fractionation with Multi-Angle Light Scattering (AF4-
MALS) analyses of the PEG-cholane:VIP-palm complexes was performed to assess their
average molecular weight (‘mass’) and so provide insight to the composition of the

supramolecular assembly.””> 38

In contrast to high performance size exclusion
chromatography, AF4 is performed under low shear conditions, minimizing possible
supramolecular disassembly and so facilitating determination of the equilibrium state in bulk
solution.”” % Samples were analysed by AF4-MALS under the same solution conditions as
for analysis by DLS, with the exception that succinate buffer was omitted since it is not
compatible with the AF4 system.

Figure 2A shows that, in the absence of NaCl, free VIP-palm was eluted earlier than the
PEG-cholane:VIP-palm complexes. This confirms that VIP-palm was completely associated
with PEG-cholane, in agreement with the DLS data. The elution time of the PEG-
cholane:VIP-palm complex increased with its molar ratio, indicating a likewise increase in
the mass of the supramolecular assemblies. Similar results were obtained in the presence of
NaCl (Figure 2B). Here, elution times of free and complexed VIP-palm were consistently
later with respect to samples in the absence of NaCl, albeit that elution times tended to merge
approaching a PEG-cholane:VIP-palm stoichiometry of 6:1 (Figure 2D). Therefore, the
differences in elution times are consistent with the significant difference in particle size
recorded by DLS for the free peptide and, to a lesser extent, the polymer:peptide complexes
in the presence and absence of NaCl (Figure 1A). Together, these data imply that high ionic
strength buffer causes a change in the molecular mass and hydrodynamic diameter of the
aggregated peptide and polymer:peptide assemblies, described further below.

The distribution of the measured masses of the assemblies under each elution peak were
deduced as described in the Methods; this permits determination of the homogeneity of the

supramolecular mass in each sample (insets, Figure 2A and B). Accordingly, heterogeneous

13



assemblies were found for PEG-cholane:VIP-palm molar ratios < 2:1. Under these
conditions, PEG-cholane cannot saturate the solvent exposed hydrophobic moieties of the
peptide (aliphatic amino acid side chains and the palmitoyl) which are therefore free to
variously self-assemble with broad stoichiometry, yielding heterogeneous supramolecular
aggregates. In contrast, homogeneous mass populations were obtained for samples containing
a PEG-cholane:VIP-palm molar ratio of > 2:1; the mass being equivalent to 9 to 11 individual
complexes (2 PEG-cholane molecules and 1 VIP-palm molecule) in the absence and presence
of NaCl, respectively (Table 1). The change in nature of the PEG-cholane:VIP-palm
complexes at a 2:1 stoichiometry observed by AF4 is consistent with previously reported
calorimetric binding isotherms of PEG-cholane to VIP-palm ’.

Above 2:1 molar ratio of PEG-cholane:VIP-palm in the presence or absence of NaCl, an
increase in mass is observed and the elution time tends to a plateau corresponding to a
maximum supramolecular mass of about 300 kDa. These trends are in reasonable agreement
with the trends observed for complex size in the DLS data, which albeit show a greater
distinction for the presence/absence of NaCl in acetate buffer (Figure 1A). Peptide alone and
in low polymer:peptide molar ratio (PEG-cholane:VIP-palm 0.5:1) is observed by AF4-
MALS to generate colloidal particles with the smallest hydrodynamic diameter (lowest
elution times) while simultaneously having a higher molar mass (Figure 2 A/B); this reflects
a higher density of the colloidal particles formed at very low PEG-cholane:VIP-palm molar
ratio compared to particles formed at high polymer:peptide molar ratios. An interpretation of
the trends in mass observed by AF4 should first consider the inherent propensity of VIP-palm
to self-assemble, which likely continues to drive the relatively rapid increase in mass of
heterogeneous supramolecular assemblies until the PEG-cholane molar excess reaches 2-fold
that of the peptide. An excess of PEG-cholane beyond 2 molar equivalents of VIP-palm is

associated with a small increase in mass to plateau; this steady state is associated with

