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Abstract

Amyloid structures represent one of the most widespread and stable protein folding in nature.
This particular folding can be either beneficial or detrimental to its host organism depending
on the conditions and places of aggregation. Consequently, the space and time control of their
formation mechanisms of amyloid fibril formation is crucial. In the present work, we have
investigated the assembly properties of the terlipressin (TLP), a peptide analogue of the
vasopressin hormone that is known - like many other peptide hormones - to be stored under
the form of reversible amyloid fibrils, which suggests a finely tuned aggregation process. In
particular, the assembly kinetics has been monitored by small and wide-angle x-ray scattering
(SAXS-WAXS). In combination with circular dichroism, ATR-FTIR and cryoTEM
characterization, this analysis reveals that the TLP assembly goes through the formation of on-
pathway transitory amorphous aggregates in which the amyloid fibrils nucleate. At the end of
the process, the “amyloid phase” (i.e., the fibrils) is in dynamic equilibrium with the liquid
phase (peptide monomers). The proportion between the two phases depends on the pH and

peptide concentration. Finally, the reversibility of the assembly is assessed.
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Introduction

Neuropeptides and peptide hormones fibrils now constitute a well-known example of
a physiological use of amyloid assemblies. Amyloid assemblies have for a long time only been
associated with protein misfolding leading to neurodegenerative diseases' - and mainly
continue to be so.2 Thus, by contrast, amyloid structures providing a gain to their host have
been termed “functional amyloids” .3 It appears that functional amyloids are ubiquitous in the
biological realm and that the functions fulfilled by these structures are very eclectic. In the
case of neuropeptides and peptide hormones, amyloid structures serve as a highly
concentrated/condensed storage means in secretory cells.5¢ Indeed, peptide hormones have
been found to be stored in dense-core vesicles under an amyloid-like form.5 Such long-term
storage allows hormones to be secreted faster than they are synthesized. Indeed, peptide
hormones are not continuously secreted at a rate determined by the rate of protein synthesis
(as in the constitutive secretory pathway) but are released as pulsatile bursts in response to a
stimulus (regulated secretory pathway).7-?

Nevertheless, this sequence-specific aggregation propensity remains equivocal since in
the absence of proper control it can lead to pathological aggregation outside secretory
granules®11: from a structural point of view, amyloids are an ordered arrangement of
thousands of monomers (e.g. proteins or peptides) which relies on the formation of cross-f3-
sheet motifs through repeated intermolecular H-bonds. Their formation typically follows a
sigmoidal increase of amyloid mass, with three characteristic kinetic stages: a lag phase, a
growth phase and a final plateau regime. This profile is generally explained by a nucleation-
dependent polymerization mechanism'?'%: nucleation of amyloid structure is supposed to
occur during the lag phase, elongation of the fibrils by monomer addition during the growth
phase and finally the system reach an equilibrium (plateau). Of course, this is a simplified
scheme. In reality, mechanism is often more complex and the nucleated conformation
conversion mechanism was proposed to account for the formation of “structurally fluid
oligomeric complexes”.”* The most debated step is nucleation, which involves (i)
conformational changes of the monomer and (ii) intermolecular interactions resulting in
various aggregated intermediates: more or less organized oligomers, prefibrillar aggregates,

proper amyloid nuclei, etc... Further, fragmentation can occur during the elongation phase
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giving rise to secondary nucleation. Finally, maturation of the fibrils can also happen after
equilibrium has been reached. In addition to other techniques (ThT fluorescence
measurements, circular dichroism, microscopies, NMR...), time-resolved SAXS experiment
recently brought very detailed insight in the chain of events leading to the formation of
different types of amyloid fibrils'>", showing the formation of oligomeric species or
protofibrils.

The key feature of functional hormone amyloids is the reversibility of the aggregation
allowing the secretion of bioactive monomers. This property was thus readily exploited by
researchers to design devices enabling to control the delivery of peptide drugs®*?, although it
only represents a handful of examples. The “easy” reversibility is thus a distinguishing mark
differentiating hormone amyloids from others types of amyloids, especially pathogenic ones,
which are commonly described as stable and insoluble.?> Moreover, several studies on peptide
hormone analogues have demonstrated that these amyloid assemblies are in dynamic
equilibrium with monomers.?*? Such characteristics are expected to play a significant role in
the assembly mechanism. Whether it be in a pathological context or in a functional context, it
is crucial to understand the mechanisms leading to amyloid fibrils. Most mechanistic studies

were carried out to elucidate pathological aggregation, and thus focused on prion proteins,

AB-(1—42), insulin and calcitonin. This generally involves using denaturing conditions

leading to irreversible” and often polymorphic assemblies. These studies often report the
formation of oligomers that are commonly held responsible for amyloid toxicity. Likewise, the
polymorphism stems from kinetically trapped intermediates (“off-pathway”). Consequently,
the mechanisms derived from the study of thermodynamically controlled system where
assemblies are in dynamic equilibrium with monomers might differ significantly. For example,
we hypothesize that functional amyloid assembly mechanism could escape the formation of
such transient, toxic oligomeric species and that the resulting fibrils exhibit little
polymorphism. So far, only a few studies have focused on the assembly dynamics of reversible
functional amyloids and none report the formation of such oligomers, but rather a sequence

