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The aggregation properties of Semaglutide, a lipidated peptide drug agonist of the Glucagon-like peptide 1 receptor recently

approved for treatment of diabetes type 2, have been investigated by spectroscopic techniques (UV-Vis absorption, steady-

state and time-resolved fluorescence, electronic circular dichroism) and Molecular Dynamics simulations. We show that in

the micromolar concentration region, in aqueous solution, Semaglutide is present as monomeric and dimeric species, with

a characteristic monomer-to-dimer transition occurring at around 20 uM. The lipid chain stabilizes a globular morphology

of the monomer and dimer species, giving rise to a locally well-defined polar outer surface where the lipid and peptide

portions are packed to each other. At very long times, these peptide clusters nucleate the growth of larger aggregates

characterized by a blue luminescence and a B-sheet arrangement of the peptide chains. The understanding of the

oligomerization and aggregation potential of peptide candidates is key for the development of long acting and stable drugs.

Introduction

Peptides represent a wunique class of pharmaceutical
compounds able to target protein-protein interactions where
large and shallow surface areas are considered that cannot be
easily targeted by conventional small molecules drugs.
Peptides are intrinsic signalling molecules for
physiological functions. In particular, in the case of the peptide
G protein-coupled receptor (GPCR), the receptor/peptide
hormone interaction site is quite large and requires specific
transduction. Peptide
therapeutics represent a unique opportunity for the cases

many

conformational changes for signal
where high selectivity and strong receptor affinity are required.
[1,2] To this purpose novel strategies allow now to overcome
the well-known liabilities of peptides, such as low metabolic
stability, high clearance rates due to rapid renal filtration and
low bioavailability.

In particular, different approaches allow for the modulation of
the pharmacokinetic profile through the incorporation of non-
amino acids and, most importantly, with the
derivatization/ conjugation of half-life extension moieties, such
as fatty acids [3] or [4,5], that promote
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complexation with plasma proteins such as human serum
albumin (HSA) or promote self-assembly to form larger
structures. Peptides bound to HSA are sterically shielded from
proteolytic degradation and the relatively large size of HSA (66
kDa) protects against rapid renal filtration.

The mechanism underlying the extended half-life of lipidated
peptides involves both albumin binding and protraction of
absorption by The first lipidated
pharmaceuticals that were developed were analogues of the

oligomerization.

natural peptide hormones, insulin and Glucagon-like peptide 1
(GLP-1). The molecules differed in the type of fatty acids and for
the kind and length of hydrophilic spacers such as yGlu or PEG2
(8-amino-3,6-dioxaoctanoic acid) between the
peptide sequence and the fatty acid, so to modulate affinity to
HSA, oligomerization and target receptor potency. Two
successful examples for lipidated GLP-1 analogues are
Liraglutide, [6] and Semaglutide. [7]

GLP-1is a 30 amino acid hormone controlling the glucose levels
by stimulating pancreatic secretion of insulin.[8] GLP-1
undergoes a self-limiting action, inhibiting the insulin
production when the glucose reaches normal levels in the
blood, therefore reducing hypoglycemia risks. Unfortunately, its
residence time in the plasma is usually very short (1-2 minutes)
due to fast enzymatic degradation by dipeptidyl-peptidase 4
(DPP-IV). [9]

Liraglutide is a once daily analogue that is approved for
antidiabetic and obesity therapies. Starting from the natural
GLP-1, extensive structure activity relationship studies led to: a)
the identification of most tolerable positions for fatty acid
derivatization; b) optimization of the spacer, such as yGlu, to
compensate for the lack of the acidic group when the fatty acid
is amidated to a Lys side chain; c) length of the fatty acid, with
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the finding that only lipid above a certain length (> C12) could
translate to half-life longer than 10 hours (subcutaneous route).
[10]

Liraglutide has a Lys to Arg substitution at position 34 while
Lys(26) is derivatized on its side chain through a yGlu spacer and
a palmitoyl group. The presence of the C16 fatty acid promote
binding to HSA and protracted absorption, resulting in an
extended half-life in humans (11-15 h) by subcutaneous
administration. [10]

Further improvement on the use of fatty acids for the
conjugation to peptides as half-life extending approach, was
recently achieved with the implementation of fatty diacids for
derivatizing peptides with a long carbon chain ending at one
terminus with a free carboxylate (C16-OH, C18-OH, C20-OH).
The presence of the carboxylate group on the fatty acid enables
an improved interaction with HSA resulting in an extended half-
life of one week in humans such as for Semaglutide, a new GLP-
1 analogue. [7]

