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Abstract

Lipidation is a powerful strategy to improve the stability in vivo of peptide drugs. Attachment of a
lipid chain to a hydrophilic peptide leads to amphiphilicity and the potential for surfactant-like self-
assembly. Here, the self-assembly and conformation of three lipidated derivatives of the
gastrointestinal peptide hormone PYY3.35 is examined using a comprehensive range of spectroscopic,
scattering and electron microscopy methods and compared to those of the parent PYYs 3¢ peptide.
The peptides are lipidated at Ser(11), Arg(17), or Arg(23) in the peptide, the former is within the [3-
turn domain (based on the published solution NMR structure), the latter are both within the a-
helical domain . We show that it is possible to access a remarkable diversity of nanostructures
ranging from micelles to nanotapes and fibrillar hydrogels by control of assembly conditions
(concentration, pH and temperature). All of the lipopeptides self-assemble above a critical
aggregation concentration (cac), determined through pyrene fluorescence probe measurements,
and they all have predominantly a-helical secondary structure at their native pH. The pH and

temperature dependence of the a-helical conformation were probed via circular dichroism
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spectroscopy experiments. Lipidation was found to provide enhanced stability against changes in
temperature and pH. The self-assembled structures were investigated using small-angle X-ray
scattering (SAXS) and cryogenic transmission electron microscopy (cryo-TEM). Distinct differences in
nanostructure were observed for lipidated and unlipidated peptides, also depending on the position
of lipidation. Remarkably, micelles containing lipopeptides with a-helical peptide conformation were
observed. Gelation was observed at higher concentrations in certain pH intervals for the lipidated
peptides, but not for unlipidated PYYs.36. Thus lipidation, in addition to enhancing stability against pH
and temperature variation, also provides a route to prepare PYY peptide hydrogels. These findings
provide important insights into the control of PYY3.3s conformation and aggregation by lipidation,
relevant to the development of future therapeutics based on this peptide hormone, for example in

treatments for obesity.
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Introduction

Peptides are a very diverse class of molecules that play a crucial role in many in vivo processes,
including their role as essential signalling molecules. A particular class of peptides are peptide
hormones that have an effect on the endocrine system to control bodily functions.> Among peptide
hormones, gastrointestinal hormones (gut hormones) such as Peptide YY (PYY) to control the
functions of digestive organs are very important.®® As a result, PYY and derivatives of it are being

studied in the context of obesity treatment.

Peptides are rapidly broken down by enzymes in vivo and therefore are excreted from the body
quickly. Lipidation of peptides can be used as a method to increase stability against environmental
changes (pH, temperature, dilution etc),® and extend the half-life of peptide drugs circulating in the

1012 However, modification of peptides by adding a

blood, thus increasing their therapeutic efficacy
hydrophobic lipid chain could change the physiochemical properties such as; solubility, bioactivity,
and/or conformation. It is also of great interest to study the effect of lipidation on possible

formation of hydrogels by PYY peptides. Hydrogels may be useful as slow release delivery systems.

As a result, it is important to understand what effects lipidation has on the overall structure and

function of peptides as therapeutic agents.

Here, we study the influence that lipidation has on the self-assembly and conformation of the
human gastrointestinal hormone PYYs.36, and three lipidated derivatives that have palmitoyl chains
covalently attached; one at position 11 (PYY11), another at position 17 (PYY17), and the other at
position 23 (PYY23) (Figure 1c). The sequence of the 36-amino acid peptide, PYY is: Tyr-Pro-Ala-Lys-
Pro-Glu-Ala-Pro-Gly-Glu-Asp-Ala-Ser-Pro-Glu-Glu-Leu-Ser-Arg-Tyr-Tyr-Ala-Ser-Leu-Arg-His-Tyr-Leu-

Asn-Leu-Val-Thr-Arg-GIn-Arg-Try-NH; (Figure S5)** The lipid chain is linked to the peptide via a y-
glutamic acid spacer since this has been shown to enhance the potency (from a dose-response study
of interaction with the receptor) of a lipidated peptide (GLP-1, glucagon-like peptide) compared to

the unlipidated peptide and compared to other spacers.’* We compare the self-assembly of lipidated
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versus unlipidated PYYs 3, and also how the position of lipidation affects the structure, using a range
of physical characterisation techniques at varied pH and temperatures.

It is known that PYYsss adopts a partially alpha-helical structure in aqueous solution.* > Residues
from L(15) to T(30) are believed to lie in the a-helical domain (Figure 1a). It is interesting to note that
the helical wheel representation of the alpha helix of PYY3.36 (Figure 1b) reveals a tendency for facial
segregation of charged residues (bottom right) and uncharged residues (top left). Lipidation at
residues 17, and 23 further enhances this effect (residue 11 is outside the a-helical domain). The
lipidated peptide structures are shown in Fig.1c. It may be noted that the helical wheel projection in

