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Cryo-electron Microscopy as a Functional Instrument for
Systems Biology, Structural Analysis and Experimental
Manipulations with Living Cells.

A Comprehensive Analytical Review of the Current Works

Pedrepar: Llenbio HacToswen paboTbl ABNSETCH AEMOHCTPaUMs HOBOMO B3rNsiAa Ha KPUOINEKTPOHHYHO MUKpOCKoNuio Guonoru-
YECKUX CTPYKTYp Kak Ha NpPOCTON MHOroakTOPHbIA MHCTPYMEHT CUCTEMHONM Guonoruu, Aonyckawwmii NnpuMeHeHue ero Ans
yNbTPacTPYKTYPHOTO MO3MLMOHHO-YYBCTBUTENBHOIO U ANHAMUYECKOrO aHanu3a B MOMNEKYNspHOW LMTOMOPMONOrUN U CMEXHbIX
aucuunnuHax. PaccmaTpmBalTca pasfniMyHble MeToAbl KPUO3NEKTPOHHON aHanuTUKM U COOTBETCTBYOLWME CUCTEMHO-
6uonornyeckne MHTepnpeTauumn, cucTtemaTmdaums KOTopbiXx MOXeT ObiTb nonesHa AnNs HavyanbHOW MOCTAHOBKW MPOrpecCUBHBLIX
3ajay nNpu UCCnefoBaHUAX AaHHBIMKM METoAaMM U nocneaytoLet 06paboTkn NonyyYeHHbIX pedynstaToB. [Toka3aHo, YTO CUCTEMHOCTb
MEeTOAO0MNOMMN KPUOINEKTPOHHOW MUKPOCKOMWUMN Hanpsimyio KOPPECrnoHAMPYET C CUCTEMHOCTbIO U MHOronapameTpu4yeckMM xapak-
TepoMm eé aHanuMTOB B pamKax cuctemHow 6uonorun. MpuBogaTca AaHHbIe MO UCMOMb30BaHMIO KPUOIANEKTPOHHOW MUKPOCKONWUU B
MUKPOCTPYKTYpHOI 06paboTke M MUKpPOMaHUNynNsUMsX Ha Knetkax (T. H. micromachining), a Takxke B pa3paboTke MOMeKynsipHbIX
MawwuH. MNMpuBedeHHbIe B HACTOSILLEM aHanMTU4YeckoM o63ope cBeAeHUs OCHOBaHbl Ha AAHHbIX KPUOINEKTPOHHOW MWUKPOCKONUM
nocnegHux ner.

KnioueBble cnoBa: KpMO3MEKTPOHHAsA MUKPOCKONUS, KPUOIANEKTPOHHAs Tomorpadus, cuctemHass 6uonorusi, nokanomuka,
OUHaMoOMUKa, CTPYKTYPHbIA aHanus, in Silico, MUKPOMAaLLVHUHT.

Pecbepar: MeToto aaHoi poboTv € AeMOHCTpaLlisi HOBOrO NOrMsiAy Ha KPioeneKTPOHHY MIKpOCKOMito GioNoriYHMX CTPYKTYp sk Ha
npocTuit 6araToakTopHUn IHCTPYMEHT CUCTEMHOI Bionorii, sikMin Aonyckae 3acTocyBaHHS MOro Ansl yNbTPacTPyKTYPHOrO NO3uLiiHO-
YYTNNBOrO, a TAKOX AMHAMIYHOrO aHanidy B MONEKYMspHIiN LmTomMmopdornorii Ta cyMikHux gucumnniHax. PosrnsgaTbes pisHi metoam
KpiOenekTPOHHOT aHaniTMkM Ta BiOAMOBIAHI cucTeMHo-GionorivHi iHTepnpeTadii, cucteMaTusadis sikKux mMoxe ByTU KOpUCHOKW Ans
no4aTkoBOi MOCTAHOBKM MPOrpecuBHUX 3aday nig vyac AocnifXeHb UMMM METOAaMM Ta HacTyrnHOI 06poGKM OTpUMaHUX pe3ynbTarTis.
Moka3aHo, Lo CUCTEMHICTb METOAO0NMOrii KPIOENeKTPOHHOIT MikpocKonii NPsIMO KOpecnoHAye 3i CUCTEMHICTIO Ta baratonapaMeTpU4HNM
XapakTepom ii aHaniTiB y pamkax cucTemHoi Gionorii. HaBegeHo AaHi WOAO BUKOPUCTAHHS KPioeNeKTPOHHOT Mikpockonii y Mikpo-
CTPYKTYPHin 06pobui Ta MikpomaHinynauiax Ha knitTuHax (T. 3B. micromachining), a Takox y po3pobui MONekynspHMX mMawwuH. Y
LbOMY aHaniTM4yHoMy 0630pi HaBedeHO BiAOMOCTI HA OCHOBI JaHUX KPIOEMEKTPOHHOI MiKpoCKoMii OCTaHHIX poKiB.

KnrouoBi cnoBa: kpioenekTpoHHa MiKpoCKoMisi, KpioenekTpoHHa Tomorpadisi, cuctemHa 6Gionorisi, nokanomika, AnHamika,
CTPYKTYPHUI aHani3, in silico, MikpoMaLUWHIHT.

Abstract: The aim of this paper is to give an introductory review of the cryo-electron microscopy as a complex data source for
most of the system biology branches, including the most perspective non-local approaches known as localomics and dynamomics.
A brief summary of various cryo-electron microscopy methods and corresponding system biological approaches is given in the text.
The above classification can be considered as a useful framework for the primary comprehensions about cryo-electron microscopy
aims and instrumental tools. We do not discuss any of these concepts in details, but merely point out that their methodological
complexity follows only from the structure-functional complexity of biological systems which are investigated in this manner. We also
postulate that one can employ some of the cryo-electron microscopic techniques not only for observation, but also for modification
and structural refunctionalization of some biological and similar soft matter objects and microscopic samples. In other worlds, we start
with the cryoelectron microscopy as a tool for the system biology and progress to its applying as an instrument for system biology and
functional biomimetics. All these conclusions can be deduced from the most recent works of the latest years.

Key words: cryo-electron microscopy, cryo-electron tomography, system biology, localomics, dynamomics, micromachining,
structural analysis, in silico, molecular machines.
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Texnonozuueckue 603MO0NCHOCIMU KPUOITIEKNI-
POHHOU MUKPOCKORUU

Bosnukmas 6onee 30 et Hazan [31] kpuoanekt-
POHHAasi MUKPOCKOTINS Ceiuac sIBIseTCs OMHUM U3 Hau-
OoJiee PyHKIIMOHATIBHBIX METOJIOB UCCIIEIOBAHUSI JKH-
BOTO BEIIECTBA U €T0 (PU3HOJIOT0-OMOXUMHUCCKUX
M3MEHEHNH Ha Pa3INIHBIX HEPAPXUUECKUX YPOBHSIX,
HadrHas 0T MOP(HOJIOTUH KPYITHBIX KIETOK MJIEKOTIH-
tafomux [108] u 3akaHunBas HAHOCTPYKTypamu [69]
U CTPYKTYpOU OMOMaKpPOMOJIEKYIT, BOCIIPONU3BOIUMON
C paspeleHueM, OIM3KUM K aToMapHomy [19], T. e.
(hakTUYECKU B TIOJHOATOMHOM «HCIIOJIHEHUW» [72].
B HoBeiimmx paboTax ¢ UCTIONB30BaHUEM KPHUOIJIEKT-
PPOHHOI MHUKPOCKOMMYECKON TEXHUKHU OBLIO JOCTUTHYTO
MI0JIE3HOE pa3pelleHne 10 eNUHUL aurcTpeM [12, 71,
130], a B TpexMepHOM BOCIIPOM3BENECHUU — MOPSAKA
eMHULl HaHOMETPoB (2—5 um) [29]. Ha ganHbI MO-
MEHT CTPYKTYPHBIMH METOJAaMHU KPHUOAJIEKTPOHHOU
MHUKPOCKOIIH FICCIIEIOBAHO MHOMKECTBO CYTIPaMOJIEKy-
JIIPHBIX CTPYKTYP, KOMIUIEKCOB: OT JOCTATOYHO XOPO-
10 U3Y4YEHHBIX (PMOPHUIUIAPHBIX CTPYKTYP KOJJTareHa
[92], naTpadIare;uIIpHBIX KOMITIEKCOB MMPOCTEHIIIIX
[91], TyOynuna Mukpotpy6ouek [125] u psaa apyrux
HUTEBUAHBIX U PUOPHIUTSIPHBIX CTPYKTYP MACCOH I0-
panka ruragansToH [101] 70 TakuMX JOCTATOYHO TOH-
KHUX 3JIEMEHTOB OMOIOrHIECKON MallIMHEPUH, KaK pUOO-
COMaJIbHBbIE KOMITJIEKCHI (HAapuMep, IIPH TPAHCIOKa-
LMY ¥ KOTPAHCISAIUOHHOM (honauare [62]), 3IeMEHTBI
BTOPHUYHOM [95] 1 cynepBTOPHYHO# CTPYKTYpPbI OSIIKOB
[7], a Taxke KoHPOpPMAITHOHHBIC 2P HEKTH B MOJICKY-
JIIPHBIX MEXaHW3Max uXx (omauHra [25] 1 MexaHn3Max
9KCIPECCHH B KOMIUIEKCAX KOAMPYIOMINX CEMaHTH/I
[109] (B Tepmunax Ilykepkanmra-Ilomuara [133]).
Kpome 00pI4HO# KPHOAIEKTPOHHON MUKPOCKOIINH, B
CTPYKTYpHOM aHallu3e H, B YaCTHOCTH, IIPU OIpene-
JICHUW BTOPUYHOH CTPYKTYPBI OCITKOB HCIONb3yeTCs
€€ IMPELUU3NOHHBII TPEXMEPHBIN aHAJIOT — KPHOAJIEKT-
poHHas ToMorpadus [9], uMeroIas, TOMUMO MOJIEKY-
JSIPHOTO YPOBHSI IPUMEHUMOCTH, O0NBLION MaciuTal-
IUaIa30H BU3yAIH3UPYEMBIX Pa3MEPOB CTPYKTYP,
BKJIIOYAsl TOJHOKJIETOUHEIE oTOOpakeHus [88] u
aHAIIN3 «HAHOPA3MEPHOI» MHUTOPU3IUOIOTHIECKOMN
VIBTPACTPYKTYPHI (HaHOMMAMKHUHT) [63]. Kpome Toro,
CyIIECTBYET CMEXHBII METOZ KpHOTOMOTpauu —
pEeHTTeHOBCKast ToMorpadus ¢ OXIaKICHUEM O] BbI-
COKHUM JaBiieHueM [123], mo3Bossiroiias 100uBaThCsS
MPHUOTU3UTENBHO TaKOTO K€ METPOJIOTHYECKOro Ka-
YyecTBa.

