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Abstract

The gastric peptide hormone human PYY3.36 is a target for the development of
therapeutics, especially for treatment of obesity. The conformation and aggregation
behaviour of PEGylated and lipidated derivatives of this peptide is examined using a
combination of fluorescence dye assays, circular dichroism (CD) spectroscopy,
analytical ultracentrifugation (AUC) measurements, small-angle x-ray scattering
(SAXS) and cryogenic-transmission electron microscopy (cryo-TEM). The behaviour
of two PYY3.36 derivatives lipidated (with octyl chains) in different positions is
compared to that of two derivatives with PEG attached at different residues and to that
of the native peptide. We find that, unexpectedly, PYY33s forms amyloid fibril
structures above a critical aggregation concentration. Formation of these structures is
suppressed by PEGylation or lipidation. PEGylation significantly reduces the
(reversible) loss of a-helix content observed on heating PY'Y3.36. The PEG conjugates
form mainly monomeric structures in solution, coiled coil formation and other
aggregation presumably being sterically hindered by swollen PEG chains. However,
some small aggregates are detected by AUC. In complete contrast, both of the two
lipidated peptides show the formation of spherical micelle-like structures which are
small oligomeric aggregates. Our findings show that PEGylation and lipidation are
complementary strategies to tune the conformation and aggregation of the important

gastric peptide hormone human PYY3.36.



Introduction

Obesity is fast emerging as a global healthcare issue and this has stimulated research to
understand the condition and ultimately to develop treatments. A key area of interest
concerns peptide hormones, a series of which are involved in appetite stimulation or
suppression.! These peptide hormones are secreted from organs including the pancreas,
stomach and intestine.

The Neuropeptide Y (NPY) family of peptide hormones are secreted in the gut and are
involved in several processes involved with the feeling of satiety following feeding.?
These neuropeptides serve as ligands for G-protein coupled Y receptors. The NPY
family includes peptide YY (PYY), NPY and pancreatic peptide (PP).>* Here, we
investigate derivatives of the human PYY3.3s peptide. This peptide is a gut hormone
released by the L cells of the gastrointestinal tract following food intake and it is
produced from the endogenous precursor PY'Y 136 peptide via rapid hydrolysis to the 34
amino acid peptide, PYY3.3s, 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 PY'Y3.36 has a high selectivity for the Y receptor, compared
to PY Y135 Which has selectivity for the Y1, Y, and Ys receptors.® The sequence of
PYY3.36 is shown in Scheme la which also shows the lipidated and PEGylated
derivatives studied in this paper. Solution NMR studies have established that PYY3.36
adopts a partially o-helical structure in aqueous solution.”® Residues from L(17) to
T(32) are believed to lie in the a-helical domain as shown in red in Scheme 1b. The
helical wheel representation of the alpha helix of PYY3.3s (Scheme 1c) suggests a
possible tendency for facial segregation of charged residues (bottom right) and

uncharged residues (top left).



In the present manuscript, we investigate the effect of PEGylation and lipidation on the
conformation and aggregation of derivatives of PY'Y. The conformation is probed using
circular dichroism (CD) spectroscopy. This technique also provides some information
on aggregation, however this is examined with less ambiguity via analytical
ultracentrifugation. Potential self-assembly is investigated using a powerful
combination of cryogenic-transmission electron microscopy (cryo-TEM) and in situ
small-angle X-ray scattering (SAXS). PEGylation of PYY33s leads to extended
circulation half-life, although its activity in inhibiting food intake was found to be
eliminated (in a mouse model).® However, attachment of PEG via a hydrolysable linker
restored this activity.® In another study, palmitoylated PYY3.3s derivatives were
reported to show self-assembly behaviour (into nanotape or micellar structures
depending on pH).1° Here, we show that the octyl lipid derivatization suppresses the
fibrillisation observed for PY'Y3.3¢ itself and instead stabilizes the formation of micelles.
We also demonstrate that PEGylation leads to the formation of PEG-stabilized
monomers, i.e. the PEG is shown to have a valuable role in preventing self-assembly.

This paper complements a recent manuscript on the conformation and self-assembly of
several PY'Y peptides substituted with lysine bearing y-glutamyl linked palmitoyl lipid
chains at S(13), R(19) or R(25).2° In the current paper, lipidation involves substitution
of L(17) or Y(21) with octyl-bearing lysine derivatives or substitution of lysine
derivatives bearing short PEG oligomers. Both of these sites have been chosen to lie
within the o-helical domain (Scheme 1b). Based on a complete alanine scan of
neuropeptide Y, a close homologue of PYY activating the same receptors, binding to
the human Y receptor (a receptor for pancreatic peptide hormones) only depends on
residue 5 and final C-terminus sequence. Hence, positions 17 and 21 were chosen as

they lie in the centre of the molecule at one face of the alpha-helix and can freely be



substituted and modified without obstructing the peptide activity at the human Y
receptor.!! The conformation of PYY336 has been determined from solution NMR
studies. Scheme 2a shows an ensemble of conformers obtained from one of these

studies (published as pdb file 2dez).'

