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Environmental conditiongegulate the associationaggregationstates of protein
moleculesandtheir actionin cellularcompartments Analysingprotein behaviour in
presence oflipid membranesis fundamental for the comprehension ahany

functional and dysfunctional processésere, we present an experimental study on
the interaction between model membranes aaecasein

a-caseinis the major component of milk proteins aiidis recognised tplay a key
role in performingpiologicalfunctions The conformational properties of this protein
as well asts capability to formsupramolecular structuresike micelles or irreversible
aggregatesare key effectors in both functional améthologicakffects

By means ofjuantitative fluorescence imaging andomplementary spectroscopic
methods, we were able to characterigecasein association state arlde course of
events induced by pldhanges, whiclegulate the interaction of this molecule with
membranes. The study of thesecomplex dynamic eventsevealed thatthe initial
conformation of the protein critically regulates the fate of a-casein, the size and
structure of the newly formed aggregatasd their effect on membranestructures.
Onlyprotein molecules organizenh micellarstructuresare found toseverelymodify
membrane morphology and fluidityThe membrane structureigidity is found to
increase and protein lipid flowerlike co-aggregatesare formed with protein
molecules localised in the external part
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Caseins are relatively small milk protefmsolecularmassin the range o0f25 kDa)
whichbelong to the family of intrinsicalljisorderedproteins (DPs¥. Theyconsist of
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(which included s; and h s;caseins)'®. These componentsdiffer in their amino acid,
phosphorus and carbohydrate contenbut all of them present an amphiphilic
structuretl. Dueto the amphiphilic propertycaseingxhibit a strong tendency teelf
aggregate into supramolecular structuresd, specifically into the form of micellar
structures which in aqueous solution are held together liie balance of
hydrophobic,hydrogenand electrostatic interaction¥!2 The interaction of casein
supramolecular structures withiological membraness involved in theitrafficking

within the cellg3,

Amongcasei® T |laYONfa&8S Ay A 4 AAVISZRABRIKYRYZA 0 A &
OSYy (i NI &y A RBH 26NGVAIYU A 3y HINAGR AIN2 RIS & &1 KEA ERISIONE
LI GKglFr & 2F YIYYPMNEB" LSILHDKISHNB i S A yO 512y SO 2
LJ2 A VAlY AGBK S nNt @ 1 (21FILIBAY S6 S G 6 SSY R IMIaliE K Adén
LIN2 0 SOKYF NA DI SNADSRRZBEBRNR LIK20A O 68> ySARG
OK I "NBISI (i aKRBdzOBR G SAY (2 dzy THKRNK PSS NR Y €
NI} YR2Y O2Af"ODOKWEHEY RA B-fagein possesses a peculiar
aggregative behaviour antlis proneto interact with ligandsnd lipid interfacesin
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The interest in casein micelles is multifaianging from basito appliedsciences. ¢ K S
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Y| Y Y| NE&NatfithsfaRding the large number of studighe structure and the
stability of caein micelles in different environmens still highly debated®2°. For
example, there are controversial opinions on the stability of micelles in alkaline
solutions.Indeed, br several decades, it has been widely accepted that alkaline pH
disrupts casein micelles but recemésults have demonstratedtheir resistance to

these pH valué&?, Furthermore the assembly of casein micelles and their binding

to the membrans has been related to functionafi N} y & L322 NI LIKSy 2 Y
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ability to selfassemblyand disassemblyoy changing the pHhey were proposed as
emerging biomaterials for drug delivé’. Specifically, nicelle structurediave been

usedfor controlled release of hydrophobic bioactive componefsisch as/zitaming

and/or hydrophilic molecules that can be embedded in these rsu@ramolecular
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GVs labelled with Laurd@anS NBE A Yl 3SR 06 ST 2 NBcaseyi @) T 0 S N
stainedwith Alexas® pnn >[ FfAljd23&a 6SNB RSLIRaArdil!
LabTek Il) and imaged using a Leica TSC SP5 confocal laser scanning microscope, witt
a 63x objective, NA = 1.8canning frequency was 400 Hz. 1024 x 1024 pixel images
wereacquired in a sequential mode of three channels: Alggamissia was acquired
intherange 51& n n Y Y 2exc=0488MAngh; aurdan emission was acquired in the
range 438450 nm (blue channefnd in the range 47895 nm (green channel) using
2-photon excitation (Spectr®hysics Mar ai Ti:Sa ultréast laser), at 780 nm.
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0 ®@haracterization oh-casein sampleat acidic and neutral pH