of well-defined transitions.2633.3428

" Nevertheless, the complete irreversibility of amyloid assemblies has been recently reassessed?-32
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In this paper, we study the self-assembling properties of terlipressin (tryglycil-lysine
vasopressin, referred to as TLP from then on), a synthetic analogue of vasopressin. It is a potent
vasopressor that is a useful therapeutic agent in the treatment of cardiac arrest, septic and
catecholamine-resistant shock and oesophageal variceal haemorrhage.®> A virtual screening
study has also recently predicted through docking simulation that TLP (among other hormone
peptides) could bind the SARS-CoV-2 spike protein.’ This vasopressin analog has a longer
duration of action and a better safety profile than the parent compound. TLP is a 12 amino-
acid cyclic peptide (Figure 1A). TLP possesses two aromatic residues side-by-side (Tyr and
Phe) whose hydrophobicity is compensated by the hydrophilic lysine residue in position 11
that come with acetate as a counterion. The C-terminal is protected by amidification. The net
charge of the peptide ranges from +2 at acidic pH levels to -1 at basic ones (see Figure 1B).
Overall, this sequence is very similar to that of vasopressin, but also of oxytocin (see Figure S1
in SI). TLP mainly differs from these natural peptides by the N-tryglycil residue which is
cleaved by endothelial peptidases, releasing the active lysine-vasopressin® and by the
substitution of Lysine (Lys) for arginine at position 8 of the vasopressin molecule (although
lys-vasopressin also exists in vivo, notably in pigs).

As previous studies have shown on comparable hormone-like peptides®?4283437-41, these
features (cyclic structure, balance between a aromaticity and ionic charges) suggest a good
propensity to self-assemble in amyloid-like structure. And indeed, Beuret et al. have recently
demonstrated through Pro/Gly scans and truncations of the provasopressin 1-75 sequence
that the nonapeptide vasopressin sequence is both necessary and sufficient to prompt the
aggregation of a polypeptide chain.’® In the following, we extensively characterize
concentrated solutions of TLP as a function of pH and of time with ATR-FTIR and small and
wide angle x-ray scattering (SAXS-WAXS). We observe that self-assembly propensity is very
dependent on pH. We also characterize the induction and growth phase of TLP fibrils
assembly with combined SAXS-WAXS and demonstrate that the assembly do not go through
the formation of intermediate oligomeric species but rather through the formation of
amorphous aggregates in which the amyloid fibrils nucleate, recalling non-classical
crystallization mechanisms. Since these amyloid gels are reversible, the controlled, slow
release of TLP from an amyloid gel depot could be envisioned to replace continuous infusion
of low-dose terlipressin®? as it was suggested for a family of short- and long-acting analogs of

gonadotropin-releasing hormone (GnRH).?!
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Figure 1 : A) Developed formula of terlipressin peptide (TLP). B) Calculated net charge of the TLP peptide as a function of
pH. C) Fluorimetric titration of 1 mg/ml TLP solution ranging from pH 2.67 to pH 13.21 (blue diamonds). Plot of the
wavelength of the maximum of emission as a function of pH (red squares).

Results

1. Terlipressin assembly as a function of pH

As mentioned in the introduction, one of the interesting features of TLP is the presence
of a tyrosine in its amino acid sequence, which makes TLP intrinsically fluorescent and
sensitive to pH. A fluorescence titration of 1 mg/ml solutions of TLP is presented in Figure
1C. A quench of the fluorescence emission is observed as pH increases with a steep drop at pH
10-11. In the same pH range, a strong shift of fluorescence emission maximum from 300 nm to
350 nm occurs. This quenching is mainly attributable to the deprotonation of the phenol
group® and cannot therefore be used as a marker of peptide aggregation.2® Nevertheless,

visual inspection of the sample can give a first sense of the TLP propensity to self-assemble.

At acidic pH, the TLP peptide powder is very easily soluble thanks to its +2 positive
net charge, and a clear liquid solution is obtained at concentration up to 10%w/w. At neutral
and mildly basic pH levels, the solutions become viscous when the concentration reaches a

few %w/w, and even form a gel at pH levels higher than 8. Observed between cross-polaroids,



these gels exhibit birefringence, indicating a mesostructural anisotropy (Figure 2A-B). At
10%w/w basic gels may also become turbid (Figure 2B).

A first insight in the sequence of phases and changes in conformation of TLP during
assembly can be obtained by assessing TLP solutions with synchrotron radiation circular
dichroism (SRCD) measurements. Typically, negative bands at 200 nm are associated with
disordered (“random coil”) conformation while a shift towards 220 nm and more pertains to
the formation of {3-sheets.* The Figure 2C compares the SRCD spectra for two 10% TLP
solutions: one is liquid (solubilized in water, red trace, pH = 7.2) and the other is a gel
(solubilized in 0.2 M NaOH, blue trace, pH = 13). In both cases, the spectrum is rather simple
and mainly presents a single, slightly asymmetric, negative band whose minimum ranges
from 200 in the liquid solution to 224 nm in the gel solution. A similar band was observed by
Hernandez et al.#> in the CD spectrum of somatostatine-14, a comparable amyloid-prone cyclic
peptide hormone, in water (at 0.04%w/w). They interpreted it as a sign of the predominance
of randomly structured conformers in solution. The shift of the negative band upon gelification
towards 224 nm is indicative of the formation of 3-sheets. This negative peak is usually
associated with a positive band at lower wavelength. This second peak cannot be detected here

because of the saturation of the dynode voltage due to the very high concentration used.
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Figure 2 : A) Polarized light optical micrograph of 10% terlipressin solubilized in 0.15 M sodium borate (pH 9.4) B) Polarized
light optical micrograph of 10% terlipressin solubilized in 0.2 M NaOH (pH 13). C) SRCD spectra of 10%w/w terlipressinin 0.2
M acetic acid (red trace) and 0.2 M NaOH (blue line). D) SRCD spectra of terlipressin solubilized in NHsAc pH 9 at 1%w/w

(black line), 5%w/w (green trace) and 10%w/w (red trace).