There have been few other prior studies on PY'Y peptide derivatives. One investigation
of conjugation of Vitamin B21 to PYY3.3s which has been shown to lead to improved
function, in particular reduced food intake in a rat model.** An NMR-based structure
of the conjugate, used as a constraint in molecular dynamics simulation modelling, was

also published.*

Improving the chemical and physical stability of peptides for applications as therapeutic
agents is an important research challenge.’>*® Strategies include conjugation of lipid
and polymer chains. A commonly used polymer for such applications is polyethylene
glycol (PEG), attachment of which is termed PEGylation. PEGylation is a well-known
strategy to improve the stability of proteins and peptides in vivo, 122 as a result of so-
called steric stabilization, and this action was confirmed for a human PP (hPP)
derivative (PEGylated at lysine residue 22).2* This was also shown to reduce food
intake in mice.?* It has been shown that PEGylation (N-terminal or N- and C-terminal)
stabilizes the conformation of de novo designed coiled coil forming peptides against

changes in concentration and temperature.?>-%

Lipidation is another strategy employed to improve the biostability of peptides for
therapeutic applications and it enhances compatibility of the molecule with lipid

membranes and facilitates extended circulation via binding to serum albumin.??° In



one study on a lipidated NPY family peptide, Bellman-Sickert et al. showed that
lipidation improved the pharmacokinetic properties of hPP and prolonged the reduction
of food consumption in a mouse model.?® The lipidated peptide showed a greater
resistance to degradation and excretion than PEG analogues which were also prepared

and investigated.

Experimental

Synthesis. Peptides were synthesized as described previously.*® Briefly, peptide
sequences were built up using solid phase peptide synthesis on a Rink amide resin. For
PEGylation, N-termini as well as Lys side chains that were not intended to be
PEGylated were blocked by the UV-cleavable 6-nitroveratryloxycarbonyl (Nvoc)
protection group. Peptides were cleaved from the resin and reacted in solution with
MeO-PEG-NHS with an average molecular weight of 22 kDa in the presence of 4-
dimethylaminopyridine in DMF. Afterwards, the Nvoc protection group was cleaved.
For lipidation, Lys side chains were protected using the N-(1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl) (Dde) group. The N-terminus was tert-butyloxycarbonyl
(Boc) protected. After selective deprotection of Lys with hydrazine, the y-L-glutamoyl
linker was introduced the following way: Fmoc-L-Glu-OtBu was coupled via the y-
carboxy group of the glutamoyl side chain using carboxyacid activation with N,N-
diisopropylcarbodiamide (DIC) and hydroxybenzotriazole (HOBT), followed by
cleavage of fluorenylmethoxycarbonyl (Fmoc) and coupling of octanoic acid using the
same activation technique. After cleavage from the resin, all peptides were purified by
reversed phase high performance liquid chromatography. Identity was proven by matrix

assisted laser desorption/ionization time of flight mass spectrometry. The attached PEG



has a molar mass of 22271 Da (MeO-PEG-NHS 20000 Da from Iris Biotech GmbH)
and a dispersity D= 1.04. Molecular weights were 4047.07 g/mol (PYY3.3s), 4317.23
g/mol (Ki7-Eoct), 4267.25 g/mol (K21-Eoct), ~24,000 g/mol (K17-PEG22) and 26267
g/mol (K21-PEG22) determined by mass spectrometry using an Ultraflex 111 Maldi-
TOF/TOF (Bruker Daltonics, Bremen, Germany).

Sample Preparation. For circular dichroism (CD), cryo-transmission microscopy
(cryo-TEM), small angle X-ray scattering (SAXS) and automatic ultracentrifugation
(AUC) studies, weighed amounts of peptide powder and water were left to equilibrate
at the desired wt % concentration of peptide. For ANS and ThT assays, the peptides
were dissolved in a stock solution containing the corresponding fluorophore.
Fluorescence Spectroscopy. 8-anilo-1-naphthalenesulfonic acid (ANS) and
Thioflavin T (ThT) were used to locate the critical aggregation concentration (cac). The
ANS fluorophore is sensitive to the hydrophobicity of its surrounding environment,*!
making it suitable to determine the cac due to hydrophobic collapse. ThT fluorescence
binds to amyloid-like structures®>3® (B-sheet fibrils) and is used to detect the cac due to
amyloid formation. Samples for ANS or ThT assays were prepared by dilution in 2x10°
8 wt% ANS or 5x10° wt% ThT of a mother sample prepared as 0.2 wt% peptide in
2x10% wt% ANS or 5x107* wt% ThT.

Spectra were recorded with a Varian Cary Eclipse Fluorescence Spectrometer with
samples in 4 mm inner width Quartz cuvettes.

ANS assays were performed measuring spectra from 400 to 670 nm (Aex = 356 nm),
while ThT assays were performed measuring spectra from 460 to 600 nm (Aex = 440
nm).

Results from the ANS or ThT assays are plotted as 1/l vs C or vs log(c) (I: fluorescence

intensity of peptide dissolved in 2x10°° wt% ANS or 5x107 wt% ThT; Io: fluorescence



intensity of 2x107 wt% ANS or 5x1073 wt% ThT; Aem: emission wavelength, c: peptide
concentration).

Analytical Ultracentrifugation (AUC). For characterisation of the peptide solutions,
sedimentation velocity scans were recorded for a dilution series, starting from 0.1 wt%
conjugated peptide. All experiments were performed at 55000 rpm, using a Beckman
XLI analytical ultracentrifuge with an An-60Ti rotor at 20°C. Data were recorded using
the absorbance (at 280 nm) and interference optical detection systems. The density and
viscosity of the water was measured experimentally using a DMA 5000M densitometer
equipped with a Lovis 200ME viscometer module. The partial specific volume of the
peptide was calculated using SEDFIT from the amino acid sequence. The partial
specific volume of PEG was taken as 0.825 mL/g,** and that of the lipid was calculated
using the method of Durchschlag and Zipper.*

The theoretical apparent partial specific volumes (1) of the conjugated peptides were
calculated according to:

— _ (Mpvp)+(Mc ¥c)
vr = (Mp+Mc) (1)

Where Mp and v, denote the molecular mass and partial specific volume of the peptide,
respectively, and M. and v, denote the molecular mass and partial specific volume of
the conjugate, respectively. Data were processed using SEDFIT, fitting to the c(s)
model.>®

Circular Dichroism (CD) Spectroscopy. CD spectra were recorded using a Chirascan
spectropolarimeter (Applied Photophysics, UK). Peptide solutions were placed in a
quartz bottle (1 mm path length). Spectra were measured with a 0.5 nm step, 1 nm
bandwidth, and 1 s collection time per step. The CD signal from the water background

was subtracted from the CD data of the sample solutions. Temperature was manually



changed, while the sample was left to equilibrate for 3 minutes after the assigned
temperature has been reached, before collecting the CD data.
Ellipticity is reported as the mean residue ellipticity ([6], in deg cm? dmol™?) and

calculated as:

[0] = [0lobs Ty )

[0],ps 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
= 34, Scheme 1), c is the total concentration in mg/ml, and | is the optical path length
of the cell in centimeters.

