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Reversible Morphological Control of Cholecystokinin Tetrapeptide
Amyloid Assemblies as a Function of pH
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ABSTRACT: Most amyloid assemblies are seen as @éngble and exhibit polymorphism because their rabbg is kinetically
controlled and different structures are trappednduthe aggregation process. However, in the sigecifse of peptide hormones,
formation of amyloid assemblies for storage purpdsss been reported. This suggests a strict caftadsembly and the ability to
disassemble upon hormone secretion. In the presmit we have sought to test these assertionsanstiort peptide, the cholecys-
tokinin (or gastrin) tetrapeptide (CCK-4), that Hresen found in both gastrointestinal tract and reémtervous system, and whose
sequence is shared by a large number of hormonesiake thus studidd vitro this peptide’s self-assembling properties in dense
phases at different pH levels, thus mimickimgvivo storage conditions. The solubility and morpholagythe supramolecular
assemblies have been shown to vary with the pHowtpH, the tetrapeptide exhibits a low solubilityd forms microcrystals. At
higher pH levels, peptide solubility increases abdve a high enough concentration, peptide monossfsassemble into typical
amyloid fibrils of 10-20 nm diameter. The physiogtwork formed by these fibrils results in a biregent hydrogel phase. Despite
the different morphological features exhibited #fedent pH, structural analysis shows strong samiiles. Both supramolecular
assemblies — microcrystals and fibrils — are stmext bypB-sheets. We also show that all these morphologeseaersible and can
be either dissolved or changed into one anothewlitching the pH. In addition, we demonstrate gnanodification in the charge
sequence of the peptide by amino acid mutation fiesdis self-assembly properties. In conclusiast ps the CCK-4 sequence is
the minimal sequence required for a complete biol@ctivity at CClg receptors in the brain, it is also sufficient o amyloid
fibers whose properties can be related to hormtorage and release purpogesivo.




INTRODUCTION

Until recently, the study of amyloid fibril assemtand struc-
ture has mainly been motivated by the will to ustEnd the
formation of pathological aggregations as obserirecheuro-
degenerative diseases such as Alzheimer’s, Parkexew Hun-
tington’s. The fibril formation proceeds from thesflding of
small proteins (or large peptides) which are uguatinstituted
from a few tens up to a few hundreds of amino-atiflse most
studied models are amylofi-proteirf, amylin or a-synuclein®
Nevertheless, numerous examples were found in whioteins
or peptides are assembled into amyloid-like fibtiat fulfill a
beneficial role such as cytoprotectidti, cell adhesiohor regula-
tion of melanin biosynthesfsAs a consequence, these systems
were named “functional amyloid$”Moreover, these types of
amyloid fibrils seem to be ubiquitous in the biotad realm since
they can be found in pladfsfungi'! and bacteri**as well as in
mammals.®1415 All these examples highlight the potential of
amyloids in the development of novel functionalrbaierials. In
contrast with pathological amyloids, functional aoigs are
formed by amino acid sequences that have beenteeldaring
evolution. Hence we can expect that they followusibassembly
processes, have well-defined structures and tegtahe harmless.
Additionally, they don't require destabilizing catidns (organic
solvents or alcohol, extreme pH conditions etc...) delf-
assemble, which makes them biocompatible.

Many of these functional amyloids result from tlssembly of
small proteins (most of them count well over 100remacids)
that are difficult to purify and present complex-aggregation
phenomena, which rendar vitro studies tedious. Thus, there is
strong incentive to study shorter peptides stemnfingy func-
tional amyloid systems. By studying the family dfugtary pep-
tide hormones, which were slightly shorter (9-4liramacids,
with an outlier at 199), Majét al. opened new avenud&$Like-
wise, studies on peptide hormone analogues corditgtdPater-
nostre & Artzneret al. have demonstrated the biophysical insight
that can be retrieved from the study of this clafspeptides-~2°
Indeed, using a short peptide sequence makes iitretms
identify the molecular determinants driving theeambly and
controlling the supramolecular structures. The Hemle
of side chains and charges can be finely addremsegoten-
tial molecular dynamic simulation tractable. Morenvthe
storage functionality of hormones amyloids suggekbst
their assembly is reversible upon well-definedgeis. Final-
ly, peptide hormones self-assembly properties carhér-
nessed for therapeutic applicatiGhg>
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In the frame of the present study we have assebsedelf-
assembly properties of the cholecystokinin tetrideCCK-4) —
also known as gastrin tetrapeptide — as a funabiopH. This
sequence corresponds to the last four amino adidseogastrin
and the cholecystokinin C-terminus peptides thatraspectively
synthesized in the intestine and in the brain.dthizases it corre-
sponds to the minimal sequence required for compialogical
activity at the G-protein coupled receptor GCik both the cen-
tral nervous system and gastrointestinal tfacAs such it is
commonly used in experimental pharmacology to itigate the
biological effects mediated by this receffbICCK-4 has been
found in nerve terminals in pancreatic islets agmbrted to act as
a potent releaser of insulin and other islet horesdh There is
also evidence suggesting that CCK-4 — along wittK&3 and
CCK-8 — acts as a neurotransmitter or neuromoduliatothe
central nervous systefi.** Indeed, CCK-related peptides are
thought to participate in the central control akst response and
stress-induced memory dysfunctidst is also worth mentioning
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that gastrin and cholecystokinin peptides have bisemd in
dense secretory granufés® We can hypothesize that they are
stored under an aggregated form — very likely amystructures,
as other peptide hormones &fe.