An intermediate case between these two reference spectra is illustrated by Figure 2D
exhibiting the spectra of three solutions solubilized in 0.2 M NHsAc (pH =9) at 1%, 5% and
10%w/w. The 1%w/w liquid solution yields a spectrum with a negative band with a minimum
at 200 nm (black trace) similar to that of the 10% solution in acetic acid, indicating that the
peptide is under monomeric form. The 10%w/w gel solution yields a spectrum with a negative
band whose minimum is shifted towards 209 nm (red trace) denoting the formation of f-sheet
structures. At the intermediate 5%w/w concentration, the viscous solution yields a spectrum
that looks like a composite of the two other spectra with a band with a double minimum at
197 and 208 nm (green trace). Overall, there is a correlation between the band position and the
state of aggregation of the peptide. Peaks located around 200 nm correspond to liquid

solutions where the peptide retains its monomeric form (for example 0.5%w/w in 0.2 M NaOH



or 10%w/w in water) while peaks shifted to 210-230 nm correspond to gels where the peptide
is in its assembled form (for example 10%w/w in NaOH). All the situations in-between would
indicate a coexistence between the monomers and the assembled form or the presence of
intermediate structures in comparable proportions. Circular dichroism thus provides a rather
sensitive qualitative assessment of the content of the solutions. Consequently, a slight shift in
an apparently clear and liquid solution indicates a change of the peptide conformation and
suggests the appearance of intermediate structures, possibly oligomers or short fibrils. More

circular dichroism spectra are discussed in the supplementary information section.

Fourier-transform infrared spectroscopy (FTIR) also provides information on the
peptide secondary structure. In particular, the C=0O stretching vibrations appearing in the
amide I band region (1700-1600 cm) are modulated when the H-bonds structuring the p-
sheets are formed.* The amide I band of 10% TLP solutions solubilized at different pH are
presented in Figure 3A. Below pH 7.4, the spectra exhibit a broad peak centered at 1656 cm
in the amide I band region, indicating a mostly disordered organization of the peptide (black
trace a). Indeed, a broad peak results from the combination of all the possible conformations
accessible to the peptide in the solution. The peptide is most likely in its monomeric form or,
at most, aggregated in poorly ordered structures. Above pH 8, the spectra are clearly more
structured (blue traces e and f). The deconvolution of the amide I band region by the second
derivative method yields four Gaussian contributions (Figure 3C) that can be assigned through
empirical correlation with the literature.#”#” The strongest peak at 1634 cm! suggests a parallel
B-sheet arrangement.*® The narrow bandwidths indicate a stable and/or long [-strands and
strong hydrogen bonds as expected for repetitive structures such as amyloid fibers. The peak
at 1656 cm! is ascribed to the random conformations of the free peptides remaining in the
solution. The peak at 1674 cm! could be the signature from a B-turn originating from the cyclic
structure of the peptide.#* Finally, the last peak at 1617 cm™ has been assigned to aggregated
B-sheet strands and/or side chains.® It is interesting to note that at intermediary pH levels
(pH 7-7.4), an increase of the intensity is observed at 1630 cm!, indicating a contribution of the
parallel B-sheet structure in an overall disordered solution (green traces b and c). Likewise, the
addition of PEG in the water solution yields an even more structured amide I band (purple

trace d), suggesting depletion effects play a part in amyloid aggregation of TLP.



B p * C
2 —
o =
= 2 "
- g g
o) c
£ I3
o £ -
T 2 b
<
<
e
1580 1630 1680 17301580 1630 1680 0.5 1.5 2.5 3.5 4.5
Wavenumber (cm-')  Wavenumber (cm-) g (A1)

Figure 3 : ATR-FTIR and WAXS characterization of the concentrated TLP solutions. A) ATR-FTIR spectra as a function of the
pH of the solution. a: water (pH 7.2), b: water+mannitol (pH 7.2), c: 100 mM PBS (pH 7.4), d: water + PEG (pH 7.2), e: 150 mM
borate (pH 9), f: 200 mM NaOH (pH 13). The dashed arrows indicate the positions of the main vibrations as determined by
deconvolution. B) Amide | band deconvolution. The open circles represent the experimental data points (10% TLP in 150 mM
borate) C) WAXS profiles of 10% TLP solution in different buffers (without water subtraction). a: water, b, water+mannitol, c:
100 mM PBS (pH 7.4), g: 100 mM PBS (pH 8), h: NH4Ac (pH 11), f: NaOH (pH 13). The star (*) and the dagger (1) indicate the
positions of respectively the meridional and the equatorial reflection of the 3-sheet.

The organization of the TLP into [-sheets is confirmed by the wide angle x-ray
scattering (WAXS) patterns displayed in Figure 3C where characteristic reflections at 1.31 A1
and 0.63 A1 are clearly visible at basic pH (blue traces f & h). These reflections correspond in
the direct space to 4.8 A and 10 A, which are respectively related to the hydrogen bonding
distance between the B-strands and the repeat distance between the sheets>! At intermediary
pH levels (pH 8, violet trace g), these two reflections are only feebly visible. At lower pH levels

(black and clear green traces a, b & c), only the broad diffusion peak of water is visible.

The distinct scattering intensities at small angles (Figure 4A) as a function of pH is also
indicative of the variable proportion of amyloid structures forming in solutions. Mostly, the
higher the pH level, the higher the scattering intensity at low scattering vector 4. Below pH
7.4, a bump at 0.125 A1 is visible, which we attribute to the correlation peak formed by the
repulsive interaction between free monomers in solution. Such patterns can indeed be fitted
by an assembly of 0.8 nm hard spheres in interaction (Figure 4B, black trace over red circles).
Above pH 7.4, the scattering curves tend towards a power law of g7, indicative of 1-

dimensional structures expected for amyloid fibrils. Indeed, these curves are convincingly



fitted by a cylinder form factor of 1.8-2.5 nm radius (e.g. Figure 4B, black trace over blue
circles). Interestingly, there is an isoscattering point at 0.125 A that indicates the coexistence
of two species whose concentrations are linked. These two species should be the TLP under a
monomeric and an “aggregated” form. Indeed, as the solution is getting depleted in monomers
(higher angles, on the right of the isoscattering point), it is proportionally enriched in
aggregates (lower angles). Moreover, the increasing scattering intensity at small angles as the
pH is increased indicates that the proportion of aggregates increases. The aggregation rate
could thus be linked to the peptide state of charge that continuously decreases from +2 to -1

