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MemOpaHHBIE OSITKU UTPAIOT BAKHYIO POITH B IIPOIECcax, mpo-
XOJISIIINX B KUBBIX KJIETKAX, TAKMX KaK TIEPESHOC HOHOB Yepe3 MEM-
Opany, MpeoOpa3oBaHNe YHEPTHA U TIepefada CUTHama. TpeTh Je-
JIOBEYECKOTO TeHOMa KOUPYET UMCHHO MeMOpaHHbIe Oenku. M3-3a
CBOEH Ba)KHOI oS B M3MOJIOTMH YelIOBEKAa MeMOpaHHbIe OelTKU
SIBIISTIOTCSI MHIICHAMH OKollo 60% WCIONMBb3yeMBIX B HACTOSIICE
BpeMmst JiekapcTB. Ha ceromHs Haubosiee IIMPOKO MPUMEHSICMBIM
METOJIOM IOJy4eHHsI OEIKOBBIX CTPYKTYp BBICOKOTO pa3pelleHust
SIBIISICTCS PEHTTCHOBCKAsl KpUCTAIDIOTpadusi, s KOTOPOU HEoO-
XOJUMBI BBICOKOKAYCCTBEHHBIC OCIKOBbIC KpuCTaLTbl. OqHAKO
KPHUCTAIUTN3AIMS MEMOPaHHBIX OEJKOB 10 CHX IOp CIIOXHAs 3a-
Jada. YHHUKaJIbHBIC CTPYKTYPHI MEMOpPaHHBIX OCIIKOB COCTABJISIOT
b ~ 1 % Beex umeronuxcs B 6aze PDB yHUKaIbHBIX OEIKOBBIX
CTPYKTYP BBICOKOTO Pa3pelieHusI.
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Mechanisms of Membrane
Protein Crystallization
in “Bicelles”

Membrane proteins (MPs) play an essential role in living cell
processes such as ion transport across the membrane, energy con-
version, and signal transduction. One-third of the human genome
encodes membrane proteins. Due to their significant role in human
physiology, membrane proteins are the targets of about 60% of
currently used drugs. To date, the most widely used method for
obtaining high-resolution protein structures is X-ray crystallog-
raphy, which requires high-quality protein crystals. However, the
crystallization of membrane proteins remains a major challenge.
Unique structures of membrane proteins account for only~1% of
all available unique high-resolution protein structures.
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Uto0BI penmuTh 3Ty mpobiemy, B 1996 1. 6611 mpeio-
JKEH HOBBII METOJ| KPUCTAIIIM3aLUH MEMOPAHHBIX OEIIKOB
B Marpule JIMMAAHOW KyOmueckoi (a3zpl. DTOT MOAXON
TTO3BOJIMJT KPUCTAJITM30BaTh CIOKHBIE MEMOpaHHBIE Oel-
KH (HampuMep POJIOICHHBI U PEIENTOPHI, CBSI3aHHBIE C
G-0enKoM), KPUCTAIUIBI KOTOPBIX JI0 3TOTO HE YAaBaJIOCh
MOJIYYUTh B TEUCHHE ICCATUICTHH. DTOT IN MESO MOaXO0x
Hallle]l CBOE JlajibHelIee pa3BUTUE U ObLT JOIOJIHEH JAPY-
TMMH METOJIaMU M TTofxoamu. Hanpumep, pasBuiiicek Me-
TOJIbI KPUCTAJUTU3ALNH B KyOHnUecKoi (ase, cocTosmei 13
JWITUIOB C Pa3INYHBIMHU CBOMCTBAMU, KPUCTAITH3ALINH 13
HAHOJMCKOB Ha 0OCHOBE Oesika MSP wiu momumepcoaepixa-
[IMX HAHOJMCKOB M KPUCTAJUIN3AINY OCIIKOB U3 OUIIEILI.

bunemutel hopMupyroTCSl ONpeneNeHHBIMH CMECSIMH
JIMITUJIOB M JICTEPIeHTOB U MPEJCTaBISIOT COOOW JHCKO-
00pazHble YaCTUIIBI. SIIPOM ITHX JIMCKOB SIBIISIETCS JINTIH -
HBII OMCIIOHN, KOTOPBIH 110 KpasiM OKPY>KeH JAeTePTeHTHBIM
00oaKoM. buremtsl TakuM 00pa3oM UMHTHPYIOT KIETOU-
HYI0 MEMOpaHy M IPEKpacHO CTaOMIIM3UPYIOT MeMOpaH-
HbIE OJTKH B BOAHBIX PACTBOpAx.