AJITOPUTMHYECKHE CPEeACTBA KPHOIJIEKTPOH-
HOl MMKPOCKONHH

Heo0xomumMo OTMETHTB, YTO CBEPXBBICOKAS TOU-
HOCTh M3MEpEeHHH TpeOyeT MpUMEHEHHS MaTeMaTH-
YEeCKOro ammapara U ajlroOpuTMHYIECKOH 00paboTKH
BBICOKOTO YPOBHSI: Ta)Ke TaK HA3bIBAEMBIE «IIPSIMBIE)
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Technical applications of cryoelectron micro-
scopy

Since its development in early 1980s [31] cryo-
electron microscopy has become one of the most
functional research methods providing the study of
physiological and biochemical changes in living matter
at various hierarchical levels from single mammalian
cell morphology [108] to nanostructures [69] and even
the structure of biomacromolecules with a near-atomic
resolution [19], i.e. at an all-atom configuration recon-
struction [72]. In recent papers the cryo-electron mic-
roscopic techniques were reported to achieve the
effective resolution up to several angstroms [12, 71,
130] and about 2—5 nm in a 3D representation [29].
To date the structural methods of cryo-electron mi-
croscopy have been involved in characterization of
a number of supramolecular structures and complexes:
from the well-studied fibrillar collagen structures [92],
intraflagillar transport complexes of protozoa [91],
tubulin in microtubules [125] and some other fibrillar
and filamentous structures with the relative molecular
weight of about gigadalton [101] up to such subtle ele-
ments of biological machinery as ribosomal complexes
(e.g. those involved in cotranslational folding and
translocation [62]), elements of secondary [95] and
supersecondary protein structure [7], as well as the
conformational effects in molecular mechanisms of
their folding [25] and the mechanisms of expression in
the complexes of encoding semantides [ 109] (in terms
of Zuckerkandl and Pauling [133]). In addition to the
conventional cryo-electron microscopy, modern struc-
tural analysis, particularly the determination of the
protein secondary structure, requires the use of'its pre-
cision 3D analog, the cryo-electron tomography [9],
which enables structure visualization at a wide scale/
range of sizes, including the all-atom mapping [88] and
a nanoscale cytophysiological ultrastructure analysis
(so-called nanoimaging [63]). There is also an inherent-
ly close method of cryo-tomography, the X-ray tomo-
graphy with cooling under high pressure [123], which
demonstrates approximately the same metrological
characteristics.

Algorithmic tools for cryo-electron micro-
scopy

It is noteworthy that the ultra-high measurement
accuracy requires the use of advanced mathematical
apparatus and algorithmic processing: even the so-cal-
led direct methods of improving the image quality in
cryo-electron microscopy are implemented only through
the optimization of the number of summed and
corresponding files with the unary cryo-electron micro-
graphs [46, 65]. This procedure involves a significant
amount of computer time and robust high-performance
mathematical processing systems. The modern trend
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METOIBI YINYyYIIeHHS KaueCTBa B KPHUOAIIEKTPOHHOU
MHUKPOCKOIIUHU PEANU3yIOTCS UCKITIOYUTETHHO TyTEM
ONTHMHU3ALNN KOINYECTBA CYMMHUPYEMBIX U COMOC-
TaBISIEMBIX JPYT C APYTroM (paiiyioB ¢ 3aIiChi0 YHAPHBIX
KPHOAJIEKTPOHHBIX MUKpodoTorpaduii [65, 46]. Ito
TpeOyeT CylIeCTBEHHBIX 3aTPaT MATMHHOTO BPEMEHH
U poOacTHBIX BBICOKONPOM3BOAMTEIBHBIX CHCTEM
MaTeMaTu4eckoi o0pabOTKuU: ammapaTHBIA acIeKT
Takoi 00paboTku cmenieH B ctopory CUDA-TexHO-
JIOTUH ¢ MPUMEHEHHEM BUAEOKaPT WITH TpaduIecKux
MIPOILIECCOPOB, 00ECIICUNBAIOIINX MTOBBILICHUE TPOU3-
BOJUTEILHOCTU BEIYUCIECHUH [52], B TO BpeMsl KaK It
MIPOrPaMMHOTO aHAJIM3a JaHHBIX KPHOIJIEKTPOHHOU
MHKPOCKOTIMH, TOMUMO CTaHAAPTHBIX MPUHIIUIIOB
MAaIIMHHOTO O00y4YeHHsI IPU pPaclo3HaBaHUHM 00pa3oB
[85, 105], mpuxoauTcs UCHOIB30BATh HUKECIEAYIO-
rue Toaxonbl: 1) TuOKue BapuaHThl TOJATOHKH I1apa-
METpOB, HanpuMep (uTHUpoBaHUE (OT aHII. fitting),
JOCTUTaeMble IIyTEM IepeoOydeHHs] B XOJ€ MOMCKa
3KCTpeMyMOB [3]; 2) BEpOATHOCTHBIC OalieCcOBCKUE
MTOJTXO/TBI B KPHOIIEKTPOHHOM CTPYKTYPHOM aHAIN3e
[97]; 3) anropuTMBI CyOTOMOTpaUICCKOTO aHATN3a
U yCpeIHEHHsI B KpHOAJIEKTPOHHOH ToMorpadumu [15,
54]; 4) alireH-aHaIu3 ¢ MOUCKOM aWTre€H-BEKTOPOB
(coOCTBEHHBIX BEKTOPOB, MPeoOpa30BaHUA KOTOPHIX
JAIOT KOJUTMHEAPHBIE BEKTOPHI, T. €. BEKTOPbI, YMHO-
YKEHHBIE Ha CKaJISIPHOE 3HaYeHNE COOCTBEHHBIX YMCETI,
Ha3bIBacMbIC alTeH-3HAUCHUEM ) IS KIIacCH(pUKamuii
KPHO3JIEKTPOHHBIX H300paKeHUH MO YIIIOBBIM XapaK-
tepuctukaM [ 106]; 5) BeiiBIeTHBIE METOBI C UCTIONb-
30BaHHEM MHOTOMEPHBIX (YHKIUH U CTPyKTyp Tem-
auna [115] u T.1.

Kpome ykazaHHBIX, MIHPOKO HCIIOJB3YIOTCS
OOBIYHBIE METOJIBI CTPYKTYPHO-XHMHYECKOTO Mpodhu-
TUPOBAHUS («YJIBTPAMaOyTIIOBask KPHOAIIEKTPOHHAS
MUKpOTOMUSI») [45] u Apyrue UM mo100HbIE METOABI,
nexxanue B ocHoBe noaxonoB CEDX — konmndecTBeH-
HOM KpHOAHAJIMTUYECKOW CKAHUPYIOIIEH 3JIEKTPOHHOM
MUKpockomnuu [ 78]. THaue roBopsi, METOIbI COBPEMEH-
HOH KPHOBJIEKTPOHHON MUKPOCKOITUH — 3TO B OOJIBIIICH
CTETeHN aBTOMATHU3MPOBAHHAS MHTEpIpETanusi U
00paboTKa TaHHBIX, YeM, COOCTBEHHO, UX TIOJTyUCHUE.

OTOT (HaKT MOKHO TMOSCHUTH WIITIOCTPATHUBHO,
nonb3ysick nanaeiMu M. Stowell u3 Colorado Univer-
sity. 13 puc. 1 BugHO, 4TO Ma)ke SKBUBAJICHTHBIC 110
OMOIIOTO-MOPPOMETPUIECKIM XapaKTECPUCTHKAM
CTPYKTYpPbI MOTYT UMETH BBICOKYIO AMCIIEPCHUIO I'€0-
METPUUYECKUX XapaKTEPUCTUK, a B CITydae pa3IuyHbIX
WTEpaIii MaTeMaTHKO-CTaTUCTUIECKOH pacmm(poB-
KU TaHHBIX UCCIIEIOBATENb 0KHIaeMO TIOJy4aeT pas-
au4yHbIe MOPdOoIOruH (1 Aa’kKe TOMOJIOTUH — [T YUCITY
cBsizHOCTH!) pEKOHCTpyHpyeMoro oobekTa. JJunamuka
yBEIMYEHUS] TOUHOCTH U3MEpPEHHH 1 Mopdoornyec-
KOH JIeTaTn3aluy B pEKOHCTPYKIHH CTPYKTYp ¢ 1990
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in the hardware for such a processing places a special
emphasis on the CUDA technologies using video cards/
graphics processing units (GPUs) providing the impro-
vement of calculations [52], while for the purposes of
data processing in cryo-electron microscopy in addition
to the standard principles of machine learning in the
pattern recognition [85, 105] the following approaches
are useful to be applied: 1) flexible variants of the para-
meter fitting achieved by retraining during the search
for extremes [3]; 2) Bayesian probabilistic approaches
in cryo-electron structural analysis [97]; 3) algorithms
of subtomogram analysis and averaging in cryo-
electron tomography [15, 54]; 4) eigen analysis with
the search for eigenvectors in order to enable classifi-
cation of the cryoelectron images upon their angular
characteristics [106]; 5) wavelet methods using multi-
variate functions and the Toeplitz structures [115], etc.

Except the above mentioned methods there is also
a number of widely used conventional methods of
structural and chemical profiling (e.g. ‘cryo-ultra-low-
angle microtomy’) [45] and other similar methods,
underlying the CEDX (quantitative cryo-analytical
scanning electron microscopy) approaches [78]. In
other words, modern cryo-electron microscopic tech-
niques are mostly automated data processing and inter-
pretation methods, rather than data acquisition tools.