The amino acid sequence of the CCK-4 fragment jsMet-
Asp-Phe-NH. From now on it will be referred to as WMDF. lIts
detailed formula can be seen in Figure 1A. Frorrctiral point
of view, it is an amphiphilic peptide with two aratit residues at
the termini, respectively a tryptophan at the Nwi@wus and a
phenylalanine at the C-terminus. The C-terminuadditionally
amidified. In between, the two central residues rmethionine,
which can potentially be functionaliz&d® and aspartic acid,
whose side-chain is negatively charged above pH Anbther
charge appears below pH 9.3 by protonation of thierhhinal.
The resulting net charge of the peptide thus vdréween -1 and
+1 passing through zero at pH 6.1 (See Figure BBjween 3.71
and 8.76 the peptide adopts a zwitterionic formsBluggests that
the backbone conformation and solubility strongipehds on the
pH. To assess the role of the charge borne bydpartic acid, we
have also characterized the assembling propertias analogue
whose sequence Trp-Met-Asn-Phe-Nireferred to as WMNF in
the following text) in which the aspartic acid s is replaced
by an asparagine residue whose side chain is pothuncharged.
The only remaining charge is thus the N-terminusaadlic pH.
Above pH 10, WMNF bears no charge at all.
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Figure 1:A) WMDF in its zwitterionic form (e.g. at zero net
charge pH~6.2). B) Calculated net charges for WMBaxd
WMNF sequences as a function of pH.

We will first show that the ionic state of the peptplays a
significant role in the morphology of the suprancoler assem-
blies and study their structure and conformatiorsimall angle X-
ray scattering (SAXS) and vibrational spectroscepike second
section will establish the reversible nature okthetructures. In a
third section, we will further highlight the specifrole of the
charge borne by aspartic acid in studying the mufseptide
WMNF. Finally, we will discuss the biological relence of the
WMDF assembly diagram as a function of pH and cotreéon
in term of hormone storage and release.



EXPERIMENTAL SECTION

Peptides. The WMDF-NH, and WMNF-NH peptides were
purchased from Bachem (Switzerland). The WMDF-deetend
WMNF-TFA lyophilized salts were weighed and dissalvin the
appropriate aqueous buffer at room temperature. Skietions
were homogenized by vortexing.

Transmission electron microscopy. Transmission electron
microscopy was performed on a Philips CM12 electnaioro-
scope operated at 80 kV. A drop of the solutioB-&26w/w was
deposited on a copper grid covered with a carbbn {Agar
Scientific). After blotting off of the excess liquithe material was
stained with a 2% uranyle acetate solution or &!laBnmonium
molybdate solution.

X-ray scattering and x-ray diffraction. SAXS-WAXS exper-
iments were performed at the European Synchrotraailify
(ESRF), on the ID02 beamline. The wavelength of itteédent
beam was 0.995 A with exposure times of the ordé.b-0.5 s.
The scattered X-ray were collected on two Rayoixd2tectors,
covering respectively-ranges of 0.0075 — 0.64*Aand 0.53 —

4.33 A'. The WAXS patterns reported in Figure 3D were ob-

tained on an in-house set-up. The X-rays were medby a
Molybdene anode. The wavelength of the incidentmbeas of
0.722 A. The scattered pattern was collected onMR Metector.
The sample-to-detector distance was 72 cm. The lsampere
inserted in 1.5 mm diameter quartz capillariesexkalith paraffin
wax or spread on a kapton cell (10% WMDF in PBS &bl
WMNF in NaOH). The spectra were manipulated andyaed
using the SaxsUtilities wiwv.sztucki.de/SAXSutilities/) and
SasView [ttp://www.sasview.org/) softwares. Attempts to index
the diffraction patterns were made using the DIC\@6Lpro-
gram®” A series of cells was proposed by the softwarenfamal-
ysis of the 19 peaks common in the two diffractaggaWe used
the following criteria to select the most relevaells: (i) Cells
must be compatible with the dimensions of the plepti9 A x
~20 A,V = 1153 &; (ii) All the peaks have to be indexed:; (iii)
Cells must not generate too many peaks that arexparimental-
ly detected.

Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR). ATR-FTIR spectra were recorded at a 2-tm
resolution with a Bruker IFS 66 spectrophotometgrigped with
a 45° N ZnSe ATR attachment. The spectra obtairsdlted
from the average of 30 scans and were correctedhfodinear
dependence on the wavelength of the absorption ureshdy
ATR. The water signal was removed by subtractiopwo® water
spectrum multiplied by a coefficient chosen by simposing the
spectra in the 2500-4000 &nregion. Afterwards, the spectra
were normalized by setting the highest peak ofaiméde | band
to 1. The spectra were then deconvoluted with PiedSystat
Software Inc) as a sum of Gaussian-Lorentzian corapis using
the secondary derivative method. A linear baselias used.

Fourier-Transform Raman Spectroscopy (FT-Raman). FT-
Raman spectra were recorded at a 4*aesolution with a Bruker
IFS 66 spectrophotometer. The scattered light feokleNe laser
(A=632 nm) was emitted (452 mW incident power) atsample
and was analyzed at a right angle. A nitrogen eb@€D detec-
tor was used to collect Stokes Raman data. In dmdeheck the
possible degradation of the sample under the beasmacquired
series of 500 spectra. The plotted spectra arettruaverage of
100x500 spectra, which correspond to an accumuéatqdisition
time of 20 hours. The samples were conditioneduartz capil-
lary tubes sealed with paraffin wax.