B 2002 1. 6b11 BriepBBIC TPEAICTABICH HOBBIH METOJ
KPHUCTAJUIM3AIIMM MEMOpaHHbBIX OCJIKOB, OCHOBAHHBIH Ha
OMIIeIUIIPHBIX JIMIIAIHO-AETEPreHTHIX cucremax. C Tex
TIOp € TIOMOIIBIO 3TOTO MOAXO0AA OBIIO KPUCTAIUTU30BAHO
HECKOJIbKO Ba)KHBIX MEMOpaHHBIX OenkoB. TeM He MeHee

MEXaHU3M IpoIlecca KPUCTALIM3ALNK O CHX IIOp OCTa-
eTCs HESICHBIM M IPUMEHEHNE 3TOH METOIUKH Ha TPaKTH-
KE€ ONHUPAETCs B OCHOBHOM Ha OMbIT, TIOJyYCHHBIH MTyTeM
npo0 U OMIMOOK.

YacTto MCNONB3yeMbld TEPMUH KPUCTAJLIU3ALUs U3
OMIIeIT MOXKET O3HauaTh TOJIBKO TO, YTO MCXOIHAs KpH-
CTaJUIM3AIMOHHAs MaTPUIIA IIPECTABIISIET COOOM JKUKYIO
(hazy, cocTosmryto U3 oML, MeMOpaHHBIX OCJIKOB (OKpY-
JKCHHBIX MEMOpPaHHON CHCTEMOH, HMUTHPYIOIICH OHOI0-
rHYecKyto MeMOpany) u Oydepa. OxHaKo HEN3BECTHO, YTO
MPOUCXOIUT C KPHCTAUIM3ALMOHHOW MaTpHUIeH Iocie
Hayasia KpUCTAIUTH3anH (TIpH T0OaBICHUH IIPECUITUTATA)
1 KaKkoBO ee (pa30BOE COCTOSHUE (CTPYKTypa) B MpoIiecce
pocTa KPUCTAIIOB.

VYuenste u3 JIHO OUAN u MOTU coBmecTHO
C KOJUIETaMH U3 EBPOIEHCKUX HHCTHUTYTOB C IOMOIIBIO
MaJIOyIJIOBOTO paccesiHusi HEHTPOHOB M PEHTTEHOBCKUX
Jy4dell HUCCIeNOBalU DBOJIOLUI0 CTPYKTYPBl KpHUCTal-
JM3alMOHHOTO MaTpHKca OT HadaJIbHOTO OWIEIUISIPHO-
IO COCTOSIHHUS JI0 KOHEYHOTO TI'eJIbIIOIOOHOT0, B KOTOPOM
HayuHaeTcs: (opMUpOBaHHE OENKOBBIX KpuCTawioB [1].
OKCIEepUMEHTHl MPOBOAWINCH Ha crekrpomerpe IOMO
(peakrop MBP-2, OUSIN), ciektpometpe Rigaku (MDOTN)
u criektpomerpe BM-29 (ESRF, I'pero6is, @panmms).

To overcome the challenge, a new method, i.e., MP
crystallization in the lipid cubic phase (LCP) matrix, was
introduced in 1996. This approach allowed crystallization
of challenging MPs (e.g., thodopsins and G protein-cou-
pled receptors) that have resisted crystallization with the
standard vapor diffusion methods for decades.

The in meso crystallization approach was further de-
veloped and expanded with other methods and tools, e.g.,
the utilization of lipids with varied properties to create
the LCP matrix, crystallization from MSP-based or poly-
mer-bounded nanodiscs, and crystallization from bicelles.

Earlier, bicelles were introduced as a membrane
mimicking model potentially superior to micelles. It was
shown that some mixtures of lipids and detergents form
disc-shaped particles, with a lipidic bilayer, a core, and a
detergent-stabilized rim providing a stabilizing environ-
ment for MPs by mimicking native cellular membranes.