The above statement can be illustrated using the
data provided by M. Stowell from the Colorado Univer-
sity. Fig. 1 shows that even the similar structures with
the equivalent morphometric parameters can demon-
strate a high dispersion of geometrical characteristics,
and in the case of different iterations of the mathe-
matical and statistical data processing one can expect
to obtain different morphologies and even different
topologies (according to the number of connections)
of the object under 3D reconstruction. The dynamics
of an increase in accuracy of the measurements and
morphological reconstructions from 1990 to 2000 was
demonstrated by J. Frank in 2006 (Fig. 2), which might
be attributed to the improvement of the mathematical
data processing methods. Thus, it is clear that the am-
biguity of the structures’ morphology after reconstruc-
tion in cryo-electron microscopy and tomography is
characterized not only by quantitative (morphometric),
but also by qualitative (geometric and topological)
transformations.

Moreover, an ambiguous data interpretation in
cryo-electron microscopic structure analysis necessita-
tes the use of various mathematical models which
determine the morphostructural representation of the
result obtained, i.e. the above models may be one-to-
one corresponded to the methods of data processing.
Thus, there are several reports on cryo-electron mic-
roscopy using molecular dynamics simulations corres-
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Puc. 1. Pasannyne mopdonormyeckux u TOnonorn4yecknx
XapaKTepUCTUK PEKOHCTPYKUMI CTPYKTYp B 3aBUCUMOCTU
OT napameTpoB undposor obpaboTkn N ancnepcuu B
mopdomeTpun BbIGopkn 06bekToB. OgHa 1 Ta Xe CTPyK-
Typa B nepsow (A) n Tpetben (B) ntepaumax undposom
PeKOHCTPYKuMK; C — yeTblpe pa3nnyHbie BEpPCUN PEKOHCT-
pyvpyemoin B 3D CTpyKTypbl, NOMny4eHHble Npu obpaboTtke
OaHHbIX KPMO3NEKTPOHHOW MWKPOCKOMUU, 3aBUCHT He
TONbKO OT BbIBOPKM MCXOAHBIX AaHHBIX, HO 1 OT Npoueayp
uncposon obpabotkn (M. Stowell, MCDB B231). N3o6pa-
XKeHVs NpUBOAATCH C paspeLleHns aBTopa.

Fig. 1. The difference in morphological and topological
characteristics of the structures under reconstruction
depending on the digital processing parameters and the
dispersion of the sample morphometry. The same structure
at the first (A) and third (B) iterations of digital reconst-
ruction; C — four different variants of 3D reconstruction in
cryo-electron microscopic data processing, which depend
both on the dataset size and the digital processing
procedures (M. Stowell, MCDB B231). The figures are
published by the courtesy of the author.

o 2000 rr. mponemMoncTpuporana J. Frank B 2006 .
(puc. 2), 4TO TaKKe MOXKHO CBSI3aTh C yAy4IIEHHEM
MareMaruieckoil oOpaboTku JaHHbBIX. TakuMm oOpa-
30M, Ha IIPAKTUKE OYEBUIHO, YTO HEOJHO3HAYHOCTh
MOP(OJIOTHU PEKOHCTPYUPYEMBIX CTPYKTYpP B KPHO-
3NIEKTPOHHOW MHUKPOCKOIIMH M TOMOTrpaduu Xapax-
TEPHU3YETCS HE TOJBKO KOJWYECTBEHHBIMHU, HO U
Ka4eCTBEHHBIMHU TepexonaMu (T. €. He TOJIBKO MOp-
(hoMeTpruIecKUMH, HO U TEOMETPUIECKUMHU MU TO-
MTOJIOTUIECKHMH).

Bonee Toro, BcneacTeue Mogyd4eHUss HEOAHO3-
HaYHO MHTEPHPETUPYEMBIX NAHHBIX CTPYKTYPHBIN
aHaJIM3 IPH KPHOBJIEKTPOHHOM MUKPOCKONIUH TpeOyeT
HCIIOJIb30BaHUS Pa3INYHbIX MAaTEMAaTHYECKUX MOJE-
JIe, OT BBIOOpA KOTOPBIX 3aBUCHT MOP(OCTPYKTYpHAsI
penpe3eHTanys Mojay4yaeMoro pe3ynprara, T. €. (hop-
MUpPYEMBIE MOJICIIH MOTYT OBITh OTHO3HAYHO COOTHE-
CEeHBI ¢ MeToJlaMK 00pabOTKU NaHHBIX. Tak, cymecT-
BYIOT pabOTHI IO KPHODJIEKTPOHHOM MHUKPOCKOTIHH C
MOJIETMPOBaHUEM METOJJAMH MOJIEKYJISIPHOM THHAMHU-
KM, COITOCTaBUMBIMH C THOKHMHU MeTOAaMHU (PUTHPO-
BaHUA [23]; ICEBI0ATOMHBIE MOJIENH, COTIOCTaBUMBIE
pasHbIM criocob6aM pacmii@POBKU MOJHOATOMHOTO
CTPYKTYpPHOTO aHajH3a Mpu paboTe Ha aHTCTPEMHOM
paspemieHuu [84]; BEpOATHOCTHBIE TPEXMEPHBIE MO-
JeIM OJAMHOYHBIX YaCTHII, COIOCTABHUMBIE BEPOST-
HOCTHBIM (OTYacTH, 0alfeCCOBCKMM) MeTo/IaM 00pa-
00TkM naHHBIX [35] U T. A. MoaenupoBaHue JOMKHO
YYUTBHIBATh WIIA BEIBOIAUTE ab initio Kak XapaKTepuc-
TUKU 00pa3ua (HarmpuMep, ero CoabBaTHON 000JI0UKH
v rugparHoro cios [ 100]), Tak 1 CHMYIISIHIO IITyMOB
1 KOPPEKITUIO METPOIIOTUIECKOTO Jpeiida mokazaHuii
[102] mpu oncanuu npomecca pUKcauy n300pakeHni
[116]. [To Mepe BXOKaeHUS MONEITHHOW HHTEPIIpe-
TalMU B TPEH PACIIU(PPOBKYU PE3YIBTaTOB KPUOIEKT-
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Puc. 2. ToyHocTb getanusaumm opMbl PEKOHCTpyunpye-
MbIX METOAAMW KPUOIEKTPOHHON ToMorpadum CTpykTyp
B 3aBMCMMOCTM OT roaa cbopa u o06paboTku AaHHbIX, a
Takke COOTBETCTBYIOLLETO YPOBHS paspeLleHnst U AUCKPeT-
HOCTU LNGPOBBLIX BblYMCNEHU. DUrypbl NPUBOASTCS C
nobesHoro paspelueHus npod. Joachim Frank (CryoEM:
L. Biophys. Chem., 2006).

Fig. 2. Accuracy of the structure detalization during 3D
reconstruction in cryo-electron tomography depending on
year of data collection and processing, as well as on the
corresponding resolution level and the discreteness of
the digital calculations. The figures are published by the
permission of Prof. Frank (CryoEM: L. Biophys. Chem.,
2006).

ponding to flexible fitting methods [23]; pseudoatomic
models corresponding to various approaches to the
interpretation of full-atom structural analysis data on
the angstrom resolution [84]; probabilistic 3D models
of single particles, corresponding to the probabilistic
(partly Bayesian) methods of data processing [35], efc.
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POHHON MHUKPOCKOTHH [76] pacTeT conmpsnKeHHe Me-
Ky MOACTUPOBAHUEM, TOKHHIOM (B PyC. OMOXUM.
Kapr. «CTBIKOBKa», T. €. MoA00p HanOoJee BHITOAHOM
JUTsE COOPKHM YCTOMYMBOTO KOMIUIEKCA OpHEHTAIlUU
MOJIEKYIT) ¥ PUTUPOBAHHUE TOJTHOATOMHBIX OMOMOJIEKY-
JISIPHBIX CTPYKTYP B TPEXMEPHOM KapTHpoBaHuU [4]
(puc. 3), Bitovatoiee B ce0si IOAXObI U aJITOPUTMBI
TaK Ha3bIBAEMOTO IIUKIMYECKOTO MIIH, MHAYe TOBOPA,
WTepannoHHOTO pedaitamenta (puc. 4, 5) [127].

KpuosiekrpoHHasi MUKPOCKONUSI KAK MHCTPY-
MEHT CHCTeMHOIl OnoJiorum

MO’KHO 3aKIHOUNATH, YTO METOZ KPUOIEKTPOHHOM
MUKPOCKOIINH, PABHO KaK U KPHOAJIEKTPOHHOM TOMO-
rpa¢un, COBMEIIAIOT IPUHIUIIBI CHCTEMHO-OHOIOTH-
YEeCKOT0 KOMIIBIOTEPHOTO U CTPYKTYPHO-OHOIOTHYec-
KOTO aHanm30B in silico, ex vivo [81] u in situ [75].
JelicTBUTENHHO, U3 MHOXKECTBA CTPYKTYPHO-OHOJIO0-
THYECKUX «-OMHK», T. €. IUCLUIUINH, CACTEMHO U3Y-
YarOIINX OTEIbHBIE KJIACCH OPTaHUIECKUX XUMIYEC-
KHX BEIIECTB B COOTBETCTBUHU C WX OMOJIOTHUYECKOM
POJIBIO, KPHOIIEKTPOHHAS MUKPOCKOMHS U 3JIEKTPOH-
Has KpuoToMorpagus crocoOHbl paboTaTh MPaKTH-
YECKH CO BCEMH KJIaccaMu, MPHYeM B Haubosee MH-
(hopMaTHBHOM W TIOJTHOCTHIO OTPAXKAIOIIEM H3ydae-
MYIO CTPYKTYPY BapHaHTE — B AUHAMHYECKOM U
00BbEMHOM, YTO B KOPPEISLUOHHONH MUKPOCKOIIHH
4acTO Ha3BIBAIOT [ocalomics microscopy u dynamo-
mics (o xiraccudukaruu [[x. [Tapkuacona). Pedn
UJAET HE TOJBKO 00 M3yYeHHH pa3HBIX (a3 pa3BUTHA
WJIH J)KU3HEHHBIX [UKIIOB OTJCNIBHBIX 00BeKTOB [80],
HO ¥ 0 KapTUPOBAHUH PsAa XapaKTEPUCTUK TUHAMUKA
MOJIEKYJI B aHCaMOJIe, BU3yaIH3UPyEMBIX C HCIIOIB30-
BaHHEM METOJa MaKCUMaJbHOTO HPaBAOMOg00Us
[120], xoppensuoHHON MUKpockonu# it 3D — cTpyk-
TYPHOTO aHaJIN3a IMHAMUKH B3aUMOJIECTBUH B KIIET-
K€ ¢ MPUMEHEHHEM KPHO3JIEKTPOHHOW ToMorpadun
[59] u Tak Ha3pIBaeMOM YETHIPEXMEPHON KPHOIIEKT-
pOHHOI MUKpocKonuu OenkoB [37]. Kpome Toro, ecin
roBoputh 00 nmMmyHomuke [16, 112], To, yuuTsiBas
TPaIUIIMOHHYIO TTPUMEHUMOCTh CUHXPOHHOW IEWT-
padepHoii kuHeMaTorpaguIeckoil TEXHUKUA B UMMYHO-
AIIEKTPOHHON MUKPOCKOTIUH [ 8], palliOHaIbHO MPU3HATH
JOTMYCTUMOCTh AMHAMHYECKUX KPHUOIJIEKTPOHHBIX
HM3MEPEHUI B KpHOMMMYHORJIEKTPOHHOM MUKPOCKOITUI
[89], uTO OHOBPEMEHHO MO3BOJUT W30aBHTHCS OT
apTeakTOB «CMa3bIBAHHSD U300PaXKCHHUS, UCTIONIB3YS
MIPEAIECTBYIOMHNE KaApPbl Pa3BepPTKH KaK OMOpHBIE
(«pedepeHcHBIC») IS BOCCTAHOBICHHS (POPMBI
oOnekra [18].