The long retention times of lipidated peptides in the blood have
been explained by enhanced resistance to renal secretion
promoted either by the formation of micelle-like peptide
nanostructures, or with the association to HSA. As the lipidated
peptide is thought to bind HSA exclusively as a monomeric
species, the two mechanisms appear to be competitive, as the
binding to HSA subtracts peptide monomers to the aggregation
equilibria leading to micellization. [11,12] Also self-association
to form either amorphous aggregates or highly structured
fibrillar species may limit their use, therefore careful inspection
on this propensity should be part of the discovery process. [13]
The chemical structure of Semaglutide in the following denoted
as SMG for brevity, is reported in Scheme 1. In SMG, an Ala
residue in position 8 was substituted with a non-metabolic
residue, i.e. a-amino isobutiric acid (Aib), and the side chain of
Lys(26) was derivatized by a spacer comprising two PEG2
groups, a y-Glutamyl residue, and a C18-OH lipid chain. The fat
lipid chain is thought to increase the affinity of Semaglutide to
HSA, while the non-metabolic Aib residue is expected to
increase its resistance to enzymatic degradation by DPP-IV. [7]

Aim of this contribution is to study the aggregation properties
of SMG in aqueous solutions, determining its critical
aggregation concentration and characterizing by spectroscopic
methods and Molecular Dynamics simulations the formation of
the small supramolecular structures nucleating the growth of
large SMG aggregates. The presence in the SMG peptide chain
of two fluorescent amino acids, i.e. Trp (W) and Tyr (Y), allowed
us to apply optical spectroscopy techniques to characterize the
aggregation properties of SMG.

Materials and Methods

Synthesis of Semaglutide, The sequence His-Aib-Glu-Gly-Thr-
Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-GIn-Ala-Ala-
Lys(C18acid-y-Glu-PEG2-PEG2)-Glu-Phe-lle-Ala-Trp-Leu-Val-
Arg-Gly-Arg-Gly-OH, was synthesized by stepwise solid phase
assembly on a 2-chlorotrityl chloride resin using Fmoc/tBu
strategy. The first amino acid Fmoc-Gly-OH (1 equivalent) was
loaded on the resin by incubation in a DMF solution in the

2| J. Name., 2012, 00, 1-3

presence of 2 equivalents of N, N-diisopropylethylamine. The
sequence assembly was performed on a Symphony (Protein
Technologies Inc.) synthesizer with Lys(26) incorporated as
Fmoc-Lys(Dde)-OH so to afford side chain derivatization on solid
phase with two PEG2 (8-amino-3,6-dioxaoctanoic
acid)units, y-glutamic acid and saturated fatty diacid C18-OH.
The cleavage from resin and side chain deprotection was
performed by incubation with a TFA solution containing 5%
phenol, 2.5% triisopropylsilane and 5% water. The crude
peptide was precipitated in methyl-tert-butyl ether. The
lyophilized peptide crude was purified by reverse phase
chromatography on a C4 column (Reprosil, 200,&, Sum, Dr.
Maisch GmbH) on a Waters HPLC system. The analysis was
performed by ultra-high performance liquid chromatography —
UV- mass spectrometry (UPLC-UV-MS) on a Waters Acquity
UPLC system equipped with a Waters BEH130 C4 (2.1x100 mm,
1.7um, at 45°C) column. Analysis was typically performed over
2, 5 or 10 min runs as required applying linear gradients of
acetonitrile in H,0, 0.1% TFA with a flow rate of 0.4 mL/min and
UV detection at 214 nm. Mass analysis was performed on a
Waters SQ or SQ2 detector with electrospray ionization in
positive ion detection mode. The scan range of the mass-to-
charge ratio was 1000-3000.

UV-Vis absorption measurements were carried out by a Cary100
Scan spectrophotometer using asymmetric quartz cuvettes with
4/10 mm optical paths at room temperature (25°C). All the
absorption spectra were corrected by subtracting the
absorption spectrum of the buffer solution in the same
wavelength range (200-350 nm). Concentration of freshly-
prepared solutions was obtained from the Lambert-Beer
equation, assuming the molar extinction coefficient at A=280
nm €(280)=7200 M1 cm?, as a result of the sum of the
Tryptophan [¢(280)=5600 M- cm] and Tyrosine [¢(280)=1600
M-1 cm-1] molar extinction coefficients.[14]

Steady-state fluorescence experiments were carried out on a
thermostatted (25°C) 4/10 mm asymmetric quartz cuvette by a
Fluoromax-4 spectrofluorometer (Horiba, Jobin Yvon) with
single photon counting (SPC) detection. Fluorescence emission
spectra were measured at the excitation wavelength of 280 and
295 nm, while the associated excitation spectra were measured
at the emission wavelength of 350, 360 and 410 nm. 2D
emission/excitation fluorescence maps were obtained by
collecting 20 emission spectra carried out by varying the
excitation wavelengths between 250 and 300 nm, and the
emission wavelengths between 300 and 500 nm.

Fluorescence anisotropy measurements were carried out on the
same apparatus equipped with automatically-driven Glan-
Thomson polarizers. The position of the excitation and emission
polarizers was calibrated using a Ludox scattering solution. The
anisotropy coefficient r was obtained by the equation:

_ h-I
Iy+2I (1)

Where 1, and I, are the fluorescence intensities measured
where the excitation and emission polarizers are each other
oriented in a parallel or perpendicular position, respectively.
Rotational correlation times were obtained through the Perrin

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Schematic view of Semaglutide (SMG) structure

Semaglutide

equation for a spherical rotor [15]

D=1+

r

(2)

RS

where rg is the limit anisotropy coefficient at t=0, an intrinsic
property of the fluorophore, t the fluorescence lifetime of the
fluorophore, and 6 the rotational correlation time. The latter is
connected to the hydrodynamic volume V;, of a spherical rotor
through the Einstein-Smolukovski equation [15]:

=1h
6= (3)

where n is the solution bulk viscosity.