Fig.1b suggests that homodimeric coiled coil formation is likely to occur.
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Figure 1: a) Chemical structure of PYY3.36 and the positions of lipidation (shown by arrows).! b) Helical
wheel representation of PYYs;3. The hydrophilic residues are represented as circles, hydrophobic
residues as diamonds, and potentially positively charged as pentagons. Hydrophobicity is color coded:
the most hydrophobic residue is green, and the amount of green decreases proportionally to the
hydrophobicity, with zero hydrophobicity coded as yellow. The potentially charged residues are light
blue. Hydrophilic residues are coded red with pure red being the most hydrophilic (uncharged) residue,
and the amount of red decreasing proportionally to the hydrophilicity. The boxes indicate sites of
lipidation with the residues indicated replaced with the lysine derivatives K(Glu Palm) with palmitoyl
chains attached via a y-glutamic acid linker.? ¢) Chemical structure of PYYs.3s showing three lipidation
positions (PYY11), 17 (PYY17), and 23 (PYY23). At each lipidation position, the amino acid present (Ser
or Arg) is replaced with a lysine derivative in which the alkyl chain is attached via a y- glutamic acid
spacer.>™*
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Peptide YY (PYY) is a gut hormone that belongs to the pancreatic polypeptide fold (PP-fold) family,
characterised by a common tertiary structure, the PP-fold. Along with PYY, the pancreatic
polypeptide (PP) and neuropeptide Y (NPY) also belong to this series of peptides.’® All three peptides
consist of a signalling peptide, followed by a 36 amino acid active peptide and a C-terminal
amidation, which is very important for the binding of agonists to the Y receptors.r” PP and NPY have
amino-terminal tyrosine residues, and PYY has a tyrosine residue at the C-terminal and at the N-

terminal, hence the name name PYY.18

This family of peptides mediate their effects through the NPY receptors Y1, Y2, Y4, and Y5.2° The Y-
receptors belong to the G-protein-coupled receptor family, and they mediate a wide variety of
physiological effects such as regulation of blood pressure, anxiety, memory retention, hormone

release, and food intake.?°

The L-cells in the gastrointestinal tract release PYY following food intake, and there are two main
endogenous forms: PYY1.35and PYYs.36. The 36 amino acid peptide, PYY1.36is rapidly hydrolysed to the
34 amino acid peptide, PYYs.3s by the peptidase enzyme DPP4 which removes the first two amino
acids; tyrosine and proline at the N-terminus.? This alters the receptor selectivity and as a result
PYYs.36 has a high selectivity for the Y2-receptor, compared to PYY1.3s which has selectivity for the Y1,
Y2, and Y5 receptors.?? The Y1 receptor is believed to require both the C-terminus and N-terminus
for recognition, whereas The Y2 receptor only requires the C-terminus. It is understood that the Y2
receptor has a smaller receptor binding site,® and this could explain the reduced affinity for PYY3.3
on any Y receptor other than Y2.2 Other studies replacing the amide bonds with ester bonds also

confirm that the C-terminus is important in binding and activation.?

The Y2-receptors are strongly expressed in the epithelia of the visceral tissues, including the colon
and the kidney, and have been associated with reduced food intake via the vagal inhibitory loop,’
and also gastric emptying.?2 The Y2-receptor is therefore considered a target for the treatment of

obesity and type 2 diabetes. There is an urgent unmet need for treatments for obesity which is of
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increasing relevance, and peptide drugs derived from peptide hormones are attracting increasing
interest. Peptide-derived drugs may have advantages compared to synthetic small molecule drugs
in; reduced toxicity, higher selectivity, and greater predictability in their in-vivo behaviour.'! In
contrast however, the use of peptides and proteins as therapeutic agents has its drawbacks due to
their rapid degradation, excretion, and poor water solubility. The application of PYY3.35 as an anti-
obesity drug is a very interesting avenue of research, but is limited by its short half-life of around 9

minutes.*®

One of the main reasons for the short half-life of peptides is their rapid clearance from circulation via
several mechanisms, which makes it difficult to use them as drugs. Mechanisms involved in their
clearance include peripheral blood-mediated elimination by proteolysis, renal and hepatic
elimination, and also receptor-mediated endocytosis.?* A dominant factor for such rapid clearance is
molecular weight. Molecules that have a low molecular weight (< 40-50 kDa) are rapidly cleared by
renal filtration via the glomerular filtration barrier (GBM) into the urine. As a result of this, increasing

the size of a peptide drug is a good starting point to improve half-life.?

Methods to increase molecular weight include lipidation and PEGylation. Lipidation is the
attachment of one or more fatty acid chains to the peptide, and as an additional benefit it protects
against proteolytic attack, by allowing the peptide to non-covalently bind to plasma proteins.
PEGylation is the covalent attachment of polyethylene glycol (PEG) chains to the peptide which also
has this effect, whilst providing a higher solubility in water. Furthermore, allergic reactions are
reduced, but not eliminated.' 25?7 Unfortunately however, even though covalently attaching PEG
prolongs half-life in vivo, it can also lead to loss of biological activity.?® A study on lipidation and
PEGylation on the GLP-1 peptide was carried out and the results showed that lipidation had no
significant effect on peptide activity in vitro,” whereas PEGylation did, especially when the PEG is
attached to internal amino acids of the peptide e.g. positions 20 and 21. The reduction in activity

from PEGylation compared to lipidation is due to the loss of receptor affinity. It is suggested that this
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is because of its high molecular weight which causes steric hindrance.3*3! In another study,
PEGylation of human pancreatic peptide (hPP) has been shown to lead to reduced food intake in a
mouse model. PEGylation was found to protect against enzymatic degradation, enhancing

bioavailability.3?

Lipidation as a method of extending half-life is becoming more widely used in the development of
peptide drugs.'®!2 Lipidation is similar to PEGylation whereby both increase the hydrodynamic radius
to reduce renal filtration. The lipid chain itself however, is too small to mediate this effect alone, and
so it does it by non-covalently binding to circulating serum albumin, to protect the whole complex
from proteolytic cleavage.®®

An example of a lipidated peptide drug is Liraglutide, which is the highest selling diabetic drug
currently on the market. It is a GLP-1 agonist that requires once a day administration. Liraglutide
incorporates a palmitoyl lipid chain at position 26 to prolong plasma circulation and bioactivity.” The
mediated effects occur by the palmitoyl chain non-covalently binding to serum albumin as previously
mentioned. This prevents proteolytic attack by DPP4 due to steric hindrance, and also rapid renal
clearance via the GBM because of the increased molecular weight. As a result, this provides a very
promising avenue of research, because if similar results can be achieved with PYYs36, then a new

peptide drug could be potentially introduced to the market to treat obesity and type |l diabetes.