NMeeT cMbICT IPUBECTH €111€ HECKOJIBKO MILTIOCT-
palii MPUMEHUMOCTH KPUO3JIEKTPOHHON MUKPOCKOTIUN
KaK MHOTO(aKTOPHOTO MHCTPYMEHTa CHCTEMHOU
ouonorun. IIpexae Bcero peub uIeT 00 UccienoBa-
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A 4
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Structure reconstruction and fitting
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AHHOTMpOBaHWe no 6azam gaHHbIX
Annotation using databases

Puc. 3. O6wasa cTpykTypa TEXHOOMUN KPUOSNIEKTPOHHO-
Mukpockonmyeckoro 3D-aHanusa.

Fig. 3. Schematic structure of the 3D cryo-electron micro-
scopic analysis technique.

The simulation process should consider or derive ab
initio the sample characteristics (namely, its solvation
shell or a hydration layer [100]), as well as the noise
simulation and the correction of the metrological
readings drift [102] considering the process of image
capturing [116]. With the increasing role of the model
interpretation in cryo-EM data processing [76] there
is a significant increase in the level of conjugation
between modeling, docking (selection of the most
favorable molecular orientation for the stable complex
formation) and fitting of the full-atomic biomolecular
structures in 3D mapping [4] (see Fig. 3), including
the approaches and algorithms of the so-called cyclic
or iterative refinement (see Fig. 4, 5) [127].
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HUSIX B 007acTH MeMOPaHOMUKH X BUPOMHKH. YIIBTpa-
CTPYKTypHBIE HccienoBaHus MmemopanomoB [103] ¢
HCTIONB30BAHMUEM KPUOEKTPOHHON MUKpOcKonyu [ 70]
(HecMoTpsl Ha AUNHUIHBINA/POCPOIUNUIHBIA COCTaB
aHAIM3UPYEMBIX MeMOpaH [26], M3ydaeMBbIX B paMKax
KIJIACCHYECKOH JIMITUI0IOTHH ) HE MOT'YT OBIThH HaTpsi-
MYIO OTHECEHBI K KOMIIETEHIIMH JIMITUIOMUKH U hocdo-
JIUMUIOMUKH [68, 124], paBHO Kak 1 K JIMIIOMPOTEOMHKE
[53] (HecMOTps HAa BO3MOXHOCTH KPHUOIJIEKTPOHHO-
MHUKPOCKOTTMYECKOTO aHalln3a JIMIMOMPOTEUTHBIX
cTpykTyp [128] 1 MemOpaHHBIX OenkoB [33]), mocKob-
Ky paccMaTpHuBaloT OOJbLIE YIbTPACTPYKTYpPHBIH
MOp(hoPHU3NOTOTHIECKH YPOBEHD OPTraHU3aIiN, YEM
HEMOCPEeACTBEHHBII XUMU3M obpasna. [lomnmo yka-
3aHHOTO MPUJIOKEHUS K 00bEKTaM, BXOAAIINM B KOM-
METEHINI0 MEMOPaHOMHKH, KPUOIJIEKTPOHHAs! MHKPO-
CKOTIUSI U TOMOTpadus BKIIOYAOT MCCIEIOBAHUS
MEMOpaHHBIX ITUTOIUIA3MATHYECKUX opranen [28, 50],
B TOM YHCJIE SHAOCOM U ayTo(arocom, y4acTBYIOINX
B PEUUPKYISIUN MEMOpPaHHOTO MaTepuaja U ero
penrKIn3ayy Kak MophodyHKIIMOHATHHOTO IEJI0TO
[32]. C Touku 3peHUs KOMIBIOTCPHOU JIUITHIOMHUKA
[38], yuuThiBarome TUHAMUYECKUE U3MCHEHUS B
JUMHIHOM COCTaBE MEMOpaHBI B IpoLiecce MpoBee-
HUS CHUTHAJa, IPUHLIMITHAIBHO 3HAYUMON Ipobema-
TUKOH, YCIIEITHO PEIIacMOi JIUIIIb KPUOIIEKTPOHHBIMU
METOJIaMH, SIBJIIETCS ONpEAETICHNE MOJIE3HON Harpys3-
K{ HAaHOBE3UKYJISIPHBIX IEPEHOCUMBIX 00pa30BaHuil 1
KJIATPUHOBBIX ITY3BIPHKOB B QYHKIIMOHATEHOW aKTHB-
Hoctr Mo3ra [51]. MccnenoBanus B 00651aCTH CUCTEM-
HO-OHMOJIOTUYECKON W MPUKIATHON BUPOMHKU [77]
TaKXe He MOT'YT OBITh CBEJICHBI K OOBIYHON BUPYCHOM
reHomuke [60] B cuity hoKycHpoBaHHs Ha CTPYKTYP-
HOM acIeKTe HHTEPIPETALNH JaHHBIX KPHODJIEKTPOH-
HOM MUKPOCKOIIMH ¥ KOHBEHIITMOHHBIX METOAOB [22].
Tak, genaeTcs akIIeHT Ha CTPOEHUH BUPYCHBIX KOMII-
JIEKCOB C 9K30T'€HHBIMH (PAKTOPaMH, TAKIMH KaK MEM-
Opannsiii 6e1ok DAF [127], koH(bOpMAaIIOHHBIX U3Me-
HEHUAX NOJIMOBUPYCHBIX aHTUTEHOB [74], CTpYKTYp-
HOM aHanu3e Karcug [131], cyOBUpYCHBIX YacTHIl B
MmemOpanax [44] ¥ MOTHOIIEHHBIX BUPYCHBIX YACTHIT
[2], a TakXKe HCCTeTOBAHUSAX X CTPYKTYPHO-OHOXH-
MUUecKoi apHUHHOCTH C UCIIONB30BaHUEM CTIeH(H-
YECKU-CENIEKTUBHBIX pemeTok [61]. B To ke Bpems
B XOJI€ TAKUX HCCIEIOBAHHUM T€HETHUYECKHUM acCIIEKT
BHPYCHOTO CTPOCHHS HE PacCMaTPUBAETCS, U3 YEro
CJIeyeT UX HECBOAUMOCTD K CTPYKTYPHO! FTEHOMUKE.
Wnave roBopsi, cymecTByIOT 0coObIe 001aCTH TpUMe-
HUMOCTH KPHOAJIEKTPOHHOW MUKPOCKOITUH B CHCTEM-
HO¥ OMOJIOTHH, 17151 KOTOPBIX HE MOXKET OBITh HAMICHO
Ooutee crienupUIecKy NPUTOIHOTO HHCTPYMEHTA aHa-
JIUTUKH, YEM MYJIBTHIIapaMeTpHUecKas pacindpoBKa
JAHHBIX KPHOAJIEKTPOHHON MHKpockornmuu Ha OBM.
Hcxons n3 3TOT0 CHCTEMHOCTh MHOMKECTB OTPACIIei,
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Fig. 4. Scheme of the reconstruction process with the
feedback loop (so-called ‘refinement’).
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KOro (MTepaTmBHOro) pedanHMeHTa.

Fig. 5. Structure verification during the cyclic (iterative)
refinement process.

Cryo-electron microscopy as a tool for systems
biology

Cryo-electron microscopy, as well as cryo-electron
tomography combine the principles of the computer
systems-biological and structural-biological analyses in
silico, ex vivo [81] and in situ [75]. Actually, among
the numerous structural-biological ‘-omics’, i. e. dis-
ciplines systematically studying individual classes of
organic compounds in accordance with their biological
role, cryo-electron microscopy and cryo-electron tomo-
graphy can provide comprehensive 3D dynamical
structural information about almost all of them, that in
correlation microscopy is often called ‘localomics mic-
roscopy’ and ‘dynamomics’ (according to the classi-
fication of J. Parkinson). These methods allow to study
not only the different development phases or life cycles
ofindividual biological objects [80], but also to perform
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B paMKax KOTOPBIX CTaBUTCS 3aJ/1a4a, B3aUMHO 00yc-
JIABJIMBAET CYLIECTBOBAHNE CUCTEMHOCTH U3y4aeMBbIX
apaMeTpoB.