The critical aggregation concentration (cac) of SMG was
determined through the pyrene fluorescence assay, measuring
the relative intensities of the first [S;(v=0)->So(v=0), Amax=373
nm)] and third [Sz(v=0)->So(v=1), Amax=384 nm] vibronic
transitions. [16] The titration experiment was carried out
adding at each step 25 pl of 66 uM SMG to a 1 uM pyrene
solution (phosphate buffer, pH 8, 25°C).

Time-resolved fluorescence experiments were carried out on a
thermostatted (25°C) asymmetric (4/10 mm) quartz cuvette
with an EAl Spec-ps (Edinburgh Analytical Instruments)
spectrofluorimeter with time-correlated SPC detection.
Excitation at 295 and 344 nm was obtained by two Hamamatsu
diode lasers (pulse width 1 ns). Experimental fluorescence time
decays were analyzed by an iterative reconvolution method,
using a multiexponential fitting function, i.e.

I(t) = Y;a;exp (— Til) (4)

where q the pre-exponential weighting factors,
proportional to the abundance of the ith species at t=0, and T,
the lifetime of the ith time decay component.

Circular dichroism experiments were carried out by a Jasco J—
1500 CD spectropolarimeter (Jasco International Co.) in the
wavelength range from 190 to 250 nm, at 25°C using an
equipped Peltier thermostatted cell holder (PTC-510).
Measurements were performed in a 0.1 cm quartz cuvette
(Hellma, Mihlheim, Germany) using a scan speed of 50 nm

are

min~1, a bandwidth of 1 nm, integration time of 1 s. Each
spectrum was obtained as the average of 4 repeated scans.

Atomic Force Microscopy experiments were carried out in air at
room temperature on a Veeco Multiprobe llla instrument
(Santa Barbara, CA). The AFM measurements were carried out
in tapping mode on films obtained by drop casting micromolar
aqueous (phosphate buffer, pH 8) solutions of SMG on mica,
and incubating for 18 hours in a dryer. For the AFM

This journal is © The Royal Society of Chemistry 20xx
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measurements, a Si super sharp tip, functionalized by carbon
flake was used (curvature 1 nm, elastic constant 5 N/m,
resonance frequency 150 kHz).

MD simulations of aggregates have been performed placing 4
SMG molecules in a 5.13x13.38x8.43 nm?3 box, with 18145
water molecules and 16 Na* counter-ions to neutralize the total
charge. All the simulations have been performed using the
gromos53a6-FF force field [17] (modified for LysP chain) with
the MD simulation package GROMACS16 MPI.[18] Time steps
of 2 fs have been used for the equilibration and production runs.
The equilibrium temperature (300 K) was controlled by velocity
rescaling with a coupling constant of 0.6 ps. Pressure was
controlled by an isotropic Berendsen barostat [19] with a
coupling constant of 1 ps and a reference external pressure of 1
atm. Lennard-Jones long range interactions were treated with a
cut-off radius of 1.4 nm and coulombic interactions were
calculated by the Particle Mesh Ewald method.[20] Three
replicas of each system have been performed for 30 ns long
simulations with different starting configurations.

Results
Aggregation of SMG at early times

The absorption spectrum of SMG in the near UV region (Figure
1) is characterized by the overlap of the T>7* (Amax=205 nm)
and n->71* (Amax=280 nm) transitions of chromophores in the
sequence (Scheme 1): the indole group of Trp(31) and the
phenol group of Tyr(19).

From Figure 1 it can be observed that, in the SMG concentration
region comprised between 20 and 30 uM, a hypochromic effect
and a slight broadening of the m—m* transition takes place, as
usually observed in aggregation phenomena promoted by the
stacking of aromatic moieties. [1, 21, 22]

Fluorescence emission spectra of SMG were measured either at
the excitation wavelengths of 280 nm, where both Trp and Tyr
chromophores can be excited, and 295 nm, where Trp is

0.06 T T T T T

0.05

0.04

0.03 F

0.02

Normalized Absorbance (a.u)

0.0

0

00 . .
200 220 240 260 280 300 320
Wavelength (nm)

Figure 1. Absorption spectra of SMG in aqueous solution (phosphate buffer, pH=8). Black:
4 uM; red: 20 uM; blue: 30 uM. The spectra were normalized to unit area to emphasize
differences in the shape.
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Figure 2. 2D emission/excitation fluorescence maps of SMG aqueous solutions (phosphate buffer, pH 8, T=25°C). Left: 4 uM; right: 30 uM.

selectively excited. Interestingly, the emission spectra obtained
at the two excitation wavelengths closely overlap (ESI, Fig. S1),
showing in both cases wavelength emission maxima peaked at
A=350 nm. In agreement with this finding, 2D
emission/excitation fluorescence maps of freshly-prepared
SMG solutions in the micromolar concentration region show the
presence of a single emitting species, confirming the occurrence
of a total Tyr¥*->Trp* energy transfer (Figure 2).

