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X-ray crystallography

Small angle X-ray scattering

Traditional biochemical and biophysical method
‘ Low resolution

E 1 SHEYFEMARFEILE PR HE NN L, 23RZEH T &), BRI S (A
Lmdi, REEZEHIER). MBS (small angle X-ray scattering) FlAX AL G WA 2 HR  (traditional
biochemical and biophysical method) A& & T 5T F R AW 40 7, AH 3 P35 BRAG: Bt IRER
(NMR) (s o Bt i, (HRRIR REER N X W& fk% (X-ray Crystallography) 57 R T8 B4R 5E
IFREF B S R IO A (ZHUE DL R AT DU B R Ay 9 ), AR SUL & 2450 W R BB R AR
(cryo-electron microscopy) ] LASRAFER K FR AWM Z4Eghity, I WAEIERIPENFER (QKg); AT
WOHUH AR (free electron laser scattering, FELS) /& H AT IEAE R AR, HEREWA LI RE L3RG 4EY K
G F IR SR R I = 4

Fig.1 Comparison among different technologies in structural biology The vertical axis refers to resolution

Super-
complexes

Proteins/Nucleic acids

Electron cryomicroscopy

(higher from bottom to top) and the horizontal axis refers to the investigated biological sample scale (larger from
left to right). Small angle X-ray scattering is suitable to study biological molecules in multiple scales, but the
resolution is relatively low; Nuclear Magnetic Resonance (NMR) can be used to obtain structures with high
resolution, but limited to relatively small molecules, eg. below 30 KD. X-ray Crystallography has a wider
investigation scale and can be used to gain high resolution, mostly atomic resolution, but crystallization is its
bottleneck. Cryo-electron microscopy is powerful to solve super-complexes in medium resolution, usually in
nanometer scale, but it can reach near atomic resolution for symmetric structures nowadays. Free electron laser
scattering (FELS) is a new technology under development, which is promising to solve the structure of biological
samples in multiple scale and high resolution
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MR P M ULT, DU 25, A3 20 AL H I = e g i B8, Lotk S 520 1R &5
WBREATE I, ERWSGRAG A M Es R (K 2) @, FUS0RE — 4k B 75 4 KR K00
AT H 0] 2 SR AR = 2 A v S5 A5 T TR AIF U0 S ARE U AN R AT AN /] 1) B0 5, 1A

ACTA BIOPHYSICA SINICA | Vol.26 No.7 | Jul. 2010



RV T M B R R S HUY E L Lk

particle 2d classification
raw images selection and average

)

AL

® W ¢

initial model model projections new model

B2 SEa=#4SHEELEITEERE WEKCHERORE: CTFHIE (B RER), Bk, —4ik1giL
Bes FRREY, BURTHSE, WIRARIALER ST, BOYILE, WURMEIE, SBrAlgsr, HEEK

Fig.2 Flow chart of data processing for single particle analysis The common procedure includes CTF
correction, particle selection, 2-dimensional projection image alignment. classification and average, orientation
determination, initial model building, classification and alignment using the projections from model, refinement of
the orientation of the raw images and building a new and refined model until convergence
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Fig.3 Principle and flow chart of electron tomography  Take porcine aorta endothelial cell as an example,
the procedure includes data collection from different orientations, normalization and alignment of the micrographs,
geometry parameter determination, reconstructuion, post-processing and data analysis (eg.segmentation and modeling)
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T FRAE
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FIDK 7 AR A P ) IRV RO VEIEAT 70 38, HE R N DOHE VS VR . 5 R adt v
PR o B PR TRV VR N e s DR Ve R, 0 TR R O 1 S A R A AR R RE S T O
FEER RN RHE AR (cryo-plunge) [R5 VE——4 5 A7 HE W) K 531 FF il IR 40 AT
T AL SR, R E 4K (blotting) 22 4% IR A i 73 S 7 2 T T ik — )2
TR, AR R G DR B PR B AR B B RS it WS Sle i) A
PRAE T HF Sl W DR B IR oK K2 (B 4) o a2 AT I B i1 2he B ok SE IR AN
PR T, JUE 26 F 5 A S0 53 A B 08 MR A A S i R AR 224 2 4 WO R o MR B
IfR], ) H O S B S AR A b s IR, B Z BRI IZ N, —LER R
H A P A 1 B A 204E) T, W FET A w1 Vitrobot il Gatan 24 ] ff) CP3 45 (K 4). A
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PRFERL IR (C) CP3, Gatan 2 H] AR (12 H B VR FE bl il e