In 2002, for the first time, a new method for crystalliz-
ing membrane proteins based on bicelle forming lipid/de-
tergent systems was presented. Since that time, several im-
portant membrane proteins have been crystallized by this
approach. Nevertheless, this method, whose mechanism is
still unclear, only relies on exhaustive trials and errors. The
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often-used term “crystallization from bicelles” may only
mean that the initial crystallization matrix is a liquid phase
comprising of bicelles, membrane proteins (surrounded
by native membranes or membrane mimicking systems),
and buffer. However, what happens with the crystallization
matrix after the initiation of crystallization (upon adding
precipitant) and what the phase state (structure) is when
crystals grow is not known.

Scientists from the Frank Laboratory of Neutron
Physics of JINR and Moscow Institute of Physics and
Technology, together with colleagues from European in-
stitutes performed the small-angle X-ray and neutron scat-
tering studies of structural evolution of the crystallization
matrix from the initial bicelle to the final jelly-like state
where MP crystals grow [1]. The experiments were carried
out on the YuMO spectrometer (IBR-2 reactor, JINR), the
Rigaku spectrometer (MIPT), and the BM-29 spectrome-
ter (ESRF, Grenoble, France).

Since standard crystallization tools (such as sitting
drop or hanging drop) are not suitable for simultaneous
performing small-angle experiments, an equivalent crys-
tallization procedure in glass capillaries was developed
(Fig. 1). The bacteriorhodopsin (BR) from Halobium
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[TockonbKy cTaHIapTHBIE METOJUKH KPUCTAIIH3AUN
(Takue Kak cupasdas Kamjsl WM BUCSYas Kalllsl) HE MOJ-
XOJISIT JUTS TIPOBENICHUS SKCTIEPUMEHTOB 110 MaJIOYIJIIOBOMY
paccestHnIO, ObUTa pa3paboTaHa SKBUBAICHTHAS MPOIETY-
pa KpHCTAIIH3aIMX B CTEKIIIHHBIX Kamwuisipax (puc. 1).
B kagectBe MeMOpaHHOTO OeiKa OBLT B3AT OaKTEPHOPO-
norcun u3 Halobium salinarum. TIponenypa kpucranim-
3aIli| COCTOSIIA U3 CIIEAYIOIINX IIIaroB: maru 1, 2 — mpu-
TOTOBJICHHE KPUCTAJUIU3AIMOHHON CHCTEMBI M CO3JaHuE
YCIIOBHH JUT pocTa KPUCTAIUIOB, IIar 3 — 3arevyaTbIBaHNe
KPHCTAJUIOB C TOMOIIBIO BOCKa, mar 4 — HaOmoaeHne
32 POCTOM KpPUCTAJIIOB OaKTEpHOpOnONCcHHA. B Teuenne
9TanoB 2—4 HaOIIONEHNE 3a CTPYKTYPHBIMH ITapaMeTpaMu
KPHCTAJUIM3AIIHOHHOTO MaTpPHKCa U POCTOM KPHUCTAUIOB
MIPOBOJIMIIOCEH B PEXKNME PEATBHOTO BPEMEHH C HCTIOIB30-
BaHHMEM MaJIOYTJIOBOTO PACCESHUSL.

B ommume oT cylecTBylOIIeH MapaaurMbl KCIIe-
PUMEHTHI 110 MajOyIJIOBOMY PACCEsTHHUIO MOKAa3alld, YTO
3apokI€HNE OCNKOBBIX KPHUCTAIUIOB IPOUCXOIHUT IIOCIE
(hopmupoBaHUs TENBIIONOOHON (Pa3bl, KOTOpas SBISETCS
OWIeIUIAPHON TOJNBKO HAa HAYaJIBbHBIX JTarax 3KCIEpH-