14



homogenous supramolecular assemblies equivalent in mass to 10 = 1 PEG-cholane:VIP-palm

(2:1) complexes dependent on ionic strength. This small increase in mass suggests that, rather

than a further increase in the number of PEG-cholane:VIP-palm complexes associated with

each assembly, an excess of free PEG-cholane associates with the assemblies. Thus, while

the AF4-MALS data proposes a model of each supramolecular assembly wherein a

reasonably defined number of PEG-cholane:VIP-palm (2:1) complexes exist, we sought

further information by in silico modelling to support this interpretation.
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140 mM NaCl, pH 7.4 (C). Insets show the calculated mass of the supramolecular assemblies
under each peak. D: elution time profile of the peaks attributed to PEG-cholane:VIP-palm
complexes in 5 mM acetate, pH 5.0 (®), 5 mM acetate, 140 mM NaCl, pH 5.0 (¢) and in 5

mM phosphate, 140 NaCl, pH 7.4 (e). VIP-palm concentration in all samples: 2 mg/mL.

Figure 2 C and D show similar results for the change in mass obtained under
physiological conditions (phosphate buffer, 140 mM NaCl, pH 7.4), wherein the
supramolecular assemblies at > 2:1 PEG-cholane:VIP-palm molar ratio are estimated to be
composed of 13 individual complexes (2 PEG-cholane molecules:1 VIP-palm molecule)
(Table 1). The peak shape, height/half-height width ratio, of the elution peak for the 2:1
polymer:peptide complex in acetate and phosphate buffers was 3.9 and 8.6, respectively, and
along with a higher mass (Table 1), suggests a higher affinity between the PEG-
cholane:VIPpalm complexes in the phosphate buffer. This is in agreement with the small
increase in the association constant (K) for PEG-cholane:VIP-palm binding measured by
calorimetry at higher pH.?’ It should be noted that the peptide has an isoelectric point of
10.04, therefore, as pH increases from 5 to 7.4, the net charge of VIP-palm decreases (from
ca. +4 to +3)?’ and so favours interaction with the cholane moiety of the amphiphilic

polymer.
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Table 1. Mean molecular weight (M;) of PEG-cholane:VIP-palm complexes at increasing

molar ratios in different buffers.

in 5 mM sodium in S mM sodium

PEG-cholane:VIP- in S mM sodium acetate, 140 mM phosphate, 140 mM

mo{)aarlrrnatio acetate,i p(lj'IVS).O kDa Cl, plé \5])0 (kDa = NaCl, pl—(lj ‘7,)4 (kDa +
2:1% 123.4+5.8% 156.8 £5.3% 183.3£5.1%
4:1 239.4 +£3.8% 264.1 £4.1% 233.2+2.7%
6:1 3304+ 1.7% 313.4+£5.5% 278.6 £2.3%

® The number of polymer:peptide complexes in the supramolecular assemblies was derived from the
M:; of assemblies based on the theoric molecular weight of the 2:1 PEG-cholane:VIP-palm complex
(14.38 kDa) being PEG-cholane 5.36 kDa and VIP-palm 3.66 KDa.

The solution structure of VIP-palm at 25 °C, pH 5.0, is predominantly a-helical when
either free or complexed with PEG-cholane (Figure S2 A-D), consistent with our previous
data.’’ Here, for VIP-palm alone and complexed with PEG-cholane (2:1, 4:1 and 6:1
polymer:peptide stoichiometry), the stability of the complex and supramolecular assemblies
was determined by temperature cycling. The random conformation content of VIP-palm
increased notably above ~50 °C and was irreversible (Figure S2 A, E). A much smaller and
more gradual loss of helix was observed for VIP-palm in the presence of PEG-cholane (2
mol. equiv.) above ~50 °C, associated with an irreversible increase in both B-sheet and
random conformation (Figure S2 B, F). Interestingly, a reversible loss of helical structure for
VIP-palm in the presence of PEG-cholane at 4 and 6 mol. equiv. upon heating and cooling
was observed, and the absolute loss of helix above ~50 °C decreased with increasing PEG-
cholane concentration (Figure S2 C, D, G, H). This implies that the supramolecular
assemblies, identified by AF4-MALS, above, stabilized the VIP-palm conformation. An
increase in ellipticity at 222 nm was observed for VIP-palm alone and complexed with PEG-

