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Momusayua u yenv. B Hacrosimee BpeMs OONBIIYIO PONb TPH PAHOHAIEHOM
KOHCTPYHPOBAaHUM HOBBIX JIEKAPCTBEHHBIX CPEICTB M PA3BUTHH METOJOB TEparuu
3a00JIeBaHUI UTPAIOT CTPYKTYPHBIE METOJIBI MCCIICIOBAHMUS BEIIECTBA, CPEAH KOTOPBIX
0c000 cieayeT BBIACIHTH MaJOyIJIOBOE peHTreHoBckoe paccesnue (MYPP). Meron
MYVYPP mo3BonsieT u3y4yaTh HEKPUCTAILIMYECKHE OOpas3Ibl Pa3IWYHONW TPHUPOABI C
pasMepamu yactuil oT 1 10 200 HM u O6osee. DTOT METOJ SIBJIICTCS HEMHBA3UBHBIM, HE
TpeOyeT CIOXHOH MPOOONOATOTOBKH M JAaeT LEHHYI0 MH(POPMALMUIO O CTPYKType H
JIMHAMUKE HUCCIIEeyeMbIX OOBEKTOB B YCIOBHX, ONM3KMAX K HATHBHBIM. /|0 HenmaBHEro
BPEMEHH aHaJIN3 MOJUAUCIEPCHBIX MHOTOKOMITOHEHTHBIX OMOMOJIEKYISPHBIX CHCTEM
no nanHbiM MYPP Obn cymiecTBeHHBIM 00pa3oM OTrpaHUuYEH ¥ MO3BOJISUI OLIEHUBATH
UG OOIIME CTPYKTYpHBIE XapaKTePUCTHKH, YCPEAHEHHBIE TO aHCAMOIIO YaCTHII.
HenaBaue mocTmkeHus B pa3pab0OTKe alTOPUTMOB MO3BOJISIIOT rOpas o 6osee AeTaTbHO
WCCIIEIOBATh TOJNUANCIEPCHBIE CHUCTEMBI, B YaCTHOCTH OEJIKOBBIC WU JIMIHUIHBIC
MHOTOKOMITOHEHTHBIE CMECH.

Memoowt u areopummer. [lpy HAMMYNN W3BECTHBIX KPUBBIX MAJOYTJIIOBOTO PACCESHUS
OT Ka)KI0TO MaKpOMOJIEKYJISIPHOTO KOMITOHEHTa MOKHO OTPEAEISTh UX 00BEMHBIC 0NN
B obmei cmecu [1, 2]. Eciiu cTpyKTypy KOMIIOHEHTOB MOYKHO aNIpPOKCHMHUPOBATH
MPOCTBIMA TEOMETPHUYECKUMH TEJIaMH, TO, MMOMHMO OTPEAENeHHs] OOBEMHBIX OJeH
KOMITOHEHT, MOSIBIIIETCSI BO3MOXKHOCTh OIIEHUBATh (PYHKIIUW pacHpeielIeHUs YacTHUII 110
pa3MepaM M XapakTep WX MEXYacTHYHOTO  B3aMMOJAEWCTBHS B  Cllydae
KOHLIEHTPUPOBAHHBIX cucTeM [1, 2]. [l AUOUAHBIX MHOTOKOMIIOHEHTHBIX CHCTEM,
MMOMHUMO OTIpeieNieHus] GYHKIMH pacIpe/elIeHus] BE3UKYJ M0 pa3Mepam, MPOBOIUTCS
BOCCTAaHOBJIGHUE DJICKTPOHHOW IJIOTHOCTH JIMIIMTHOTO OHMCIIOS BHYTPH BE3UKYJBI H
OIICHKA MapaMeTPOB MYJIBTUCIOWHON JTaMeIJIIPHON OpraHU3alliy Be3UKyII [3, 4].

Xots mpsimMoii aHanmu3 (OPMBI YACTHUI] JUII MHOTOKOMITOHEHTHBIX CMECed CHIIBHO
3aTpyIHEH, B Ps/ie CIy4aeB 3TO CTAHOBUTCS BO3MOXHBIM Oarosapst HOBOMY TOAXOMY
MPSMOTO OIpeeNieHnst POPMBI MPOMEKYTOUHBIX KOMITOHEHTOB B 3BOTIOIIMOHUPYIOIINX
cucreMax [5]. CucreMsl, 111 KOTOPHIX U3BECTHBI HAYAIbHOE U KOHEYHOE COCTOSIHUSA, HO
KOTOpBIE TaK)Ke COJEP)KAaT HEW3BECTHOE IPOMEKYTOUYHOE COCTOSIHHE, MOTYT OBIThH
HEMOCPEICTBEHHO MPOAHATM3NPOBAHBI C TOMOIIIBIO 3TOTO MOIX0A.