MHorogaxkropHasi B3auMHasi BepupuKanus
KaK JAPyrasi CTOPOHa CUCTEMHOCTH

Jis moaTBEep K ICHUS CHCTEMHOCTH OITMCHIBAEMOTO
MOAX0/1a HYKHO MPOAEMOHCTPHUPOBATH COBMECTH-
MOCTb KPHO3JIEKTPOHHON MUKPOCKOITHHU CO CMEXHBIMU
METOJlaMHU CTPYKTYPHOI'O aHaJIn3a C LETBI0 «KpOCC-
BaJIUAALMN» UX PE3YJBTaTOB IPU COMOCTABICHUH C
JaHHBIMH KPHUO3JIEKTPOHHOTO METO/Aa M Hao0opoT
[36]. B xauecTBe MpUMEPOB TAKOTO COMOCTABICHMUS,
MIPOBOIMMOTO B paMKax eTMHON PabOThl, MOXKHO IpeI-
CTaBUTH KOPPETISAINH PE3yJIbTaTOB KPHOIIEKTPOHHON
1 ONITHYECKON MUKpockonwH [ 14,129], rubpuamsanmro
KPHORJIEKTPOHHOM MUKPOCKOIINH C (DITyOPECIIeHTHBIMU
MeToankamu [57,96], a Takke PamaHoBckoi MUKpO-
CIEKTPOCKOMHEH Ha YCTAaHOBKAX JIa3€PHOTO 3aXBaTa
(nmazepupix muHIeTax) [110]. MoxHO Takke ykazaTb
Ha COTMIOCTaBUMOCTD JJAHHBIX KPHOIJIEKTPOHHON MUK-
POCKOIIUH KaK TOHKOTO CTPYKTYpHOTO METOJia C JjaH-
HBIMH aJITEPHAaTUBHBIX BUJIOB CTPYKTYpHOTO aHaJIu3a
(Takux KaK MaJIoyIi0BoOe paccestHue HeHTpoHoB [11])
U CHEKTPOXUMHYECKUMH METOAAMH, HMEIOIHUMHU
3HA4YEHHE JJI51 ONpeeIeHIsI MOJICKYISIpHOH / HaiMOJTe-
KYJISIPHOHM CTPYKTYDBI.

KpuosjexkTpoHHasi MUKPOCKONUS KaK HHCT-
PYMEHT CTPYKTYpPHOH MHKPO0OpadoTKu

PaboTa ¢ MHKpPOCKONTUPYEMBIM OHOIOTHYECKUM
00pa3oM Ha YpOBHE CaMOT'0 3JIEKTPOHHOTO pa3pelie-
HHS 00eCTeYMBaeT BO3MOXKHOCTh 00pabOTKHU ero
AJICKTPOHHBIM WM MOHHBIM ITYYKOM in Situ, KaK 3TO
OBLIO CHIeJaHO B HEJAABHO OIyOJIMKOBAaHHOW padore,
OTMHCHIBAOIIEH BO3AeiicTBHE CPOKYCHPOBAHHOTO
HOHHOTO MUKponyuka (focused ion beam microma-
chining) Ha sykapuoTHaeckue Kietku (Dictyostelium
discoideum) ipu KprOdJIEKTPOHHOU ToMorpaduu [93].
OCHOBHBIM TPEHJIOM JIAHHOTO TOJXOJa SBISICTCS
cXeMa SKCIIePUMEHTA, ITPU KOTOPOH COBMECTHO MPOM3-
BOIUTCS MUMBMMKUHT ((hOpMHUPOBaHNE M300paKCHHUS )
u micromachining (Bo3nericTBre mydkom) [94], a mep-
CIHEKTHBBI TAaKOTO COMPSDKEHHS AIOT BO3MOXKHOCTD
CO03/1aBaTh MOJICKYJISIPHBIC MAIIMHBI (KaK MUMETHKH
MOJIEKYJIAPHOH MaluHepuu KieTku [34]) u npowus-
BOIUTDH MCCIIEA0BATEIbCKHE MAHUITYJISILIMHA C HUMU C
HCIIONB30BaHUEM KPHORJIEKTPOHHON MUKPOCKOTUH [27,
39]. OTH KOHTpONIUPYEMbIE MUKPOMaHHUITYJIALIUU CTa-
HOBSITCSI BO3MOXKHBIMH OJ1arofapst TOMy, 4TO Y4eT UHH-
IMAPOBAHHOHN IyYKaMHU YaCTHI] MHKPOMACIITaOHOM
MTOJIBIYKHOCTH CTPYKTYP Ha pa3pemieHn , OIN3KOM K
ATOMHOMY, YK€ MOCTUTHYT B KPHOIJIEKTPOHHOHN
MHKPOCKOTIUHU [73], TO €CTh MMEETCS BO3MOXXHOCTH
BHEApPEHHS OOpaTHO CBS3M MEXIY CUCTEMaMH pe-
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direct mapping of several characteristics of the mole-
cule dynamics in molecular assemblies, visualized using
the maximum-likelihood method [120], correlation mic-
roscopy for 3D structural analysis of the intracellular
dynamic interactions using cryo-electron tomography
[59] and a so-called ‘4D cryo-electron microscopy of
proteins’ [37]. Furthermore, in immunomics [16, 112],
considering the traditional use of a synchronous time-
lapse cinematographic equipment in immuno-electron
microscopy [8], it is reasonable to introduce dynamic
cryo-electron measurements into cryo-immuno-elect-
ron microscopy [89], which at the same time will allow
to avoid the image ‘blurring’ artifacts by using the
previous frames as the references for the reconstruc-
tion of the object shape and structure [18].

It would be also useful to consider some more
examples illustrating the applicability of cryo-electron
microscopy as a multivariative instrument in systems
biology. First of all, it concerns the investigations in
membranomics and viromics. Ultrastructural studies
of membranomes [103] using cryo-electron microsco-
py [70] (despite the lipid/phospholipid composition of
the membranes [26], studied in the framework of
classical lipidology) can not be directly attributed to
the area of lipidomics or phospholipidomics [68,124],
as well as lipoproteomics [53] (although it is possible
to perform cryo-electron microscopic analysis of the
lipoprotein structures [128] and membrane proteins
[33]), since they predominantly consider the ultrastruc-
tural morphophysiological level of organization rather
than the chemical composition of the sample. In addi-
tion to the applicability in membranomics, cryo-electon
microscopy and tomography allow the study of memb-
ranous cytoplasmic organelles [28, 50], including endo-
somes and autophagosomes involved in the recycling
of the membrane material and its recyclization as a
whole [32]. From the standpoint of computer lipidomics
[38], concerning the dynamic changes in the membrane
lipid content under signal transduction, of great signi-
ficance is the problem of determination of the payload
in the transport nanovesicles and clathrin-coated
vesicles in the brain functional activity, successfully
performed by cryo-electron tomography [51]. Current
research in the field of system-biological and applied
viromics [77] also can not be reduced to a common
viral genomics [60] due to the main focus on the struc-
tural aspects of data interpretation in cryo-electron
microscopy, tomography and similar conventional
methods [22]. Emphasis is placed on the structure of
the viral complexes with exogenous factors, such as
the membrane protein DAF [127], conformational shift
in a poliovirus antigen [74], capsid structural analysis
[131], subvirus particles in membranes [44] and the
entire virus particles [2], as well as on the studies of
structural and biochemical affinity using specific
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TUCTPallMd U PETYIMPOBAHUS BO3ACHCTBUH MHUKPO-
my4ykoM. CyIIeCTBEHHBIX OTPaHHYEHHUH 110 COCTaBY HU
y KPHOBJIEKTPOHHOH MHUKPOCKOIIMHU, HU Y METOJOB,
(dbopMHpyeMBIX Ha ee OCHOBE, He nMeeTcs. Mccneno-
BaHUIO MOTYT OBITh TIOJIBEPKEHBI KAK OPTaHHYECKUE
OHMONIOTHYECKUE CTPYKTYPBI, TAK H 00HEKTHI OHOMHHE-
panu3anuu 1 OMOMHUMETHKH — MarHeTocomsl [1],
LIBUTTEPHOHHBIE CUCTEMBI a0MOTE€HHOTO 1 HEONOJIOTH-
YEeCKOTO MPOUCXOXKIEHHUS, TaKue Kak OWHapHBIE
cypdakTanTsl [86] U T. 1., B CBI3U C UeM OTPaHUICHHIA
[0 COCTaBy CTPYKTYP, POPMUPYEMBIX O] KPHOTEH-
HBIM JIEKTPOHHO-MUKPOCKOIINYECKUM BO3JEHCTBHEM
TaK)Xe, OUEBUAHO, HE CYIIECTBYET.

KapTruposanue pacnpenejieHnii 1 BU3yajian3a-
HHsA 1eCKPUNTOPOB B ¢deHOMAX

CrnencTBreM CUCTEMHO-OMOIOTHIECKOTO MOX0a
B KPUODIEKTPOHHON MHUKPOCKOTUU U OTCYTCTBHSI
JIeTICHHsI Ha COOTBETCTBYIOIIHE [0 XUMH3MY KIIACCHI
MIPOJAYKTOB MHKPOOOPAOOTKH U MUKPOCTPYKTYpPH-
poBanwus (micromachininig), BRITIOTHIEMOTO C €€ HC-
MOJIb30BaHHUEM, JIOJDKHA OBITh BO3MOXKHOCTh KapTHPO-
BaHUS M MOJYYCHUS KaYECTBEHHBIX paclpeeeHuit
Ppa3Ho0Opa3HBIX aHAIUTOB KaK OTHOCSAILIMXCS K KOM-
METEHIIMU TeX WM HHBIX OTPAciIell CHCTEMHOH O1OJI0-
THH WIH «-OMHK» [5], Tak n Hecneunpuieckux. Ha
JaHHBIA MOMEHT B Ka4eCTBE BU3yaJIU3UPYIOLINX areH-
TOB /1711 KPHOSJICKTPOHHOW MUKPOCKOTINH ITPUMEHSIIOT-
Csl MHOXKECTBCHHBIC CHHTETHUYECKHE areHThl OMOXH-
MHYECKOTO M HeOmomorndeckoro miana [13, 87], Ho
JlaXKe B THITMIHO OMOJIOTMIECKIX 1 OMOMUMETUYECKHX
HCCIIEJIOBAHMSX IIEJh COBMEIIEHHOTO CTPYKTYPHO-
XUMHYECKOTO aHAllM3a BEJIET K 3aJiaue HepazpyIiaro-
LIEr0 KOHTPOJIS — BU3YaJIM3aLlUH YIBTPACcTPYKTYpHI O€3
MOIU(DHUIUPYIONINX €€ XUMHU3M CIequ(QHIeCcKIX
METOK-MapkepoB [43].