Fluorescence emission spectra, normalized by the absorbance
at the excitation wavelength (Aex=295 nm), showed decreasing
intensities with increasing the SMG molar concentration along
the series 4 > 30> 20 uM (ESI, Figure S2), strengthening the idea
that an aggregation process takes place in the micromolar
concentration region investigated, leading to quenching of the
tryptophan emission.

Time resolved fluorescence measurements (Aex=295 NM, Aem=
350 nm), carried out for different SMG concentrations, show
that, at least, three exponential time components are necessary
to adequately reproduce the experimental decays of the Trp
fluorophore. Lifetimes and pre-exponential weights obtained
from iterative deconvolution of the SMG fluorescence time
decays in the concentration region comprised between 4 and
30 uM are reported in Table 1.

The data reported in Table 1 indicate that, at least in the
micromolar region investigated, fluorescence time decays do
not significantly depend on the SMG concentration. This finding
suggests that the Trp fluorescence quenching is predominantly

Table 1. Lifetimes and pre-exponential weights obtained by iterative deconvolution of
the SMG fluorescence time decay at different concentrations (phosphate buffer, pH 8,
T=25°C; Aex=295 nm, A= 350 nm).

caused by ground-state interaction between the aromatic
groups.

Steady-state fluorescence anisotropy measurements were
carried out to determine the fluorescence anisotropy
coefficient r, and, through the Perrin (Eq. 3) and Einstein-
Smoluchowski (Eg. 4) equations, the rotational diffusion
coefficient and hydrodynamic volume of SMG at different
concentrations.

In Figure 3 we report the anisotropy coefficient r as a function
of the temperature/viscosity ratio (T/n) measured for SMG
water/glycerol 1:2 (v/v) solutions. Time decay parameters of
SMG under the same experimental conditions are reported as
ESlin Table T1.

It should be noted that the r vs T/n behaviour is highly non-
linear, suggesting some conformational flexibility of the region.
sampled by Trp. In the presence of segmental flexibility, the
integrated anisotropy coefficient r can be described by the
equation: [15]

_ arg (1-a)ry
() = 1+(L+L)T + 14— (5)
I 195 9s

where O and Os represent the fast and slow time components

[SMG] o1 1 o T o3 T3 <>
(M) (ns) (ns) (ns) (ns)
4 0.36 1.0 0.50 3.4 0.14 6.5 3.0
20 0.38 1.4 0.45 35 0.16 6.7 3.2
30 0.38 1.2 0.45 35 0.17 6.9 3.2

4| J. Name., 2012, 00, 1-3
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Figure 3. Anisotropy coefficient r of 20 uM SMG in water/glycerol 1:2(v/v) as a function
of the temperature/viscosity ratio.

This journal is © The Royal Society of Chemistry 20xx
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of the anisotropy time decay, associated to the local motion of
the tryptophan residue and to the global rotation of SMG,
respectively; a and (1-a) are the relative weights of the two
rotational components. It should be noted that the anisotropy
coefficient r is a functional of t, the fluorescence lifetime of the
fluorophore.

Substituting for the two 9 and 9s time components by the
Einstein-Smoluchowski equation, we obtain:

ar (A-a)r
r(T) = 1 01 RTT + 1 R’IPT (6)
(o) s

where Ve and Vs are the hydrodynamic volumes of the spherical
rotors associated to the fast and slow components of the
anisotropy decay. The data reported in Figure 3 were fitted by
Eq. 6, providing an rp value equal to 0.260. Interestingly, under
these experimental conditions, i.e. high viscosity water/glycerol
1:2 solutions, the segmental flexibility accounts for around 30%
of the overall rotational motion depolarizing the fluorescence
anisotropy.

Fluorescence anisotropy coefficients measured at different
SMG molar concentrations, i.e. 4, 20 and 30 pM, in pH 8
aqueous solutions are reported in Table 2. Using the average
time decays and the limit anisotropy coefficient (ro) determined
above, and assuming that, under these low viscosity
experimental conditions, the measured residual anisotropy is
entirely ascribable to the SMG global rotation, the rotational
correlation time (6) and the hydrodynamic volume (V4) can be
obtained by Eqgs. 2 and 3, respectively. Hydrodynamic radii at
the different SMG concentrations, also reported in Table 2,
were obtained by considering SMG as a rigid spherical rotor, i.e.

3(3Vp
™m = ; (7)

The increase of the hydrodynamic volume observed for
increasing SMG concentrations suggests the formation of small
oligomers at the higher concentrations investigated.

The critical aggregation concentration (cac) of SMG in a
phosphate buffer solution (pH 8) was obtained by the well-
established pyrene assay. The latter is based on the dependence
of the ratio between the intensities of the first and third vibronic
components (l1/I3) of the pyrene emission band on the
environment polarity.[16] Specifically, when the pyrene is
embedded in an apolar environment, the 11/I5 ratio strongly

Table 2. Anisotropy coefficients (r), rotational correlation time (©), hydrodynamic
volume (V}) and radii (ry,) at different SMG molar concentrations (phosphate buffer, pH
8, T=25°C; Aex=295 NM, Aer= 350 nm).

