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Aggregation of proteins into insoluble complexes is intimately linked to pathogenesis of several
neurodegenerative diseases. Protein aggregation is commonly regarded as nonspecific coagulation of
incompletely folded or partially denaturated polypeptides, driven by interaction between the exposed
hydrophobic patches. Accumulating evidence indicates that protein self-association can be induced by
protein-lipid interactions. The present study addresses a problem of aggregation behavior of lysozyme
(Lz) bound to model membranes composed of phosphatidylcholine (PC) and phosphatidylglycerol (PG)
(8:2). The formation of Lz assemblies in lipid environment has been monitored by measuring steady-state
resonance energy transfer (FRET). Several donor-acceptor pairs have been employed: tryptophan (Trp) —
pyrene, pyrene — fluorescein 5’-isothiocyanate (FITC) and FITC — rhodamine-isothiocyanate (RITC).
Fluorescence spectra of pyrene maleimide-labelled Lz (Lz-PM) recorded at different lipid-to-protein
molar ratios (L:P) with excitation wavelength of 296 nm were featured by three bands corresponding to
Trp, pyrene monomer and excimer emission. Analysis of the shape of emission spectra showed that the
ratio of PM to Trp intensity rises with increasing Lz-PM concentration and decreasing L:P values from
379 to 77. This effect is most probably to arise from the enhanced FRET between Trp and pyrene. The
finding that the magnitude of this effect depends on protein concentration suggests that FRET
enhancement is caused by the formation of protein aggregates. The same result was obtained with Lz-
attached pyrene as donor and Lz-attached FITC as acceptor — the efficiency of energy transfer increased
with increasing total protein concentration and decreasing L:P. Notably, the most pronounced increase of
energy transfer efficiency was observed at surface coverage ca. 38 lipids per one protein molecule
suggesting that this L:P value is critical for formation of Lz self-associates. The assumption that Lz forms
aggregates in membrane environment is also corroborated by the quantitative analysis of FRET between
FITC and RITC. The distance between FITC and RITC was found to be ca. 8 nm which exceeds the
dimensions of Lz molecule by 2-2.5 times, lending additional support to the idea about Lz self-
association in lipid surroundings.