Here, we investigate the influence of lipidation on the conformational stability of PYY3.3s to changes
in pH and temperature. We also probe the self-assembled nanostructure as a function of pH and
temperature using a powerful combination of fluorescence assays, circular dichroism (CD)
spectroscopy, small-angle x-ray scattering (SAXS), X-ray diffraction (XRD), cryogenic transmission
electron microscopy (cryo-TEM), and transmission electron microscopy (TEM), to compare the three
lipidated peptides to the unmodified peptide. In addition, we have found conditions where PYY11,

PYY17 and PYY23 form hydrogels, which are not observed for the unlipidated peptide.
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Results

Three lipidated derivatives of PYYs.3s were characterised to determine whether lipidation has an
effect on peptide conformation and/or if it led to self-assembly due to the induced amphiphilicity
caused by lipidation. Palmitoyl chains were covalently attached to the peptides, by substitution at
position 11 (PYY11), 17 (PYY17), or at position 23 (PYY23) of y-L-glutamoyl(N®-hexdecanoyl) lysine
residues as shown in Figure 1c. The unlipidated peptide was also characterised for comparison

(Figure S2).

The presence of a possible critical aggregation concentration (cac) for possible self-assembly was
investigated using pyrene as a fluorescent probe. Pyrene is a fluorophore that is sensitive to the local
hydrophobic environment, and it has been used a number of times previously to determine the cac
of peptides and peptide amphiphile molecules.3*3> The cac of the peptides were calculated by
measuring the fluorescence intensity of the I; (A = 373 nm) peak, corresponding to the first vibronic
band of pyrene. The dependence of the intensity I; (373 nm) with the peptide concentration is
shown in Figure 2. The fluorescence intensity shows breaks at 0.013 wt%, 0.015 wt%, and 0.0091
wt% (+ 0.005 wt %) for PYY11, PYY17, and PYY23 respectively, at their native pH in ultrapure water
(pH 4). The native pH is defined as the pH of the solution when the peptide is dissolved in ultrapure
water. These breaks are due to the change in the local hydrophobic environment of pyrene,
indicating these as the cac values. Above the cac concentration, pyrene becomes incorporated
within the hydrophobic environment of the aggregated peptide core, and this is what causes the
distinct increase in the intensity. The same method was used to probe the pH dependence of the
cac. Plots Iy / 15 [I (373 nm)/I (383 nm)] corresponding to the ratio of the intensities of the first to
third vibronic bands of pyrene is shown in the Sl (Figures $3-S5), but the cac was not well defined for
PYY11 or for PYY23 at pH 2 using this ratio. However from previous studies reported, using other

fluorescent probes to compare to pyrene, the concentration dependence of |; provides a reliable
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assay for cac values.3* 3¢ Results indicate that the cac values are lower for the peptide solutions at

native pH compared to pH 2 and pH 8.

200 . e m—
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Figure 2: Concentration dependence of pyrene fluorescence
I1 (373 nm) of PYY11, PYY17, and PYY23 at native pH (pH 4).
The intersections of the lines defines the critical aggregation
concentration (cac).

Titrations were carried out to determine the isoelectric point (pl) of each peptide because calculated
values were significantly different from the point at which precipitation was observed. At around pH
6 was the pH of precipitation, this being tentatively associated with experimental pl. Experiments
were carried out using 2 wt% peptide solutions and the starting pH was pH 10 following the addition
of NaOH. The pH was plotted as a function of added volumes of HCI, where HCl was added dropwise.
The plot indicates that the pH shows an initial sharp decrease with a plateau at around pH 5, close to
the pH at which precipitation occurs. This is associated with an effective pl (Fig. S6). The exact
isoelectric point of each peptide was not able to be measured from the titration graph due to the
range of pKa values of the residues within the peptide sequences. The Henderson-Hasselbach
equation was used to calculate the charge versus pH, and the isoelectric points were calculated

(where z = 0) to be pH 10.07 for PYYs.3 and PYY11, and pH 9.1 for PYY17 and PYY23 respectively.
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Only two values were calculated because PYY3-36/PYY11 and PYY17/23 have the same pKa values of
residues, and so they have similar curves as shown in both the experimental titration graph, and also

the calculated charge versus pH graph (Sl Fig. 6 and 7).

It is well known that the pKa of residues in proteins can be very substantially shifted from ideal
values for isolated residues due to sequestration within hydrophobic compartments and/or the
effect of electrostatic interactions between close charged residues.’’-* In less polar environments
(for example in hydrophobic domains of self-assembled structures) the pKa values for acidic residues
will be higher than expected, whilst for basic groups pKa values will be lower than normal.3® In
addition, self-assembly of peptides can also cause very significant (more than 6 pH units) apparent

pKa shifts as exemplified by measurements on hydrophobically-modified peptides.3®

Zeta potential measurements were carried out at pH 2 and 4 to determine particle charge on the
peptides. All values were positive, indicating that the peptides all have positive a charge under these

conditions (Table S1).

The secondary structures of PYYsss PYY11l, PYY17, and PYY23 were examined using circular
dichroism (CD) spectroscopy well above the cac values. Temperature ramp experiments were carried
out at pH 2, 4, 6 and 8 from 20-70 ° C. Figure 3 shows CD spectra of all peptides in the pH range 2-8
at 20 °C and Sl Fig. S8 shows the spectra at 70 ° C. The spectra at 20 ° C for all samples studied show
two minima near 222 nm and 208 nm, and these features are typical of a-helical secondary

structure, and are consistent with coiled coil formation.*%-4?