between pH 7 and pH 12.
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Figure 4: SAXS characterization of TLP samples as a function of pH. A) SAXS profiles for 10% terlipressin solutions in different
buffers. Red trace: acetic acid (pH 2.5), orange trace: water + 5% mannitol (pH 7.2), clear green trace: PBS (pH 7.4), dark green
trace: PBS (pH 8), clear blue trace: NaOH (pH 13), sodium borate (pH 9) B) Fits of the SAXS curve for the 10% terlipressin
solution in acetic acid (open red circles) and and NaOH (open blue circles). The experimental curves can be modeled by
respectively a sphere form factor with a repulsive structure factor and a cylindrical form factor.

These conclusions are upheld by cryoTEM observations that allowed a direct
visualization of a thin film of basic TLP solutions free from drying artefacts (see SI for examples
of dried TLP specimen). Ata 10%w /w concentration (pH 9), a very dense array of parallel thin
fibrils is visible (Figure 5A-B). These fibrils are about 2-3 nm diameter. From the anisotropic
Fourier-transform of the images, the spacing between them is estimated to 7-8 nm. These
dimensions are compatible with the cylinder diameter retrieved from the fit of the SAXS
pattern (3.8 nm)(Figure 5C). Moreover, the WAXS part of the scattering curve exhibits the
typical reflections of [-sheet structures, thus confirming the amyloid nature of these thin

fibrils.
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2. Monitoring the assembly kinetics

Our preliminary visual observations have indicated that, at high enough
concentrations, the aggregation process starts shortly after solubilization in the aqueous
buffer. In order to gain insight on the mechanisms of peptide aggregation at basic pH, we have
followed the kinetics of assembly by ATR-FTIR spectroscopy and by combined SAXS-WAXS
at the ESRF synchrotron source. Indeed, the clear solutions become viscous and gelify within
a few minutes. For solutions at concentration above 10%w/w solubilized at pH higher than
12, the whitening of the solution happens a few hours later. Overall, the samples seem to reach

equilibrium within a day, which makes the use FTIR and SAXS appropriate.

a) FTIR upon solubilization

The solubilization process of 10%w/w TLP in 0.2 M NaOH was monitored by ATR-
FTIR. Quickly after solubilization of the lyophilized powder, a drop of the clear solution was
deposited on the Zn-Se ATR crystal. To prevent evaporation, the drop was isolated from the
atmosphere with a cell saturated with a solution of 0.2 M NaOH (Figure S4). Spectra were
acquired every 10 minutes. A sampling of these spectra is displayed on Figure 6A. During the
first couple of hours, the amide I band is not structured at all. From two hours and on, the peak
at 1633 cm! is sharpening, indicating the increase of the B-sheet content in the sample. After 6
hours, the pattern does not change anymore. The intensity of this peak is plotted in Figure 6B.
A typical sigmoid shape is observed, consistent with a nucleation-dependent polymerization
mechanism. The plot could be reasonably fitted with a four-parameter logistic equation /433 =

B-A

A+ W’ where A and B are the minimum and maximum values that can be obtained, C
t-

indicates the t-value of the inflexion point, and D is the slope of the curve at the point of

11



inflexion. The induction period (or lag phase) of 30-40 minutes supposedly corresponds to the
conformational conversion of the molecule and the amyloid nucleation. The steep increase
corresponds to the rapid elongation phase during which the amyloid fibrils grow by addition

of monomers.

FTIR Intensity (amide | band)

T T
1550 1600 1650 1700 1750
Wavenumber (cm)

Intfensity at 1633 cm™!

10 100 1000
Time (minutes)

Figure 6: FTIR monitoring of 10%w/w TLP assembly upon solubilization in 0.2 M NaOH. A) Evolution of the amide | band as
a function of time. B) Plot of the intensity at 1633 cm™ (open circles, every 30 minutes). The red line corresponds to the fit
with a four parameter logistic equation.

b) SAXS-WAXS upon pH increase

Combined SAXS-WAXS was also used in order to characterize the different structures
forming in the solution during the TLP aggregation process. Here, the aggregation was
triggered by pH increase. The initial state is a 10% TLP solution solubilized in pure water
(pH~7) placed in a quartz capillary tube; a drop of ammonia solution is introduced in the same
tube, keeping an air bubble between the two solutions as a separation (see Figure S5 in SI). The

tube is then sealed with wax. As a consequence, the atmosphere inside the tube is saturated
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with ammonia vapours that will diffuse in the TLP solution and progressively increase its pH.
The TLP solution is then scanned with the x-ray beam along the gradient of diffusion several
times over a course of 14 hours. The full series of SAXS and WAXS scans are shown in
respectively Figure S6 and S7. The Figure 7, which exhibits the evolution in time of the SAXS
pattern at a single position on the capillary, enables to identify different features apparent over
time. The panel A exhibits the experimental SAXS patterns in absolute intensities. The different
curve shapes observed during the assembly can be fitted using different models depending on
the stage of the assembly process. These fits are plotted in the panel B in black traces over the
merged experimental SAXS-WAXS patterns in open circles (this time the curves have been
shifted for clarity). The models and main parameters used for the best fits are reported in Table

1.
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Figure 7: SAXS monitoring of the TLP assembly upon pH increase by ammonia vapours. A) SAXS profiles taken at the bottom
of the capillary (far from the interface) as a function of time. The scattering pattern of water is the flat trace in clear blue. B)
SAXS-WAXS profiles taken at the bottom of the capillary as a function of time (same as Figure 7A but with an offset for
clarity). The open circles represent the experimental data, the linear traces the fits. See more details in the Table 1. The
positions of meridional and the equatorial reflections of the cross-B sheets in the WAXS region are indicated with a star (*)
and a dagger (1). The double dagger (%) indicates a bump at 0.059 A in intermediary SAXS profiles.