MEHTa, a 3aTeM OHa (OPMHPYET JICHTOTOMOOHBIE B3aH-
MOCOEIMHEHHbIEe JaMenbl. CoeMHEHUE JIaMeT MEKIY
co0oii moMoraeT OeKy MHUTPHpPOBATh MEXKIY MeMOpaHa-
MH K MECTy (POPMHPOBAHUS M POCTa KPUCTAIIIOB (pHC. 2).
IIpouecc kpuctamin3auuy HAYMHAETCS C KUJIKOM CMECH
My pITypHBIX MeMOpaH u Ourern. Ha HaganmbHOM 3Tarne npu
WCTIApEHUH BOJBI M3 KPUCTAIIN3AMOHHON CHCTEMbI KOH-
LEHTpALsl OUIEIT U MyPITypHBIX MEMOpPaH 3HAYUTEIHHO
BO3pacTaeT. 3areM OHWIIeIUTBI CIMBAIOTCS B JIGHTOIOH00-
HBIE JIaMEJUIbl. DTOT MPOIIECC COMPOBOXKIAETCS PacTBO-
pPEHUEM ITypIypHBIX MeMOpaH B 3TUX JaMestax. JIeHTb
(hopmupytoT TenpnomoOHyI0 (azy, KoTopas SBISETCS
IIaBHBIM KOMITOHEHTOM KPHCTAJITM3AIIOHHONW CHCTEMBI,
B KOTOPOH MOSIBISIFOTCSL M PacTyT OEIKOBBIE KPUCTAJLIBI.
OpnHako, moMuMO (POPMHUPOBAHHS JICHT, B CHCTEME TIOSB-
JSIFOTCSL U JPYTHE UHTEPECHBIE CTPYKTYPBI: JTaMeIUIIpHas
¢aza L, Hematndeckas (asa («phase 500-700 A») u no-
KaJbHas JaMesusipHas daza Liryst (puc.2). ®asza L, npen-
CTaBJIsI€T cOCOON MyIBTHIAMEIUIAPHYIO JUITHIHYIO (asy,
TIOSIBJISIFOIIYIOCS  BCIIG/ICTBUE CIMSHUS JIEHTOOJOOHBIX
cTpykTyp. KomraecTBo 310# (pas3sl pacTeT 1Mo Mmepe yMeHb-

Step 1 Step 2 Step 3 Step 4
Purple Puc.1. Cxemarmdeckoe TpeICTaBICHUE
Bicelles membranes IKCIIEPUMEHTAIIBHBIX JTAllOB KPUCTAILIH-
“‘\' T Wax 3aMu GAKTEPUOPONONCUHA B KAIMILIIPax
"..0" ﬂ C HCIOJIb30BAHMEM METOJIa KpHUCTajau3a-
’, “\‘ MM B OULIeIax
\
— — —
Fig. 1. Schematic representation of the ex-
\ / perimental stages of crystallization of bac-
. teriorhodopsin in bicelles within capillaries
Precipitant

salinarum was taken as a membrane protein. The crys-
tallization procedure consisted of the following steps:
steps 1, 2 — preparation of the crystallization system and
crystallization conditions; step 3 — sealing the capillary
with wax; step 4 — monitoring of the formation of the
bacteriorhodopsin crystals. During steps 2—4, monitoring
of the structure of the crystallization system and the growth
of the crystals was performed using real-time small-angle
scattering.