cholane during heating to ~50 °C. Above ~50 °C, the gradual loss of a-helix continued in the
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presence of polymer whereas the free peptide showed a dramatic change in structure (Figure
4). The notable change in thermal stability of the helix in the presence and absence of PEG-
cholane would suggest a likewise change in the VIP-palm intramolecular hydrogen bonding

pattern; this is explored further during in silico simulation.
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Figure 3. Melting profiles of VIP-palm alone (®), and with PEG-cholane at a 2:1 (m), 4:1 (&)

and 6:1 (@) PEG-cholane: VIP-palm molar ratios, obtained by CD.

In silico simulations capture VIP-palm structural change on supramolecular assembly

Computational molecular dynamic modeling was used to study VIP-palm interaction with
PEG-cholane both at 1:1 and 2:1 PEG-cholane:VIP-palm molar ratios and at two pH
conditions: 5.0 and 7.4. In all simulations, after 0.1 ps for sample equilibration, the VIP-palm
analyses were performed for 0.5 ps.

The Root Mean Square Fluctuations (RMSF) calculated for each amino acid of VIP(Trp25)
and VIP-palm show that the inclusion of PEG-cholane in the models moves the peptide
secondary structure towards the native (part helical) conformation, particularly for excess
polymer at either neutral and mildly acidic buffer (Figure S3). Note that the native
conformation of VIP (and the wider secretin family) is poorly defined: in water alone, this is

around 10% helix at pH 6, but with the addition of water-miscible solvents or the transfer to
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a micellar system a more stable helical structure is observed, typically from the Phe6 residue
intermittently to the to the N-terminus (ca. 50% helical structure) ¢!. Thus, the in silico
calculation of 30-35% helix for the free VIP-palm is reasonable in comparison to literature
values °'. Furthermore, the absence of any significant difference in the percentage of helix
content for VIP-palm alone between pH 5.0 and 7.4 (Figure 4A) is in good agreement with
previous experimental data.?’” The models of PEG-cholane: VIP-palm stoichiometries of 1:1
and 2:1 demonstrated a reduced peptide backbone exposure to water (~90% in the absence of
polymer and ~50% in 2 mol. equiv. polymer, Figure S4), which is analogous to transfer to a
micellar system. The same models also demonstrated that with an increase in the PEG-
cholane:VIP-palm stoichiometry the helical structure possesses more intra-peptide hydrogen
bonds (Figure S5). Given this, the simulations accurately captured the experimental data
showing that as the PEG-cholane:VIP-palm stoichiometry increased to 2:1 a concomitant
increase in helical structure was observed, to ca. 60 and 65% helix at pH 5.0 and 7.4,
respectively. The difference in percentage of helix content between pH 5.0 and 7.4 could not
be correlated to the respective hydrogen bonding patterns, since more intra-chain hydrogen
bonds were calculated for pH 5.0 than pH 7.4 and would predict a more stable helix at pH 5
(Figure SS5). It is possible that hydrogen-bonded stabilization of the helix in the models does
not necessarily translate to an increase in percent helical structure measured experimentally.
Rather, a relationship between the percent helix and the solvent accessible surface area
(SASA) of VIP-palm when alone, complexed with PEG-cholane and present in the
supramolecular assembly, is clearly observed; that is, the loss of SASA increases the
percentage of helix content (Figure 4). On the basis that the propensity of VIP-palm to
fibrillate is dependent on conformational rearrangement (from a-helix to B-sheet), then the
effect of reducing the SASA of the peptide through complexation with polymer can be tested

in fibrillation assays (below).
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Figure 4. In silico modeling: (A) percent a-helix calculated by DSSP analysis and (B)
solvent accessible surface area (SASA), for VIP-palm with and without PEG-cholane.
Hydrophobic and hydrophilic in the plot refers to the accessible surface area by the

hydrophilic and hydrophobic amino acids.