CD spectra were dominated by an a-helical secondary structure. The a-helix content,

f, is calculated as:®’

fo = 100 [6]25,/[0]52, ©)
[6]55, in Equation 3 is the extrapolated value for the molar ellipticity:
015, =[01"(1-5) (@)

where [0]5%,=-31556 deg cm? dmol™?, [0]* =-37400 deg cm? dmol™ is the maximum
mean residue ellipticity at 222 nm of a peptide with infinite length and 100% helix
content,®” n= 16 is the number of residues/helix (Scheme 1b) and k is a wavelength-
dependent constant (2.5 at 222 nm).

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 in bright field mode and using zero loss energy filtering
(omega type) with a slit width of 20 eV. Micrographs were recorded using a Gatan
Ultrascan 4000 CCD camera. 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 hole size of 3.5
um. Just prior to use, grids were plasma cleaned using a Gatan Solarus 9500 plasma
cleaner and then transferred into the environmental chamber of a FEI Vitrobot at room
temperature and 100 % humidity. Thereafter 3 ml of sample solution was applied on
the grid and it was blotted twice for 5 seconds and then vitrified in a 1/1 mixture of
liquid ethane and propane at temperature of -180 °C. The grids with vitrified sample
solution were maintained at liquid nitrogen temperature and then cryo-transferred to the
microscope.

Small-Angle and X-Ray Scattering (SAXS). Synchrotron SAXS experiments on
solutions were performed on beamline B21 at Diamond (Didcot, UK) and on 1D02
(ESRF, France).

At B21, solutions were loaded into the 96 well plate of an EMBL BioSAXS robot, and
then injected via an automated sample exchanger into a quartz capillary (1.8 mm
internal diameter) in the X-ray beam. The quartz capillary was enclosed in a vacuum
chamber, in order to avoid parasitic scattering. After the sample was injected in the
capillary and reached the X-ray beam, the flow was stopped during the SAXS data
acquisition. B21 operated with a fixed camera length (3.9 m) and fixed energy (12.4
keV). The images were captured using a PILATUS 2M detector. Data processing was
performed using dedicated beamline software Scatter.

At 1D02, samples were loaded in a glass capillary with a 2 mm internal radius. The
beamline operated at 12.46 keV energy with a flux of 2.19x10*? photon s (100 mA).
The sample-detector distance was 1474.2 mm. The 2D data was collected using
a Rayonix MX170% detector, with a 2x2 binning, and processed using SAXSUtilities

software.
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Results

We investigated the conformation and aggregation of PY'Y3.35 and derivatives of PYY.
36 shown in Scheme 1. We first used the software PEPfold3%%*° to compute the
predicted conformation of PYY3.36 in comparison to a published solution NMR
structure.*? PEPfold3 provides de novo conformational analysis based on a structural
alphabet analysis which considers a peptide in sequence of four residues overlapping
by three residues and compares the conformation with sequences generated by position-
specific iterative BLAST analysis using Uniprot protein database, followed by
sterically allowed generation of progressively extended peptide conformations.3%-40
Scheme 2b shows an overlay of a PEPfold3 predicted structure with one of the
ensemble of NMR conformers. There is a good degree of conformity in predicted and
experimental structures, although the predicted a-helical domain is shifted slightly
from the NMR conformation (and is slightly longer). This is also confirmed by the local
conformational analysis shown in Scheme 2c, which shows a predominance of a-
helical structure from S(13) to L(30) (due to the structural alphabet overlap analysis,
the conformation of the last two residues is not computed). For comparison, the
software PSIPRED, based on the position specific scoring matrices generated by PSI-
BLAST, predicts that residues from P(14) to V(31) are in a-helical conformation.42
This combination of experimental and theoretical evidence indicates that substitutions
at L(17) or Y(21) in PY'Y3.36 correspond to substitutions in the N-terminal region of the
a-helical domain or its centre. We then proceed to investigate the conformation and
aggregation tendencies of K(17) and K(21) derivatives bearing octyl lipids or short PEG
chains. These molecules have been prepared to enhance the biostability of PYY3z3s

with possible therapeutic applications as discussed above.?
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We compare the conformational behaviour and self-assembly properties of derivatives
of PYY which have been PEGylated by attachment of PEG [poly(ethylene glycol)] at
K17 or K21 (K17-PEG22, K21-PEG22; Scheme 1a) or lipidated via attachment of an octyl
chain at K17 or K21 (K17-Eoct, Kz1-Eoct; Scheme 1a).

The self-assembly of PY Y3.36 in water has recently been investigated.' Here, results on
the self-assembly of PYY3.36 in water (Figure 1) will be used as a reference for the
PY'Y3.36 cOnjugates.

We first used a fluorescence dye probe to detect any critical concentration for
aggregation or formation of hydrophobic pockets. The fluorescence of the dye ANS can
be used to detect the cac as exemplified by our recent use of this method to detect cac
values for several lipopeptides.**** ANS fluorescence assays are also frequently used
to determine the formation of hydrophobic pockets during protein folding.3!