The a-helix content was calculated based on an extrapolated value for the molar ellipticity, reported
for an infinite length 100% helical peptide, where [®] = -37,400 deg cm? dmol™. **** The results
(Figure 4) indicate that the position of lipidation does not appear to affect the secondary structure,
apart from PYY11l at pH 8 where the a-helix content is significantly decreased. The calculated o-

helical content of the peptides is summarized in Table 1. Apart from PYY11 at pH 8, each lipidated
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peptide shows a reduced dependence of a-helix content on pH and temperature compared to
PYYs.36 (Figure 4 and Table 1). This important result shows that lipidation enhances the stability of

the natural a-helical domain to changes in pH and temperature.

When increasing the temperature to 70 °C, there appears to be a transition into B-sheet above 50 °
C for PYY17 and PYY23 at pH 8, with a minimum near 217 nm, characteristic of B-sheet secondary
structures (Fig. $8¢).*>*? This transition could be related to the lower isoelectric point for PYY17 and
PYY23 compared to PYY11 and PYYs.36. At pH 8, PYY17 and PYY23 are expected to have a charge of
+1, meaning that there are only weak interactions to overcome in order to aggregate, and that
hydrogen bonding can more readily overcome the electrostatic interactions to form a [B-sheet
structure.® Interestingly, PYY11 does not undergo this transition, which suggests that the position of
lipidation is causing a difference in the stability of the secondary structures. It seems that lipidating
the peptide outside of the a-helical region of the molecule, reduces the tendency for B-sheet
formation at high pH. PYYs.3 does not undergo this transition either, suggesting that the increased
amphiphilicity of the lipidated peptides PYY17 and PYY23 influences the secondary structure, at

higher pH.
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Figure 3: CD spectra of 0.5 wt% solutions of PYY11, PYY17, PYY23, and PYY3.3cat 20 °C. a) pH 2, b) native
pH (pH 4 for lipidated peptides, and pH 6 for unlipidated peptide), c) pH 8.

The lower stability of PYYs.36 to temperature changes is also shown by the significant decrease in
molar ellipticity upon heating (Figure 4). The full set of temperature-dependent CD data is shown in
Figures S9-S12. Figures S9c, S11c, and S12c show CD spectra at pH 6, however it should be noted

that at this pH the peptide solutions formed precipitates, reducing the molar ellipticity values. The

results in Figure 4 show that PYY23 has the highest a-helical content out of all three lipidated
peptides studied throughout the whole pH and temperature range. This is the peptide which is

lipidated in the core of the a-helical domain (Figure 1a).
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Table 1: Calculated a-helix content of PYYsss, PYY1l, PYY17, and PYY23 at pH 2, native pH in
ultrapure water (pH 4 for lipidated and pH 6 for unlipidated peptide), and pH 8, at 20 °C.
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Figure 4: Calculated oa-helix content of PYYs.35, PYY11, PYY17, and PYY23 at; a) pH 2, b) the native

pH of the peptide (pH 4 for lipidated peptides and pH 6 for native PYYs.36, and c) pH 8, 20-70 °C.

The morphology of aggregates of the lipidated peptides and PYY3 3¢ itself was examined by SAXS and

cryo-TEM. Cryo-TEM avoids the need to dry or stain the sample, by vitrifying the solution, allowing

the self-assembled structures to be seen. Images of all three lipidated peptides at pH 2 and 8 are

shown in Figure 5. The images indicate the presence of long entangled fibers with some globular

objects, with variable lengths of several hundred nanometres for PYY11 at pH 8, PYY17 at pH 2-8,

and PYY23 at pH 4 and pH 8. Although the fibril length cannot be accurately determined at these

maghnifications, the fibril radius is measured as; 8.0 nm (+ 1.6 nm) at pH 4, and 2.9 nm (£ 0.5 nm)at

pH 8 for PYY17, and 8.2 nm (+ 1.6 nm), and 2.7 nm (x 0.5 nm) at pH 4 and 8 respectively for PYY23.

Accurate radius values of PYY11 fibrils could not be measured due to the entangled nature of the

structures, making it too difficult. However the radius was observed to be approximately less than
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10 nm. Images of PYY11 at pH 2 and 4, and PYY23 at pH 2 show the appearance of micelles with an
average radius of 4.8 nm (x 0.7 nm) and 3.7 nm (x 0.8 nm) for PYY11 and 23 respectively (Figure 5).
It is also very interesting to see that the position of lipidation affects the aggregated structure at pH
2, where PYY17 forms fibers, and PYY11l and PYY23 form micelles. This is presumably due to
enhanced electrostatic interactions between charged residues in PYY11 and PYY23. Additional cryo-
TEM images are included in Figures S13-16. The native peptide forms twisted nanotapes (Figure.

S16); it is clear from this type of nanostructure that lipidation causes a change in aggregation,

especially at low pH.

Figure 5: Cryo-TEM images of PYY11, PYY17, and PYY23. a) PYY11 pH 2, b) PYY17 pH 2, c) PYY23 pH
1.90, d) PYY11 pH 8, e) PYY17 pH 8.22, f) PYY23 pH 8.