Fig.4 Cryo-plunge for cryoEM sample preparation (A) Schematic diagram of a cryo-plunge apparatus!*™,
(B) Vitrobot, a fully automatic equipment for cryoEM sample preparation from FEI company. (C) CP3, a
semiautomatic cryoEM sample preparation instrument from Gatan company
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H Vitrobot, TN G AT LUK A 448 PR S5 0 AR, S IR T 4 118 R R R R R B I
W], SRR T AR AE i % (0 B D 28 R AT 70 a0k, 2% A0 22 3 767 5 9 35 VI mT AR T
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AR HL BT 5 RIS [7) 55 ZE ORI A S AT, 41 Gatan Cryo-Transfer 626 F1 CT3500 %5,
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BN, WHEG ARG, 3) MO RAFENTING, B REAR S 4) FE&
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Sy I AL PO IR BN AL B4R S, 52 e o HE R R S . R IX G ), — LS T
FE & 08 8 v ReE O o WA B gl Bk A2 = th ok, 4 JOEL 4wl 1) JEM 3200FSC, FEI
AW 1) Polara LA Jz FEI 24 ] 1 Titan Krios 4%, X %8 HLBE e 65 S — R 2 /M i 1 2 ORI
I AR, PR EEREERBE N, BORRREE Eydb T A0 SRR B A% A i
BS503R0 )&, FEI A [ Titan Krios Wil 23 T &8I A s RS
(autoloader system), —{KAJZEN 12 MAVRFEM, KRRIEm TSR, HEEEH MR
WOAE, R KFEEE b T A R W I B T UK IS 3, 9RXERHIN R 4L
i B — AT A S, AR . W EAN RIS, LA BT B IR R SR AR
WRE & AR AR AT TAER, SEBR bl BEBRAR, FF I 52 o2 FE ) S 1 ) el v
R IX—4HVE,  Fujiyoshi &g Se il 7 nl LAZEMZ0 N TAE AR AE dh 6 JF HASFE AL )
BN T7 XN 2 ek s A =, kP4 TR & 1A e v, H T FEL 2 A1) Polara.
Titan Krios 5 JOEL A ][] JEM 3200FSC #51] LA 204 6 23807 %8 . H T N FH A
FUUEH, WA & TR T b 1A 27 0 A 1 A A 5 R TR AT R R R A
P8, SR T AR 200 B T B AR AT BEFI L B 8 (charging) 46 )8, WA 1L
AR BRURSORE 73 A7 R PR 7 DR 2 = 4 g 5 5 T AT R I HH ) R R BRI #, Jensen ™ 5T
SR I L AN R A R B AT AU v BB 2 = o TR 45 RSN U R R R R AR
E[SIEE

32 BEBWHEMRES

IR F BT BEARAEAF A R I &5 K R A b T AAEARR B BEAT A AR, ol 38T it AT
FEFTRIRARY S AR N (KR W27 R R 52 L 4R R R D AR AT B, BEAE 20 /A LT,
AT OREFRE SRR G, AR HHIR A B R BRI — iR R . i T 2R 22
sl [958 R HECS RE ) VLGRS pe B 7 B R, 5 KA R A R ot PR JS A B — B AR 22,
SRR MR R R NI A BOG IR A7 ok S i BB AT B (T D T BRAE IR i IR A
SRREWFEE, AR ERBROMTTE), (HIXPIR TR AU w0 PR 5 H A
ST o QTR G v 20 9 A5 G BT T B0 PR (0 A R LR IR P B AN s ¥k
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WEERI T e AP B = S 228 (pole piece) FBETH AN LE LR il (0 el 400 152
KRB s AE I P8 B BORTT LABE i #3072 — D he m BB
X EAE S RS AEH B 3G AR (phase plate) $ A BE A W KHE & BG4 FE RO
WOk, I SR n R T S T R SO T AR AR A oK R AR v A R i A
PEATRE, [RIB3e S T BHRE LG, AR AR B SEIRn] LU 2 M5, it L REARiR . &l
YiARCAE, Nagayama BIFFUZH P E AL AHAR (Zernike phase plate) FIRIEFTAIR I J5 1 i
TIRZ TAE, S ARAIE AN R R BBl i T v R B A0 B e kAT T O 8%, B
ORI D0V 2 M T B8 3 4 i AR A i,
3.3 ENPHERAIIRE