Figure S1 shows the dependence of I/l, as a function of log (c), together with the
dependence of the same normalized intensity on c (inset Figure S1), measured for
PYY3.36. The discontinuity in 1/l observed in the log(c) plot (Figure S1) is when the
data is plotted on a linear concentration scale (inset Figure S1). Therefore, the ANS
fluorescence assay does not show evidence for a self-assembly process driven by
hydrophobic aggregation.

An alternative fluorescence assay, which uses ThT and is sensitive to the formation of
amyloid fibrils, was used to determine the cac of PYY3.36. Figure 1a displays the results
obtained from the ThT assay. A cac value ~ 0.09 wt% PYY3.3s can be obtained from
the discontinuity in fluorescence intensity. This discontinuity is visible in the
dependence of I/1owith ¢ (inset Figure 1a) or with log (c) (Figure 1a). This suggests that

PYY3.3s forms amyloid structures above a critical concentration.
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Cryo-TEM images reveal the self-assembly of long fibres (44.3+5) A in diameter in a
solution containing 1 wt% PYY3.3s. It has been reported that the self-assembly PYY's.
36 depends on the pH of the solution for 2< pH <8.1° Here, 1 wt% PY Y335 in water has
pH 3, and fibres similar to those displayed in Figure 1b were previously found for 0.5
Wt% PYY3ssat pH 2 and 4.2

Since the fibril formation leads to a ThT fluorescence response, characteristic of
amyloids we also investigated UV absorbance of the Congo red dye which is another
diagnostic of amyloid formation.*® The expected green shift of the absorbance
maximum was not observed. In fact, this phenomenon was observed previously for an
a-helical peptide (apolipoprotein A-1 fragments) forming fibrils (as shown by TEM).*
Along with our results, this suggests that fibril-forming a-helical peptides do not show
all of the typical amyloid diagnostics, which is not surprising since the mode of binding
of fluorescent dyes to a-helical structures will differ from that of 3-sheet structures, for
which binding occurs in the grooves of the B-sheet fibrils.*’°

CD was used to study the secondary structure of the fibres in Figure 1b. The CD
spectrum (Figure S2) displays two minima (208 and 219 nm) and one maxima (189
nm), corresponding to an a-helical secondary structure.®® Equations 3-4 together with
the spectrum in Figure S2 were used to calculate fo= 20% and the ratio [0]222/[0]208=
0.9, which might indicate that the fibres are not made of coiled-coil aggregates of a-
helices.?> %’

Figure 1c shows the CD signal for samples containing 8.6x102to 0.24 wt% PYY 3.3,
which ranges across the cac determined by ThT fluorescence assays (Figure 1a). The
relative intensity as well as the absolute value of the ellipticity at A= 208 and 222 nm
changes with concentration, implying structural changes in the a-helix conformation
and coiled coil association. CD spectra in Figure 1c were used to calculate the helix

13



contents (f,; Equations 3-4) and the ratio of mean residual ellipticities at 222 and 208
nm ([0]222/[0]208), which is a probe for the presence of coiled coil structures.®’

Figure 1d displays the results calculated for f,, and [0]222/[0]20s as a function of PYY3.
36 concentration.

The analysis of the CD spectra provides low values of helical content (18< f,, < 14,
Figure 1d) because the a-helices comprise only 16 residues out of the total 34 residues
in the peptide sequence (Scheme 1b). It has been reported that values [0]222/[6]208 ~ 1
or higher indicate the formation of coiled coil aggregates of a-helices.?> '

A steady decrease of [0]222/[0]208 from 1.02—1.07 to 0.87—0.93, has been previously
reported for synthetic peptides, and ascribed to the transition from two-stranded o-
helical coiled coils to single-stranded o-helices.3" 5154

Figure 1d shows that upon increasing concentration, [0]222/[0]208 decreases from ~1.1
to ~0.95 above 0.05 wt% PY'Y3.36. This suggests that coiled coils are present at low
concentration, but that these are disrupted above the cac (where [0]222/[0]208 adopts a
constant value ~0.95). The coiled coils present at low concentration are likely to be
dimers when considering the likely pairwise facial aggregation (Scheme 1c). The loss
of coiled coil structure at the cac is associated with the observation of fibrillar structures
in the cryo-TEM image. However, the CD shows that the conformation is still a-helical,
i.e. these fibrils are formed by aggregation of helical PYY3.3s monomers. The
observation of fibrils by a-helical peptides is rare (typically fibrils are associated with
[-sheet assembly). It is possible to design a-helices to form fibrils by incorporating
“sticky ends”,®® in particular sequences with oppositely charged termini. Actually,
inspection of the full PY'Y3.35 sequence (Scheme 1) shows a preponderance of E and D

residues at the N terminus and several R residues near the C terminus so this is a
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possible origin of sticky ended coil aggregation into fibrils. It is notable that this
requires consideration of the full peptide sequence and not just the core helical domain
(Scheme 1c) in which there is no obvious pattern of charged residues.

The PYY3.36 a-helical structure steadily unfolds upon heating the sample from 10 to
80°C (Figure 1e). The smooth decrease of f,, with increasing T (inset Figure 1e) reveals
a cooperative unfolding. This structural change is also reversible, since PYY3.36 folds
back to its original structure when the temperature is decreased from 80 to 20°C (Figure
1f).

Having discussed the conformation and self-assembly of PY'Y3.35 itself, we compared
it with the conformational behaviour and self-assembly of K17-PEG22, K21-PEG22, Ki7-
Eoct and K:-Eoct (Scheme 1a).