In Fg.1.a) and1.b) results ofRICS analysism@ arM a-caseinsamples(containing
Alexasslabelled proteinat 13nM)A Yy m I/ /Ef a2t dzkt ¥RY AWG LIKIZ2 &1
0 dzF T S NJ I NSBK 2 K & &S | & dzNB YN&Whédaat characterising the
aggregation state of the twsamplesand to assess the potential presence of
supramolecular assemblids panell.a)256x256 pixel size representative images are
reported together withthe spatial autocorrelation functiamand the fitting, obtained
from the analysis of thevo samplesHuorescencemages do notevealthe presence
of structures with characteristic size abovdiffraction limited resolution of the
microscope(~200 nm) so that uniform fluorescence is measurdd. line with this
observation,the shape of the autocorrelation functisns characteristic of free
diffusion. Several measurements were performed on multiple arefithe sampls
and diffusion coefficients obtagd from RICS analysis are reporiaganel1.b). A
critical difference is found between the two samplbging the diffusion coefficiest

in the sample at pH 7 significantly larger than the one in sample at pkk measured
diffusion coefficient foh -caseinpH 7sampleis about 60.0 m?/s and, in line with
literature, stems for the dominant presence gbroteins in the monomeric formor
self-associaté into dimeric or tetrameric structure$®.

Incaseirsamples apH 2the measured D is aboBt.0 nm?#/s, indicatingthe presence
of largeslow diffusingaggregatesThis result is in accordance with datported n
literature showing thata-casein hasa great tendencyto form micelles(about 10
subunits or morekt this pH and, accordingly, this resintlicates the presence of
supramoleculamicellar structure®.

In order toverify if the protein exists in different aggregation statgse. different
diffusion coefficiens), we usel the moving average (MAV) subtraction tool
(supplementaryfigS2). MAV in RIC8&nalysis is the subtraction of the signal of the
immobile/slowly difusing species that contribute to fluctuations in the same pixel for
atime longer than the acquisition time of multiple franté€® The length of the MAV
can be useful to emphasize processes on different timescales, apdrticular to
select the slow processeadfectingRICS autocorrelation functio@ur data reveal that
the autocorrelationfunctions, varyingthe MAV, are not affected in their shape
meaning that the sample mharacterised bjnomogeneousize distributioroverthe
observed timescale



Panell.c) shows the far UV CD spectraetaseinat pH 7 and pH Z-Dsignal reflects
peptide backboneorganizationand it is widely used t@analyzeprotein secondary
structureg™. It is known that pH is an important factor determiningpfein structure

and that its alterationdisrupts electrostatic interactions between charged residues
that form salt bridges in a polypeptide chain, thus altering its native folded structure.
In line withdatareported in the literature at pH 7a-casein pesentsa CD spectrum
characteristic of high content of helices and random coil structuseAt acidic pH

the shift of the first minimum in ellipticity from 200 to 206 nraccompaniedby
spectral changeis indicative that random coil conformations are replaced by ordered
conformations like helices anthtermolecularb-sheets In Fg.1.d) we report the
fluorescenceemission spectratx.= 330 nm) of Pyrendye added tothe two casein
samples; theoverlappedspectia of Pyrene iraqueoussolutionat pH2 and 7arealso
reported for comparisonThese measurements are aimed at corroborating the idea
that micelles are present in the sample at pH 2 and that only small fraction of casein
molecules are organised in micelle structure at neutral pH. It is known that
interactions between casein moleculesght already take place in the Endoplasmatic
Reticulum, characterized by neutral pH, forming submicelles and then proceed to
micelles formation in the late secretory pathways where the pH values become more
acidi¢>“® Pyrene has been already used to probe the existence of casein in micellar
state and to investigate the influence of pH icelles propertie¥. Variation in the
fluorescencantensity ratio between the peaksenteredat 373 nm and 393 nmy(ls)