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JIIIA-OMNOCEPEJKOBAHA ATPErAIA JII3OLHUMY 3A JAHUMU IHAYKTHUBHO-
PE3OHAHCHOTI'O IIEPEHOCY EHEPTIi
B.M. TpycoBa
Kageopa 6bionoeiunoi ma meouunoi gizuxu, Xapxiscokuii nayionanvhuii ynieepcumem imeni B.H. Kapasina,
na. Ceoboou, 4, Xapxie, 61077
Arperanisi OinKiB 3 yTBOPEHHSM HEPO3UMHHHX KOMIUIEKCIB IIOB’S3aHAa 3 MATOTEHE30M JIESKUX
HeHpoereHepaTUBHUX 3aXBOpIOBaHb. OiiroMepusallis OUIKIB PO3MIAIAETHCS 3a3BHYail K HecrenudiuHa
KOAryJsiiisi YaCTKOBO PO3TOPHYTUX MOJIMENTH/IB, KA KOHTPOIIOETHCS B3aEMO/IIEI0 MiXK €KCIIOHOBAaHUMHU
rigpodpoOHUMH AiTHKAMU. Bee OLIBIIOro miaTBepKEeHHS HAOyBa€e TiNoTe3a Mmpo Te, IO caMoacoIlialis
OUTKiB MO)Xe OYyTM BUKIMKAaHA OUTOK-TIMIIHUMH B3aeMOMIIMU. Y HaHid poOoTi Oyna JoCiiKeHa
arperariiifHa MoBe/liHKa JIi30IMMY, 3B’S3aHOTO 3 MOZAEIBHUMU JIilTiTHUIMH MeMOpaHaMu, L0 CKJIaanucs 3
¢docharunmnxoniny (®X) Ta ¢ocharnamnrainepuny (PI) (8:2). VYTBopenHs arperariB Oinka
JIETEKTYBAJIOCS 3a JIOIIOMOI'OI0 METOAY 1HAYKTHBHO-pe3oHaHCHOro mnepeHocy eneprii (IPIIE). Bymo
BHUKOPHCTAaHO TP JOHOPHO-aKIENTOPHI mapu: TpunrodaH — MipeH, mipeH — ¢iryopecuein 5’-i3oTiomianar
(®ITH) ta DITL[ — pomamin-izotiomianar (PITL]). Cnektpu ¢uryopecieHiii Ji30IuMy, Mi4eHOro
MipEeHOM, XapaKTepH3yBaJIKCsl TphoMa IMiKaMH, sSKi BilNoBianm (uryopecueHnii TpunTopany, MOHOMEpPIB
Ta eKCHUMEpiB MipeHy. AHaii3 GopMH CIIEKTpiB 1MOKa3aB, IO BiJHOIIEHHS IHTEHCHBHOCTI (IyopecieHIii
mipeHy J0 IHTeHCHBHOCTI (uryopecueHuii TpunTodany 3pocTae 31 3MEHIIEHHSIM MOJISPHOTO BiIHOIICHHS
minig:6inox (JI:IT) 3 379 mo 77. Leii epext Oyno mosicieno nocunenusm IPIIE mix tpunrodanom ta
mipeHoMm. To# ¢axr, 1m0 BenmuunHa nBOro e(peKTy 3anexana BiJ KOHIEHTpalii Oiika, I03BOJSE
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npunyctuTH, o nocwieHHs [PITE BUKIMKaeTbesl yTBOPEHHSIM arperaTiB Oijka. AHaJOTiYHUE pe3ynbTar
OyJI0 OTpPUMAaHO 3 BHUKOPHCTaHHIM JOHOpHO-akienTopHoi mapu mipeH — ®PITL] — edextuBnicts IPIIE
3pocrana 3i 30UIbIIeHHIM 3araibHOI KoHIeHTpauii Oinka ta 3MenmenasM JI:I1. TlpumitHO, HalOiIbIIA
edexrusnicth IPIIE crnocrepiramack mpu MOBEpXHEBOMY IOKPHUTTI y 38 Monekyn JimigiB Ha OIHY
MOJIeKyNy Oisika, BKa3yloud Ha Te, 1o 1 BenuuuHa JI:I1 € kpuTHYHOIO I YTBOPEHHS camoacoliaTiB
mizouumy. [lpumymenHst mojo arperaiii Oifka y MeMOpaHHOMY OTOYEHHI MiATBEPIXKYETHCS TaKOXK
kitekicHuM aHajizoM IPTIE mixx ®ITL] Ta PITLI. BixcTane Mixk JOHOPOM Ta aKIEITOPOM JOpPiBHIOBaNa 8
HM, 10 y 2-2.5 pa3u NepeBHIIye PO3MIPU MOJICKYIIH JIi30IHMY.