ANS emission fluorescence spectra for solutions containing Ki7-Eoct, K21-Eoct, Ki7-
PEG22 and K21-PEG2, were characterized by a single maximum, which showed a
simultaneous blue shift and intensity enhancement upon increasing concentration of
peptide. A representative example is displayed in Figure S3 for Ki7-Eoct. Plots of 1/l
vs ¢ for the peptide conjugates are displayed in Figure S4.

The ANS fluorescence blue shift and intensity enhancement results from ion pair
formation between the sulfonate group of ANS and the charged group of Arg residues,
when the probe is hosted in a non-polar environment.3! 43565 Here, the Arg residues
are in the a-helix region and the C-termini of the PY 'Y 3.3 backbone (Scheme 1b).*° As
a consequence, higher values of /1, are due to stronger binding between ANS and the
Arg groups in a non-polar environment. This effect can explain the trend displayed in
Figures S4 and S1: 1/1o(K21-EOct) > 1/1o(K17-EOct) > 1/1o(K21-PEG22) > /1o Kiz-
PEG22), all values also being higher than 1/1o(PYY3.35). Clearly, lipidation or

PEGylation of PY'Y3.3¢ influences the binding affinity of ANS.
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While 1/, vs ¢ can be fitted with a straight line for K17-PEG22 and K21-PEG22 (Figures
S4a-b), it has a sigmoidal growth, associated to a hydrophobic collapse, for Ki7-Eoct
and Ko1-Eoct (Figures S4c-d). As discussed in the paragraph above, Ki7-Eoct and Koz-
Eoct also show the highest 1/I, ratios.

Figure 2 shows the presence of a cac~ 0.03 wt% for Kiz-Eoct and Kzi-Eoct, as
determined from the 1/1, vs log(c) plots. The hydrophobic collapse of Ki7-Eoct and Ko:-
Eoct indicates the self-assembly of nanostructures different from PY'Y .36 fibres, as will
be discussed later in the manuscript.

CD was used to study changes in the secondary structure of Ki7-Eoct, Ko1-Eoct, Ki7-
PEG22 and K21-PEG2; as a function of concentration, in the range 4.3x102 wt%-0.08
wit% conjugated peptide. The spectra in Figure 3 show the characteristics of an a-helical
secondary structure.>® The CD spectra in Figure 3 were used to calculate f, and
[6]222/[0]208. The results are displayed in Figure 4 as a function of the sample
concentration, which shows that f,, decreases substantially with concentration for Ki7-
Eoct and Kz:-Eoct and K17-PEG2. (Figure 4a, c-d). This situation is reversed for Ka:-
PEG22, which reaches higher and stable values of f,, at higher concentration (Figure 4b).
The explanation for this is not completely clear, but it may to be due to the increased
presence of small aggregates (dimers and tetramers) revealed uniquely for this sample
by AUC (to be discussed shortly). As a whole, f,, values are at least two times higher
in Figure 4 than in Figure 1d. Thus, PEGylation or lipidation of PYY3.3s unexpectedly
promotes a-helical formation.

As mentioned above, values [0]222/[6]208 ~1 or higher indicate the formation of coiled
coil aggregates of a-helices whereas significantly lower values are characteristic of

single stranded a-helices. 3% 4952
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Measured values for [0]222/[0]208 show that none of the PEGylated conjugates form
coiled coil structures. In fact, the maximum value [0]222/[0]208~ 0.87, for K21-PEG22
corresponds to single a-helical helices (Figure 4b).

For Ki7-Eoct and Koi-Eoct [0]222/[0]208 changes from 1.05-1.01 to 0.82-0.78 with
increasing concentration and the decrease occurs at the cac (Figures 4c-d). As for the
PEGylated peptides, Figures 4c-d suggest the presence of mostly single a-helix-
containing peptide structures, even above the cac, for the lipidated peptides. This is in
good agreement with the tendency for aggregate formation through hydrophobic
collapse, as described shown by the ANS results discussed above.

The temperature dependence of conformation was studied using CD spectroscopy for
the lipidated and PEGylated derivatives. Figure 5a displays representative results
obtained for the dependence of the CD signal on the temperature measured for 0.08
wit% K21-PEG22. The dependence of the CD spectra with temperature for Ki7-Eoct, K21-
Eoct and Ki17-PEG2> (Figure S5), was used together with the data in Figure 5a to
calculate f,, values plotted in Figure 5b. Increasing the temperature from 20 °C to 80 °C
causes a great loss of a-helix content for all the peptides, but refolding of the a-helix
is observed when the temperature is reduced from 80°C to 20°C, i.e. the temperature-
induced conformational change is thermo-reversible (Figure 5c).

The observation that f,, decreases markedly with temperature for all four peptide
conjugates, including the two PEGylated peptides is consistent with previous work that
showed that attachment of PEG chains to short model a-helical peptides does not
stabilize them against reduction in coiled coil content as temperature is increased.? A
dramatic decrease of helical content with increasing temperature was also recorded by

CD for palmitoyl- conjugated PYY3.36 aqueous solutions.®
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Analytical ultracentrifugation experiments were performed at 0.01, 0.05 and 0.1 wt%
peptide conjugate to complement the CD and fluorescence probe measurements. Table
S1 contains the estimated molecular weights from the c(s) analysis. Figures 6a-f present
the sedimentation coefficient distributions obtained for these samples from the
absorbance (Figures 6a,c) or interference (Figures 6b,d-f) measurement.

The molecular weight My of the conjugated peptides listed in Table S1 is calculated
through the c(s) analysis and therefore depends on the frictional ratio parameter (f/fo).
The frictional ratio is fit globally during the analysis. Therefore, if there is more than
one species present, the calculated f/fo is an average value for all the species.
Consequently, My calculated using an average f/fo (Table S1) corresponds to a
molecular weight averaged over all the species in the system.