Wsmepenuss MYPP B coderaHuu ¢ HCIOJB30BAaHUEM TIellb-XpoMaTorpahuieckoi
SYEHKH, KOTJla pacTBOP 00pasla, BBIXOAALINNA U3 XpoMaTorpaduieckoi KOJIOHKH, cpa3y
HampaBJsieTcsl B KaMmepy oOpasiia, MO3BOJSIOT pPa3fAeNUTh BO BPEMEHH BKIIAIBI
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OTIENBHBIX (YUUCTHIX U MOHOANCIIEPCHBIX) KOMIIOHEHTOB, IPUCYTCTBYIOUINX B CHCTEME,
HO HE BCEr/la yJacTcsl JOCTUYb MOJHOTO pa3fieieHus] KOMIOHEHTOB. /Iy 4acTHYHO
MEPEKPHIBAOILUXCS [TUKOB BBIX0/1a KOMIIOHEHTOB CMECH IPEAJIOKEH HOBBIHM allrOpUTM
BOCCTaHOBJICHUS] Mpo(duiIed paccesHUs] U KOHLEHTPAlMM KOMIIOHEHTOB Ha OCHOBE
IBONIIOIMOHHOTO  (pakTopHOoro anammza (DPA) [6]. VcraHOBICHBI TpaHHIBI
MPUMEHUMOCTH TIOJXO0/a B 3aBUCUMOCTH OT YPOBHS IITyMa BO BXOJHBIX JaHHBIX MYPP,
CTEIIEeHH IEPEKPhITHS KOHUEHTPALUOHHBIX IPOQuiIel KOMIIOHEHTOB M UX aCUMMETPHH,
YTO BaYKHO IS €r0 MPaKTHYECKUX IPUMEHEHUH.

Pezynomamur: C mOMOLIBIO KOJIMYECTBEHHOTO aHANM3a JaHHBIX MAaJlOYIJIOBOTO
paccesiHus C UCIOJIb30BAHHEM MapaMETPUYECKUX METOJOB JMHEWHOW M HEJIMHEHHOH
MHHUMHM3AIMU YAAT0Ch: (i) BBISIBUTH CITy4aifHO-CTOJKHOBHTEIILHBII MEXaHU3M 00pa3o-
BaHMsI KOMIUIEKCa aJpeHo/okcuHa (AdX) ¢ MUTOXOHApHAIBHBIM HUTOXpoMoM ¢ (Cc)
[7]; (ii) moka3aTh CIOCOOHOCTH (hepMEHTa JIFOMAa3HHCHHTA3bl CAMOCOOUPATHCS B KaICy-
JBI pazMepoM OT 16 mo 32 HM, IpHYeM WX KOJMYECTBEHHBIH COCTaB 3aBHUCHUT KaK OT
HaIMYMs MyTanuid Oenka, Tak M OT H3MEHEHHH (QHU3MKO-XUMHYECKHX YCIIOBHI
cpensl [8]; (iil) mpoaHanM3UpOBaTh SBOJIOLMIO CTPYKTYPHBIX MapaMeTpPOB BE3UKYJ
DMPC/DPPC B mporiecce 5KCTpy3HH, MO3BOIISIONIYIO TONyYaTh OJTHOCIOWHEIE BE3H-
KyJibl ¢ paguycom (30+1) am [4]; (V) 1 cmeceit, COCTOSIINX M3 BUPYCHBIX JTHITHIO0B U
MaTpuuHoro Oenka M1 Bupyca rpumna A, OLEHHTh BIUSHHE Te€MAarrjlOTHHHUHA Ha
(hopMHPOBaHHE JTUITONPOTESHHOBBIX HAHOIOMEHOB B JINITHIHOM Oucioe [9].