The results above can be visualized using a snapshot from the molecular dynamics
simulations, observing that masking of the surface of VIP-palm increases with the number of
PEG-cholane molecules and subsequent supramolecular assembly. Figure 5 shows how the
PEG-cholane masks the VIP-palm surface around both hydrophobic and hydrophilic amino
acids (cf. Figure 4B). The preference for PEG-cholane to be at the peptide/water interface is
consistent with the interfacial behavior of PEG and its solubility in either aqueous and non-
aqueous solvents. The supramolecular assemblies remained intact during the simulations and
support the AF4-MALS data which showed that the assemblies were homogenous at < 2 mol.
equiv. of PEG-cholane. According to the simulation trajectory, as shown in Figure S6, the

assembly occurs faster at pH 5.0 than pH 7.4.
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Figure 5. Visualization of a supramolecular assembly composed of 8 PEG-cholane: VIP-palm
complexes with 2:1 stoichiometry, shown without (A) and with (B) PEG-cholane molecules.
Orange and black stick models represent the palmitoyl chain of VIP-palm and PEG-cholane,
respectively. Amino acids are rendered in space-filling model as per the following coloring
scheme: hydrophobic residues (white), basic residues (blue), acidic residues (red) and polar

residues (green). Palmitate is shown in orange and PEG-cholane molecule is shown in grey.

Excess PEG-cholane alters the VIP-palm aggregation pathway, suppressing fibrillation

In order to elucidate the mechanism of gelation of VIP-palm, previously reported 27,
aggregation and fibrillation of the peptide in the absence and presence of PEG-cholane, was
studied by spectrofluorometric assay using Thioflavin T (ThT), which intercalates within (-
sheet structures of amyloid-likefibrils.>* 62

Figure 6 shows that VIP-palm alone at relatively low concentration (2 mg/ml) fibrillated in
high ionic strength solution irrespective of the buffer species. This is consistent with the
observed salting-out effect which promoted VIP-palm self-association (cf. Figure 1),
generating nuclei which could accelerate fibrillation. Other studies have shown that high salt

concentrations screen out the net charge of peptide molecules, reducing long range

electrostatic repulsion and thus favouring short range van der Waals interactions.® ®* % This
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hypothesis may also be applied to the VIP-palm, which harbours a strong net positive

charged at pH 5.0 (pl, 10.04). In acetate buffer, VIP-palm fibrillation is minimal and the lag

phase extended in comparison to succinate buffer (Figure 6A). This is probably due to the

higher ionic strength of the succinate buffer and its divalent nature which therefore screens

out the net positive charge of the peptide more effectively. Lower VIP-palm concentrations

were studied in succinate buffer and did not perturb the lag time or elongation phase but did

reduce the plateau and thereby the number of fibrils at steady state (Figure 6 C, D), in

agreement with previous reports.™
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Figure 6. ThT assay fibrillation profiles of VIP-palm at 37 °C, pH 5, in 5 mM acetate (A); 5

mM acetate, 140 mM NaCl (B); 5 mM succinate (C); 5 mM succinate, 140 mM NaCl (D).