Steady-state Fluorescence. The influence of the pH on the
fluorescence emission of the WMDF peptide was assedy
performing two titrations of two 1 mg/ml samples€Tfirst sam-
ple was prepared in 0.5 M acetic acid and titrateth 1 M
NaOH. The second sample was prepared in 0.2 M Na@d
titrated with 1 M HCI. The solutions were exciteg & wave-
length at 286 nm. Although some measurements weremwith
samples with absorbance values higher than 0.3tyisally
advised to avoid reabsorption effects by neighlgprimolecules),
controls showed that the position of the peak maxim,, were
not impacted by concentrations. Intensities aremiin arbitrary
units. This was in particular unavoidable in orderprobe the
effect of assembly on the fluorescence. ThT fluoeese assays
have also been performed. These results are desplagd com-
mented in details in the ESI section.

RESULTS AND DISCUSSION

WMDF polymorphism as a function of pH.

WMDF is poorly soluble in acidic conditions (e.g.acetic ac-
id, between pH 2.4 and 5) and at intrinsic pH ,(wéhen dissolved
in pure water, pH~6) at concentration as low as @L1 One
obtains large aggregates that sediment to the rbottbthe Ep-
pendorf tube while the supernatant remains ligliite concentra-
tion of peptide in the supernatant is estimatedeo-1.5 mM via
UV absorption spectroscopy. When the pH is increa®ve pH
7, the solubility also increases. Macroscopicalhe samples at
concentrations below 5% w/w are clear liquids. Ad&v7% wiw,
they form gels that are birefringent when obsefyetiveen cross-
polarizers (Figure 2A). At pH 7-8 (0.1 M PBS), hoxee the gels
are whitish while at pH 13 (0.2 M NaOH) they arengbetely
transparent. ThT fluorescence assays performedjoid Isuspen-
sion (pH 6) and gel (pH 9) show an increase of rigoence
emission at 482 nm in both cases (See ESI, Figbyevéhich is
widely regarded as a diagnostic of amyloid formatio

Figure 2:A) Polarized optical microscope picture of a 10%w/w
gel of WMDF solubilized in a phosphate buffer 0.1(pH 7.4)
inserted in a quartz capillary. B) Transmissioncetan micro-
graph of a solution of WMDF solubilized in 0.5 Medic acid (pH
2.5). C-D) Transmission electron micrographs of&wéw solu-
tion of WMDF solubilized in a 0.1 M phosphate buffpH 7.4).

Transmission electron microscopy (TEM) gives acdesthe
morphology of the objects formed in solution. I fuspensions
of WMDF dissolved in acetic acid or water, straightl elongated



crystals are observed (Figure 2B). Their lengtbfithe order of
the micron or more and their aspect ratio is aldoli®. In con-
trast, solutions prepared at higher pH appear tdaoo several
micron-long unbranched fibrils, with an estimatedndeter of
19+7 nm, very similar to amyloid fibrils as theyeaclassically
described (Figure 2C-D). At intermediate pH (e.g. 6-7), &xo
istence between the microcrystal and fibril morplgéés can be
observed. The proportion of the two species seentepend on
the pH since at pH 6 the crystals are predomineinite at higher
pH fibrils take over. It is also noticeable thae ttrystals formed
at higher pH seem less sharp than those formed 2t%5.

The structural features of the WMDF basic solutiaresfurther
probed by small angle X-ray scattering (SAXS). FeBA-B
exhibit the 2D-scattering patterns of a 10%w/w WMBstution
solubilized in NHAc 0.2 M (pH 11) collected the SAXS and
WAXS detectors of the ID02 beamline, ESRF respebtivlhese
oriented patterns clearly show the typical crpgzattern charac-
teristic of amyloid fibers. Three main reflectioae indicated by
arrows labelledner (for meridional),eq (for equatorial) ana, at
respectively 1.34 A (d=4.7 A), 0.36 A' (d=17.5 A) and 0.11 A
(d=57.11 A). The meridional 4.7 A reflection correage to the
spacing between hydrogen bondedtrands that run perpendicu-
lar to the fibril axis. The equatorial 17.5 A reflen corresponds
to ap—sheet network resulting from an alternated starkinanti-
parallel peptides (spacing between the shééffhis inter-sheet
distance is about twice that which is traditionatligserved in
typical amyloid fibers (8-11 A). The reflectiamis actually the
first oscillation generated by the scattering framcylindrical
shape as shown in Figure 3C, which displays the Spxttern of
10% WMDF in 0.2 M NaOH and the corresponding fiheTfit
was obtained by assuming a cylinder shape with A datlius.

Figure 3D displays the azimuthal profiles of WMD®&lugions
in 0.2 M NaOH (pH 13) at concentrations rangingrrd to 20%
(traces 1-5). These scattering patterns were ¢etlean the single
detector of an in-house set-up. At concentraticeievb 10%, the
traces are barely distinguishable from the sol{&ate 0), except
for a very weak bump around 0.2*AFrom 10% and higher, the
scattering strongly increases at the smallest angidicating the
formation of large objects. As described above,tiipécal amy-
loid crossp fiber reflections are clearly visible. The cortaa
length¢ estimated from the full width at half-maximum (FWH
of the meridional and axial reflections with thelat®n
Z=2n/FWHM is about 100 A, which is of the order of iiameter
of the fibrils observed in TEM (Figure 2D) and withe diameter
of the cylinders used to fit the SAXS pattern (Fg8C).
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Figure 3: Small Angle X-Ray Scattering (SAXS) of V¥ gels
solubilized in basic conditions. A-B) Oriented $eeihg pattern
of 10% WMDF in NHAc (pH 11) on SAXS detector (A) and
WAXS detector (B). The capillary and hence the ifibwere
oriented horizontally. C) SAXS pattern of a 10% WMDQyel
solubilized in 0.2 M NaOH (blue line) and the cepending fit
assuming flexible cylinders (purple line). D) SAX®AXS pat-
terns of WMDF solutions in NaOH 0.2 M at differargncentra-
tions — 0: blank NaOH 0.2 M; 1: 5%; 2: 7%; 3: 104615%; 5:
20%. The arrows indicate the reflections correspando the
meridional (ner) and equatorialef)) orientations in respect with
the fibrils’ axis.