KJIFOUYOBI CJIOBA: nizonum, JimigHUHA Oimap, arperaiisi, iHIyKTHBHO-PE30HAHCHHU MepeHOC eHeprii

JIMIIU A-OIMOCPEJOBAHHAS ATPETI'ALIUSA JTU30LUMA IO JAHHBIM UHAYKTHUBHO-
PE3OHAHCHOI'O IIEPEHOCA DQHEPTUH
B.M. TpycoBa
Kageopa buonocuueckoii u meduyunckoil pusuxu, Xapvkosckuii nayuonanvhulii ynusepcumem umenu B.H. Kapazuna, ni.
Csoboou, 4, Xapwvkos, 61077

Arperanust 0enkoB ¢ 00pa3oBaHWEM HEPACTBOPHMBIX KOMIUIEKCOB CBs3aHAa C MAaTOT€HE30M HEKOTOPBIX
HelposiereHepaTuBHBIX 3a0oneBaHui. Omnuromepuszanust OENKOB OOBIYHO paccMaTpUBaeTcsi Kak
Hecrienn(UYHas KOAryJsHs YaCTUYHO Pa3BEPHYTHIX IOJUIENTHAOB, KOTOpas KOHTPOIHPYETCs
B3aMMOJICHICTBUEM  MEXAY OKCIIOHHPOBAHHBIMH THApOo(oOHBIMM  y4yacTkamu. Bcee Oombiiero
MOATBEPXKICHHST TIOYYaeT THIIOTe3a O TOM, YTO CaMoacoluanysi OEIKOB MOXKET ObITh BhI3BaHa OEJIOK-
JUMUIHBIME B3aMMOJEUCTBUSIMU. B nmaHHON pabore ObUIO HCCIENOBAaHO arperalioHHOE ITOBEICHUE
JIU301MMA, CBSI3aHHOTO C MOJICJIbHBIMHU JINIIMIHBIMA MeMOpaHaMH, COCTOSIIUMHE U3 (ochaTnauiIxonrHa
(®X) u docharumunrnuuepuna (OI') (8:2). OOpa3oBaHue arperaToB Oeika IETEKTHPOBAIOCH C
MIOMOIIIBI0 METOJla MHAYKTHBHO-pe3oHaHCHOro mepenoca sHepruu (MPIID). Beumm ucnonabp3oBaHbl Tpu
JIOHOPHO-aKIETITOPHBIE Maphl: TpunTodaH — MupeH, nupeH — ¢uryopectenH 5’ -u3ornonuanar (GUTL) u
OUTL — ponamun- uzornormanar (PUTLL). Crekrpsl (uryopecueHIry JTU301HMa, MEYEHOTO TUPEHOM,
XapaKTepU30BaJMCh TpeMsl IHUKaMH, KOTOpble COOTBETCTBOBAIM (IIyopecleHIn: Tpunrodana,
MOHOMEPOB M 9KCUMEPOB MupeHa. AHaiau3 (opMbI CIIEKTPOB MOKa3aJl, YTO OTHOLICHUE WHTEHCHBHOCTH
(iyopecueHIMM TUpeHa K HMHTEHCHUBHOCTH (yopecueHiuu TpunrodaHa yBEINYHMBAETCS C
YMEHBIICHUEM MOJIIpHOTO OTHOImeHuUs Jumua:oenok (JI:IT) ¢ 379 mo 77. Dtot 3dpdekt ObL1 00BICHEH
yeunennem WPIID mexny tpuntodanom u nupeHoM. ToT ¢akrt, yto BenmmuuHa 3¢ ¢eKra 3aBucena ot
KOHLIEHTpalK OeNKa, II03BOJISET IPEANoNoKuTh, 4uTo ycwienne VPIID Bbe3BaHO o0OpazoBaHueM
arperatoB Oenka. AHaJOTMYHBIN pe3yabTaT OBUI IMOJYYeH C MOMOUIBIO JIOHOPHO-aKIENTOPHOW Maphl
mupen — OUTL — sdppextuBHOCTs MPIID yBenuuuBamach ¢ BO3pacTaHWEM KOHIEHTpALUH Oellka U
ymenbiiennem JI:I1. TlpumeuatenbHo, camasi Bbicokass d¢dexkruBHocts WMPIID Habmioganack mpu
MIOBEPXHOCTHOM TOKPHITHU B 38 MOJIEKYJ JIMIUI0B HA OJHY MOJIEKYNy OenKka, yKa3blBas Ha TO, YTO 3Ta
BenmnunHa JI:I1 sBnsiercs KpuTHdeckoi ajsi 0Opa3oBaHMsl caMOacCOMaToB n3onuma. [IpeamnonaoxeHue
00 arperanyu JM30IMMa B MEMOpAaHHOM OKPYXEHHH TIOITBEPXKIAETCS TaKKe KOJIMYECTBEHHBIM
ananuzom MPIID mexny OUTL] u PUTLL. PaccrosHue Mexay TOHOPOM U aKLENTOPOM COCTaBJIsUIO 8 HM,
4TO B 2-2.5 pa3a MpeBOCXOUT Pa3MePhbl MOJICKYIbI OellKa.

KJIFOUEBBIE CJIOBA: nu3o1uM, JTUMHIHBIN OWICOM, arperaiys, HHAYKTHBHO-PE30HAHCHBIN MEpEeHOC
SHEpPIruu