The scattering pattern of the initial 10%w/w TLP solution in water (“t = 0”, before the
contact with ammonia vapour) exhibits a very broad peak centered at 0.12 A1, which in direct
space would correspond to a distance of ~5 nm between two TLP monomers in the solution.
This pattern can indeed be fitted by an assembly of repulsive spheres of radius r = 0.9 nm, a

value coherent with the peptide size.
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As soon as the TLP solution is in contact with ammonia vapours (t = Oh12) the
scattering intensity at low angles increases and the WAXS signal (Figure 7B) is modified,
indicating respectively aggregation and changes in the monomer conformation. As the
ammonia perfuses through the solution, the monomers aggregate into larger objects. These
curves can no longer be fitted by simple spheres. We thus use a Beaucage>-5 fit showing that
the hydrodynamic radius increases up to 2.5 nm, denoting the aggregation of monomers into
non-spherical structures. After 22 minutes, a correlation peak marked by double dagger (1)
appears at g = 0.059 A1 (i.e. ~10.6 nm in direct space) denoting the interactions between the
aforementioned aggregates. We then use a convolution of the experimental curve at t = 18
minutes (considered as the form factor of the aggregates) and a lorentzian peak to fit the
corresponding curves (see Figure 9). At the same time (¢ = 0h22), in the WAXS region, the

meridional reflection of the amyloid structures marked by a star (*) appears.

Finally, from 1h49 and on, the scattering at small angles increases again while the
amyloid reflection is now clearly marked, indicating the formation and growth of fibrils
amidst the amorphous aggregates. The curve of this mixture at t = 1h49 could not be simply
fitted yet, but from 3 hours and on, the patterns can be fitted with a cylindrical form factor (r
= 1.9 nm) indicating that the aggregates have disappeared, making way for the growth of
amyloid fibrils. However, to obtain a better fit of the intermediate g-range, a broad peak
accounting for the interaction between fibrils was introduced. Although at the end of the
monitoring the sample was homogeneous all along the capillary as shown in the last panel of
Figure S6, the sample had probably not reached its final state yet since the SAXS pattern is not
yet the same as in Figure 5C. Indeed, the pattern in Figure 5C was obtained with a sample

prepared a week before and can be fitted with only monodisperse cylinders.

One can also note that all the curves cross at the same scattering vector g = 0.14 A-L,
Such an isosbestic points (here, isoscattering point) generally indicates the conversion of a
species into another, e.g. the TLP monomers into larger assemblies (i.e. initially amorphous
aggregates and afterwards amyloid fibrils). However, it is difficult to give a physical
interpretation to the value of this isoscattering point. Several authors already discussed that

point in the past.55-57

To better visualize the evolution of the different features discussed above, the absolute
intensity at different scattering vectors is plotted as a function of time in Figure 8A & B. In
Figure 8A, the intensities of two specific features of the SAXS g-range are plotted as a function

of time. First, a representative point in the power-law slopes (7 < 0.04 A-1; the specific scattering
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vector is indicated by sharp sign in Figure 7A). This plot highlights three steps: (i) a sharp
increase in the first 25 minutes, (ii) a plateau lasting about an hour and (iii) a milder increase.
The second plot monitors the intensity at 0.059 A (indicated with a double dagger (t) in Figure
7A) where a broad peak appears at intermediate times. Here too, three steps are visible. In the
first two steps (i-ii), the plot superimposes with the previous one but the third one (iii) sees a

decrease of intensity.
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Figure 8: A) Plot of the absolute intensity at 0.021 A (indicated by a sharp sign (#) in Figure 7A) and at 0.06 A% (indicated by
a double dagger () in Figure 7A) as a function of time. B) Plot of the absolute intensity at 1.32 A (indicated by a star (*) on
the WAXS patterns and at 0.25 A% (indicated by a pilcrow sign (1) in Figure 7A) as a function of time.

The Figure 8B exhibits the decrease of the scattering intensity in the WAXS g-range
after the isoscattering point (indicated by the pilcrow sign 9 in Figure 7A). Here, only two
steps are visible: a strong decrease during the first 20 minutes followed by a milder decrease
in the following hours. This suggest that a large fraction of monomers is rapidly consumed to
form larger aggregates. The other fraction remains in equilibrium with the assembled species.
By contrast, the intensity of the meridional reflection of the -sheet in the WAXS region
increases following a sigmoidal curve whose inflexion point corresponds to the end of the first
step described in the other plots. This confirms that the amyloid structure is not readily present
when the aggregates form but appears later. A sketch of these amorphous aggregates along

with alleged cryo-TEM pictures are displayed in Figure 9.
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Figure 9 : Characterization of the intermediate amorphous phase. A) Structure factor of the SAXS patterns between 0h22
and 1h49 obtained by dividing the original SAXS patterns by the pattern at 0h18. The sketch represents the amorphous
aggregates of TLP monomers in interaction in the solution. The strong increase of the scattering intensity at small angle in
the pattern last pattern (1h49) indicated by a dashed arrow corresponds to the growth of the fibrils out of the amorphous
aggregates. B-C) CryoTEM observations of an aged 7% TLP sample solubilized in 0.2 M NH4Ac pH 9. Inset: FFT of the panel D,
indicating a characteristic distance of 5-10 nm. These amorphous structures might be equivalent to those observed with SAXS.