[SMG] r O(ns) Vi (nm3) r (A)
(M)
4 0.072 + 1.15+0.06 53103 10.8+0.1
0.005
20 0.089 1.67 £ 0.06 7.7%+0.3 12.3+0.1
0.001
30 0.096 + 1.87 £0.06 8.6+0.4 12.7+0.1
0.001

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Ratio of the fluorescence intensities of the first (Ae= 373 nm) and third Aep=
384 nm) vibronic components as a function of the SMG concentration (log scale).

decreases. Increasing amounts of SMG were therefore added to
a 1 pM pyrene aqueous solution, collecting the pyrene
fluorescence emission spectra reported in ESI (Fig. S3). In Figure
4 the ratio of the intensities of |1 and I3 vibronic bands, centred
at Aem= 373 and 384 nm, respectively, is reported as a function
of the SMG concentration (on a logarithmic scale).

The cac can be determined at the intersection point of the two
straight lines associated to the concentration regions where the
pyrene fluorophore is fully exposed to water molecules or it is
interacting with the peptide aggregate, respectively. From the
data reported in Figure 4, it can be obtained a cac value of 20.2
UM, in agreement with the UV-Vis absorption and fluorescence
results reported above that showed a similar abrupt change in
the same concentration region.

Molecular Dynamics simulation. MD simulations have been
carried out in order to investigate on the initial steps of SMG
aggregation. During the 30 ns-long MD simulations three
different structures have been observed, namely SMG
monomers, dimers and trimers (Figure 5).

Larger structures were never observed during the sampled
simulation time. During the simulation, the monomer showed a
variety of secondary structures featuring coil (57%), beta-sheet
(16%), bend (18%), and turn (6%) conformations. This
conformational landscape is essentially conserved in the dimer
and trimer structures.

In the structures reported in Figure 5, charged peptide side
chains are fully exposed to the solvent, while the lipidated
chains (LysP) appear folded and packed towards the peptide
chains, and only partially accessible to water molecules.
Noteworthy, the carboxylate groups of the lipid chains protrude
towards the solvent-exposed surface, stabilizing the oligomer
predominant structure. Interestingly, in all the simulations the
side-chain phenyl group of Phe(6) remains rather close to the
indole group of Trp(25). Besides that, the side-chain groups of
the aromatic residues appear to be tightly arranged in the
oligomerized structures, as also suggested by the observed
hypsochromic effect shown by the UV absorption spectra and
the Trp fluorescence emission quenching.

J. Name., 2013, 00, 1-3 | 5



PlEaseNdleys i d i dmargins

ARTICLE

Figure 5. Molecular structures of SMG monomer (A), dimer (B) and trimer (C) as provided
by MD simulation. The aromatic groups were reported in red (Trp), yellow (Phe) and light
blue (Tyr). LysP sidechains are shown in green.

These findings allowed us to conclude that the fast folding of a
single molecule is rapidly followed by the formation of SMG
dimers and, sporadically, trimer oligomers. Gyration (rg) and
hydrodynamic (ry) radii of SMG monomer, dimer and trimer
were obtained from GROMACS tools (Table 3). Specifically, rp
was obtained by Eq. 8 [20]

™ = (Ti;1 -1 (8)

where i and j are indices running on the C? atoms and carbon
atoms of LysP separated by two bonds.
Autocorrelation rotational times were obtained by the inverse

Table 3. Rotational autocorrelation times (@), gyration (ry) and hydrodynamic (r,) radii of
SMG monomers, dimers and trimer.

system O(ns) re (A) m (A)
Monomer 1.12+0.25 9.9+0.5 10.4+0.3

Dimer 2.04 £0.86 12.1+0.3 12.8+0.3

Trimer 5.38+2.35 21.0+2.0 17.0+0.1

6 | J. Name., 2012, 00, 1-3
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of the angular velocity of the orientation vector, considering
each aggregate as a rotating ellipsoid (Figure 6).

The comparison between the calculated hydrodynamic radii
with the experimental values reported in Table 2, indicates that,
below the cac, SMG monomers, characterized by a r, of 10.8
(fluorescence anisotropy) - 10.4 A (MD) predominate, while,
above the cac, dimeric clusters [rn=12.7 (fluorescence
anisotropy) - 12.8 A (MD)] prevail. These findings led us to
conclude that: (i) at the critical aggregation concentration
determined by the pyrene assay, i.e. 20 UM, a monomer-to-
dimer transition takes place, and (ii) the structures predicted by
MD simulations faithfully reproduce the dimensions of the small
clusters nucleating the growth of SMG aggregates.

The structures reported in Figure 6 clearly highlight the role of
the LysP lipid chain that, interacting with the peptide backbone,
gives rise to a locally well-defined apolar outer region that
protrudes from the peptide assembly.