KaptupoBanue (mapping) MoxeT OBITH OCYyLIECT-
BJICHO B OTCYTCTBHE BHELIHUX KOHTPACTUPYIOMIUX H
BH3YQJIM3UPYIOMIUX areHTOB — MO SKCTHHKIIMOHHOM
(?IIeKTpOHHAS WITH ONTHYECKas TUIOTHOCTH) XapaKTe-
PHUCTHKE C TPUMEHEHHEM PE30IbBOMETPHH 1 BhIIAYEH
KOJIMYECTBCHHBIX JAHHBIX B YHCIICHHOH hopme [64] ¢
WCTIIOJIb30BaHUEM BaJIIAIINU HA MOZCITFHBIX BBIKIIA-
kax [30]. Ilpm >TOM Tak Kak OJWHOYHBIC 3HAUCHIUS
0e3 ydera KOHTEKCTHOU 1udpoBoit nHPOpMAIIN HE
SIBJISIIOTCS JOCTATOUYHBIMU C METPOJIOTHYECKUX
no3uiyii [20], 11eb10 COOTHOCUTENBHOTO KapTHPOBa-
HUS (C IPUHATHEM HEKOTOPBIX TOYEK 32 ONOPHBIE 110
IUIOTHOCTH) MOXKET SIBIATHCS aHAIM3 JIOKAJIbHBIX Ba-
PpHaLii SIEKTPOHHOM IIIOTHOCTH 00pa3ua (1, Kak cie/i-
CTBHE, ONTHYECKOH IUIOTHOCTH U300pakeHUs) 1 Tpa-
TUEHTOB pacHpeneneHns, cOOp MaHHBIX O KOTOPBIX
IUTSL pAia 3a/1a4 (B 9aCTHOCTH — aHAIIN3a CTPYKTYPHI
Oeslka MO KpHOKapTaM C MCIOJb30BaHHEM THOKHUX
MeToJ10B noaroHku [90]) mMoxkeT ObITh aBTOMATH-
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selective affinity grids [61]. The above studies do not
concern the genetic aspects of the viral structure,
hence they can not be reduced to the structural geno-
mics. In other words, there are specific areas of appli-
cation for cryo-electron microscopy in systems biology,
which fail to find a more suitable analytical tool than
cryo-electron microscopy with further multiparametric
(multivariative) data interpretation on a computer.
Therefore, the complexity of many areas concerning
the problem under investigation determines the comp-
lexity of the parameters studied.

Multiparametric cross-verification as a con-
sequence of the complexity

To confirm the systems nature of the approach
proposed it is necessary to demonstrate the compati-
bility of cryo-electron microscopy with the other me-
thods of structural analysis in order to provide a
comparative cross-validation of the results obtained
[36]. Let us consider such an approach with reference
to the comparative studies using cryo-electron and op-
tical microscopy [14, 129], hybridization of cryo-
electron microscopy with fluorescent techniques [57,
96] and Raman microspectroscopy with laser tweezers
[110]. It is also noteworthy that cryo-electron micro-
scopic data should be comparable with the results of
other fine methods of structural analysis, such as small-
angle neutron scattering [11] and spectrochemical
methods important in the determination of molecular/
supramolecular structure.

Cryo-electron microscopy as a tool for structu-
ral micromachining

Structural analysis of a biological sample at the
electron microscope resolution provides its electron or
ion beam micromachining iz situ, as reported in a recent
paper describing the focused ion beam micromachining
of the eukaryotic cells (Dictyostelium discoideum)
under cryo-electron tomography [93]. The major trend
of this approach is experimental scheme which allows
a simultaneous imaging and micromachining [94], and
the prospects of such a hybridization make it possible
to design molecular machines (mimetics for molecular
cell machinery [34]) and perform various research ma-
nipulations with them using cryo-electron microscopy
[27, 39]. Such controlled micro-manipulations become
possible due to the fact that the registration of the
particle beam-induced microscale structure mobility at
anear-atomic resolution has already been achieved in
cryo-electron microscopy [73], providing a feedback
between the registration systems and the controller of
the microbeam impact. Neither cryo-electron micro-
scopy itself, nor the similar methods based on it pos-
ses significant restrictions on the chemical composition
of the samples. Both organic biological structures and
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3WPOBaH ¥ YaCTHYHO JICTIETUPOBAH BHIYHCIUTEILHBIM
MaIlIrHaM, TOAKITFOUEHHBIM K CETEBBIM CepBepaMm, Ha
KOTOPBIX pacrlojiararoTcsi 0as3bl NaHHBIX C OMOIHO-
TEKaMH JUTs UICHTU(DUKAITUH.

CyumecTByeT JM ajJbTepHATHBA LeJleBOMY
KAPTHPOBAHMIO U KOHTpacTy?

Taxke Kak U B cirydae KOH(POKaIHHONH MHUKPO-
CKOITMHU, B KOTOPOH NMPHU OTCYTCTBUU METKH C (IIyo-
PECUEHTHBIMU CBOMCTBAMH /ISl HEKOTOPOTO JIOKAJIH-
30BaHHOTO B KJIETKE aHAJIMTa MOKHO HCIIOJIb30BATh
HeTyopeCieHTHBIH THIT pETUCTPALMHI, OCHOBAHHBIH Ha
COOCTBEHHBIX CBOMCTBax 00BEKTa M IydYKa (HampH-
Mep, auddepeHIuanbHbpIi HHTEphepeHITNOHHBIH
KOHTPACT), B KPUOAIEKTPOHHOW MUKPOCKOITUH CYILECT-
BYIOT METOABI JOCTIKEHHS BU3yaIu3aluu 0OBEKTOB,
HEONTUMAITEHBIX JJIS1 KPUOAJIEKTPOHHOTO HAOTIONEHHSL.
10, Ipex e Beero, (ha3oBhIN KOHTpACT 1o LlepHuke,
HCHOJB3YEMBIH KaK B KPUOJIEKTPOHHON MUKPOCKOIHH,
TaK U B KpHOIJIEKTPOHHOM ToMorpaduu [41, 118], mubo
AHAJOTHYHBIA Pe3yIbTaT, KOTOPBI MOYKHO MOTYyYUTh
Ha 3aMOPOKEHHBIX BOJOCOAEPIKAIIIX OHOIOTHIECKUX
CTPYKTYpPax C UCIOJIb30BaHUEM (Ha30BOH INIACTHHKH
bepma [10, 117]. CnenyeT OTMETUTD, UTO CXOXKUM
o0pa3zom ¢a3oBblii KoHTpacT LlepHuke mocTuraercs
B PEHTTEHOBCKOM KpHoMHKpockone [121], Busyanusa-
LUs] MUKPOOOBEKTOB M B TOM, U B APYTOM cllydae Mpu-
BOIOUT K MaTreMaTHYECKU-TIONO0OHBIM pe3yabTaTaM H
MOXET OBITh 00paboTaHa C TTOMOIIBIO KOMIBIOTEP-
HBIX aJITOPUTMOB, AHAJIOTHYHBIX T€M, YTO HCIIONb-
3yIOTCS JUIS PE3YABTATOB PETUCTPAINH KOH(OKAIHHBIX
«ToMorpauueckux» n300paKeHUNW Pa3ITMIHBIX
MacImTadoB B BUIUMOM, YIbTPa(roIeTOBOM, OIMK-
HeM MH(ppaKpacHOM amanazoHax [66, 67]. B Takom
ciydae mpu 00paboTKe HeOOXOMMO HE TOJIBKO H30aB-
JSITBCS OT CTAHJAPTHBIX AJIS1 KPHOAJIEKTPOHHOH MUK-
pockonuu U ToMorpaduu apredakToB HUGPOBOI
peructpauuu [107], HO ¥ yCTpaHATh MEIIAIOLIUI KOHT-
pacty opeoi-pa3mbiTue («omopunr») [83]. dns ymyu-
[IEHUS] Ka4eCTBa M300paKeHHs TaKKe MCIOIB3YIOT
ANTOPUTMBI OIICHKH JIe()OKYCHPOBAHUS U ACTUTMATH3-
Ma yepe3 (QYHKIHIO epeaadd MOTYISIIHHA — YacTOT-
HO-KOHTPACTHYIO XapakTepuctuky [114] (contrast
transfer function (CTF), T. . byHKIHS TIepeaadn KOH-
TpacTa, ONTHYECKasl IepeaTOIHast PYHKITHS), OCHO-
BBIBAsICh HA aHAJIN3€E CIIEKTPOB MOLTHOCTH IIPH IIOMO-
LM KBaJpaTypHOTo (QUIBTPA, YTO HAIPSMYIO CBA3aHO
¢ npupozao# ¢aszoBoro koHTpacra [132].

OT cucTeMHOIl K CHHTETHYeCKOH OMOJIOrHU
Yyepe3 MAaHHUMYJISIUH B KpUoOcpeae

PaznugnHOTO pO/Ia MOHIMKEHNUS YETKOCTH CHIDKAIOT
AHAJIUTHICCKOE KAaueCTBO OOBEMHBIX M300paKCHUH,
MTOJTy9aeMBIX B X0ZI€ KPHOEKTPOHHOW MUKPOCKOITHH,
1, B KOHEYHOM HUTOTEe, HX IBPUCTUYECKYIO IIEHHOCTh U
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biomineralized or biomimetic objects, the magnetoso-
mes [1], and even non-biological zwitterionic systems
such as binary surfactants [86] can be successfully
studied by cryo-electron microscopy. Therefore, there
are also no restrictions on the composition of the struc-
tures formed under cryogenic electron microscopic
micromachining.

The analyte distribution mapping and the
descriptor imaging in phenomes

A system-biological approach in cryo-electron
microscopy together with the absence of the cryo-EM-
micromachining and microstructuring product classi-
fication according to their chemical composition are
expected to provide mapping and qualitative distribution
of various analytes, both specific within the particular
area of systems biology or ‘-omics’ [5] and nonspecific.
To date, numerous synthetic compounds of either bio-
chemical or non-biological nature are used as imag-
ing agents in cryo-electron microscopy [13, 87], but
even in pure biological and biomimetic research the
main aim of the combined structural and chemical
analysis is to perform non-destructive testing, i.e. ultra-
structure visualization without any chemical modifiers
and specific markers [43].

Meanwhile, the mapping procedure can be easily
performed without any external imaging agents: ac-
cording to the sample extinction parameters (electron
or optical density) controlled by resolvometry with the
quantitative data output in numerical form [64] using
model validation [30]. Since the single values without
considering the context digital information are insuf-
ficient from the metrological standpoint [20], the com-
parative mapping (which assumes several points as
references in density) may be aimed at the analysis of
the local sample electron density variations (and, hence,
the image optical density) and distribution gradients.
The corresponding data acquisition for some purposes
(in particular, the protein structure analysis with cryo-
EM maps using flexible fitting methods [90]) can be
easily automated and partially delegated to the PC con-
nected to the network servers with databases and
libraries for the structure analysis and identification.