In contrast to the existing paradigm, this study shows
that the jelly-like ribbon state of the “bicelle” crystalliza-
tion matrix, rather than the initial bicelle, is the state where
crystals grow. These lamellar structures are assumed to
be interconnected to help proteins migrate from bilayers
to the place of the crystal formation which is a necessary
condition for the growth of crystals (Fig.2). The process of
crystallization starts with a fluid phase containing a simple
mixture of bicelles and purple membranes (PMs). Initially,
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the concentration of bicelles and PMs increases due to a
decrease in volume of the crystallization matrix upon dry-
ing. Then bicelles fuse to ribbons; this process is accom-
panied by the PM dissolution. Ribbons form a jelly-like
phase, which is the main component of the crystallization
matrix during the appearance and growth of BR crystals.
However, between the appearance of ribbons and crys-
tals, several more types of structural elements appear: the
lamellar lipid phase L, the “phase 500-700 A”, and the
local lamellar phase Liryst (Fig.2). Phase L corresponds to
multilamellar lipid membranes appearing due to the fusion
of ribbons. The amount of L, increases simultaneously
with a slow decrease of ribbon concentration. The “phase
500-700 A” presents a high-ordered structure with a lat-
tice parameter equal to or even higher than the length of
ribbons. We suppose that such structures can correspond to
smectics or cholesterics (chiral nematics). The exact role
of this high-ordered structure for the protein crystallization
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LIEHUSI KOJIMYECTBA JIEHTOMIOJOOHBIX CTPYKTYp B CHCTEME.
daza «500-700 Ay npencrapiser coboii BEICOKOYMOPSI0-
YEHHYIO CHCTEMY C OOJBIINM CTPYKTYpPHBIM IapaMeTpoM,
OMM3KMM MM JIaKe MPEBBINAIOIINM JIMHY OTACIbHOU
JeHTHl. MBI TpearnonaraeM, 4To 3Ta CTypKTypa MOXKET
MMETh CMEKTMYECKMH WM XOJIECTEPUYECKUI NOPSIOK.
Kakyro ponb urpaer gaHHas CTpyKTypa B Ipolecce Kpu-
CTAJUTU3AIINH, [TOKA OCTAETCsI OTKPBITHIM BompocoMm. Pasa
LCryst SBIISICTCS MYJIBTHIAMEIUIAPHON JTHMUAHON (hazoif,
TIOSIBJICHHE KOTOPOW B3aMMOCBSI3aHO C MOSIBICHHEM 30H
HykJeanun kpucramwioB. Ilo Hammm naHHBIM, 3Ta (haza
(pu3MUECKH CBS3aHA C MOBEPXHOCTHIO KPUCTAIIIOB U T10-
MOTaeT OTACNbHBIM OenkaM anup(yHINPOBATH K MECTY
pocTa KpucTasuia.

[Tonmyuyennas nHMOpPMANHS TIOMOKET BHECTH OOJIBIIIE
SCHOCTH B TOHMMAaHHUE TIPOIecca KPUCTAIUIN3AINN MEM-
OpaHHBIX OEKOB IN MESO M WCIOIB30BATH PE3YIbTAThI
B JAJIbHEHIIEM ISl pALlMOHAIILHOTO JU3aliHa JIEKapCTBEH-
HBIX CPEJICTB.
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KOHIIEHTPAIHX COOTBETCTBEHHO. KOHIIeHTpanust 1aHa B yCIOBHBIX €IMHMIAX U UMEET KadeCTBEHHBIN BH 3aBUCHMOCTH OT BPEMEHHU
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Fig.2. The scheme demonstrating the evolution of the crystallization matrix and sequential appearance/disappearance of various struc-
tural elements. The axes correspond to time, complexity (i.e., number/quantity of the new structural elements that appeared), and
concentration, respectively. Concentration is given in arbitrary units (dependencies of concentrations vs time are shown qualitatively)

process is questionable. The phase L yst Presents multilay-
er membranes, the appearance of which is associated with
the protein nucleation zones. This phase is connected with
the surface of protein crystals and allows the protein to
diffuse to the crystal surface.

Our results help to shed more light on in meso MP
crystallization making it considerably more efficient for
structure-based drug design.

References

1. Murugova T.N., lvankov O. I., Ryzhykau Y. L. et al. Mech-
anisms of Membrane Protein Crystallization in ‘Bicelles’ // Sci.
Rep. 2022. V. 12. P. 11109; https://doi.org/10.1038/s41598-022-
13945-0.




	AT THE LABORATORIES OF JINR
	A. V. Dmitriev, A. A. Zaitsev, A. I. Malakhov. NA61/SHINE Experiment.New Results and Future Plans
	Yu. E. Penionzhkevich. Structure of Nuclei and Mechanismsof Nucleon Transfer Reactions
	T. N. Murugova, Yu. L. Ryzhykau,O. I. Ivankov, A. V. Vlasov,A. I. Kuklin, V. I. Gordeliy. Mechanisms of MembraneProtein Crystallizationin “Bicelles”
	D. V. Podgainy, O. I. Streltsova, O. A. Gorbachev. The Performance of the “Govorun”Supercomputer at JINR Reached 1.1 PFlops
	FINANCE COMMITTEE
	JINR CP SESSION
	JINR DIRECTORATE’S INFORMATION
	SCIENTIFIC COOPERATION
	CONFERENCES. MEETINGS
	SCHOOLS. SEMINARS