Long-time aggregation of SMG

Following the SMG aggregation process, we noticed that both
the absorption and fluorescence spectra varied significantly day
by day. In particular, the absorption spectra of a SMG 20 uM
solution showed a strong decrease and a wide broadening of
the n->mn* and n>n* absorption bands associated to the indole
(Trp) and phenol (Tyr) aromatic groups (ESI, Figure S4).

The associated fluorescence emission spectra initially showed
the same effect, i.e. decreased intensities and broadening of the

Figure 6. Filled-sphere representation of SMG monomer (A), dimer (B) and trimer (C)
from MD simulation. LysP sidechains are shown in green.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7 A: Emission spectra of SMG 20 uM (phosphate buffer, pH 8) at different times (Aex= 295 nm). B: wavelength emission maxima of SMG 20 uM at different times (days). The

solid line was obtained fitting the experimental data by the model of Pasternack et al. [23].

emission band peaked at around 360 nm. Besides that, at very
long times (days), a new emission feature appears at longer
wavelength, characterized by a fluorescence maximum at
around 410 nm (Figure 7A).

In Figure 7B, the wavelength emission maxima at different times
(days) of 20 uM SMG aqueous solutions are reported. The solid
line in Figure 7B was obtained fitting the experimental data by
the model of Pasternack et al. [23].

The latter describes aggregation as a fractal autocatalytic
process, characterized by a time dependent rate constant. In
this kinetic approach, the rate-determining step is the
achievement of a critical concentration of small clusters,
formed by m monomers, and nucleating the autocatalytic
growth of large aggregates. In the Pasternack model, the
catalytic rate constant, k, scales with the mean cluster size, s(t),
which in turn scales as a power law dependence on time, i.e. s(t)
~tn. The time dependent rate constant is therefore written as:

k(t) = ko + k (k)™ (9)

to account for the non-catalytic (kO) and catalytic (kc) pathways.
The integrated equation rate is readily written as:[23]

([M]_[Mi]) _ _ 1 el _m+
—([MO]_[MiD—(1+(m D{kot + (n + 1)"1(k t)"*1}) m-1

(10)

Where [M], [Mo] and [M;] are the monomer concentration at
time, t, t=0, and t=oo, respectively.

We adapted Eq. 10 to fit the data reported in Figure 7B,
obtaining: ko = (1.5%0.4)-103 d, k=(4.72+0.04)-102 d7,

m=2.1+0.6, n=14+3. Details of the fitting procedure are
reported as ESI.

Notably, the value obtained for the m parameter, i.e. the
number of monomers forming the clusters, closely parallel the
results of MD simulations.

The relative high value of n indicates that a strongly cooperative
process is taking place, as usually found in hierarchical self-
assembly. [24]

SMG aggregation should therefore occur through the following
steps: (i) a fast oligomerization step leading to small peptide
clusters (predominantly SMG dimers), followed by (ii) a very
long delay time reaching a critical concentration, after which (iii)
a fast and highly cooperative step involving the formation of
mesoscopic (micrometric) structures, characterized by a faint
blue luminescence.

In Figure 8 we reported the fluorescence emission spectra of
aged solutions of SMG (phosphate buffer, pH 8) at Aex=295 nm
(Figure 8A) and A&=350 nm (Figure 8B), together with the
fluorescence excitation spectra at Aem=420 nm (Figure 8C).

It appears that excitation of the indole group at Aex=295 nm
gives rise to a complex emission band, characterized by a
shorter wavelength component, peaked at 330 nm, typical of
the tryptophan monomer emission, and a longer wavelength
component, peaked at around 410 nm. The latter mainly
originates from a characteristic absorption peaked at around
Aex=350 nm, as proved by the intense emission obtained by
excitation at this wavelength (Figure 8B), and the excitation
spectra reported in Figure 8C. Fluorescence spectra of different
SMG solutions clearly show that the intensity of the longer
wavelength component increases in competition with the
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tryptophan monomer emission.

Although this ‘exotic’ fluorescence has been found in several
peptide systems, its origin at the moment is still fiercely
debated. It has been proposed that this fluorescence originates
from an extensive network of hydrogen bonds, like those
realized in micrometric amyloid-like structures [25, 26], a
quantum confinement effect in peptide nanostructures,[27] or
semiconductor-like behaviour from micrometric structures.[28]
Recently, Niyangoda et al. ascribed this blue luminescence to
protein carbonyl groups.[29]

These findings led some researchers to propose this emission
feature as a distinctive signal of the formation of amyloid
structures, paving the way for the design of optical sensors
capable of early diagnosis of neurodegenerative diseases.[30]
However, the possibility of experimental artifacts due to
diffused light contamination or oxidation of aromatic amino
acids was recently advanced.[31] Formation of di-tyrosine
cross-links was also shown to give rise to a weak fluorescence in
the same region.[32]

Time-resolved emission measurements carried out at Aex=298
and 344 nm and Aem=350 nm and 420 nm on SMG aged
solutions, showed that the blue luminescence reported Figure
8 takes place in the nanosecond time region (ESI, Table T2),

confirming the fluorescence nature of the emission. The
recovered time decay parameters also suggest that the emitting
excited state (or species) is beyond any doubt different from the
species emitting in the UV region. Significantly, only a maximum
of 10% of the signal can be ascribed to diffuse light
contamination.