Peptide concentration: 0.5 mg/mL (=), 1 mg/mL () and 2 mg/mL (=).
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Figure 7 shows the effect of temperature, buffer species, ionic strength and complexation
with PEG-cholane on the fibrillation of VIP-palm. Temperature had no discernible effect on
the lag phase but played a dominant role in the elongation phase, markedly accelerating the
formation of fibrils independently of buffer species and ionic strength. Previous work
provides evidence that increased peptide conformational flexibility and structural conversion
to partially unfolded states together promote fibrillation.®® This is in agreement with the
particularly rapid fibrillation of VIP-palm alone at 50 °C, the temperature at which the
peptide conformation loses helical structure (cf. Figure S2), i.e. the key step in the fibrillation
of the peptide would appear to be the structural transition from a helical to random structure.
A similar mechanism helps explain the attenuation of fibrillation by PEG-cholane, i.e.
irrespective of temperature, buffer species and ionic strength, for an increase in PEG-
cholane: VIP-palm stoichiometry the rate of fibrillation during the elongation phase is reduced
and the lag phase is extended (Figure 6 and Table S1). Since a greater excess of PEG-cholane
generated supramolecular assemblies whose environments acted to increasingly stabilize the
helical structure of VIP-palm (cf. Figure S2), it follows that transition to a conformation

associated with nucleation and elongation was highly restricted.
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Figure 7. ThT assay fibrillation profiles for PEG-cholane:VIP-palm at molar ratios of 2:1
(=), 4:1 (=) and 6:1 (=), and of VIP-palm alone (=), in 5 mM succinate, 140 mM NaCl, pH
5.0 (A, C, E); 5 mM phosphate, 140 mM NaCl, pH 7.4 (B, D, F), at 25 °C (A, B), 37 °C (C,

D) and 50 °C (E, F). VIP-palm concentration in all samples: 2 mg/mL.

The addition of NaCl to the PEG-cholane: VIP-palm complexes in solution had the effect to
promote fibrillation, which was most notable in acetate buffer (Figure S7). This reflects the
ThT data for VIP-palm alone, and may in part be attributed to surface charge screening and a
reduction in electrostatic repulsion between peptide molecules. NaCl may also act to stabilize
the VIP-palm helical conformation, though given the CD data, this would be minimal and
secondary to the effect of complexation with PEG-cholane. Since the addition of NaCl to
acetate buffer generated PEG-cholane:VIP-palm supramolecular assemblies with a higher
molecular weight (cf. Figure 2D), a change in the immediate peptide environment may be
inferred. However, simulations showed no significant change in exposure of VIP-palm to
solvent or PEG/palmitoyl moieties, or hydrogen bonding in excess PEG-cholane (cf. Figures
S4, S5). The combined change in buffer species and pH had little effect on VIP-palm
fibrillation in the presence of excess PEG-cholane, albeit that peptide fibrillation was

completely suppressed at PEG-cholane: VIP-palm molar ratios above 4:1 in phosphate buffer,
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pH 7.4, over the assay period (Figure 7). To investigate this effect further, the assay was
performed at higher pH (7.4 vs 5) for the same buffer species (succinate, Table S1). At PEG-
cholane:VIP-palm molar ratios of 2:1 and 4:1, lag times were somewhat longer at near
neutral pH. While this pH shift decreases the net VIP-palm charge (above), it is also
associated with a higher affinity of PEG-cholane for VIP-palm?’ which in turn may sterically
hinder nucleation and elongation. The effect of pH does not negate the effect of buffer
species on fibrillation, particularly the difference observed between succinate and acetate
buffers, pH 5.0 (Figure S7). Since the ThT assay does not inform on fibril morphology at
plateau, the effect of buffer species (and polymer) on VIP-palm fibrillation was investigated

further by transmission electron microscopy.
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Figure 8. TEM images of 2 mg/mL VIP-palm incubated at 37 °C, pH 5.0 in 5 mM acetate
(A, B); pH 5.0 in 5 mM acetate, 140 mM NaCl (C, D); pH 5.0 in 5 mM succinate (E, F); pH

5.0 in 5 mM succinate, 140 mM NaCl (G, H).