During the last decade the phenomenon of protein aggregation attracts ever growing
attention due to its involvement in the etiology of a number of the so-called conformational
diseases, including Alzheimer's, Parkinson's, Huntington's diseases, type II diabetes,
rheumatoid arthritis, spongiform encephalophaties (prion diseases) [1-3]. A good wealth of
evidence provides strong grounds for believing that the formation of abnormal protein
aggregates in vivo can be driven by destabilization of the protein structure upon its adsorption
at interfaces, formed by cellular membranes [2]. Lipid bilayer, a basic structural element of
biological membranes, provides a unique environment favoring the structural transformation
of polypeptide chain into partially folded conformation, protein accumulation at lipid-water
interface, screening of the protein surface charge, modifications in hydrogen bonding
capability of the adsorbed molecules, aggregation-favoring orientation of the bound protein,
the processes which can ultimately lead to the protein polymerization [2,4]. For these reasons
increasingly growing efforts are currently focused on the accurate detection and
characterization of lipid-assisted protein aggregation, since timely identification of oligomers
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may help to prevent their conversion into pathogenic species. A great number of experimental
techniques, including circular dichroism, atomic force, electron and fluorescence microscopy,
Forster resonance energy transfer, electron paramagnetic and nuclear magnetic resonance,
Fourier transform infrared spectroscopy, etc. are employed successfully to trace the formation
of protein aggregates in a lipid environment [5-12]. Of these, Forster resonance energy
transfer (FRET) represents one of the most promising analytical tools for detection and
precise characterization of oligomeric species. The uniqueness of this spectroscopic technique
lies in elegant combination of distance-dependent manner of radiation-less energy transfer
between donor and acceptor dipoles with attractive advantages of fluorescence spectroscopy —
high informativity, relative simplicity, non-invasive nature, potential for real-time in-vivo
cellular applications, and experimental convenience. In the present study intra- and
intermolecular FRET have been utilized to analyze the oligomerization of small cationic
protein lysozyme (Lz) bound to the model lipid membranes composed of zwitterionic lipid
phosphatidylcholine (PC) and anionic lipid phosphatidylglycerol (PG).

MATERIALS AND METHODS

Chicken egg white lysozyme, fluorescein 5’-isothiocyanate, rhodamine-isothiocyanate
and pyrene-maleimide were purchased from Sigma (St. Louis, MO, USA). 1-stearoyl-2-
oleoyl-sn-glycero-3-phosphocholine (PC) and I-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (PG) were from Avanti Polar Lipids (Alabaster, AL). Large unilamellar lipid
vesicles composed of PC and its mixtures with PG in molar ratio 4:1 were prepared by the
extrusion method [13]. Steady-state fluorescence spectra were recorded with LS-50B
spectrofluorometer equipped with a magnetically stirred, thermostated cuvette holder (Perkin-
Elmer Ltd., Beaconstield, UK). Fluorescence measurements were performed at 25 °C using
10 mm path-length quartz cuvettes. Excitation wavelengths were 296, 340 and 490 nm for Lz,
pyrene and fluorescein, respectively. Excitation and emission slit width were set at 5 nm.

RESULTS AND DISCUSSION
Intra- and intermolecular FRET have been employed to analyze lysozyme aggregation
behavior in lipid environment. FRET is highly informative technique for detection of
macromolecule aggregation since it can be used not only as quantitative, but also as
qualitative method. Very often the fact of existence or absence of FRET or changes in energy
transfer upon proper factors may be a hallmark of protein oligomerization [14].

The strategy used for analysis of aggregation of membrane-bound lysozyme by means of
intramolecular FRET was based on fluorescent labeling of lysozyme cysteine residues by N-
(1-pyrene)maleimide. Donor-acceptor pair was represented by tryptophan and pyrene. Fig. 1
represents fluorescence spectra of pyrene-labelled lysozyme (Lz-PM). As seen from this
figure, the spectra are characterized by three bands which correspond to the emission of Trp
(Ape =332 nm), pyrene monomers (A, =390 nm) and excimers (A, =460 nm).

Quantitative analysis of FRET efficiency for this donor-acceptor pair seems impossible
because intramolecular FRET interferes with intermolecular energy transfer. However,
increasing concentration of Lz-PM is followed by the increase in the ratio of PM to Trp
intensity (1390/1332) (Flg 1, B)
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Fig. 1. Lz-PM emission spectra (A) and I3g¢/I33, ratio (B) at different L:P. Liposomes contain 20 mol% PG.
Excitation wavelength was 296 nm. Lipid concentration was 28 uM. Experiments were done at ionic strength 20
mM and pH 7.4.

This effect most probably arises from the enhanced FRET between Trp and pyrene. The
finding that the magnitude of this effect depends on protein concentration suggests that FRET
enhancement is caused by the formation of protein aggregates. In contrast to I390/1332, E/M
ratio was virtually unchanged at varying protein concentration. This finding suggests that
pyrene excimerization is intramolecular process. According to the data available in literature,
intermolecular excimers may adopt stacked or non-stacked configuration depending on
protein conformation and its local environment (Fig. 2). If the loop, which separates pyrene
monomers, is rather elastic, stacked conformation will prevail. Such conformation is
stabilized by hydrophobic interactions between pyrene monomers in ground state.