The results for Ki17-PEG22 and K21-PEG2, are very similar (Figures 6a-d, Table S1).
Results present evidence of non-ideality, probably caused by unusual molecular shapes.
This manifests as a concentration dependent effect whereby the sedimentation
coefficient and molecular weight of a species both get smaller with increasing sample
concentration.

Solutions of K17-PEG22 and K:1-PEG:, are dominated by species with a molecular
weight consistent with that of a monomer in 0.01-0.1 wt% solutions of PEGylated
conjugate (peak 1, Figure 6a-d and Table S1). The AUC data for Ki7-PEG2. also
indicates a likely equilibrium involving a population of dimeric and tetrameric coiled
coils as well as monomer in 0.01-0.1 wt% solutions (peak 2, Figure 6a-d and Table S1).
The K21-PEG2, samples contain a significant population of species that are most likely
dimers and tetramers (peaks 2 and 3, Figure 6a-d and Table S1). The relative proportion
of these is given in Table S1. The K21-PEG2. sample also contains a small proportion

of some lower molecular weight species that could result from sample degradation.
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The results for Ki7-Eoct and Koi-Eoct are very similar (Figure 6e-f, Table S1). Both
appear as predominantly a single non-ideal species (peak 1). Given the apparent
molecular weight, the predominant species for Ki7-Eoct and Ki-Eoct is likely to be
monomer for the solutions with 0.01-0.1 wt% lipidated peptide. There is also evidence
of a small amount of larger species in both samples at 0.05 and 0.1 wt% Ki7-Eoct and
0.01-0.1 wt% Koz1-Eoct (peak 2, Figure 6e-f, Table S1). This is likely to indicate the
presence of aggregates since the cac is estimated to be 0.03 wt% according to ANS
fluorescence probe studies (Figure 2) The molecular weights listed for peak 2 (K17-Eoct
and Koi-Eoct samples, Table S1) indicate that the apparent association number (p) of
these oligomeric clusters is in the range 5-10. This result actually agrees with the value
(p = 7) estimated for micelles made of PYY3.36 lipidated at positions 11 or 23 with a
palmitoyl chain at pH 2 and 4 reported by us in a previous study of PYY3zs
conjugates.®

The self-assembly of the peptide conjugates in solution was investigated using SAXS
at 0.5 wt% peptide conjugate. The corresponding SAXS curves are displayed in Figure
7. The shape of the SAXS curves for the PEGylated peptides is different from the shape
of the SAXS curves for the lipidated peptides. The SAXS data for K17-PEG22 and Kos-
PEG22 (Figure 7a)was fitted using the form factor of a Gaussian coil, while the SAXS
data for Ki7-Eoct and Koi-Eoct (Figure 7b) was fitted using a spherical core and shell
form factor, consistent with the presence of spherical micelles. These models provide
excellent representations of the SAXS intensity profiles. The parameters obtained from
the SAXS fittings are listed in Table S2.

The fitting of the SAXS data for PEGylated peptides describes the structure of a
solution rich in oligomeric species (Figure 7a). The radius of gyration of PEG with a

molar mass of 22,000 g mol™ is estimated to be Ry = 51 A, which is close to Rg = 50 A
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obtained from the fitting of the SAXS data for 0.5 wt% K21-PEG>; in Figure 7a (Table
S2). Therefore, SAXS indicates the existence of monomers or small oligomers in 0.5
and 1 wt% solutions of K21-PEG22 (SAXS data not shown for 1 wt% sample). On the
other hand, Rg = 130 A obtained for 0.5 wt% Ki7-PEG2. (Table S2) suggests the
formation of oligomers in solution. The excluded volume parameter u=0.4 and 0.57
for K17-PEG22 and K21-PEG2» respectively shows that the PEG chain is more swollen
for the K17-PEG>2 oligomer than for the K21-PEG22 monomer.

The fitting of the SAXS data for lipidated peptides indicates the formation of micelles
with a well-defined core- shell structure. According to this model, Ki7-Eoct and Kaz1-
Eoct micelles have an external polydisperse radius R; = (20+5.5) A and (19.5+5.5) A
respectively (Table S2). The internal micellar core radius is R2=7 A and 9.2 A for Ky7-
Eoct and Kz1-Eoct respectively (Table S2).

Based on the analysis of CD, AUC and SAXS data, at low concentration PEGylated
conjugates are present as populations of dimeric and tetrameric coiled coil structures,
along with a large population of monomers. In contrast, lipidated peptides form
micelles for concentrations equal or higher than 0.5 wt%.

Cryo-TEM experiments were carried out on samples containing 2 wt% conjugated
peptides, in order to obtain images of the self-assembled nanostructure. We did not
observe discrete nanostructures in any cryo-TEM images for the PEGylated peptides.
This is consistent with the presence of monomers and only small oligomers. In contrast,
cryo-TEM images for the lipidated peptides show the formation of micelles ~35-45 A
in diameter (Figure 8a-b). Along with the molecular volume, estimated to be 4901 A3
for PYY3.36, estimated based on residue specific partial volumes® (which will not be
significantly modified by attachment of one side octyl chain) and the estimate micelle

radius estimated from SAXS (20 A), the association number of the lipidated peptide
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aggregates is found to be approximately p = 7. This corresponds to small oligomeric
structures and differs from the typical association numbers (several tens or even
hundreds) for surfactant micelles.®*%2 This value is in good agreement with AUC results
which indicate the formation of small oligomers containing 5-10 molecules for the two
lipidated peptides (Table S1) and with a previous report on micelles formed by
palmitoylated PYY3.36 derivatives.'