T8 T AT ST PR S A — A B A BAR I A W) K 4 1 IR B 20 e = Y ) — B &
R XA R LSRG, T A8 R A A 1k BB A AN W S THE A3 NATTE 2 T rl e, 2433
JST o BRI = YRGS, P S 0 i AR T RS R RS L, SR &
BEBMRMNEGRZ, SRR PR DA Bt e-PAT e, B8R LR
SENE S WD ER S R AN EGCR AR A IO PERESE U T . 3 K5 ML 748 (field emission gun,
FEG), ¢l st BE3 RSN R (0 B FH OROR B i 77 - AR I I A s SR 28 1 A
DG 5 TR, b T ZE RIS FEL 2 6] f# Titan Krios EA#H] T =%
BB, WAEAR R I JE H A SE I AT OB, JF Hoaz B B aE B g D R R
(constant power) #1515 5% 2 S0 IR A VR BB INASUE ;. BR 25 B8 1E 2% 1) N K 91 B ) R BR
ZERBURFEW 5 AR AR B AR A R A7 T 8 ELRR RO PR 73 445 R s ZEARR & F A
BAEATE, RGEH CCD ABLITIAE F BB 5 e b 22, JF HL CCD 8022 1 A HL ek 0™ T
ST o> HE RISRAE, PRI CCD & H AT BRI AT w70 e Sk 5 B R =R R, X —
THLETORE A B AE AR SR L AR P T — MiOBT B BRI 3 —— B WL 4RI 2% (direct electron
detector, DED) N T SA, R &8 JCie N R URE . BhASTa I, I 3 O 5 b 4T
KKt CCD, HHE /& DED %A CCD Jrli A 1) md BUs sy, SREEG 15 B4 0K
#E™, HHJ FEL A A] (http:/investor.fei.com/releasedetail.cfm?ReleaseID=399045) F1 Direct
Electron A #) (http://www.directelectron.com/products.html) ##EH T 2% H ) DED 7= .

DB FE i R ARG M PR DR A BT B P4 v M o 20 A L RS I = AN T I 2k 13
AER AR S AR T AR R TS TR R R o kA, — TUR (¥ L BB R—— A
L7 UK (scanning transmission electron microscopy) T P 4 3K W0 £E 28 W 24 5 S I 5%
AR R B OL A, R LIRS AR B A R B = 4RSS AT, O LG R R AT
PRSIl A A, AT 6E B 1 A it BRI A AN T D3R A AN [ R B R A 1) AE AT K
JUEFESD (A, Zaifa M) W =4e45/mt, BATH R Zn T o) R 414 i g R B
THERZ e, RIFHBCRFH %8S (dual beam SEM) LE T3 (FIB) XfAEMmHAT V) A,
SR A0 I A A PR SRR T SO R DD T AT R T, I IR W] USRS AMOK G RE i
) =4EEIR, T e g i R iR A H .
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4 REREREHEGESLERMBEL