Interestingly, CD spectra of freshly-prepared and aged SMG
aqueous solutions show that aggregation is coupled with a
secondary structure transition from a mixture of random coil
and helical conformations (Figure 9A), to a predominant B-sheet
structure (Figure 9B).

In contrast with this evidence, fluorescence anisotropy
measurements carried out on SMG aged solutions with
Aex=298and 344 nm and Aen=420 nm, showed that the blue
emission reported in Figure 8 is characterized by a quite low
anisotropy coefficient, independently on the peptide
concentration (r=0.043 and 0.033 for 4 and 30 pM SMG
solutions, respectively).

This finding clearly ruled out the diffuse light origin of the
observed emission, in agreement with the results of time
resolved experiments, but also suggests that the species
emitting in the blue region of the spectrum are of small size.
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Figure 9. Circular dichroism spectra of freshly (A) and aged (B) SMG solutions. Black: 4 uM; red: 20 pM; blue: 30 pM.
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Figure 10. Atomic Force Microscopy images of SMG nanostructures deposited on mica from freshly-prepared (A) and aged (B) 30 uM SMG solutions (phosphate buffer,

pH 8).

However, in the absence of information on the orientation of
the absorption and emission dipoles of the species responsible
for this ‘exotic’ fluorescence, no final conclusion can be drawn
from these results.

A further evidence strengthens the idea that SMG forms large
aggregates at very long times. AFM imaging of freshly-prepared
30 uM SMG solutions deposited on mica by drop casting,
revealed the formation of small globular structures showing
diameters of about 10-20 nm (Figure 10A). In the case of aged
30 uM SMG solutions, Gorgonian-like dendrimeric structures
growing from rod building blocks, characterized by lengths of
around 100 nm and widths of around 20 nm, can be easily
spotted (Figure 10B). Size distributions of the SMG
nanostructures imaged by AFM measurements, and deposited
on mica from freshly-prepared and aged SMG solutions are
reported as ESI (Figures S5-S7).

The observation of these fractal structures clearly recalls to the
mind the interpretation of the aggregation process provided by
the Pasternack model.

Conclusions

The aggregation properties of Semaglutide in the micromolar
concentration region have been investigated by optical
spectroscopy techniques and MD simulations. Under the
applied experimental conditions, SMG features a very stable
conformational landscape, characterized by a dynamic
equilibrium between random coil and helical structures. MD
simulations show that SMG attains a densely-packed globular
morphology, with the peptide charged groups exposed to the
solvent, and the fatty acid chain closely packed to the peptide
backbone, thereby protecting the protein core. In this
oligomeric structure SMG would be easily cleared by renal
filtration with the equilibrium towards a monomeric species
concurring to HSA complexation and prolonged half-life.

This journal is © The Royal Society of Chemistry 20xx

SMG was found to be quite soluble in aqueous solutions,
forming at early times monomer species and small oligomers
(dimers). Fluorescence anisotropy measurements and MD
simulations consistently predict correlation times and
hydrodynamic volumes of the monomer and dimer species.

At very long times (days) compelling spectroscopic evidences
indicate that an aggregation process is steadily taking place,
leading to the formation of an entirely new species,
characterized by a faint blue luminescence signal, a B-sheet
arrangement of the peptide chains, and, at the micrometric
scale, Gorgonian-like morphologies.

The aggregation process was shown to be highly cooperative, as
a result of the hierarchical character of peptide self-assembly
nucleated by the small clusters (dimers and more rarely trimers)
formed at early times.

The understanding of the oligomerization and aggregation
potential of peptide candidates is key for the development of
long acting and stable peptide drugs, where binding to human
serum albumin has the key role as a half-life extending strategy,
and the propensity to fibril formation should be counteracted
as part of the drug development optimization process.[33]
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Fig. S1 Fluorescence spectra of SMG. Black line: Aex=280 nm; red: Aex=295 nm. The spectra were
normalized to unit at the maximum to emphasize shape similarity.
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Fig. S2 Fluorescence emission spectra of SMG solutions (phosphate buffer, pH 8) normalized by the
absorption at Aex=295 nm. Black line: 4 uM; blue: 30 uM; red: 20 pM.

3.0)(106 T T T T T T T T T T T T T T T
—~  25x10° | .
=
w
Q
S 20x10° | -
2
® v
) 6
E 10| .
3 f
S /
8 6 J -
@ 1.0x10" |- f B
o i
@] »'/
(T 5 Ji

50x10° ~ § /4 =

V)4
0.0 . 1 A I . 1 A L . 1 . I A 1

365 370 375 380 385 390 305 400 405
Wavelength (nm)
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Fig. S4 Absorption spectra of SMG (phosphate buffer, pH 8, 25°C) at different times (days). The
absorption bands were normalized to unit area for better comparison.
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Fig. S5 Size distribution of the globular structures imaged by AFM upon deposition on mica of a
freshly-prepared 30 uM SMG aqueous solution (phosphate buffer, pH 8, T=25°C).
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Fig. S7 Size distribution (width) of the rod structures imaged by AFM upon deposition on mica of an
aged 30 uM SMG aqueous solution (phosphate buffer, pH 8, T=25°C).
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Table T1 Time decay parameters of SMG in water/glycerol 1:2 (v/v) solutions for different
temperatures.