Is consideredan indicator of the presenceof these structures. In particular, the
presence of micelles in solution induces the decrease ofithgatio. The reported
data show that Pyrene iaqueoussolutionat both pHss characterized by a peak ratio
l/1>= 1.0 0.01 In the presence o&-caseinthis valuedecrease¢o 1.06 0.0lat
pH7andto 1.02 0.0l1atpH 2.Thisresultrevealsa more hydrophobic environment

in the case of casein at pHaad support the hypothesis @ dominant presencef
micellar structuresat acidic conditionsWe report in Figl.e) the fluorescence
emission spectrél ex= 350 nm) oANSdissolved irthe two samplesat pH 2 and &t

the same concentrationAs it is well knownANS fluorescence is strongly dependent
on the polarity of the local environment around the chromophdreén water, the
emission is relatively weak, with a maximusmound 520 nm. Upon binding to
hydrophobic patches of proteins, the fluorescence spectrum is-bhited with a
maximum around 470 nm and the emission intensity is incre§sdde reported
spectraarenormalized for th& absorbancet 275 nm Theyshow a high fluorescent



emission with a maximuroenteredat 470 nmfor ANS added to casesample atpH

2, whilea lower fluorescent emissionyith a maximuncenteredat 480 nm, for ANS
added to caseisample atpH 7 Also in this case, results are in line with previously
reported literature indicatinga higher affinity of ANS for casein in acidic conditions
suggesting the presence of stable and compact micellar strucfures
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Fig.1 (a)Representative 258 256 confocal images of 3 a-casein in pH (20 mM phosphate buffer) and
pH2 (25 mM HCI, 100 mM NaCl) labelled with Al@Xa3 nM). Spatial autocorrelation function of the two
samples and their respective fits are also reported. The diffusion coefficients (B) ang?/s for a-casein
pH 7and 31.8 >m?/s for a-caseinpH 2 (b) Diffusion coefficient distribution of the two samplés)FarUVv
(194260 nm) CD spectra of 38V a-caseinpH 7 anda-caseinpH 2 (d) Fluorescence emission spectra
(<exe=330nm), in the range 35¢650nm and normalize to their value at 373 nm, ofyirene (1x 10°® M) in
solution pH 7 and solution pH 2, both in absence (overlapped spectra) and in presence ofldasedsults
of the ratio between the first and the third peaks are reported in the tabltéhe inset () ANS fluorescence
emission spectrgl ex= 350 nm, range 46650 nm) in presence of 38M caseinpH 7 andpH 2.All these
experiments were performed in triplicates.



Previousresults showthat a-caseincan form micelles and that the stability of these
structures ispH-dependent beingtheir formation significantlyfavoured at acid pH
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casein such as lysine, arginine and histidare protonated and since the ability of H

to form hydrogen bond is much stronger thtdrat of the neutral H ators, there exist

strong hydrogen bonds between casein molecules.addition the cationic side
chainsof these amino acids could be involvedtire socalled catioq™ A Yy (i SNI O
with the aromaic side chains of phenylalanine, d¢gine, or tryptopharnresidues All

these interactions together with the hydrophobic ormaayplayakey role in the seilf
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The conformational flexibility of casein proteins represents a really good chance to
study in vitro the molecular events controlled by pH changreseed,LJI £ G S NI § A 2
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pK2aS 200dz2NNBYyOS YIé& 0S NBOThiS S Bommdd inRA T
intracellular environmentwhere pH changesare known toaffect many cellular
properties as thg induce changes in membrane potential the diffusion or action

of different moleculesin functional interactionsin the state of polymerization of the
cytoskeleton etc. To regulate cellular functions, any organelles lysosomes,
mitochondria and endosomalesiclesact as functional compartments, which
maintain their internal pH different from the cytoplasmic dh¢.

Within this scenarioas a modelve analyze the fate of the two samples characterized
at pH 2 and pH When the pH of the solution tsroughtto the isoelectric point of the



proteinat pH 5.3 This is aimed at revealing the role of the electrostatic interactions

in protein stability, at highlighting key events and protein statend at focusing on

how thed & YL SQa KA &0 2 NIproteinl afidF gso@inedvironriest LINE
interactions. In other words, we will verify that environmental changes induced
modifications in protein structtes and that followingntermolecular interactions

take memory of the initial environmental conditions and protein aggregation state.

CABOH aKpERa LA NBLINBASY Gl GA GBS O2yF201t Fftd
2T E LIOF AISHIYSFHA VI f O2¢9 @SIyHINS IIASR,,@mad & ad S
| RRS®Rpelil2I 1 &aX dNBIZFYKY | ! @Il § BEAENESo & Y 2 NL
I 3ANBIIGALAEBNE2RS GKIS LINRPUSAYS GKS ySia
ITSN2 YR GKS | 06aSy0S 2F lyé ySiG OKI NBS
AYUN)I Y2 SOdzf || NIOIOK | NEKS 4 DB IOy REAYO2 Yy 32 F |
AYOSNIHO@ERYYE YSAITKO 2 dzZNOFIY REGINYS AlyHRINBA I O
LINBOAAWARAIOREOY f S | &EKNEBNBIFRNS > sKATS Fa
Y2t SOdzt E& U WNEGIKSNI LINBTFSNB§ 8 I RE Rationco & K
interacton€ G LI pPdPo GKS YIAY F2NDOSNerechotd2f ¢
in Fig2.b) RICS analysis cdisein micells aimed ahighlighing what happersto the

protein during this pH chang@56 x 256 pixddize representative images of &®1
micellescontaining 13 nM component of protein labelled with Algxs&ogether with

the representative spatial autocorrelation functiamd the fittingcalculated in a 64 x