In summary, cryo-TEM results are in good agreement with AUC and SAXS results
discussed above indicating the absence of large aggregate structures for K17-PEG22 and
K21-PEG22 and the self-assembly of spherical micelles ~40 A in diameter for Ki7-Eoct

and Kzi-Eoct.

Conclusions

We have compared the conformation and self-assembly behaviours of lipidated and
PEGylated derivatives of peptide hormone human PYY3.36, which has a C-terminal -
helical domain. The influence of solution concentration on the conformation and self-
assembly has been examined. The effect of lipidation and PEGylation in stabilizing a-
helical conformation against changes in temperature has been probed.

CD spectra confirm the presence of a-helical content for PYY3.3s at low concentration,
with a significant degree of coiled coil formation at low concentration. However at
sufficiently high concentration (above the cac determined through ThT fluorescence
measurements) cryo-TEM reveals fibril structures with an a-helical secondary
structure. The peptide is not stable against heating and the a-helical conformation is
lost upon heating to 80 °C in a “denaturing process”. However, this is fully reversible

as shown by the recovery of the CD spectrum at 20 °C. The formation of fibrils by a-
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helical PYY3.36 is noteworthy. Although these may not be typical amyloid fibrils (since
Congo red binding is not observed), it may be noted that several classes of peptide
hormone form amyloid structures which are useful storage depots,®-% regulating their
activity in vivo. Whether PYY3.3s forms “amyloid” (or at least fibril structures) under
physiological conditions is a subject for future investigation, however it may be noted
that it was observed to form amyloid in acidic aqueous conditions (without
physiological buffers).1® Potential concentration-dependent self-assembly of lipidated
and PEGylated PYY3.36 derivatives was assayed via ANS fluorescence measurements.
This indicated that the two lipidated derivatives show a critical aggregation
concentration whereas the two PEGylated peptides do not show aggregation behaviour.
CD spectra indicate that surprisingly both lipidated and PEGylated conjugates have
significantly higher a-helix content than the native PYY3.3 peptide. In addition, CD
shows that the PEGylated peptides form monomers and only small oligomers, which is
consistent with the PEG forming a steric barrier around isolated peptides, thus
preventing their association. SAXS also shows that solutions of the PEGylated peptides
are dominated by monomers and oligomeric structures, with a radius of gyration
comparable to that of 22,000 g mol™* PEG chains. However, AUC indicates the presence
of a fraction of, especially, dimeric aggregates, in particular for Kz:-PEG22. This
conjugate shows a unique concentration-dependent increase in o-helical content, in
contrast to all other peptides studied. This highlights the importance of the site of
PEGylation. PEGylation at residue 21 corresponds to loss of the negative charge of the
lysine residue in the native peptide sequence whereas PEGylation at residue 17
corresponds to replacement of hydrophobic leucine with the PEGylated residue
(leading to enhanced peptide solubility). The CD spectra show that PEGylation (at

either position 17 or 21) enhances the thermal stability of the peptide, because there is
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a much reduced change in a-helix conformation with temperature compared to the
native peptide (and also reduced concentration dependence).

The behaviour of the two lipidated peptides is quite distinct from that of the two
PEGylated derivatives, or that of PY'Y3.3¢ itself. Fluorescence assays using ANS show
a critical aggregation process associated with hydrophobic collapse. The cac is also
evident in plots of the concentration-dependent a-helix content obtained from CD
spectra (or coiled coil content which tracks a-helix content). Cryo-TEM shows the
presence of well-defined micelles with a diameter of 4 nm. AUC also indicates a
population of aggregate structures with a low degree of association. This is consistent
with the estimated aggregation number (p = 7) from the observed micelle volume
divided by molecular volume. These structures are oligomeric species rather than
conventional surfactant-like micelles which typically have a much larger association
number.82-52 The small size of the alkyl chains relative to the hydrophilic peptide “head
groups” does not permit close packing in micelles with a large association number
which are observed for conventional amphiphiles where the hydrophilic moiety is much
smaller (smaller than the lipid chain or comparable to it). CD shows that lipidation does
not improve thermal stability of a-helix conformation to the same extent as PEGylation.
Our results show that PEGylation and lipidation are potentially valuable strategies to
tune the conformation of peptide hormones, in particular to enhance their
thermostability. PEGylation reduces coiled coil aggregation whereas lipidation leads
to the formation of small oligomeric structures above a critical aggregation
concentration. These findings may benefit the development of future therapeutics based

on PYY3.36.
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Scheme 1. (a) Molecular Structures of the derivatives studied. Residues L(17) or Y(21)
are substituted with lysine derivatives with octyl lipid chains or short PEG chains
attached via y-glutamic acid linkers. (b) PY'Y 3.3 with residues in the a-helical domain,
determined by solution NMR studies,”® highlighted in red. (c) Helical wheel
representation of PYY3.36 (generated using http://rzlab.ucr.edm
Iscripts/wheel/wheel.cgi,). The hydrophilic residues are represented as circles,
hydrophobic residues as diamonds, and potentially positively charged as pentagons.
Hydrophobicity is colour 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 or PEGylation with the residues indicated replaced as shown in (a).
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Scheme 2. (a) Ensemble of conformations from solution NMR (pdb file: 2dez) of
human PYY(3-36).1%2 (b) Overlay of experimental (green) and PEPfold3 predicted
(cyan) structures (in each case the first model from the ensemble is taken for
convenience). (c) The predicted local structure analysis. Red is helical, blue is coil

(disordered) and green is ‘extended’. Obtained using PEPfold3.3%-40
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Figure 1. PYY336 in solution: (@) ThT fluorescence assay; (b) cryo-TEM image; (c)

concentration dependence of the CD signal; (d) f,, and [0]222/[0]20s calculated from (c);
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(e) temperature dependence of the CD signal (inset displays calculated f,) and (f)

thermal reversibility of the PY'Y3.36 helix unfolding, probed by CD.
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Figure 2. Fluorescence intensity (1) normalized to that of ANS in aqueous solution

(lo) at the emission wavelength Aem, plotted as a function of the lipidated peptide

concentration c: (a) Ki7-Eoct, (b) Ka1-Eoct.
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Figure 3. Concentration-dependent circular dichroism spectra (a) Ki7-PEGz2, (b) K21-

PEG22, (€) K17-EOct and (d) K21-EOct.