Cryo-TEM was complimented with SAXS, which provides accurate dimensions and internal structures
of the nanostructures. The SAXS intensity profiles for PYY11, 17 and 23 are shown in Figure 6. The
data for PYYs36 is shown in Figure S17. The scattering data can be fitted to a spherical shell form

factor for PYY11 at pH 2 and 4 and for PYY23 at pH 2. A long cylindrical shell form factor was used to
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fit the remaining data. SAXS data of the native peptide, PYY3.3s was fitted to a generalized Gaussian
coil at pH 2 and 6. Although cryo-TEM images show a population of twisted nanotapes the SAXS
profiles are dominated by monomers. The data at pH 8 was fitted to a bilayer Gaussian form factor
which is used to represent nanotape structures formed by stacked B-sheet layers.***® Cryo-TEM
images of PYYs.3 at pH 8 showed clusters of aggregates but the SAXS data (Fig. S20) indicated the
presence of sheets. This gives a vast contrast to the lipidated peptides, indicating that lipidation
significantly changes self-assembly throughout the whole pH range (pH 2-8). The fitted parameters

are listed in Sl Tables S4 and S5. The fittings were carried out using the software SASfit.*

A notable observation when comparing SAXS data of the lipidated peptides across the whole pH
range is the difference in radius (R) and shell thickness (DR) values (Fig. S21). Changing the pH of
PYY17 away from its native pH caused the radius to decrease, whereas for PYY23 the opposite
occurred, whereby increasing the pH caused the radius value to increase. As the pH was raised from
2-8, the shell thickness for both PYY17 and 23 also increased. For PYY17, the shell thickness

increased from 0.113 nm to 0.271 nm when increasing the pH from 2-8.

Figure 7 summarizes our observations on the self-assembly and conformation of the three lipidated
peptides; PYY11, PYY17 and PYY23 at different pH values and relates it to the expected charges on
the residues at different pH values (with the caveat mentioned above that the residue pKa values
may be significantly changed by aggregation). It is that the lipopeptides retain a-helical structure
even within micelles. Our results provide evidence for unique conformationally ordered lipopeptide
micelles. The schematic in Fig.7 does not represent the actual association number, which is
estimated to be ~7 based on the micelle radii from SAXS fits (SI Tables S4 and S5) along with the

estimated molecular volume of PYY3-36 (4901 A3).
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Figure 6: SAXS intensity profiles. a) PYY11, b) PYY17, c) PYY23 at pH 2-8. All samples were at 0.5 wt%
and 20 °C. PYY11 data was fit to a spherical shell form factor at pH 2 and 4, and a long cylindrical shell
form factor at pH 8. PYY17 data was fit to a long cylindrical shell form factor for all pH values. PYY23
was fit to a spherical shell form factor at pH 2 and a long cylindrical shell form factor at pH 4 and 8.
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Hydrogel Studies

The formation of hydrogels by lipidated peptides is relatively rarely observed. Among a handful of
studies, gel formation has been reported for B-sheet nanofiber-forming lipidated peptides when the
fibrils form a sample-spanning network under suitable conditions of pH,>°® or by addition of salts>*
>4, 5758 or small molecule compounds.>® Castelletto et al. reported the observation of hydrogels for
three lipidated peptides containing a lumican peptide sequence and three different lipid chain
lengths (Ci2-, Ci4- and Cie-) by pH adjustment.®’ Uniquely, these hydrogels are based on nanotape
structures rather than cylindrical fibrils. A recent report shows that it is possible to create hydrogels
from o-helical peptides by careful design of the sequence.®! Coiled coil peptides can be designed to
co-assemble into dimers with complementary sticky ends that can then associate into fibrils. In the
context of therapeutics, hydrogel formulations of peptides are of interest for slow-release

formulations. We therefore sought to examine whether it is possible to create hydrogels from the

lipidated peptides or PYY3 ssitself.

Cryo-TEM and SAXS of the lipidated peptides showed the presence of extended fibrils in the pH
range 4-8 for PYY17 and 23, and pH 6-8 for PYY11. In this case a simple pH change and evaporation
method was used to form the hydrogels. CD and fibre XRD were performed to investigate
conformation, along with SAXS and TEM to probe morphology. Polarized optical microscopy (POM)
was also used to observe green birefringence from the formation of amyloid fibrils. The
concentration of peptide in the gels was measured in the range 1.6-2.4 wt% using a nanodrop

instrument.

Gelation was confirmed using the inverted vial method. Samples where gelation did not occur are
shown to allow for comparison. The formation of gels using the unmodified peptide was also
attempted; however gelation did not occur over the range of pH conditions examined.

Representative images are shown in the S| (Figures $19 and S20).
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Samples with a wide range of pH values were prepared to investigate the effect that pH had on
gelation. Table 2 summarises the pH values at which gels were formed for all three lipidated
peptides. It was noted that all lipidated peptides at pH 8 transformed readily into gels and this pH
was the most well controlled for formation, with other pH values needing longer time periods, up to
10 hours to form. We did not observe hydrogel formation by PYYs.s3sitself under the conditions of pH

and concentration examined.

There is no gel formation until pH 7-8 for PYY11 and also between pH 4 and 6 for both PYY17 and
PYY23. At around pH 6, the samples in solution formed precipitates, suggesting that this pH is close
to the Pl of the peptides as discussed above, and this might have had an effect on gelation. The
reason for gelation not occurring between pH 4 and 6 may be due to increased charge on the
peptides in this pH range due to the pKa values of the charged residues. This is very hard to quantify
because the pKa in peptides can shift upon aggregation.®>%® Qur results show that it is possible to

produce hydrogels by lipidating PYYs.3sand adjusting the pH to be sufficiently high or low.

Table 2: Summary of conditions for gel formation. Gelation did not occur with the unlipdated
peptide.

Successful pH values for gel formation (+ 0.01)

PYY11 PYY17 PYY23

pH 8.47 pH 3.80 pH 3.19

pH 8.76 pH 7.35 pH 6.09
pH7.77 pH 6.11
pH 8.67 pH 6.56
pH 8.88 pH 7.16

pH 8.57
No gels formed from un-lipidated PYY3.36

CD studies were performed on the gels at pH 6-8, to probe the secondary structure. Results at pH 8
are shown in Figure 8a and they indicate that the gels adopt a -sheet secondary structure the

spectra showing a minimum near 217 nm, .**%? compared to the peptides in solution which showed
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an a- helical structure. An interesting point to note is that at pH 6, PYY17 did not form a gel, but the
CD data still shows B-sheet structure with a minimum at 217 nm (Figure S21). As a result, it is
suggested that the mechanism behind gelation is a combination of pH change, and a thermal

transition from a-helix to B-sheet.