Fig. 2. Possible configurations of pyrene
intramolecular excimers.

nonstacked stacked

However, if the loop is represented by the elements of secondary and tertiary protein
structure, which hamper the interactions between pyrene molecules, then the equilibrium
would shift towards the nonstacked configuration. Spectroscopic detection of one or another
configuration is possible by detecting existence/absence of excimer fluorescence — only
excimers in stacked conformation emit. Appearance of excimer band in Lz-PM fluorescence
spectra (Fig. 1, A) may be indicative of stacked configuration of fluorophore aggregates.

Analysis of aggregation state of membrane-bound lysozyme was done also using such
donor-acceptor pairs as pyrene — fluorescein 5’-isothiocyanate (FITC) and FITC — rhodamine-
isothiocyanate (RITC) which was covalently attached to lysozyme. While analyzing the
obtained results quantitatively, it was assumed that donors and acceptors are distributed in one
plane. As seen in Fig. 3, A, efficiency of energy transfer between pyrene- and FITC-labeled
lysozyme was nearly unchanged at L:P ranging from 380 to 98. However, at L:P=77
significant increase in this parameter was observed.
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Fig. 3. Efficiency of energy transfer between pyrene and FITC (A) and FITC and RITC (B) at different values of
of L:P. Lipid concentration was 46 pM. Liposomes contain 20 mol% PG.

Obviously, such FRET enhancement is the result of decrease in donor-acceptor separation
distance due to the protein aggregation. This L:P value is critical for formation of Lz self-
associates. The assumption that lysozyme forms oligomers in membrane environment is also
corroborated by the quantitative analysis of RET between FITC and RITC (Fig. 3, B). The
distance between FITC and RITC was found to be ca. 8 nm which exceeds the dimensions of
Lz molecule by 2-2.5 times, lending additional support to the idea about Lz self-association in
lipid surroundings (Fig. 4).

The results obtained strongly suggest that Lz aggregation is a coverage-dependent process
occurring upon protein binding to lipid bilayer. Both electrostatic and hydrophobic protein-
lipid interactions may favor the formation of Lz aggregates.

_|_

Fig. 4. Schematical representation of lysozyme aggregation as revealed by FRET between FITC and RITC,
covalently attached to the protein. Lysozyme is depicted by grey disks.

Self-association of membrane-bound lysozyme is likely to involve protein conformational
transitions, increase of its local concentration at lipid-water interface, partial neutralization of
the protein surface charges by anionic lipid headgroups, and particular arrangement of the
inserted and solvent exposed segments of the protein molecule. Besides these membrane
determinants of lysozyme aggregation, it seems important to analyze also the following
aspect. According to the theoretical predictions based on mean-field chain packing theory
peptides containing amphipathic a-helices have stronger tendency to adsorb onto the
membrane surface and thereafter to self-associate in membrane-bound state.
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Fig. 5. Helical wheel diagram of lysozyme a-helix
(residues Thr89-Gly102). Segregated hydrophobic
residues in a-helical conformation are highlighted
by grey shading. Radius of the unshaded sector
subtends the protein polar angle.

Hydrophobic mismatch between membrane thickness and protein segment incorporated
into bilayer is believed to lie behind this process. Analysis of lysozyme four a-helices showed
that the helix including the residues Thr89-Gly102 is amphipathic (Fig. 5). Interestingly, this
helix belongs not only to HLH domain which is responsible for protein-membrane association
but also to protein fragment which has the highest aggregation propensity (residues 49-101).
Therefore, amphipathy may also be among the most important factors which lead to the
increase in aggregation properties of the protein in membrane environment.

CONCLUSIONS

Overall, the results presented here strongly suggest that Lz binding to the lipid
membranes induces the formation of protein oligomers. The factors controlling Lz
aggregation were found to involve surface electrostatic potential of lipid bilayer, coverage of
membrane surface with protein molecules, and amphipathy of Lz a-helix. Importantly, Lz
aggregation at lipid/water interface may prove essential for its assembly into amyloid-like
fibrillar structures. Likewise, enhanced membrane permeabilization ability of the aggregated
protein species may account for bactericidal properties of lysozyme.
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