In Figure 4, the powder diffraction patterns of WMIh acetic
acid (trace 1) and PBS (trace 2) are displayedmparison with
the scattering pattern of 20% WMDF in NaOH (trage Bhe
diffraction patterns confirm the crystalline orgeation of the
objects observed in Figure 2B. In addition to rmftens attributed
to amyloid structures, about 20 diffraction peate eearly visi-
ble in both patterns. Most peaks are common to Ispiéctra,
however there are still some differences that keaslightly dif-
ferent cell parameters. Peak indexation trialstéethe conclusion
that both samples are polymorphic.In both casdscells are
monoclinic and their parameters are rather closk @msistent
with the dimensions of the peptide monomer (SedeT&81 in
ESI). Their volumes\(~2300 &) suggest that they contain two
peptides. These cells could not be linked to sygenibrphologies
observed in TEM. Nevertheless, the correlation leggestimated
from the FWHM of the first four peaks is of the erdf 1800 A,
which is about the lateral size of the elongatedtals observed
in TEM (cf. Figure 2B).
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Figure 4: Diffraction patterns of crystallized WMDEF (red line):
Dried sample of WMDF prepared in acetic acid. 2€gr line):
Crystals contained in a 10% WMDF gel prepared irSRBH
7.38) 3 (blue line): Concentrated solution (20%wb&f)WMDF
fibrils prepared in NaOH 0.2 M (pH 13). The arrolaielled “eq”
and “mer” indicate the position of the amyloid eefions. The
overlap between the SAXS and WAXS detectors of [b@2
beamline, ESRF is seen in the O.55-0.6’5r&nge.

Attenuated Total Reflection Fourier Transform Iné@ (ATR-
FTIR) vibrations give information on the confornmati of the
peptide backbone in their assembled form. FigurgBsents the
area of the spectra corresponding to the amideatitsrs which
are the major characteristic bands of a peptidauietl spectrum.
The amide | band, between 1600 and 1700 @vmainly associ-
ated with the C=0 stretching vibration and is disecelated to
the backbone conformation and the hydrogen bongittern.
The amide Il bands, between 1510 and 1580, aesult from the
N-H bending vibrations and from the C-N stretchifityrations3®

After water spectrum subtraction and normalizatitve, amide
| region is the part of the ATR-FTIR spectra thatthe most
characteristic of the peptide assembly (Figure 5%).any pH



tested, the spectra exhibit very thin and interesedb in the 1631-
1645 range corresponding to a strahigheet structuré®*t A
satellite peak of lower intensity in the 1676-1684" is indica-
tive of an antiparallel organizatidh.The fit of this region by
Gaussian-Lorentzian peaks makes the change of roafion
explicit as the pH increases (Figures S2 and S8)adidic pH
levels the vibration at 1643 chis the strongest and the vibration
at 1627 crit is barely detectable. As the pH increases, anrseve
of the situation is observed as is illustratediguFe S3. This shift
of the main vibration is indicative of stronger hgden bonds and
could be liken to the shift observed between tkamstin in na-
tive (1630-1643) and in fibril form (1611-1638)*In both cases,
these differences can be ascribed to the longandtiormation in
fibrils versus native/crystal forff.Yet, the increase in the intensi-
ty of bands assigned to unordered structures ir0-16B0 crit
suggests that amyloid fibrils are less structuteghtthe micro-
crystals.

The amide 1l spectral region (Figure 5A) is rathtependent
of pH, with a large band around 1550 tmwhich mostly origi-
nates in N-H vibrations. In each case, this pathefspectrum can
be broadly deconvoluted by Gaussian functions (stwbwn)
centered at 1497+2, 1528+4, 1546+2 and 1558+4" evhose
respective intensities can vary. The 1497+2'dmand is very the
likely ring vibrations of amino acids containingparatic rings:®
Vibrations at 1528 and 1546 &mwhich become prominent at
basic pH levels, are attributed to the dominancéhefbending of
hydrogen bonded NH groups in antiparafielheet structure®.
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Figure 5: Vibrational spectroscopic characterizataf WMDF
solutions at different pH (amide | and amide llioeg). A: ATR-
FTIR spectra. B) FT-Raman spectra. 1: WMDF solabdi in
acetic acid 500 mM (pH 2.4); 2: WMDF solubilizedpare water
(pH 6.1); 3: WMDF solubilized in 5% Mannitol (pH;8)and 4’
10% w/w WMDF solubilized in a 100 mM phosphate leoffpH
7); 5: 10% WMDF solubilized in a 200 mM NaOH sobuti(pH
13.3). Raman peak attribution is shown in SuppldéargrMateri-
als.

Finally, FT-Raman spectroscopy also offers fingetprof the
different conformations encountered in each coodifFigure 5B
and Section 4of the ESI). The strong amide | peakla75 crit
once more confirms the formation of antiparafiedheet. Howev-
er, because the peaks arising from tryptophan, ydalamine and
amide bands may overlap, exact attribution can iffieudt. We

propose attributions in the ESI (Table S2). Newddss, some
qualitative conclusions may be drawn regarding ttiyptophan
environment”“8First, the W3 vibration is located at 1549tm
both acidic and basic conditions. The W3 vibratiam be related
to the torsion anglg?! and defines the orientation of the indole
ring with respect to the @-atom of the amino acid backbdfe
and in both acidic and basic conditiogfs: ~90°. Likewise, the
W17 vibration at 876 cthat both pH (ESI, Figure S4C), indicates
that the indole N-H is involved in a medium-stréngtydrogen-
bond as is formed with solvent water. The intensitijo of the
W7 Fermi doublet Igs6dl1349 is also reported to depend on the
hydrophilic/hydrophobic tryptophan environment. Witatios of
1.5 and 1.26 at acidic and basic conditions resmyt it can be
inferred that tryptophan environment is only motkdsa hydro-
phobic.