64 RO8. As can be seenan appreciable inhomogeneityn fluorescence signal
attributed to labelled proteins i$ound. This suggests the coexistence of multiple
species in solution and the presence of fluorescent protein aggredatethis reason,

to analyse RICS data MAV subtiactivas used in order to eliminate the contribution of

the immobile moleculesand to emphasize processes on different timescal@se
MAV=10 used for this analysigiiven the experimental conditions (frame tirrel.2 s),
corresponds to a residence time DfLO s.Thediffusion coefficientdistributions of

these species obtained WIC%nalysis in different areas of the sample reported

in Hg.2.c). Dataprovethat whenthe sample idrought topH 5.3from micellar state

it shows aheterogeneousdistribution. In particular, large low diffusing protein
aggregateswith D =2 + 2 nm?/s are formed In the same sample,tioer smaller
diffusing specieare foundcharacterized by diffusion coefficiemadluesranging from

17 mm?/s to 70nmm?/s. The latteris comparable tathe diffusion coefficienbf casein

pH 7(Fg.1.b)). This means thatas expectedmicelles are not stable structures but
undergoa partial disassembly and reassembly prooc&bken bring to pH 2 to pH 5.3.
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Fig.2 (a) 256 x 256 representative confocal fluorescence microscopy image oiB@asein in pH 2 added
to pH 7 solutiommeaching a final pH of 5.3. Casein molesat pH 5.3 assemble togeth@ramorphoudarger
aggregates.(b) Representative 256< 256 confocal images, the corresponding spatial autocorrelation
functions of areas marked (6464) and the respective fitsf 36 mM casein in pH 2 added to pH Spatial
autocorrelation functioncalculated subtracting the immobile frd@n with MAV=10. Largeamorphous
aggregates characterized (D2= 2 nm?/s) coexist with smaller species (D =#20 nm?s). (c) Diffusion



coefficient distribution of theaggregated part and free one in solution. EBrUV (194260 nm)CD spectra
and (8 ANS fluorescence emission spectrgg£ 380 nm, range 40650 nm), normalized by absorbancd,
36 nM casein brought at pH 5.3 (dotted lines) in comparison wibein in pH 2All these experiments were
performed in triplicates.

Summing up, ¥ changing solution conditions, electrostatic interactions between
protein molecules are critically modified. The observation that micetjesKy
disassemble confirms th&lea that electrostatic controls the stability of micellar
structures. AtpF2, Yl y& | YAY 2 | QINER (BF2 AN BRE H NyRB SO
IM2YRAY3 0% LAYANBINRSR FI @2 dzNA vy AncrédsiapS £ € |
the pH, the ionization of acidic side groupsamfinoacids likaspartic acid (Asp) and
glutamic acid (Glu) of the proteins increases, whereas that of the basic side groups
decreases; as a result, the ae¢gative charge and hence intermolecular repulsion
increases, which may lead to the loose structure of the casein micéltesH 5.3,

value near the isoelectric point, tie O1 2 F y SiG OKFI NHS 2y LINE
SEGAYOliA2Y 2F (GKS NBLIJA aAdS AydiSNI OGA?2
O21t SA0S (2 Mmerdshngly, B BepdbtBd thieSamd experiments series
using the sample at pHcbrrected towads pH 5.3small CD spectral changes are in

line with the one observed in the literature for sample at similar pH vali{data not
shown)and macroscic aggregation is not observédata not shown but confirmed

in the follow byresults illulatedn Fig.5a)).