Are there any alternatives to the target map-
ping and contrast?

By analogy with the confocal microscopy which
allows using a non-fluorescent imaging for intracellular
components in the absence of fluorescent labels, based
on the intrinsic properties of the sample and the light
beam (e.g., differential interference contrast), in cryo-
electron microscopy there is a number of methods
which allow the imaging of samples inappropriate for
cryo-EM studies. One of them is Zernike phase
contrast method which is used both in cryo-electron
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TOYHOCTH no3utonuposanus FIB (chokycupoBanHOro
HMOHHOTO Ty4Ka Ipy MOIM(UKAITUN OMO00HEKTOB MO
KPHOAJIEKTPOHHOH (pHKcannei), B YaCTHOCTH B METO-
JONoruH cryo-FIB (¢ KpHO3JIEeKTPOHHOM MHUKPOCKOIIHEH
Ha PErUCTPUPYIOUIEH YACTU IKCIEPUMEHTAIBHOMN
yctaHoBkH) [119] u ee kBUHTICCEHITNH — cryo-FIB-
SEM [98]. Pa3paboTka KaueCTBEHHBIX CUCTEM C CHH-
XpOHHU3aLHUEH PEruCTPUPOBAHUS U MOAU(DUIIPOBAHUS
00BEKTOB XOpOIIO COBMEIIAETCS C COBPEMEHHBIM
TPEHJIOM Ha COMNPSHKEHHE CUCTEMHON OMOJIOTHUHU Kak
AQHATUTHYECKOTO MOAX0a C 0OPATHBIM KOHCTPYKLIMOH-
HBIM ITOJIX0JIOM — CHHTETHYECKOH OHONOTHel niin xe
KOHCTPYHPOBAHHEM HEKUX MPOU3BOJIBHBIX MCKYCCT-
BEHHBIX OMOCTpPYyKTyp. Tak, aHamm3 ecTeCcTBEHHBIX
CTPYKTYp (KTYTHKOB WU IMIHAPHBIX CTPYKTYP MPO-
TrcTOB [ 17]) M monmycnHTeTHYECKUX (OMOXUMIUYECKUX
[0 COCTaBY, HO CO3/IaHHBIX B YCIOBHSX, NAJIEKUX OT
HaTUBHBIX) OOBEKTOB, TAKUX KaK TPEXMEPHBIE KPHC-
TaJTbl OCJIKOB, BBIPAIIEHHBIE B LEJIAX KPUCTAIIIOrpa-
¢uueckoro uccnenosanus [82], hopmupyer 6azuc s
KPHOBJIEKTPOHHOTO 00BEMHO-MOP(OIIOTHUECKOTO aHa-
nm3a uckycctBeHHbIX JJHK-opuramu [6] u eme 6oiee
(YHKIHMOHAJIBHO CJIOXKHBIX UCKYCCTBEHHBIX MOAETb-
HBIX CTPYKTYp (Hanmpumep, HICKYCCTBEHHOT'O CHHAIICA
[43]). HecmoTpst Ha TO, UTO B psijie TOIOOHBIX CITydacB
B cuiy muaHapHoro 2D-xapakrepa 00beKTa MOXHO
00OUTHCH MEHBILIEH Pa3MEepHOCTBIO aHaNK3a (KpHo-
3JIEKTPOHHONW MUKPOCKOIIMEN, 8 HE KPHOATEKTPOHHON
tomorpadwueit) [58,126], xkak mpaBuIIO, MOBHIIIIEHHE
pPa3MEpHOCTH Ha €JUHUIY yBEIMYMBAET MAacCHUB
JNaHHBIX, a 3HAYUT — WHPOPMATUBHOCTH aHAIU3a
KaueCTBEHHO, Ha TIOPS/IOK, JjaBasi HOBbIE BO3MOXKHOCTH
JUTSL KoTMdecTBeHHOTo aHanm3a [113].

IlepcneKTHBBI METOAUYECKOT0 YNPOUICHHS
W NMOBCEMECTHOTO BHEJIpPEHUs MeToJa

BcenencrBue mepedmnciieHHBIX BBIIIE 00CTOS-
TENBCTB PACIPOCTPAHEHHOCTh KPHUODIEKTPOHHOU
mukpockornuu B EC, CILIA, AAnonun u Kutae, a Takxke
KOJINYECTBO BBINMOJHAEMBIX C €€ HCIOJIb30BaHUEM
WCCIIEIOBaHMUI, HENPEPHIBHO PACTET, MHOTHE TEXHOIIO-
THYECKHE JIEMEHTHl COOTBETCTBYIONINX YCTAHOBOK,
KaKk M OCHOBaHHBbIE Ha UX MCIOJIb30BAHUHU METOBI
KOHIIa NMPOLLIOTO BEKa, BCIIOMHUHAIOTCS TOJBKO B
perpocnexktuBHOM KoHTekcTe [111]. Peus B HacTos-
Iiee BpeMsi HJIEeT O CO3/IaHUH CHCTEMHOM HH(PpPaCTPyK-
TYpbl JJIs MOJIb30BaTeNel BhICOKOpa3pemarnien
KPHOBJIEKTPOHHON MuKpockomuH [ 104], paspaboTtke u
BHEJJPEHUH HOBBIX TEXHOJIOTHUECKUX HHCTPYMEHTOB,
TaKWX, HaIpUMep, Kak TEXHHUKA caMoo0ecTieqnBaeMoin
1o naBieHuo kpuopukcaunu SPRF (self-pressurized
rapid freezing) [49]; mopTaTuBHBIE MITYHXEPHI, IPHU-
TO/IHBIE TSI KPHODJIEKTPOHHOW MUKPOCKOTIHH, C BO3-
MOJKHOCTBIO paboThI ¢ 00pa3namMu, PUKCHPOBAHHBIMU
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microscopy and cryo-electron tomography [41, 118].
A similar result can be obtained using the frozen-
hydrated biological samples with a Boersch phase plate
[10, 117]. It should be noted that Zernike phase contrast
is achieved in a similar way in X-ray cryomicroscopy
[121], so the microparticle visualization in both cases
leads to mathematically similar results and can be
subjected to computer processing using the algorithms
similar to those applied for the confocal ‘tomographic’
images of various scales in visible, ultraviolet and near-
infrared spectral ranges [66, 67]. In this case during
the image processing one needs not only to eliminate
the digital registration artifacts obvious in cryo-electron
microscopy and tomography [107], but also to avoid
the beam-induced blurring reducing the image contrast
[83]. The image quality can be also improved by using
the algorithms of astigmatism and defocus estimation
through the modulation transfer function — contrast
transfer function (CTF) [114], based on the power
spectra analysis with a quadrature filter, which is
directly related to the nature of the phase contrast [ 132].

From systems to synthetic biology through
cryo-electron micromachining

Various factors reducing the image clarity obviously
reduce the analytical quality of the 3D cryo-EM images
and the focused ion beam (FIB) positioning accuracy
during the biological object modification under cryo-
electron fixation, particularly in ‘cryo-FIB’ technique
with cryo-EM registration [119] and its quintessence —
‘cryo-FIB-SEM’ [98]. The development of complex
systems with a synchronized sample analysis and
modification is expected within the modern tendency
to the combination of the systems biology as an
analytical approach with the reverse constructive ap-
proach - synthetic biology or the design of some arbitrary
artificial biological/biomimetic structures. Thus, the
analysis of natural biological structures (e.g. flagella
and ciliary structures of the protozoa [17]) and semi-
synthetic objects (those synthesized artificially from
the biochemical components), such as 3D protein
crystals for crystallographic studies [82], lays the
foundation for cryo-electron 3D-morphological analysis
of synthetic DNA-origami [6] and even more complex
hybrid artificial structures, such as an artificial synaps
[43]. Despite the fact that in some cases due to the
planar 2D structure of the sample less dimensional
analysis may be sufficient enough to obtain the mor-
phological data (cryo-electron microscopy instead of
cryo-tomography) [58, 126], the increase in the analy-
sis dimension generally leads to the enlargement of
the data amount, and hence, improves its heuristic
value, providing new opportunities for the quantitative
analysis [113].
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B €CTECTBEHHOH cpenie [24], u psin annaparypsl J1a0o-
PaTopHOTo CONPSHKEHUS U3BECTHOTO 000PYI0BaHUS C
KpPHOAIEKTPOHHBIMU MUKPOCKOITMYECKUMH M TOMOT'pa-
(myeckumu cuctemamu. B mocienHem HampaBiieHUH
MIPOPBIBOM CTasa pa3paboTka MeTo/la KOPPEISITHBHOM
PEHTT€HOBCKOM KpHOT€HHOM TOMOTpaiH B COYETaHUN
C ONTUYECKON KPHOMUKPOCKOITHEN 1 KPHOATIEKTPOHHON
MUKpocKkomnueii [21], ncnonp3yemMoro B 1ab0paTOpHBIX
WICCIIEIOBAaHMSAX B PA3IMYHBIX eJsiX. Benencrue poc-
Ta UHPPACTPYKTYPhl U TEXHUKO-METOAMYECKOH HO-
CTYITHOCTH KPHO3JIEKTPOHHOM TEXHOJIOTUH BO3HUKAET
NoTPeOHOCTH B HOMYJISIPU3aLUHU BCETO KOMIUIEKCA O~
TOOHBIX METOJOB i1 OMOJIOTOB, MENAUKOB U IPYTHX
CIEIUATNCTOB, HEMOCPEACTBEHHO HE CBS3aHHBIX C
KPHOTE€HHOM WJIN KPUOIIEKTPOHHOM MUKpOcKonuen. B
pamMKax yIOBIETBOPEHHS NAHHOW MOTPEOHOCTH BHI-
ITyCKAIOTCS CTaThH («mpaiimepb») [79], KOHKpeTHBIC
pPEKOMEHAANNH 110 OPTaHU3aNH PaboYrX TTOTOKOB B
ClIy4ae COTpSKEHHsS METOJOB KJIETOUHOIO MM TKa-
HEBOT'0 aHaNM3a M MoAuHUIKpPoBaHus [55], oTaenpHbIe
MOJIEKYIIAPHO-ONOJIOTMYEeCKUE MPOTOKOIBI IS aHAJIH-
3a CrIeIM(UIHBIX 71T Pa3HBIX «-OMUK» TUIIOB COCANHE-
HHUW MOCPEACTBOM KPHONIEKTPOHHON MUKPOCKOIIUHU
[42], METOIUKY MMOATOTOBKH PEUIETOK JIs (pukcamuu
TIpernaparoB B IOJIE MEKPOCKOTHH [48], OCHOBaHHBIE
Ha HOCSLINX KOMOWHATOPHO-TEXHOIOTHUECKHUI XapakK-
Tep anpodanusx pasInuHOro THIIA COCTABOB U MPO0O-
MMOATOTOBOK. PeanusyroTcs 3amadm OMonIOrndecKu
Hepa3pyLIAIoLIero aHalIn3a, 0e30I1acHOTr0 Kak Iy ca-
MOTO IIpeIMeTa MHTEPEeca, TaK U AJIS €T0 OKPYKSHHUA,
JOCTYIIHBIM WU pallHOHAJIbHBIM MHCTPYMEHTOM IS
OCYIIECTBIICHHUS] KOTOPBIX SBIAIOTCS MaJl0I030BbIE
TexHuku [40].