The tryptophan environment can also be assessestelagly-
state fluorescence spectroscopy. Figure S5 (E®ivshhat the
tryptophan environment is rather polar, even when pieptides
are aggregated into fibrils or microcrystals. le thtter cases the
averagel s is about 350 nm, which is similar to the valuesegi
for an exposed tryptophan in a protein. Values meplofor buried
tryptophan residues are closer to 330%fiiHowever, this value is
significantly shifted with respect to the ones meed for the
monomers in solutions (366 nm) which are similathose re-
ported for the amino acid alone in solutfdms for the intensity
of the emission peak, it decreases as the propoofiassembled
peptides increases.

Overall, there is a set of evidence pointing towaad antiparal-
lel arrangement of the peptides in the differentrphologies
found. Despite an expected hydrophobic-driven asffembly, it
appears that the tryptophan residue is not fullsidouin the su-
pramolecular structure but may be involved in hgero bonding
rather than inr-stacking. Calculations of contact potentials be-
tween two adjacent peptides are also in favor tiparallel struc-
tures where the backbone would be staggered b tameino
acids (See ESI, Figure S1), an arrangement thatslhydropho-
bic interactions between phenylalanine residuesnbtifor tryp-
tophan residues as suggested by Raman and flunocesspectra.
X-ray diffraction analyses also suggest that intespf a polymor-
phism at the molecular level, molecules are alwagsked in a
similar kind of unit cell; the conformational diffences detected
as a function of pH would then only arise from eliéint lateral
chain organizations. Additional characterizatiorthwsolid-state
nuclear magnetic resonarite® could probably confirm the prox-
imities between residues.

Here, we have demonstrated that even a small fraigoie
Cholecystokinin are able to self-assemble into amdystructures
even though aggregation propensities predictioasnall for this
specific amino acid sequence for most algoritfmi5(see Figure
S6A-D in ESI). Nevertheless, both Aggresamnd Zyggregatdf
predict aggregation (Figure S6E-F). Prior experitaework on
gastrin related peptides by Oakletyal. had reported fibril for-
mation at 0.5% w/w in saline solutihNotably, they also men-
tioned that “fibrils not only disaggregate complgtafter mild
alkali treatment but the peptide also fails to fdibrils at a high
pH”. We have clearly demonstrated that this isthetexact case.
The critical aggregation concentration simply ims®es with pH.
It is probably the sheer shortness of the sequratemakes the
morphology extremely sensitive to pH, especiallypbt levels
close to physiological conditions. However, as &tual. have
pointed out in the case of Pmell7:RPT, functiomaylaids do
not necessarily require a specific structure orghotogy®® In the
present case, if we assume a storage end, tharéeisd no need



for a very regular structure; only packing densitd reversibility
are required.

Assessment of the reversible nature of the amyloid as-
semblies of WMDF.

One of the primary hypotheses about functional amdgl fi-
brils that are assumed to serve as storage me#ret ithis type of
supramolecular assembly must be reversible. In thipect,
WMDF hydrogels were shown to be easily solubilizagion
dilution. However, given the detection thresholdoaf analytical
techniques it is difficult to prove that the filwithemselves are
disassembled and not simply dispersed in a soluioterger
volume. To keep the peptide concentration constiaming the
putative disassembly process, basic solutions of DF¥Mvere
submitted to acid vapors (either glacial acetiaddami hydrogen
chloride vapors). Conversely, acidic or neutralusohs were
submitted to (basic) ammonia vapors.

In most cases, it is macroscopically clear thatsé@ple is un-
dergoing drastic changes: initially whitish anchligcattering acid
samples containing microcrystals and larger aggesgaapidly
clear up (Figure 6 A-B), while liquid (at concerioas below
10%w/w, Figure 6 C-D) or gel basic samples (at eot@tions
above 10%w/w, Figure 6 E-F) precipitate. ATR-FTIRIESAXS
characterizations confirm the optical observatioRrgure 6A
shows an initially well-structured spectrum of asid&c sample
(red line) transformed into a weak disordered spettblue line)
after said sample has been submitted to basic amnvapors.
Corresponding SAXS spectra show diffraction pealesl (ine)
disappearing (blue line) as well as intensity dasirey at smaller
angles indicating the disappearance of large abjadhe solution
(Figure 6B). However, the scattering pattern isdative of cy-
lindrical shapes (fibrils) in solution. Conversellfigure 6C-D
show non structured spectra of a low concentrabiasic sample
(blue lines) transformed into structured spected (mes) as pH is
decreased with acetic acid vapors. The charagtendbration
bands or diffraction peaks correspond to thoseribestin previ-
ous section for crystal structures obtained diyeatl water or
acetic acid. SAXS spectra also clearly shows arease in scat-
tering intensity corresponding to the formationlafye supramo-
lecular objects (Figure 6D). The non-structuredctjae corre-
spond to solutions containing non-assembled sdhgoil WMDF
monomers. Finally, Figure 6E illustrates the tréosi from a
structured FTIR spectrum (blue line) correspondima fibrillar
assembly to a structured spectrum (red line) cpomding to a
crystalline structure. Here again, the spectralifrcadions are in
line with the differences observed in Figure 5doth amide | and
amide Il bands. The changes in SAXS patterns (Eig&), in this
case, are not drastic although we observe a dleaease of dif-
fraction peak intensity indicating growth of theystialline phase
as pH level decreases.
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Figure 6: Structural characterization of WMDF saespbefore
and after pH change. A-B) 5% WMDF solubilized intera(red
line) then submitted to ammonia vapors (blue lin€). 5%
WMDF solubilized in 0.2 M NaOH (blue line) then snitted to
glacial acetic acid vapors (red line). D) 9% WMD#ubilized in
0.2 M NaOH (blue line) then submitted to glaciakte acid
vapors (red line). E) 13% WMDF solubilized in 0.2 NaOH
(blue line) then submitted to glacial acetic acapers. F) 15%
WMDF solubilized in 0.2 M NaOH (blue line) then suitted to
glacial acetic acid vapors. The spectra have bleited for clari-
fication. The stars (*) in the FTIR spectra inde#te peak arising
from acetic acid in the solution. In the middle elsnpictures of
the corresponding samples stored in Eppendorf tatgeshown.