The micrographs are in agreement with the ThT assay data of VIP-palm in

acetate/succinate buffer without NaCl (Figure 7, c¢f. Figure S7), that is, fibrils were not

26



observed in acetate buffer but were observed in succinate buffer. In acetate buffer, only
amorphous aggregates around 20 nm diameter were present and were incapable of nucleating
elongation into fibrils (at least over these time scales, Figure 8 A, B), and may have been
unstable, existing in equilibrium with VIP-palm in solution. Although the amorphous
aggregates appeared to be of a size similar to the hydrodynamic diameter measured by DLS
(cf. Figure 1), it is not the case that the same species are being observed given the very
different condition of sample incubation for the purpose of each of the tests (DLS analysis
was performed without delay to assess colloidal size of assemblies, whereas ThT and TEM
samples underwent agitation and incubation over several days to investigate the kinetic of
fibrillation). Since the ThT assay for VIP-palm in acetate buffer (no NaCl) showed only very
weak evidence of fibrillation, these amorphous aggregates presumably stain very poorly with
ThT because of their inherent structural disorder. Figure 8 C, D shows that the addition of
NaCl to acetate buffer induced the formation of quite heterogeneous fibrils with a length of
2.65 £1.45 pm and thickness of 12.6+4.6 nm; a marked change which is reflected in the ThT
assay. These fibrils are similar to those formed in succinate buffer (without NaCl, Figure 8 E,
F), which are heterogeneous with a length of 1.25 +0.55 pm and a thickness of 11.9 + 6.3
nm. This effect of succinate buffer may be due to its divalent charge which has been shown to
promote the peptide intermolecular association via charge-to-charge crosslinking.

The addition of NaCl to succinate buffer caused a distinct shift from simple elongated
fibrils to branched and/or nodulated fibrils 3.5 £ 0.6 pm in length and 64.1 £ 18.1 in
thickness (Figure 8 G, H), and which were also denser (darker staining with contrast agent).
This behaviour seems to indicate that in succinate buffer fibrillation takes place according to
a multi-step process: 1) nucleation and elongation of primary fibrils, 2) nucleation of nodules

on these primary fibril, 3) secondary fibrillation generating branched fibrils.
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Figure 9. TEM images of PEG-cholane:VIP-palm at 2:1 (A, B), 4:1 (C, D) and 6:1 (E, F)
molar ratios, incubated at 37 °C, pH 5.0, in 5 mM acetate, 140 mM NaCl (A, C, E), 5 mM
succinate, 140 mM NaCl (B, D, F). Scale bar = 100 nm. Figures S8-10 show micrographs of

the samples at lower resolutions. VIP-palm concentration in all samples: 2 mg/mL.

VIP-palm was incubated with increasing molar ratios of PEG-cholane and samples were
imaged by TEM, equivalent to the ThT assays performed at 37 °C in acetate and succinate
buffers at high ionic strength. The micrographs in Figure 8 are broadly in agreement with the
ThT assay data but with notably differences. A PEG-cholane:VIP-palm molar ratio of 2:1

was not sufficient to prevent the formation of fibrils, which were clearly seen in acetate
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buffer (3.7 = 0.7 um length and 14.8 + 5.4 nm thickness) but sparsely in succinate buffer,
appearing truncated and branched (111.7 £ 9.8 nm length and 11.7 = 1.7 nm thickness)
amongst large, globular aggregates that may represent nuclei (Figure 9 A, B). The distinct
morphologies of the fibrils seen for VIP-palm alone in acetate and succinate buffers with
NaCl persisted in the presence of PEG-cholane. Although the ThT assay showed that some
level of aggregation remained at a PEG-cholane: VIP-palm molar ratio of 4:1, no fibrils were
observed by TEM, although a very few globular aggregates (dark staining) appeared amongst
smaller amorphous aggregates (Figure 9 C, D). This PEG-cholane excess must therefore be
sufficient to prevent elongation of the aggregates into fibrils, at least at the timescales
investigated, either by sterically hindering recruitment of additional VIP-palm molecules or
by altering the nature of the aggregation pathway as a consequence of stabilizing the peptide
helical conformation. The micrographs showed that a PEG-cholane excess of 6 mol. equiv. of
VIP-palm resulted in no observable fibrils or globular aggregates (Figure 9 E, F), consistent

with the equivalent ThT assays which showed no evidence of fibrillation.