Table 1: Parameters used in Figure 7B to fit the SAXS patterns. During the course of the process, different models are used.
Initially, only hard spheres in correlation represent the free monomers in the solution. The non-spherical amorphous
aggregates are fiited using a BEaucage fit. When these aggregates enters in interaction, we used the experimental curve at
0h18 as a form factor and only fit the structure factor. Finally, once the fibrils have appeared, a cylindrical form factor provide
a good fit of the pattern. He fit is improve in the middle g-range by including a structure factor due to the interaction between
the fibrils.

Time Fit Model Radius (nm) Cylinder radius (nm) Xz
Hard spheres + r=0.9 B}
0 correlation Feit = 2.4 / 4.85x10
Hard spheres + r=1.1 .
Oh12 correlation rei=2.1 / 9.01x10
Beaucage _ .
Oh15 (Unified Power Rg) re=1.6 / 5.28 x10
Beaucage
h18 rg=2.5 3.59 x 10°
0 (Unified Power Rg) § / x 10
*
0h22 Aggregate form factor* x not fitted ) 600 x 107
structure factor
*
0h27 Aggregate form factor* x not fitted ) 108

structure factor
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Aggregate form factor” x

0h49 not fitted / 1.24 x 104
structure factor
Aggregate form factor* x .
0h54 not fitted / 1.61 x 10+
structure factor
1h49 Aggregates + cylinders not fitted not fitted not fitted
2h58 Cylinders / 2.1 1.47 x 104
3h58 Cylinders x broad peak / 1.9 3.04 x 10°
7h52 Cylinders x broad peak / 1.9 6.19 x 10
14h31 Cylinders x broad peak / 1.9 1.04 x10°
A
; -4
week** Cylinders / 1.9 3.295 x 10

* the experimental SAXS pattern measured at t = 0h18 was used as a form factor of the aggregates
** corresponds to the pattern shown in Figure 5C. The sample was prepared in NaOH 0.2 M.

Also telling are the relative pair distance distribution functions P(r) plotted in Figure
10A (the full series is plotted in Figure S9). The P(r) functions give the probability of finding a
point within the scattering particles at a distance r from a given point. The blue trace
corresponding to the liquid solution at ¢t = 0 has a rather narrow bell-shape centered at ~1.5
nm, which would correspond to the TLP monomers. After 20 minutes (green trace), peptide
aggregation has started, and the distribution function slightly widens - but remains
symmetrical - and shifts towards larger sizes with a maximum distance Dmax of ~5.5 nm. This
distribution function could correspond to the size of amorphous aggregates similar to those
shown in Figure 9. Finally, the pink trace shows a very wide distribution function with a Dimax
reaching 14 nm corresponds to the formation of the fibrils. One must note that the Dinax is not
representative of the full length of the fibrils, which is way beyond the range accessible by the
experiment. The asymmetrical purple trace (t = 2h58), where the maximum population is
located at ~4 nm but whose Dmax reaches 14 nm, can be ascribed to an intermediate case in

which the fibrils are coexisting with the amorphous aggregates.

17



Amyloid fibrils

% o 9
=
o
o}
= e
fs, ° .I
> Amorphous
O t
o i Py aggregates
L] Monomers
0 2 4 6 8 10 12 14 1 10 100 1000
Distance (nm) Time (minutes)

Figure 10 : A) Relative pair distribution functions calculated from some of the scattering curves presented in Figure 7A. For
clarity, only the distribution functions at t = O0h00 (blue trace), 0h54 (green trace), 2h44 (purple trace) and 7h40 (pink trace)
are displayed. They are also scaled to a maximum value of 1. The other curves are plotted in Figure S9. B) Plot of the
maximum distance (Dmax) in the pair distribution functions as a function of time. The coloured dots correspond the pair
distribution function of panel A.

Similar conclusions were reached using a slightly different protocol: the TLP assembly
was directly monitored by combined SAXS-WAXS over 12 hours right after solubilization of
the peptide (10%w/w) in a 0.2 M NHiAc at pH 9. These results and analyses are reported in
the Sl file, Figure S10 & S11 and Table S1). Here again, the observed sequence of event consists
of two steps : (i) a lag phase (< 20 minutes) during which the monomers form amorphous
aggregates, and (ii) a rapid growth step during which the fibrils of 1.9 nm radius form. After
30 minutes, the system has reached an equilibrium. In this case, however, the existence of the
amorphous aggregates seems to be much more short-lived. Indeed, we did not catch the

intermediate step where they enter into interaction.

Finally, taken altogether, all the SAXS patterns observed in this study suggest only a
small variability in the TLP fibrils morphology. The standard fibril radius seems to be around
2 nm. Additionally, the position of the WAXS reflections are stable all across the samples. At
this stage, it is difficult to decipher between the role of the ions in the solution and the

maturation effects, both parameters seeming to be involved.

Concerning the assembly mechanism, the results show that the fibrillation goes
through a two-step aggregation. In a first step the monomers aggregate into disordered
structures (r <5 nm). From these amorphous aggregates, the amyloid p-sheet fibrils nucleate
and grow. The first step lasts 20-30 minutes and corresponds to the duration of the lag phase

observed by ATR-FTIR monitoring.
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3. Reversibility assessment.

Since the present investigation deals with a peptide whose activity is mediated by the
interaction of their monomeric form with (GPCR) receptors and that our main assumption is

that the amyloid aggregates are simply a storage means, their aggregation has to be reversible.