In Figure 7 we show examples of microscopic ingggtons
with TEM. Initially, the sample is typical of a pdy solubilized
WMDF solution with aggregates and crystals (Figi#d), which
is consistent with the light scattering seen byrtaked eye. When
basified with ammonia vapor (pH > 11), fibrils app&Figure
7A2), in agreement with observations made with damdirectly
prepared in NaOH, albeit some remaining aggregates be
found. Conversely, Figure 7B exhibits a gelated ganmitially
solubilized in NaOH. When submitted to hydrochleridapors,
the sample becomes more liquid and finally turngplvhich is
possibly due to oxidation of part of the samplethoy strong acid.
In contrast, samples acidified with acetic acid aia remain
uncolored. Transmission electron micrographs shbat tthe
fibrils initially structuring the gel (Figure 7Bl)ave completely
disappeared and been replaced by large aggreghtes/stals
(Figure 7B2), which is coherent with other samplkaracterized
with FTIR and SAXS that did not turn blue.



Figure 7: Transmission Electron MicrograpbisAl) A trouble
solution of WMDF solubilized in PBS; A2) the san@rple after
10 minutes in ammonia vapors; B1) a fibrillar gél WMDF
solubilized NaOH 0.2 M; B2) the same sample afteminutes in
HCl vapors. Scalebars = 200 nm (Panels A) and IReamnels B).

Overall, these observations prove that both moqdiet de-
scribed in this study are reversible with pH and be turned into
one another. Additionally, the formation of micrgstals from
fibrils refutes the idea that the crystals obseriredhe samples
directly prepared at low pH are simply the unsdiaéd remains
of the powder or the result of nonspecific aggriegathat would
compete with fibril formation. Given the higher gbility of the
peptide at high pH, increasing the pH can also leadomplete
dissolution of supramolecular assemblies.

This reversible feature is not so common. It iseied usually
reported that amyloid fibrils are insoluble, veggsistant and only
disappear under very harsh denaturing conditiortsebVer, after
that treatment, no newly formed fibrils would foagain. Previ-
ously, Kurouskiet al.®? have observed that apelactalbumin
fibrils spontaneously refold from one polymorphawoother as a
result of salt removal and drop of temperature. Elsv, the
WMDF system is more comparable with other self-adsimg
peptides whose sequence also comes from hormodebanalso
simply disappear upon dilution. Such behavior waseoved with
Lanreotide (a synthetic analogue of somatostatia@ptubes that
disassemble upon dilution or melt as temperaturendseased
while retaining their ability to reform nanotub&sr B—endorphin
amyloid fibrils®* Triptorelin (a synthetic analogue of GnRH) also
exhibits different morphologies with pH.

Charge modification by amino-acid exchange and further
discussion on the role of charges.

As other studies have illustrated, charges andteoions play
a crucial role in supramolecular assemblies (seke@axet al.
and references hereifd It is also anticipated that this role is all
the more crucial here that the sequence is shatexpected,
modifying one charge, i.e. replacing the asparticl D) in the
third position — whose side chain is negativelyrged at basic
pH — by an uncharged asparagine residue (N), lteet effect
on solubility and assembling properties of the jieptindeed, at
basic pH levels, where the net charge of the WMNFzéro
(Figure 1B), the peptide is now poorly soluble. tBe other hand,
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at acidic pH levels, WMNF is much more soluble tM&VDF
despite the fact that they exhibit the same netgehas can been
seen on TEM images (Figure 8), the maodificatiom &las a direct
effect on the morphology of the objects formedligplds. In pure
water, WMNF spontaneously forms long, unbranchédiléi of
about 12 nm wide (Figure 8A). With a better resolut(Figure
7B), one can perceive a substructure suggestirightddibrils are
composed of two 6 nm wide fibrils. For solutiongpared in 150
mM acetic acid, the supramolecular assemblies tia&eform of
long twisted ribbons (Figure 8C-D) whose width mayry be-
tween 25 and 80 nm. A plot of the twist period dsrection of the
width of the ribbons, taken from 83 individual megesments,
suggests a correlation (see inset in Figure 8D)rbktopically,
the entanglement of these ribbons form birefringesis. At acid-
ic pH levels the fibrils and ribbons all exceed teicrons in
length. Whereas at neutral or basic pH levelsothjects formed
appear more thickset (Figure 8E-F for 100 mM PB®gy rarely
exceed one micron and have an aspect ratio rarfiging5 to 15.
Interestingly, these objects are also twisted {pkrows, Figure
8F), albeit not more than one twist is observedach object.
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Figure 8: Transmission electron micrographs of WMsdfubil-

ized in water (A-B), 150 mM acetic acid (C-D) an@0ImM PBS
(E-F). Inset in panel D shows the plot of the peretween two
twists (as indicated by arrows in panel D) as thwecfion of the
ribbon width in acidic conditions. The linear regg®n yields a
slope of 7.7 with a coefficient of determinatighof 0.6824.