T(°C) 71 (NS) o1 72 (NS) 02 73 (NS) 03 <t> (ns)
3.1 0.88 0.23 4.38 0.43 7.59 0.34 4.7
5.8 0.82 0.23 4.62 0.52 7.88 0.25 4.6
10.0 0.91 0.22 4,54 0.54 7.74 0.24 4.5
14.8 0.74 0.20 4.24 0.54 7.59 0.26 4.4
20.7 0.83 0.20 4.15 0.58 7.51 0.22 4.3
25.2 0.97 0.18 4,17 0.62 7.62 0.20 4.3
29.8 0.99 0.20 4.17 0.64 7.73 0.16 4.1
34.4 1.11 0.20 4,04 0.63 7.54 0.17 4.1

Table T2. Fluorescence time decays of SMG aged solutions (phosphate buffer, pH 8, T=25°C

Aex=298 NM; Aem = 350 nm

Concentration 01 T o2 ) 03 T3 (1) v
(uM) (ns) (ns) (ns) (ns)
4 0.89 1.2 0.05 3.7 0.06 9.9 1.9 1.04
20 0.74 0.7 0.24 3.3 0.02 13.6 1.7 1.09
30 0.80 1.4 0.14 5.6 0.06 13.8 2.7 1.12

)\.ex:298 nm; >\.em =420 nm

Concentration o1 T 02 T (1) *
(HM) (ns) (ns) (ns)
4 0.25 0.94 0.75 3.72 3.02 2.71
20 0.35 0.89 0.65 3.85 2.82 2.77
30 0.18 0.34 0.82 3.33 2.80 2.59
Aex=344 nm; Aem = 420 Nm
Concentration o1 T 02 T 03 T3 (1) *
(HM) (ns) (ns) (ns) (ns)
4 0.35 1 0.2 3.1 0.45 6.2 3.8 1.06
20 0.54 0.2 0.17 1.7 0.29 55 2.0 1.12

30 0.44 1.2 0.47 4.7 0.09 10.5 3.8 1.12
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Fractal autocatalytic aggregation model (Pasternack et al. 1998):

AE) = Ag + (4o —4) i
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Ai (nm) 409.1 0.2

Ao (nm) 353.8 0.2

m 2.1 0.6

n 14 3

Ko (d}) 1.5 x1073 4 x10*
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Rome, May 30" 2020

Dear Prof. Banerjee, Dear Referee,

here attached you can find a research article paper that |1 would like to submit for the Special Issue
‘Peptide Soft Materials’ to be published on Soft Matter.

Title of the submitted contribution is: ‘A spectroscopic and molecular dynamics study on the
aggregation process of a long-acting lipidated therapeutic peptide: the case of Semaglutide’,
authored by: M. Savioli, R. Cimino, E. Gatto, A. Palleschi, G. Ripani, D. Cicero (University of Rome
Tor Vergata, Italy); E. Placidi (University of Rome ‘La Sapienza’, Italy); F. Orvieto, E. Bianchi
(IRBM, Pomezia, Italy).

In the paper we describe the aggregation properties of Semaglutide, a peptide drug recently approved
for therapeutic treatment of diabete type 2, and commercialized by Novo Nordisk (Ozempic).

We applied optical spectroscopy (Circular dichroism, steady-state and time-resolved fluorescence),
Molecular Dynamics simulations and Atomic Force Microscopy imaging to study the aggregation
properties of Semaglutide from the very early steps to the formation, at very long times, of mesoscopic
structures.

We found that Semaglutide remains for a very long time (days) in an oligomeric state, forming
predominantly monomers, less frequently dimers, and only sporadically trimers. Most likely this
behaviour is the basis for the prolonged hemi-life of Semaglutide in the blood, as the monomeric state
promotes the binding to human serum albumin. We show by MD simulations that the two PEG units
and C18 fatty acid chain are also important to stabilize the globular structure of Semaglutide
monomers and dimers.

We also show that, at very long times (weeks), these oligomeric clusters nucleate the growth of
nanostructured aggregates, characterized by blue luminescence, 3-sheet organization of the peptide
chains, and rod-shaped building blocks and gorgonian-like morphology.

In the paper, we show that the dendrimeric morphology of these aggregates results from a hierarchical
self-assembly process, that starts from the Semaglutide oligomers and evolve, cooperatively, to the
final micrometric structure.

I hope that you can find this contribution appropriate for the ‘Peptide Soft Materials’ Special Issue
and of interest for the readership of Soft Matter.

I would like to thank you for kind attention.
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The aggregation of Semaglutide
was followed from the early time
steps to the late formation of
mesoscopic dendrimeric structures.
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