Placing the TLP basic gels in physical contact with a drop of glacial acetic acid results
in the immediate clarification of the gel. To slow down this process, acidic vapour was used.
Here, the vapour was produced by a solution of glacial acetic acid that saturates a closed
chamber in which the open capillaries are placed. Because the disassembly process was
supposedly slower than the aggregation process it was not monitored in situ. Instead, after 17
hours in contact with the acidic vapour in a closed chamber, the capillaries were scanned along
the diffusion gradient with x-rays. The resulting SAXS-WAXS patterns for a 15% TLP solution
initially solubilized in 0.2 M NaOH are displayed on Figure 11. The patterns of the initial
solution are traced in red. The SAXS part can be fitted by monodisperse cylinders of 2.1 nm

radii and the WAXS part displays the typical amyloid reflections.
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Figure 11 : Resolubilization of the fibrils with glacial acetic acid vapours. A) SAXS pattern. B) WAXS pattern. In this figure,
the water profiles was not subtracted. The traces in red are the initial pattern of the 15%w/w TLP in NaOH, before the contact
with acidic vapours. The traces in purple hues are the scattering patterns at the bottom of the capillary tube (far from the
air/water interface), the other traces are the scattering pattern close to the interface. The star (*) and the dagger (1) indicate
the positions of respectively the meridional and the equatorial reflection of the [3-sheet.

The patterns at the bottom of the figure (black-grey-yellow-green traces) correspond to
the solution near the air-water interface and are completely superimposable to that of water

scattering. The baseline in the 0.3-6 nm-! region is flat indicating the disappearance of fibrils in
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the solution, as well as of TLP monomers (Figure 11A). Likewise, in the WAXS g-range (Figure
11B) the pattern is that of water. We can thus conclude that acidic vapour has completely

dissolved the gel and that the peptide material has sedimented to the bottom of the capillary.

The patterns on the top of the figure (purple hues traces) correspond to the region of
the capillary the farthest from the interface. The amyloid reflections at 4.65 and 10 A are still
detectable in the WAXS g-range, albeit strongly attenuated (Figure 11B). Indeed, when the
SAXS patterns (Figure 11A) are compared with the initial conditions (red traces), it appears
clearly that the amyloid fibrils have already been partially dissolved. On the other hand, the
increase of the scattering at very small angles witnesses the formation of large aggregates.
Patterns in-between (blue traces) show the presence of aggregates whose amyloid features are

no longer visible.

As a conclusion, if the amyloid fibrils are clearly dissolved by acidic vapours, it is not
clear that the TLP monomers are recovered when using this method. Rather, we observed the
sedimentation of larger disordered aggregates. This solubilization-reprecipitation process
might simply be attributable to the high ionic strength caused by the accumulation of ions in
the samples. The disassembly of the gels by dissolution in water is also possible but was not
quantitatively assessed yet. As it was demonstrated with atosiban gels, we can expect that it is
highly dependent on the concentration of the gels.8 Stirring of the dissolution bath is another
important parameter. Given the density of the TLP gels at 15% it should take several days to

dissolve them completely.

Discussion

Kinetics and mechanism of assembly

We have performed structural investigations to delve into the assembly process of TLP
into amyloid fibrils. If the nucleation and growth of amyloid B-sheets follow the typical
sigmoidal pattern, concomitant observations with SAXS-WAXS suggest a specific two-step
assembly mechanism. Indeed, instead of conformational changes (the TLP sequence being
short and cyclic, there is little conformational space for unfolding/reorganization) and
oligomeric associations occurring stochastically during the lag phase, we observe a rapid
(within minutes) aggregation of the monomers into amorphous aggregates upon pH increase.
Given that the radius of these amorphous aggregates is larger than that of the amyloid fibrils,
they cannot be considered as nuclei nor prefibrillar oligomers as in the nucleated

conformational conversion mechanism. We rather view this phenomenon as a liquid-liquid

20



phase separation, which is reminiscent of the formation of amorphous precursor phases that
has been described in non-classical nucleation of mineral crystals.?®> The typical features of
amyloid -sheets (formation of a peak at 1633 cm! in FTIR and growth of reflections at 4.5 and
10 Al in WAXS) rise secondly from this amorphous network, the proximity of the molecules
in the dense phase probably facilitating the nucleation of 3-sheet rich amyloid structures. Only
slightly later the cylindrical form factor of the fibrils emerges from the SAXS patterns as the

scattering from the amorphous aggregates recedes.

These mature fibrils have a distinctive radius of ~2 nm. When the assembly is triggered
by ammonia vapours, the duration of the induction time is both dictated by the diffusion of
the ammonia in the sample (and thus the decrease of the peptide-peptide repulsion) and the
nuclei of amyloid fibrils in the amorphous aggregates. Here, both the size and the lifetime of
the intermediate species are clearly defined, leading to fibrils population with little to no
polymorphism as shown in cryoTEM pictures (Figure 5). The TLP assembly mechanism thus
follows a rather straightforward route when compared to other amyloid mechanisms reported
in the literature that imply dramatic intramolecular conformational conversions, structural

heterogeneities, and multiple steps.’®

Biological and biomedical implications

Despite the presence of a proline and three glycines that are known to disrupt
secondary structures (and particularly B-sheets) 1! in the TLP sequence, TLP proved to be able
to assemble spontaneously into amyloid fibrils in appropriate (mostly basic) buffers. It thus
adopts a very similar behavior as its parent hormone vasopressin.!! TLP remains a very soluble
peptide and the critical aggregation concentration is about a few percent (w/w) depending on
the pH level and the nature of the buffer. Surprisingly, whereas the pH levels in secretory
granules are rather acidic? (e. g. in the case of insulin®), in our study the amyloid formation of
TLP is triggered by an increase of pH. Nevertheless, in vivo, the hormone aggregation may also
involve helper molecules and specific ionic interactions that modify the phase diagram.

On another level, TLP amyloid aggregation could be used as drug formulation. Indeed,
although peptides have played a notable role in medicine (in the endocrinology field, but not
only) since the introduction of insulin therapies in the 1920s and that their delivery relies on
self-assembly#l¢! or hydrogel loading?, very few applications have directly taken advantage

of the self-assembling properties of peptide hormones, leading to a “self-formulation” of the
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peptide hormone.2022-2¢ Yet, more and more physico-chemical studies have demonstrated that
hormones or hormone-like peptide self-assemble into reversible amyloid hydrogels or
microcrystals: the cases of lanreotide®?7, somatostatine3®¢ GnRH®* and GnRH analogues?,
insulin®566, cholecystokinin-4¢7 or atosiban2® can be mentioned. Since the TLP assembly could
be used as a controlled release delivery system, it could be noteworthy to mention that several
studies suggest that the activation of central vasopressinergic system may play a beneficial
role for the prevention and treatment of cognitive impairments in rats.t8-70

Finally, the absence of off-pathway polymorphic oligomeric species, which are
commonly held responsible for the amyloid toxicity”!, is congruent with a beneficial use of

TLP fibrils.