The ATR-FTIR spectra (Figure 9A) indicate a strargl uni-
form structure and organization inesheets: all spectra exhibit a
strong peak around 1640 ¢rwith a FWHM lower than 20 cth
(the fitted Lorentzian-Gaussian peaks yield valvetsveen 11 and
14 cm®). At all pHs tested up to 7.4, the main peak sated at
1641.8 crit. In NaOH (pH ~13), it shifts to 1639.2 &mOther

N




peaks traditionally attributed fsheets are also observed at 1627 the whole peptide sequence. However, as emphabizedo et
and 1685 ¢, which again suggests an antiparallel organization al.®, the terminal net charge is very important in teting solu-

of thep-sheets. Finally, another peak is detected at t&62that
can be attributed to disorder. The peaks in thedanii region
(1500-1600 cml) do not change with pH and differences with
those observed in the WMDF spectra are minor.

The SAXS characterization of the WMNF solutiongteints
towards g3-sheet organization. At both pHs tested, the edgjizto
and meridional reflections of the crgssheet are detected. How-
ever, the structures formed at a low pH are a lotemorganized
than those formed at higher pHs. Here, the scagenirve corre-
sponding to the sample prepared in PBS only shofesvaeflec-
tions and an increasing scattering at pndicating the presence
of large, polydisperse scattering objects. The dnanal reflection
at 1.25 A, indicates an average interstrand spacing of abdyt
a slightly higher value than the 4.7 A commonlyared. The
11.7 A spacing between the sheets corresponditigetequatorial
reflection is a more typical value. By contraste thcattering
curves of WMNF in acetic acid suggest a more regstaictu-
ration. The meridional reflection at 1.317A(4.79 A) indicates a
tighter packing of the peptide strands. The stromgelation peak
0.0296 A! (~212 A) is characteristic of interactions betwélea
scattering objects while the oscillations indictiteir size mono-
dispersity. The red curves are taken along thelaapiand show
that the sample is not homogeneous, probably becafisedi-
mentation, and that the correlation peak disappesdily as the
fibril concentration decreases. The curves withthet correlation
peak can be reasonably fitted by a cylindrical fdemtor. The
fitted radius is about 5.2 nm, which is of the sager of magni-
tude than the radius of the objects observed by TiENFigure
8A-B.

~[A 3
o S
> Z 3
= e
G |4 g
+~ C 3
s N 5
24 £
£ 2 N\ ©
% ] L\ G
Amide | | Amide !l | &
: . .
1700 1600 1500 0.01

0.1 .
Wavenumber (cm-') Scattering vectorqg (A7)

Figure 9: Characterization of the WMNF gel§. Amide | & I

regions of the ATR-FTIR spectra of 10%w/w WMNF gaas
solubilized in 0.2 M acetic acid (1), water (2)1 04 PBS (3) and
0.2 M NaOH (4). B) SAXS-WAXS patterns of 10% WMNEIlg
in acetic acid (red lines) and in PBS (green link)fit of the
SAXS part assuming a cylindric shape is plotteguimple. The

noise in the 0.2-0.8 Arange appeared with the subtraction of the

kapton cell scattering. The insert is a blow-upttaf interstrand
amyloid peak plotted on a linear scale.

Phase Diagram.

From the multiple conditions that we have testédnerges
that there is a fine balance between the solubidlftyhe peptide
and its self-assembly properties. For exampleHai p, the criti-
cal assembly concentration is lower than at pH~B34 vs ~10%)
where the WMDF monomer is highly soluble becausé&sohet
charge. Likewise, the assembly/gelification prodedaster at pH
11. In the case of the WMNF peptide, it is intaresto note that
the excellent solubility of the asparagine amini gevhich is 5
times higher than that of aspartic acid in waterjransferred to

bility and assembly. In the present case, it agpeEabe essential.
Indeed, when the N-terminus is deprotonated atchaldi levels,
the WMNF solubility is poor, while in the case of MDF the
deprotonation of the aspartic acid balances thh higirophobi-
city of the aromatic-rich sequence.

Additionally, the peptides themselves contributetlie solu-
tions buffering and there is a complex feedbackbenh the pH of
the solutions, the state of charge of the peptihestheir state of
assembly’® As a consequence, at high peptide concentratfans
pH might be slightly different than at lower contations. As we
have seen, the morphology of the WMDF and WMNF soqur-
lecular assemblies are sensitive to the pH of tietisn. This
explains why in some cases the morphology obseiwetEM
does not exactly match that inferred from SAXS meawment for
the same buffer. Indeed, the concentration of ewiatneeded for
TEM observations are significantly lower than tihacessary to
obtain a good X-ray scattering signal. Likewiseg holymor-
phism and variable solubility observed when WMDFs@ubil-
ized in PBS (pH 7.4) may be attributed to its caar@witterionic
nature. Indeed, at high concentrations, it is fdsghat the pep-
tides compensate their charges two-by-two. Theltirgudimers
would then further associate in many different weyyabsence of
uncompensated charges to direct the assembly Wwitge repul-
sion. This mechanism would then lead to the foromatamor-
phous aggregatés.