The thermal transition from a-helix to B-sheet of PYY11 was examined using CD at pH 8 since this
was the pH at which all lipidated peptides formed the strongest gels (Figure S22). The experiment
was carried out using a 2 wt% peptide solution and the pH was changed using NaOH (0.5M) and HCI
(0.5 M). The sample was heated in a water bath at 60 °C and measurements were taken every 20
minutes until the transition occurred. The results show that the transition started to occur at 60
minutes and by the 80 minute measurement the structure was fully B-sheet with a minimum at 218

nm.
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Figure 8: (a) CD spectra from gels of all three lipidated peptide at pH 7-8 and 20 °C. (b) SAXS intensity
profiles and form factor fittings for gels of PYY11, PYY17, and PYY23 at pH 7-8. All data was fitted to a
long cylindrical shell form factor. (C) TEM images of the peptide hydrogels at pH 8. (i) PYY11, (ii)
PYY17, (iii) PYY23.
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SAXS data measured for the gels is shown in Figure 8b and was fitted to a long cylindrical shell model
using SASfit and fitting parameters are shown in Table S6. The scattering pattern and fitting
parameters of PYY23 appears to be distinctly different to the other two lipidated peptides. The

radius R is significantly larger than the others and the shell thickness DR is significantly lower.

TEM images of all peptide gels (Figure 8c) show a network of entangled fibres, very similar to the
cryo-TEM images of the samples in solution. An interesting observation is that PYY11 and PYY23 did
not form a gel at pH 2, which is informative in terms of understanding the mechanism of gelation,
since they both form micelles at pH 2, whereas PYY17 forms fibres. This indicates that a fibre

morphology could be crucial to gelation.

Polarized optical microscopy was carried out on the peptide hydrogels using Congo red as a staining
agent to show green birefringence in polarized light from the presence of amyloid fibrils.%
Birefringence is the result of a sample having two refractive indices and it can change linearly
polarized light to elliptically polarized light, to allow light to pass through a crossed analyser.®® Congo
red is an azo dye that has an orientated arrangement on amyloid fibrils by forming hydrogen bonds
between amino and hydroxyl groups within the dye and on amyloid structures.®® When stained with
Congo red in alkali conditions, the fibrils appear red in unpolarised light, and green in polarised light.

Microscopy images are shown in Figure S27 and yellow/green birefringence is observed for all three

lipidated peptides, indicating the presence of amyloid fibrils.

Fibre X-ray diffraction was performed to compliment the SAXS data. The obtained 2D patterns were
isotropic, so the data were reduced to one-dimensional form. The resulting intensity profiles are
shown in Sl Figure S23. The results show a-helical structures with sharp peaks corresponding to d

spacings = 5.70 A.
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Conclusions

Our study provides a comprehensive picture of the influence of palmitoylation and the position of
this lipidation on the conformation and self-assembly of the PYYs.3s peptide All three lipidated
peptides studied exhibit critical aggregation concentrations in pyrene fluorescence probe assays, in
the range 0.008 — 0.07 wt%, depending on pH. Pyrene is sensitive to the local hydrophobic
environment and so these assays probe “hydrophobic collapse”. Comparing samples at a fixed pH,
PYY23 and PYY17 have lower cac values than PYY11, this may reflect the replacement of charged
arginine residues in these peptides by hydrophobic lipids. The parent peptide PYYss3s itself
undergoes a critical aggregation process into fibrils, revealed by Thioflavin T fluorescence assays .
The cac values are of the same order of magnitude as those for the lipidated peptides. The cac

values increase significantly at low pH.

The lipidated peptides form long entangled fibers above pH 4, but remarkably PYY11 and PYY23 form
micelles at low pH. This is in contrast to the non-lipidated peptide which formed a mixture of
monomers and twisted nanotapes at pH 2-6, and a mixture of clusters and sheets at pH 8. It is
unclear why PYY17 does not form micelles at pH 2, in contrast to PYY11 and PYY23. Cryo-TEM and
SAXS clearly indicate the formation of fibrils for this sample under these conditions. PYY11 forms
micelles over a wide range of pH values (pH 2 to 6) which presumably due to the fact that this
sample is not lipidated in the a-helix domain which is therefore unperturbed (and fully charged at

lower pH with two unsubstituted arginine residues).

CD results showed an a-helical secondary structure throughout a pH range of 2-6 for all peptides,
although at pH 8, PYY17 and PYY23 undergo an a-helix to B-sheet transition about 50 ° C. The
retention of o-helical conformation within micelles is unexpected, since lipopeptide micelles
observed to date generally comprise peptide groups with disordered conformation due to the

constraints imposed by the spherical geometry.

Page | 24



In contrast to the a-helical peptide hydrogel reported by Banwell et al. ¢!, the PYY lipidated peptide
hydrogels are based on [B-sheet structure resulting from “denaturation” of the peptide under
conditions where the concentration is high enough and the pH is sufficiently large. The a-helix to 3-
sheet transition was observed for “pre-gel” solutions via CD measurements during high temperature
annealing. Although lipidation stabilizes the a-helical conformation against temperature and pH
changes compared to the unlipidated PYY33s peptide, we show that it is possible to destabilize the a-
helical conformation (“denaturation” to B-sheet structure”) by high temperature annealing.
Hydrogelation is observed by pH adjustment at low or high pH. At intermediate pH, gelation is
prevented by sample precipitation which occurs at around the presumed pl of the peptides. The PYY
lipidated peptide hydrogels may be useful in future formulations of these molecules for therapeutic

applications.