Conclusion

In the present study, we have investigated the pH-triggered amyloid formation of a 12
amino acid cyclic peptide. By combining circular dichroism, ATR-FTIR, SAXS-WAXS and
cryo-TEM analyses, a rather simple mechanism emerges. While circular dichroism, ATR-FTIR
and WAXS suggest a classical monomer-to-fibrils conversion after a lag phase, SAXS and cryo-
TEM characterizations evidence the formation of amorphous aggregates during the lag phase,
in which the amyloid [-sheet structures will nucleate and grow. Both amorphous aggregates
and mature fibrils seem to have rather well-defined size of respectively 2.5 nm and 1.9 nm in
radius. As expected for a hormone-like peptide, these amyloid structures can be dissolved by

reversing the pH.

Materials and methods

Peptides. Terlipressin-actetate (triglycine-lysine vasopressin, TLP) was purchased from
Bachem as a lyophilized power. Its amino sequence is H-Gly-Gly-Gly-Cys-Tyr-Phe-GIn-Asn-
Cys-Pro-Lys-Gly-NH, acetate salt. The TLP solutions were prepared by weighing the
lyophilized powder and dissolving it in the appropriate aqueous buffer at room temperature.
Fluorescence measurements. Solutions were filled in Hellma quartz Ultra-Micro cells and
inserted in Cary Eclipse fluorimeter (Varian, Oxford, UK) for measurements. The samples
were excited at 289 nm and emission scans were collected between 300 and 550 nm range.
Excitation and emission slits were both set to 5 nm. The scan rates were set to 120 nm min™

with 1 nm data interval and an averaging time of 0.5 s.
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Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). ATR-
FTIR spectra were recorded at a 2-cm™ resolution with a Bruker IFS 66 spectrophotometer
equipped with a 45° N ZnSe ATR attachment. The spectra obtained resulted from the average
of 30 scans and were corrected for the linear dependence on the wavelength of the absorption
measured by ATR. The water signal was removed by subtraction of pure water spectrum.
Analysis of the conformations of the peptides was performed by deconvolution of the
absorption spectra as a sum of Gaussian components with PeakFit 4.12 (Seasolve Software

Inc.).

Synchrotron Radiation Circular Dichroism (SRCD). 4 uL droplets or gel with spatula in CaF2
cells (Hellma). The path length used was 3.7 um. The measurements were performed on the
DISCO Beamline at the SOLEIL synchrotron (Saint Aubin, France).”>”® The raw spectra were
acquired with a 1 nm spectral resolution and were analyzed with CDTool.”. The spectra
presented in this study are the average of three spectra. A background (water or corresponding
buffer spectrum acquired in the same conditions) was subtracted from them. The calibration

was obtained with a CSA sample. Intensities were converting from millidegrees (6 machine

0.1*MRW
3298x1xC”

units) into Ae using the formula Ae = 0 * where MRW is the mean residue weight of

the peptide (protein weight/number of residues = 102.3 Da in the case of terlipressin), [ is the
path length of the CaF: cell in cm and C is the peptide concentration in mg/ml.

Cryogenic transmission electron microscopy (cryo-TEM). The aggregated peptide solutions
were observed by cryogenic transmission electron microscopy. Drops of the solutions were
deposited on EM grids covered with a holey carbon film (Quantifoil R2/2) previously treated
with a plasma glow discharge. The excess liquid on the grids was blotted out with filter paper,
and the grids were quickly immersed in liquid ethane to form a thin vitreous ice film. The

whole process was performed using a Vitrobot apparatus (FEI Company). Observations were
conducted at low temperature (— 180 °C) on a JEOL 2010 FEG microscope operated at 200 kV.
Images were recorded with a Gatan camera.

Small and Wide Angle X-ray Scattering (SAXS/WAXS). Peptide solutions were inserted in
1.5 mm-diameter quartz capillary tubes just after peptide solubilization and much as possible
before gelification. The capillary tubed were sealed with wax to avoid evaporation. SAXS

experiments exhibited in Figure 4 were collected with an in-house set-up equipped with a
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copper anode. The wavelength of the incident beam was 1.5418 A. The scattered patterns were
collected on a Pilatus detector. The sample-to-detector distance was 112 cm. The absolute
scattered intensities were scaled using Lupolen as a reference and following the method fully

described in Zemb et al.”

Other SAXS-WAXS experiments (Figure 3C, Figure 5C and Figure 7-Figure 11) were
performed at the European Synchrotron Facility (ESRF) in Grenoble on the ID02 beamline. The
wavelength of the incident beam was 0.0995 nm with exposure times of the order of 0.1-0.5 s.
The scattered x-ray were collected on two Rayonix 2D-detectors, covering respectively the
[0,075 - 6,408 nm™] and [5,307- 43,323 nm] g-ranges. No radiation damage was observed after

repeated irradiations.

The SAXS 2D profiles were fitted with the software SASView 5.0 (http://sasview.org/)

using the model functions for spheres, cylinders and hard sphere structure factor.

Electronic Supplementary Information available: additional CD characterizations in water
and NHsAc buffer (pH 8), conventional transmission electron microscopy images, ATR-FTIR
set-up, Kratky plots and SAXS-WAXS monitoring of the TLP assembly upon solubilization in
0.2 M NHsAc (pH 9).
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