29



36 T T T T 090 T T
(a) (b)
Q. K,,-PEG,, 281 . f . 10.90
321 0 * (0], / [O]05 e
fq @ . & ¢ © ® @©
I e &
o = 24t =)
: T =] e =
281 o .0 ; ¥ K,,-PEG,, :
-—_ N E o [9]222 / [9]208 E
e e 20 o f
24+ o —..-8 10.84 ¢ 10.75
O
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
c/wt% c/wt%
T T T T 40 T T T
- © @
g2 K,,-Eoct Q“%‘c*f;\ K,,-Eoct 110
. {11.0 678 o [0],,/[0 '
28+ o ® [0l /Ol ' — e (61,2, / [0
le) f 35 r ) e f
o g 0 \ o g
s = 0 =
24 ¢ {oeg' 307 ) )
-— - CNN -
L ‘*n;;;—o 410.8
e . o 25t
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
c/wt% c/wt%

Figure 4. Concentration-dependent conformational analysis of circular dichroism

spectra — f. denotes helix content and the ratio [0]222/[0]20s is @ measure of coiled coil

content, both calculated from the data plotted in Figure 3. (a) Ki7-PEG22, (b) Ka1-

PEG22, (c) K17-EOct and (d) K21-EOct.

30



10™x[0] / degrees cm’dmol™

[

0.08 wt% Ko1-PEG2oo

——20°c, 80°C

o
o

o
[

10™x[0] / deg cmZdmol
o
o

—— 209C reduced from 80°C

]

200 220 240
A/ nm

260

Figure 5. (a) Temperature-dependent CD spectra for 0.08 wt% Kz1-PEG22, (b)

dependence of f,, on the temperature, calculated from the CD spectra for all the peptide

conjugates, (c) Showing thermoreversibility of CD spectra for Ko1-PEGo».

31

90

' ' ' ' @) o bD8W&%K1TPEG22(b)
B 7 og L ° e (.08 wt% K21-PEG22
0.08 wt% K, -PEG,, i o 0.08 wt% Kq7-Eoct
i e 0.03Wt% Koq-Eoct
o)
24+ o ° o o o T
3 © ® *° e o
20 B o ¢ [ ] °° © o0 o T
O ) [ ]
© @) ¢ [ ] * [ ]
16 | oo @ T
0 o O 8 ®
(10-80)°C o8 g
1 1 1 1 12 1 1
200 220 240 260 0 30 0
A/ nm T/=C
1.0 R "~ (c)-



397 (a) — 1.0 mg/mL
3.0 1 — 0.5 mgimL
— 25
% 2.0 4 Feak 1
= 1.5 7
1.0
0.5
Peak 2
ﬂu L] ¥ ¥ L] ¥
oo 05 10 15 20 25 30
sedimentation coefficient (3)
3.0+
C — 1.0 mg/mL
56 o { } — 0.5 I'I'Igl'l'l'lL
7] 2.0 1
E 154 Kzi-PEG::
)
T 10 Peak 1
0.5 4 ,{ :
uu T L] L] T
o0 05 10 15 20 25 30
sedimentation coefficient (5)
ﬂ-ﬂ o
204 (8) | Peak 1 ‘: 1.0 mg/m.
e 60 - 0.1 mg/mL
o
B
40 -
= K.i7-Eoct
291 |
20
10 Peak 2
I:. -~ T T T T
g0 o5 10 15 20 25 30

sedimentation coefficient (5)

¢z} (fringes/S)

o) (fringes/S)

cis) (fringes/S)

b — 1.0 L
o (B) | Peak1 |— 10momL
0.1 mgimL
m_
20 1 Ki7-PEG2:
10 1
Peak 2
u T L] T _ldﬂ" T T
0o 05 10 1 20 25 30
sedimeniation coefficient (3]
d — 1.0 mg/mL
25 (@) —_— g.s mg/mL
A mgimL
20
15 Kz1-PEG2:
- Peak 1
5 Peak 2
o Peak 3
0.0 0.5 1.0 15 20 25 3.0
sedimantation coafficient (3)
40 -
—_ 1.0 L
35 - {f} Peak 1 —_— 5 ﬁml_
0.1 mg/mL
m_
25 = '
m.
15 - Kzi-Eoct
10 +
5 - Peak 2
0 ¥ : . . .
0o 05 1.0 16 20 25 30

sedimentation coefficient (S)

Figure 6. Sedimentation coefficient distributions. (a,c) Absorbance data. (b,d-f)

Interference data.

32



e / AlIsuaju|

‘n e/ Alsuaiu|

PEG22 and K21-PEG22 and (b)

. SAXS data measured for 0.5 wt% of (a) K17-

Figure 7

tting top the data. The SAXS curves have

the fi

Ki7-Eoct and K21-Eoct. The full lines are

Isation.

Isua

been multiplied by an arbitrary factor in order to aid v

33



Figure 8. Cryo-TEM images for 2 wt% solutions of (a) Ki7-Eoct and (b) K2:-Eoct
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