In practical terms, Lipidation confers enhanced stability pH and temperature change to a similar
extent for all three lipidated peptides, although the absolute value of a-helical content strongly
dependent on pH. Unexpectedly, B-sheet structured hydrogels were observed over the widest range
of pH values for PYY23, and the lowest range for PYY11. PYY23 is lipidated in the centre of the a-
helical domain and this seems to lead to disruption of a-helix structure at the expense of B-sheet
conformation at high concentration whereas for PYY11, where the site of lipidation is outside the a-
helical domain there is a lower pH range for -sheet hydrogel formation. Also substitution at S(11)
does not change the charge on the peptide, unlike substitution at R(17) or R(23) where there is a net
loss of +1 charge (below the pKa of this residue). If hydrogels are required for potential PYY peptide
slow release formulations, then our studies suggest that lipidation of the peptide at position 23
provides can be used to produce hydrogels under the widest range of pH conditions. It is hoped that
these findings stimulate further research to investigate the influence of lipidation on the
conformation and self-assembly of lipidated peptide hormones and that this will benefit future

peptide drug development.
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Experimental Section

Materials. Human PYY3.3¢ acetate salt was synthesised by Bachem, Switzerland. The molecular mass
by MALDI-MS was measured by the supplier using a Shimadzu Biotech Axima-CFR instrument, and
found to be 4049.61 g mol™* (Fig. S1a), (expected: 4047.07 g mol™). The molecular mass was checked
in our labs by ESI-MS using a Thermo Scientific LTQ-Orbitrap XL instrument, and found to be 4049.07
g mol™. The purity was 96.9% determined by HPLC using a Dionex Ultimate 3000 HPLC system with

Vydac C18 column.

PYY11 acetate salt was custom synthesised by Bachem, Switzerland. The molecular mass by MALDI-
MS was measured by the supplier using a Shimadzu Biotech Axima-CFR instrument, and found to be
4458.19 g mol™ (Fig. S1b), (expected: 4454.37 g mol™).The molecular mass was checked in our labs
by ESI-MS using a Thermo Scientific LTQ-Orbitrap XL instrument, and found to be 4458.41 g mol?®.
The purity was 95.4 % as determined by HPLC using a Dionex Ultimate 3000 HPLC system with Vydac

C18 column.

PYY17 acetate salt was custom synthesised by Bachem, Switzerland. The molecular mass by MALDI-
MS was measured by the supplier using a Shimadzu Biotech Axima-CFR instrument, and found to be
4389.13 g mol? (Fig. S1c), (expected: 4387.32 g mol?). The molecular mass was checked in our labs
by ESI-MS using a Thermo Scientific LTQ-Orbitrap XL instrument, and found to be 4389.32 g mol™.
The purity was 97.8 % as determined by HPLC using a Dionex Ultimate 3000 HPLC system with Vydac

C18 column.

PYY23 acetate salt was custom synthesised by Bachem, Switzerland. The molecular mass by MALDI-
MS was measured by the supplier using a Shimadzu Biotech Axima-CFR instrument, and found to be
4389.27 g mol? (Fig. S1d), (expected: 4387.32 g mol™). The molecular mass was checked in our labs

by ESI-MS using a Thermo Scientific LTQ-Orbitrap XL instrument, and found to be 4389.33 g mol
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! The purity was 98.3% as determined by HPLC using a Dionex Ultimate 3000 HPLC system with

Vydac C18 column.

Fluorescence Spectroscopy. Fluorescence spectra were recorded with a Varian Cary Eclipse
fluorescence spectrometer with samples in 4 mm inner diameter quartz cuvettes. Pyrene assays
were performed using 1.3 x103 to 0.13 wt% peptide solutions, in 2.167 x10° wt% pyrene solution.
The samples were excited at a wavelength Aex = 339 nm, and the fluorescence emission was

measured for A = 360-500 nm.

Circular Dichroism (CD). CD spectra were recorded using a Chirascan spectropolarimeter (Applied
Photophysics, UK). Spectra are presented with absorbance A < 2 at any measured point with a 0.5
nm step, 1 nm bandwidth, 1 s collection time per step, and 3 repeats. The CD signal from the
background (water) was subtracted from the CD signal of the sample solution. Ellipticity is reported

as the mean residue ellipticity ([0], in deg cm?/dmol) and calculated as:

[6] = [6]obs MRW/10c/

Where [B]ops is the ellipticity measured in millidegrees, MRW is the mean residue molecular weight
of the peptide (molecular weight divided by the number of amino acid residues), ¢ is the

concentration of the sample in mg/mL, and / is the optical path length of the cell in centimeters.

Samples were measured using quartz plaques (0.2 mm spacing for solutions and 0.01 mm for gels)
with 0.5 wt% solution concentrations with a pH range from 2-8. Gel concentrations measured
ranged from 1.6-2.4 wt%. CD spectra were measured using a temperature range of 20-70°Cand a 5
°C step. The sample was equilibrated at each temperature for 2 minutes before measurements were
recorded.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). Imaging was carried out using a field
emission cryo-electron microscope (JEOL JEM-3200FSC) operating at 200 kV. Images were taken

using bright-field mode and zero loss energy filtering (omega type) with a slit width of 20 eV.
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Micrographs were recorded using a CCD camera (Gatan Ultrascan 4000, USA). The specimen
temperature was maintained at -187 °C during the imaging. Vitrified specimens were prepared using
an automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon copper grids, with a 3.5 um
hole sizes. Grids were cleaned using a Gatan Solarus 9500 plasma cleaner just prior to use and then
transferred into the environmental chamber of a FEI Vitrobot at room temperature and 100%
humidity. Following this, 3 uL of sample solution at 0.5 wt % concentration was applied on the grid,
blotted once for 1 s, and then vitrified in a 1:1 mixture of liquid ethane and propane at -180 °C.
Grids with vitrified sample solutions were maintained in a liquid nitrogen atmosphere and then cryo-

transferred into the microscope.