Our observations are summarized in the phase damagigure
10 and in Table 1. There are basically four zo(esa microcrys-
tal phase at low pH, (b) a non-assembled phaséght gH/low
concentration, (c) a fibrillar phase at high pHkigpncentration
and (d) coexisting fibrils and crystals at internagel
pH/intermediate concentrations and high pH/venhhigncentra-
tions. Table 1 compares the solubility, morpholagyg net charge
of WMDF and WMNF at three different pH levels. Famplicity,
we have only discussed the influence of the pH. él@xr, we
have used different buffers and we cannot exclhdethe differ-
ent type of ions can play a role in the assembbperties.
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Figure 10: Phase diagram of WMDF. As pH level iases, the
peptide solubility increases. Additionally, morpbgy changes
from microcrystals at low pH to classic amyloidrfig at higher
pHs. The possible scenarios for hormone releatiegreby dilu-
tion (path (i)) or pH change (path (ii)) are illceted by yellow
arrows. Path (ii) corresponds to the experimensgmted in Fig-
ure 6A-B and Figure 6C-D and path (iii) to the exypent pre-
sented in Figure 6E-F.
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Table 1: Summary comparing WMDF and WMNF assembly
properties at three pH levels.

WMDF WMNF
(+)WMDF (+)WMNF
& | Netcharge +1 i+
z Solubility Bad Good
Morphology nanocrystals Fibrils
(HYWMD(-)F ()WMNF
< | Netcharge 0 +1
T Solubility Mediocre Good
Morphology Nanocrystals/fibrils ~ Twisted ribbons
WMD(-)F WMNF
2 Net charge -1 0
L | Solubility Good Mediocre
Morphology Fibrils Twisted aggregates

Biological implications.

Although most of the conditions explored in énwitro study
can be considered to be far from physiological dtors, some
lessons can be drawn from our observations.

First, as observed with other protein hormdh&&® ™ the
CCK-4 aggregates are very likely to be used asgeéomeans in
secretory vesicles in which they undergo post-tedgional pro-

Thirdly, by working with solutions reaching up t6 % w/w (>
200 mg/mL) we are closer to the crowding in c&iféthan most
in vitro studies that use solution concentrations arounty2nL.
Concentrations in dense core granules might evaohrdigher
values’®"® Further studies should try to mimic thevitro condi-
tion in terms of salt composition (multivalent ipresxd cosolutes
like glycoaminoglycans that have been reportedntoeiase ag-
gregation and could also have an effect on suprecutar aggre-
gates morphology. However, in this study we haweifad “ex-
treme” and somewhat unrealistic salt and pH cooliti Indeed,
since we hypothesized that the different morph@sgiere guid-
ed by the state of charge, we tried to reduce potptism by
working at pH levels far from the peptide §sK

Finally, although the present study does not detl Winetics
(we will report thorough kinetic measurements ifoethcoming
article), we have observed that aggregation anfiqggion usual-
ly happens within a few hours if not minutes whistalso coher-
ent with what would be a functional behaviowvivo. For example
prolactin, whose secretory pathway has been studidetails, is
detected in aggregates only 30 minutes after sgiuffe

CONCLUSION

In conclusion, the reported results show that evahort pep-
tide sequence can hold well-defined and contradladdsembly
properties. With only four amino-acids in its segeee the Chole-
cystokinin/Gastrin tetrapeptide (aka WMDF or CCKe&n attain
different conformations that lead to polymorphigpsamolecular
assemblies. By using rather extreme pH conditiaesshow that
it is possible to choose one or the other morpholégrthermore,

cessing! There are indeed several advantages to storage int the formation of these morphologies is reversitgerupH modi-

reversible amyloid structures. The most obviousaathge is to
reach high concentrations in small volumes whilepkeg an iso-
osmotic relationship with the surrounding cytoplaskurther-

more, an assembled form might be able to opposéysie or at

least to slow it down. Indeed, it has been meastivaidthe CCK-

4 half-life in human plasma is 13 minut@sAs noted by Dannies,
aggregation is also an economical means of sobt@uguse self-
association removes the hormones from other peasgiaith-

ways®

Secondly, the influence of concentration and pHtenaggre-
gation may provide explanations on how CCK-4 newonones

are releasedn vivo. Indeed, it has been proposed that vesicles

containing aggregated hormones fuse with plasmabram, so
their dense-cores are released and dissolve, cpasiourst of
hormone in the bloodstream on a timescale muclkerféisan could
result from increasing synthe&fsif we consider the approximate
phase diagram drawn from our observations (Figuig fwo
dissolution mechanisms are possible: either by lgirdpution (i)
or by a small shift in pH that would allow shiftifiggm aggregat-
ed form to the unassembled form at a fixed conaéofr (ii).
This would be consistent with the literature theparts slightly
acidic pH levels in secretory granules (low c.anyl higher pH
level in the plasma in which the hormones are seléa(higher
c.a.c). Admittedly, we see no biological relevartoepath (iii)
except that it demonstrates the reversibility ahbihe assembled
forms. Even though the microcrystal morphology nayfirst
seem unlikely to be encounteredvivo it has been reported that
in certain conditions insulin is stored as micratas in dense-
core secretory granulé’® As mentioned above, there is no
monomorphism requirement for a storage purpose.t\ighaore,
microcrystal suspensions can be envisioned as sily egringe-
able drug formulation that would release monomehemwdis-
solved in physiological conditiors.

fication. We also show that the charge modificatbtrtained by
replacing the aspartic acid by asparagine is ablenaodify the
morphology of the amyloid. Finally, although we kalittle in
vivo data specific to CCK-4 to compare with aarvitro results,
the behavior and phase diagram of CCK-4 aggregatiencom-
patible with the requirements for a storage appbeca Further
studies will examine the kinetics of formation aetease of these
thermodynamically-driven fibrils structures and baply bring
new information on the generic mechanisms of ardydgisembly.
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