AJTrOpUTM BOCCTaHOBJICHUSI (POPMBI YACTHUIL[ AJs] MHOTOKOMIIOHEHTHBIX CMECEH ObLI
YCHENTHO MPUMEHEH I U3yUeHHS Tporiecca 00pa3oBaHus (puOpuiLT 6eIKa NHCYTNHA U
MO3BOJIMJI OTIPENIENIUTh (OPMY MPOMEKYTOUYHOTO KOMIIOHEHTa B MPOLIECCEe MX POCTa,
KOTOPBIH IPEICTABISAET COOOH BHITSIHYTYIO CTPYKTYPY pazMepom 20 HM, COCTOSIIYIO U3
IISITH CBSI3aHHBIX JOMEHOB, IO pa3MepaM ONM3KMX K MOHOMEpaM MHCYJIHHA, YTO MOA-
TBEP)KAAET TUIOTE3Y 00 OJIMTOMEPHOM SIAPE, SIBISIOMIEMCS MEPBUYHON YATUHSIOLIECH
eIMHHUIECH WHCYJIWHOBBIX aMHJIOMAHBIX (uOpumn [5]. C moMompio NpeanokeHHOro
MeToja as Oenka ¢akTopa pocTa HEPBOB OblIa (CIydail TBYXKOMIOHEHTHON CMECH)
BOCCTaHOBJIEHA TpexMepHas (¢opMma auMmepa MO KOHIEHTPALMOHHON CepUH JaHHBIX
MYPP [5].

C nomompio DDA anroputma oInpeaenieHo, 4To sl CMecH OelKa MUPYBaT-aIbI01a3bl
€€ OJIMTOMEPHBIMH KOMIIOHEHTAMH B PacTBOpE SBISIFOTCS reKcaMmepbl U OKTamepsbl [6].
BoccraHoBiennble Tpoduim  paccesHHS KOMIIOHEHTOB XOPOIIO COOTHOCSTCS C
W3BECTHBIMU KPUCTAILIOrpaQUIeCKUMH MOJIEIISIMU OEJIKOB.

Bui6oovi: Pa3zpaboTaHHble METOBI CYLIECTBEHHO PACLIMPSIOT BO3MOXKHOCTH aHAIM3a
MHOT'OKOMITOHEHTHBIX HAaHOpa3MepHBIX cucteM MetonoM MYPP 1 moryT ObITh puMe-
HCHBbI I HIMPOKOTO KpyTra 6HOHOFI/I‘-ICCKI/IX, OPraHn4eCKUX U KOMIIO3UTHBIX CUCTEM.
Qunancuposanue. Pabota npoBeieHa B paMKax BBIIOIHEHUS TOCYIapCTBEHHOTO 3aJaHUs
HUI «KypuaTOBCKUI1 HHCTUTYT.
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Motivation and Aim: Nowadays, structural methods play an important role in rational
design of new drugs and development of therapies for diseases, among which small-
angle X-ray scattering (SAXS) should be emphasized. SAXS allows studying non-
crystalline samples of different nature with particle sizes from 1 to 200 nm and more.
This method is non-invasive, does not require special sample preparation and provides
valuable information on the structure and dynamics of the investigated objects under
nearly physiological conditions. Until recently, the analysis of SAXS data from
polydisperse multicomponent biomolecular systems was significantly limited and
allowed only the evaluation of general structural characteristics averaged over an
ensemble of particles. Recent advances in algorithm development allow one to extract
much more detailed structural information for polydisperse systems, in particular protein
or lipid multicomponent mixtures.

Methods and Algorithms: In the presence of known small-angle scattering curves from
each macromolecular component, it is possible to determine their volume fractions in a
mixture [1, 2]. If the structure of the components can be approximated by simple
geometric bodies, in addition to determining the volume fractions of the components, it
is possible to estimate the particle size distribution functions and the interparticle
interactions in the case of concentrated systems [1, 2]. For lipid multicomponent
systems, in addition to determining the size distribution function of vesicles, the electron
density of the lipid bilayer inside the vesicle is reconstructed and the parameters of the
multilayer lamellar organization of vesicles are estimated [3, 4].

Although direct particle shape analysis for multicomponent mixtures is normally not
applicable, a new approach to directly determine the shape of intermediate components
in evolving systems makes this possible in some cases [5]. Systems for which the initial
and final states are known, but which also contain an unknown intermediate state, can
be directly analyzed using this approach.

SAXS measurements combined with the use of a size exclusion chromatography (SEC),
where the sample solution leaving the chromatographic column is immediately sent to
the sample chamber, allow for the separation in time of the contributions of the
individual (pure and monodisperse) components present in the system, but it is not
always possible to achieve complete separation of the components. For partially
overlapping peaks of the mixture components, a new algorithm for reconstructing the
scattering and concentration profiles of components based on evolutionary factor
analysis (EFA) has been proposed [6]. The limitations of the approach are evaluated
depending on the noise level of the input SEC-SAXS data, the degree of overlap of the
concentration profiles of components and their asymmetry, which is important for its
practical applications.