BoiBoabI

KprnosnexkTpoHHass MUKPOCKOIIUSI CTAHOBHUTCS W3
9K30THYECKOTO BIOJIHE OOBIYHBIM METOZOM OHOIOTH-
YECKUX HCCIeNOBaHMH (M, BO MHOTHX Cllyyasx,
OMOWHXEHEPHOTO YIBTPACTPYKTYPHOTO KOHTPOJIS),
CIIEIUAIN3UPYEMBIM T10J] KOHKPETHBIE MapaMeTphl
HCCIEeN0BATENbCKOM 3a1aun. JlocTuraemoe Ha coBpe-
MEHHOM JTare YyIydJlleHHe KauecTBa M300paKeHus,
MIPOCTPAaHCTBEHHOT'O Pa3pELIEHUs U UYyBCTBUTEIBHOC-
TH UMEET YTHIIMTAPHBIN XapakTep [99] u He 3aTparu-
BaeT (PU3UKO-TEXHUUYECKHUX U HHKECHEPHO-(DU3MUECKUX
OCHOB MeTo/a. J[omoTHeHNe KPHO3IEKTPOHHOW MUKPO-
CKOITMW HOBBIMHU OCSIMH, HICTOYHHUKAaMH M CHCTEMaMH
cOopa gaHHbIX [47] aHATOTMYHO TAKOMY K€ POLECcCy
B MUKPOCKOIIMM ONTUYECKOM, B KOTOPOIl BO3ZHHUKAIOT
IBYX-, TPEX-, YETBIPEXOObEKTUBHBIE MHOTOOCHBIE
CHUCTEMBI, JUISI KOTOPBIX YBEIMYECHHE Pa3MEpHOCTH
CTaHOBHTCSI HE MHHOBAIMEH, a HOPMOM Tporpecca B
chopmMupoBaBUIEMCSI TPEHIIE KOJMYECTBEHHOTO
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The prospects of further development, simp-
lification and implementation of the method

As aresult of the above advantages the prevalence
of cryo-electron microscopy in Europe, the USA,
Japan and China, as well as the number of studies
performed using cryo-EM has been continuously
increasing recently, and most of the corresponding
methods and setups developed at the end of the last
century are retrospectively considered now [111].
Creating a system infrastructure for high-throughput
high-resolution cryogenic electron microscopy [104],
implementation of novel advanced analytical methods,
such as self-pressurized rapid freezing (SPRF) tech-
nique [49]; design of portable plungers for intact cryo-
electron microscopy sample preparation in natural envi-
ronments [24] and development of hybrid instruments
for complex structural analysis based on cryo-EM and
cryo-tomographic techniques are among the most re-
cent problems to be addressed in this area. A break-
through in the above research was the development
of correlative cryogenic X-ray tomography with cryo-
light and electron microscopy [21]. As a result of the
increasing infrastructure and technical availability of
cryo-electron techniques there is a strong need in popu-
larization of these methods for biologists, physicians
and other specialists who are not directly engaged in
working with cryogenic or cryoelectron microscopy.
For this purpose there is a special kind of papers, the
‘primers’ [79] with specific recommendations on the
organization of research work using combined methods
of cell or tissue analysis and modification [55], indi-
vidual molecular biological protocols for the analysis
of particular compounds specific for different ‘-omics’
by cryo-electron microscopy [42], guidelines for grid
preparation for the sample fixation [48], based on the
combinatorial testing of various sample compositions
and preparations. Biological non-destructive analysis
safe for both the sample and its environment using
low dose techniques and cryo-electron microscopy has
been also successfully performed [40].

Conclusions

Nowadays cryo-electron microscopy has become
aroutine method of biological research and ultrastruc-
tural control in bioengineering adapted for specific
parameters under investigation. The already achieved
image quality, spatial resolution and sensitivity is of
applied character [99] and does not affect the physical,
technical and engineering basis of the method. The
introduction of additional axes, sources and data acqui-
sition systems [47] to the basic construction is similar
to the same process in optical microscopy, where the
two-, three- and even four-objective multi-axis sys-
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HapamuBaHus Bo3MOkHOCcTeH [56, 122]. CormacHo
YaCTHBIM COOOILEHMSM 3amaJHbIX KOJIJIET, HOBBIE
JOCTYDKEHHSI MOTYT OBITh CBSI3aHBI C U3MEHEHHEM H
BapbUpPOBAaHUEM CpelIbl HaxOXKAEHUs obpasia,
JIaBJICHUS B KaMmepe, MoI00pKoi KoMOUHAIMA hopM
JNETeKTUPOBAHMS U BH3YaJIM3alUH, SHEPreTUYECKON
ONTUMH3ALMENH YCTAHOBOK M HOBBIMHU POOACTHBIMH
ITOPUTMAMU aJJAITUBHOTO YIIPABICHUS MaHHITYJIS-
nusMu. Taxoke OyayT CO3IaHbl CKAHUPYIOIINE KPHO-
TCHHBIE CHCTEMBI, BBIJIAIOIIUE PE3YIBTAT Pa3BEPTKH
10 UHBIM [IEPEMEHHBIM: KPHOCKOITYECKHE SKBUBAJICH-
TBI MArHUTHBIX JIOPEHIIEBCKHX MUKPOCKOTIOB, KOTOPBIC
MO3BOJIAT paboTaTh C MarHeTOCOMaMH Ha YpPOBHE
KapTUPOBaHMS UX (GYHIAMEHTANbHBIX XapaKTEPUCTHK;
YCKOPHUTEIBHBIE «CHHXPO-KPHO-MHKPO-MacC-CIIEKTPO-
METpPBI», KOTOPHIE MO3BOJAT ONPEACNATh XUMHU3M
obpasa in situ Ipu TOTyICHUH JaHHBIX O €T0 CTPYK-
Type U MAaHUMYJIALUSIX C HUM; aHAJIOTY CKaHUPYIOILEH
TEIJIOBOM U TEPMODIEKTPUUYECKONH MHKPOCKOIIHH,
BBITIOJIHEHHBIE HA TPaJeHTaX TEPMUUYECKUX U JHHA-
MHYECKUX CBOMCTB IPH HOHIKEHHBIX TEMIIEPATYPax,
KOTOPBIE TMO3BOJIAT OTIIMYATh )KUBOE OT HEXKUBOT'O Ha
CyOMHKpPOHHOM Pa3MEpPHOM JHarna3oHe (Ha OTHOCH-
TEJHHO MaJIbIX BpeMeHax OT Hadajia IpernapupoBaHus
oOpa3na) u T. A. Kak ogHy U3 epcrneKkTuB BHIIIEyKa-
3aHHBIX KOHCTPYKTHUBHBIX pabOT MOXHO paccmar-
pUBaTh 33/1a4y NepeBoia KpHOOHOJIOTHH Ha CYTIPaMo-
JIEKYJIAPHBIN YPOBEHb AUCKPETHU3ALIMH €€ UCCIEe0Ba-
HUHN U CHCTEMHO-OMOJIOTHYECKOE paclIupeHne Kpyra
3aJady, peraeMblX B pAMKax KOMIETEHIMH 3IEeKTPOH-
HO-MHKPOCKOITMYECKOH KPHOOHOIOTHH, 33 CHET METO-
JIOB MHOTO(aKTOPHOTO OMO(PU3NIECKOTO CKPHHUHTA.

Asmopul evipasicaiom 61a200apHOCb amepu-
KAHCKUM U e8POREUCKUM NAPMHEpam 3d aKmues-
HYI0 OUCKYCCUIO, NPedOCaBLeHUe MEKCMO8 CEOUX
ONYOIUKOBAHHBIX U HEONYONUKOBAHHBIX (in press)
pabom, a makace 3a pazpewenue HA UCHONb3O-
8aHUE OPUSUHATILHBIX ULTIOCMPAYUL.
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tems have recently emerged due to the progressive
tendency of the image dimension increase providing a
quantitative empowerment of the known method [56,
122]. According to private communications of the
foreign colleagues, the new achievements in cryo-
electron microscopy may be attributed to the variations
of the sample environment, the chamber pressure,
selection of useful combinations of detecting and
imaging methods, the operation parameter optimization
for the instrumentation and new robust algorithms of
adaptive manipulation control. There is also a prospect
of designing novel scanning cryogenic systems with
the sweep output using alternative variables: cryoscopic
analogs of Lorenzian magnetic microscopes capable
of single magnetosome mapping; accelerator ‘synchro-
cryo-micro-mass-spectrometers’ which allow to de-
termine the sample composition in situ during its struc-
ture analysis and/or micromanipulations with it;
functional analogs of scanning thermal and thermo-
electric microscopy based on the gradients of thermal
and dynamic properties under low temperatures, allow-
ing to distinguish between the living and non-living ob-
jects on a submicron scale and at the relatively short
time intervals from the start of the sample preparation),
etc. One of the most promising prospects of the afore-
mentioned research is to develop cryobiology at a
supramolecular level and to expand the range of
problems in systems biology addressed within the
electron microscopic cryobiology using the methods
of multivariate biophysical screening.

The authors are grateful to their colleagues from
Europe and the USA for helpful discussions,
providing the full texts of their papers (including
the unpublished ones) and for their kind permis-
sion to use original illustrations in our review.
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