3.3a-caseinmembrane interactions depends on the initial aggregation state

The study of disassembly and reassembly phenomena aims to highlight the events
underling bothphysiological and pathogenic processes. Depending on environmental
conditions (i.e. pH, temperature), proteins can go towards aggregation processes,
which may be followedoy abnormal interactions with the environmenit. is known

that a-caseinreacts very rapidly to environmental changes aitds able tointeract

with multiple target moleculesand in particularwith lipid membranes$3144549 |n
addition to the interest regarding the general nature of the interactions involved in
these phenomena, it should be mentioned that the functional casein transport
efficiency from the ER to the Golgi apparatasstrongly affected bythe protein
aggregation state and by its interactions with membrafés



Data reported in the following highlight the events occurring whaecasein micelles

are brought at the protein isoelectric pH in a sample containing model membranes.
InFg.3a) is reportechd OK S Y I 1 A O NiBKLANGBAGYSTY Tk EO & ¥ a
LINBLI NBERI RRERI agEdzi A2y hORYURAPAYPRE I ¢
[ F dzZNRZ Yy FAY LY 88p0 &FT qzNERIF df2 NS A OSE®S (KB
al YL S A& | NBNRER MILISRXNS 3 OSy i RéS gARSfteé d
2NHIF yAal A2y OKFy3ISa Ay GSNY 2F RBE®N)
¢KS Ffd2NBaOSyOS aArdayl f Y8 ¥o NKKIEa S 2d Saodid
YR OGNFyaft | B2 yiOKIF (293 { T20BRIS NIBRIj dzdKRT & S
RAA2NRSNBR LKIFIaS AYyRdzZOS || aKATO 2F (GKS
jdzt YGATFTAOIOAZ2Y 2F GKS&aS A&LISOGNIt OKI y3
L2 NATIFOGA2Y Dt3X ¢KNMEKYl LA rder Rid2d OR AlayliRL
LK aHn &bt 2F (R® ¥ESoWNRYSaSo2ftdziAzyy 27
CAad®lby f Ay S G AGK  AGYSANF RilcBRESESH W &V B NLAK IS & &
nonnYENE | ODE KRS cifKSO 526 IS Pb 4 SOtk Y ORBA & 5
AYRAOLINRFEB &A3aA GBS OKI y3ISHIANR aW2 WBNI2ZWR SN d
In particular we assist to an abrupt increase of the GP value f0ddd to O in the first 5
minutes and a slow and more or less linear growth of the GP value to 0.02 in the following
25 minutes. After 30 minutes from the addition @fcasein the GP valuseems to have
reached the stability.

I LINBOJA2dza SAIdREKSI NESRB RF LKIaS | yR OK
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AMAET R o0dzi aAIYATFAOLIYUG YR GKIF Gf LINRPR SN
NBadzZ GAYy3 AY Y2NF BNBSER] WEYDENATFERD GKS
YSYO N} ySa aziyAifNSty AWSlza dzNBOr Syadk yHIRBREY 2 Fi &
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Fig 3.c) shows representative fluorescence microscopy measuremeors
POPC:POPG giant vesicles stained with Layrdagentachanne) before andafter

the addition of36nM a-caseirf | 6 St t S R,y @M ai KgfeknEhSriag), initially

in the micellar state at pld towardsa final pH 06.3. Alexassfluorescence isised to

follow the fate of protein, 8 KA OK A& F2dzy R { &tructundsi S NI (
In the absence of protein, liposomes present a regular shape, with almost spherical



morphology; the sample shana detectableheterogeneity in terms of size (ranging

from 2 to 10mm) andin bilayer organisationAfter the addition of labelled protein,

the spatial overlap between the fluorescence sigralquired in theéwo channelss

clearly evident thus indicatingpat the protein interacts withGVs Imagesalsoreveal

that caseininteracts only with the outer part of thenembranes; the green signal is
revealed only at thedges of G\/svhile no protein is localised in theore. It isclearly

evident that celocalisation occurs (white areas) between lipid layer and proteins
suggesting thataseirmoleculesarenot only adsorbed on membranes bihieyinsert

in the membraneThisnducesa dranaticmembranesremodelling leading tdlower-
likestructures ¢ KS OKIFy3Sa Ay FEE8Y&KNIOES 0NK JBEBE &
INBE fA1Ste (2 0S (20t Aa3R2PDYEAFTEBNRQUA
LI NI 2F (GKS @S aAa QfipSsanes sedmitGshig@allizeSritoyte I RR 7
aggregates with spherical symmetry constitutgda centralipid core and an external

shell with hybrid lipid casein compositionOther structures are also present in the
sample thatappear only made of protein molecules (green micronestructures
highlighted by dashed byx

Fig.3 (a) Schematic representation of Aleamicelle aggregates and POPC:POPG model membrane labelled
with Laurdan(b) Time evolution of GP ratios obtained from the analysis of Laurdan fluorescence spectrum
variations, measured in bulk, after the addition of caseiitelles (¢) 1024 X 1024 pixels representative