CONCLUSIONS
From the elegant observation that physical PEGylation can be achieved for lipidated

7 we have now

peptides as for proteins with a resultant extension of half-life in vivo,’
characterised the complex at the supramolecular level. This is necessary because the nature of
the peptide:polymer complex is less easily defined than analogous supramolecular assemblies
such as those strictly governed by host:guest interactions (e.g. cyclodextrin or cucurbit[n]uril
hosts).5> % While each VIP-palm molecule was previously demonstrated to bind around 2

PEG-cholane molecules, only indirect evidence for their self-assembly could be acquired

from the observation of an increasing physical stability of VIP-palm.
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While DLS data in this study showed distinct nanoparticle sizes for the different buffer and
PEG-cholane:VIP-palm stoichiometries, more sophisticated analysis was achieved using
AF4-MALS. Modelling the elution profile of the assemblies using this low-shear separation
technique permitted estimation of their corresponding molecular weight and associated
components. For example, from the AF4-MALS data it can be inferred that above a 2:1 PEG-
cholane: VIP-palm molar ratio, the excess of free PEG-cholane molecules associate with the
complexes, contributing to their increase in mass, while the number of complexes
participating in the supramolecular assembly remain quite constant. It is reasonable to assume
that the supramolecular environment experienced by VIP-palm reflects that of a micellar
system and so lends itself well to the stabilization of a helical conformation. This in turn
presents a rate limiting step for transition to P-sheet structure and the suppression of
fibrillation, as observed by ThT assay and TEM. In order to support the experimental data,
we used in silico modelling.

The simulations were initially tested for 1:1 and 2:1 PEG-cholane:VIP-palm
stoichiometries and subsequent assembly of these complexes. The resulting, quantitative data
demonstrated that 2 mol. equiv. of PEG-cholane was key to stabilizing the helical
conformation and bringing about a step change in the fraction of VIP-palm exposed to the
bulk water, i.e. the peptide backbone became more intimately associated with either PEG or
palmitoyl moieties. Moreover, assembly of the complexes resulted in a continued decline in
the SASA of VIP-palm which could then be related to an increase in helical structure. Greater
inhibition of VIP-palm aggregation and fibrillation with increasing excess of PEG-cholane,
observed by ThT assay and TEM, is therefore most likely due to: i) steric inhibition by
additional PEG chains within the supramolecular assembly and ii) a more dominant and

stable helical conformation.
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The observation that at least 4 mol. equiv. of PEG-cholane resulted in a VIP-palm solution
which was particularly physically stable under different buffers and ionic strengths (including
isotonic) is relevant to the formulation of peptides. This work suggests that PEG-cholane may
be a useful excipient when designing formulation approaches for potential, therapeutic
lipidated peptides which are known to spontaneously undergo self-association, aggregation

and fibrillation.

Supporting Information

Complete details of VIP-palm fibrillation kinetic; size analysis of PEG-cholane:VIP-palm
assembly in 20 mM phosphate, 140 mM NaCl, pH 7.4; VIP-palm secondary structure
calculated from CD spectra; in silico simulations of VIP-palm surface accessible area, of
intra-molecular (between VIP-palm) and inter-molecular (PEG-cholane: VIP-palm) hydrogen
bonds, of radius of gyration for the PEG-cholane:VIP-palm; ThT assay fibrillation profiles

under different osmotic conditions and buffer ions; TEM images at lower magnification.
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