Results: By quantitative analysis of small angle scattering data using parametric linear
and nonlinear minimisation methods, we were able to: (i) reveal the encounter-stochastic
mechanism of adrenodoxin (Adx) complex formation with mitochondrial cytochrome ¢
(Cc) [71; (ii) show the ability of the enzyme lumazine synthase to self-assemble into
icosahedral capsids ranging in size from 16 to 32 nm, and their composition depends on
both the presence of protein mutations and changes in physicochemical environmental
conditions [8]; (iii) analyze the evolution of the structural parameters of DMPC/DPPPC
vesicles during extrusion, allowing the production of single-layer vesicles with a radius

490 BGRS/SB-2024



of (30+£1) nm [4]; (iv) for mixtures consisting of viral lipids and matrix protein M1 of
influenza A virus, evaluate the effect of hemagglutinin on the formation of lipoprotein
nanodomains in the lipid bilayer [9].

The particle shape reconstruction algorithm for multicomponent mixtures was
successfully applied to study the formation of insulin protein fibrils and allowed us to
determine the shape of the intermediate component in the process of their growth, which
is an elongated structure with a size of 20 nm, consisting of five bound domains with
sizes close to insulin monomers, which confirms the hypothesis of an oligomeric
precursor, which is the primary elongation unit of insulin amyloid fibrils [5]. Using the
proposed method, a three-dimensional shape of hetero-tetramer was reconstructed for
the nerve growth factor protein (case of a two-component mixture) from a concentration
seria of SAXS data [5].

Using the EFA algorithm it was determined that for the pyruvate aldolase protein mixture
its oligomeric components in solution are hexamers and octamers [6]. The reconstructed
scattering profiles of the components agree well with the scattering curves calculated
from the known crystallographic models of proteins.

Conclusion: The developed methods significantly expand the possibilities of analyzing
multicomponent nanoscale systems by the SAXS method and can be applied to a wide
range of biological, organic and composite systems.

Funding: The work was carried out within the state assignment of the NRC “Kurchatov
Institute”.

Cnucox numepamypuoi/References

1. Konarev P.V,, Volkov V.V., Sokolova A.V., Koch M.H.J., Svergun D.I. PRIMUS - a Windows-PC
based system for small-angle scattering data analysis. J Appl Cryst. 2003;36:1277-1282

2. Manalastas-Cantos K., Konarev P.V., Hajizadeh N.R. et al. ATSAS 3.0: expanded functionality and
new tools for small-angle scattering data analysis. J Appl Cryst. 2021;54:343-355

3. Konarev P.V., Petoukhov M.V., Dadinova L.A., Fedorova N.V., Volynsky P.E., Svergun D.I.,
Batishchev O.V., Shtykova E.V. BILMIX: a new approach to restore the size polydispersity and
electron density profiles of lipid bilayers from liposomes using small-angle X-ray scattering data.
J Appl Cryst. 2020;53:236-243

4. Konarev P.V., Gruzinov A.Y., Mertens H.D.T., Svergun D.I. Restoring structural parameters of lipid
mixtures from small-angle X-ray scattering data. J Appl Cryst. 2021;54:169-179

5. Konarev P.V., Svergun D.I. Direct shape determination of intermediates in evolving macromolecular
solutions from small-angle scattering data. IUCrJ. 2018;5:402-409

6. Konarev P.V., Graewert M.A., Jeffries C.M., Fukuda M., Cheremnykh T.A., Volkov V.V., Svergun
D.l. EFAMIX, a tool to decompose inline chromatography SAXS data from partially overlapping
components Protein Sci. 2022;31:269-282

7. Xu X., Reinle W., Hannemann F., Konarev P.V., Svergun D.l., Bernhardt R., Ubbink M. Dynamics in
a pure encounter complex of two proteins studied by solution scattering and paramagnetic NMR
spectroscopy. J Am Chem Soc. 2008;130:6395-6403

8. Zhang X., Konarev P.V., Petoukhov M.V, Svergun D.I., Xing L., Cheng R.H., Haase I., Fischer M.,
Bacher A., Ladenstein R., Meining W. Multiple assembly states of lumazine synthase: a model relating
catalytic function and molecular assembly. J Mol Biol. 2006;362:753-770

9. Kordyukova L.V., Konarev P.V., Fedorova N.V. et al. The cytoplasmic tail of influenza A virus
hemagglutinin and membrane lipid composition change the mode of M1 protein association with the
lipid bilayer. Membranes. 2021;11:772

BGRS/SB-2024 491