Polarized Optical Microscopy (POM). Images were obtained with an Olympus BX41 polarized
microscope by placing the sample between crossed polarizers. Approximately 20 uL of Congo red
solution (450 uM) was added to gel samples and were left for an hour to allow the Congo red
solution to absorb into the gels. The resulting mixtures were placed between a glass slide and a

coverslip. Images were collected using an Olympus SP-350 digital camera.

Small-Angle X-ray Scattering (SAXS). Solution SAXS experiments were performed on the bioSAXS
beamline BM29 at the ESRF, Grenoble, France, and also on the bioSAXS beamline B21 at Diamond,
Harwell, UK. Solutions containing 0.5 wt% of peptide in water were loaded into PCR tubes in an
automated sample changer. At the ESRF, SAXS data were collected using a Pilatus 1 M detector. The
sample-detector distance was 2.84 m. The X-ray wavelength was 0.99 A. At diamond, SAXS data
was collected using a 2 M detector and at a fixed camera length of 3.9 m with a wavelength A =1 A.
The wavenumber g = 4mt sin 0 /A scale was calibrated using silver behenate, where A is the x-ray
wavelength and 20 is the scattering angle. SAXS on hydrogels was performed at Diamond on
beamlines 122 and B21. On 122, Samples were placed in DSC pans modified with glass or Teflon
windows to enable transmission of the X-ray beam. The sample-to-SAXS detector distance was 7.483

m. A Pilatus P3-2M detector was used to acquire the 2D SAXS scattering patterns. SAXS data
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collected for samples with Teflon windows was corrected for the Teflon background scattering.
Diffraction from silver behenate was used to calibrate the wavevector scale of the scattering curve.
Data processing was performed using software DAWN (Data Analysis Software group, Diamond Light
Source Ltd.). On beamline B21 at diamond, samples were placed in custom made gel holder cells
with kapton windows. SAXS data was collected using a 2 M detector and at a fixed camera length of

3.9 m with a wavelength A = 1 A.

Fiber X-ray Diffraction (XRD). XRD of gels (1.6-2.4 wt%) was performed on dried peptide stalks
prepared by creating a fibre of peptide between the ends of wax coated capillaries. After separation
of the capillaries after drying, a stalk was left on the end of one of the capillaries. Stalks were
vertically mounted onto the goniometer of an Oxford Diffraction Gemini Ultra instrument, equipped
with a Sapphire CCD detector. The sample to detector distance was 44 mm. The X-ray wavelength
was A = 1.54 A. The wavenumber scale (q = 4m sin 8/A where 28 is the scattering angle) was

geometrically calculated.

Zeta Potential. { potentials were measured using a Zetasizer Nano ZS from Malvern Instruments. A 1
mL aliquot of sample was placed inside a disposable folded capillary cell. The sample was left to
equilibrate for 120 s before measuring the T potential, using an applied voltage of 50.0 V. The results

presented are the average over three measurements.

pH titration measurement. pH titrations were carried out using 2 wt% peptide solutions in water (3
mg in 150 pL). Sodium hydroxide (0.25 M) was added to the peptide solutions until pH 10 was
reached. Titrations were performed by adding diluted HCI (0.022 M) dropwise, and measuring the
pH using a pH meter until the pH had dropped to pH 2. Water was also titrated in the same way as a

control experiment.

Nanodrop Concentration Determination. For gels, concentrations were measured using a Thermo

Scientific NanoDrop 1000 spectrophotometer, and ND-1000 version 3.7 software. 2uL of each
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sample was pipetted onto a cleaned measurement pedestal. The absorbance at 280nm was
recorded. A molar absorbance coefficient was calculated using the following equation,e = (nW x
5500) + (nY x 1490) + (nC x 125). At 280 nm, this is the weighted sum of the 280 nm molar
absorption coefficients of tryptophan (W), tyrosine (Y) and cysteine (C) amino acids. Given there are
four tyrosine residues in each of the lipidated peptides this equation produces a molar absorbance
coefficient of 5960 L mol™® cm™. This absorbance and molar absorbance coefficient were then used
to calculate the molarity using the Beer-Lambert equation. From the molarity the weight of peptide
present was found and subsequently converted to a weight percent, using known volumes and

molecular weights.

Preparation of Hydrogels. Gels were prepared by making up 1-2 wt% peptide solutions in ultrapure
water (18 MQ Barnstead Nanopure, ThermoScientific, USA), and changing the pH accordingly using
1M HCl or 1M NaOH. The solutions were heated to 60 °C for approximately 2-10 hours and then left
to stand for a couple of hours to a couple of days for the gelation to occur. The concentration of gels
were determined by Nanodrop experiments and ranged from 1.6-2.4 wt% .The pH range studied was

pH 2-8.

Transmission electron microscopy (TEM). Imaging was performed using a JEOL AMT. XR-401 TEM
instrument. A thin film of peptide gel was added to the surface of a carbon film coated TEM grid and
stained with 1 wt% uranyl acetate solution for 1 minute, followed by washing with distilled water by
applying enough water to cover the grid and leaving it for 1 minute. The grids were then taken and
placed in the TEM Instrument and images were taken, using a 4.0 megapixel CMOS camera, at

various magnifications.
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