41 BERNSNIRERENBgE

LU ST P 4 = U G S 7/ N i = S D o € P O LD e B A B S SR ¢
R b PG A s 4R 75 BLAE AR R & (low dose) M F k4T, W HMHETHIEN 10~
30 e/A2, AR I EIECR SN h =00 HAEMRAs (search B, i MG AR HAIG)
N HROK R R A G N D AR AT A P R AL (focus BE30), KEBORAEHik
B RGN I A5 B SR, ARk e B G IXCI) 1~ 2 wm BRI BN e IEAE R AR
JEVOE AR (=1~ =3 wm) FIBEGINR]; 555 58 e = D E——W G (exposure
BEx), fEik e X EAEAT BRI R . i TR IR b H AR XU 20— el 7 ARG
WS, AT BB A Bk 0 PR 5 5 i DL A P B 55 UKL I 25 H A 3 A i L, R I 258 1
R T, DA ZISCAE K e R JRUUR B 4% . Rosenthal Fl Henderson™ 728 i B8 43 A1, WA H
RIURL = 2E T AL 1) 73 H % 5 BT SO BORE 080 H A S DI R, JF HARI ——22 358 1 193 9%
H, ROTHE - E TR H T SR ARV S AL B R ) 38 VA R XA K, TE
Wit LA P RORE S HAE LT AN B LT A, SRR e K E H RO, T sh Bl R Uy
OB RO AT, o200 R A R B SRS Ty ik . I TRk, SRUBORE I AR BdiE (1 B S i i
ERARGIRIR R, —J7HE 5T B S A B BCER (15 A A e HE 20 G0 Bk S 45 5 T
KR IESCHL T Bk 4L, W Quantifoil™ ( http://www.quantifoil.com/) 1 C-flat™ ( http:/
www.emsdiasum.com/microscopy/products/grids/cflat.aspx); 35— 77 4 T 5 Foki B 3h A6 53R
WO SRl T 2 HH SR FF R, 32 AT Leginon™ %, AutoEMPURI JADASMI4F 4 £, X
96 1 L AT RE Y A B U BRI, BB s A s T R B B AR, Sl e Sk
B Ja T DL BRI 1 B s, — AN IR 52 Scripps BFSUT I Carragher BT 5T
1K H] Leginon REETE 25 /NF N HBI5E T 284 742 /N3 TR GroBL HII I 5 45Uk £k
WWCET AR, JF BARR SRR TIF T 8A /R = 4 R .

4.2 BER=HEMHE 3L BRI BRE RN BRIk &

FARIURL = Ak T ALK 5 B S 40 B R bl ol B A AR T RORLE B ok, T8k
M H 3 RORE 2 — AR 8 REIN 2 A, BRI B Sh Ak RORE Pk BAT Ty . B H
Bk, CRAMRZ PR APk M (K1), EEEPEAE TN ITE
(template-based methods) & T LA M 1) 7775 (edge detection-based) . K BEAH L1 T7
7% (intensity comparison) . T 4UHL ) J5 7% (texture-based) A 28 W 4% J5 7% (neural
network) 5™, PRIRAEHEIAF] 80%~ 90% /- A7 o LEAWEFALMPME T, Rk B it 5
BRBEIC T IR SN R R T — BB RORL H s A BRIE AT Picker (Fr &), H 7ML
R T AR KA. dbah, Bhxdid 2 R T4 I 2R N A ReREAT 5 R0k 5 4 Ak 21
HIT5 3L, Lander ZEB9FF K T — 8 BN — 4 F5 44 G A B K 26 R 48 Appion, MR FEH K
fit 55 CTF K21 MUK B APkt . 4RI T 702K WIS AR 1 3 = YRRV E, S
T A BN AL B, RIS N S T PR ) SRURORE A AT R, AR I Y 058
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AN AL BRI FORL — Y FE R BORHE ) B B — M R R

x1 ERAMBIIR ARG

Table 1 Common softwares for automatic particle selection

AR AP EE IS

TYSONE” JAFTEY, BERULAS, RS s 255 =R
SLEUTH®™ R

FindEM®” SR

SwarmPS™ H AR SRR ZAS I

DoG Picker®™ 2 58 #: (Difference of Gaussians)
Cyclops®™ H S HESR AR X 4, FE T e 2 IR R AR
SIGNATURE® FETHM, HEHIFIE (hierarchical screening)
ETHAN®™ PASIR FEAB SR RE LA, T T BT Rk
Xmipp™! DRSS ESEN

SPIDER™ FET R UL, R bR AEA AR R R H ST

43 BTHE=HEMBNLEIEKRE

HL W7 S22 AR IR AR o 05 3 T S S b KA [ A B B, T SR R
W DB AR AR A i R R4, 75 JUURE R v 7 SR . — ST &5 AR AT B R I, 2%
FEARASE NS HRFE S, ARG E i A Sl B 0 IR A, o Jm TR ME & OB B 1) X 3
XA A ROt D RS R . T W R B SRRV 2 SEBR R R 1) R AN AR
B — MR, HTIWRERE, EESH €M mE, EEdE SR b2 AT LA
Xt (alignment), FITLASEBR AEWUAE I AR Hp b UBRAMASE — L8 F FIUCEL I B, X A0 3 A
BN FIEG N, 2) BT A AS 5 R A0, H 7072 R RBIER 3 +70 FE 2 A (R4
P, 7R ECHR AR IS R A B S DU PR AR B R B 2 1A R, BT IXFEN % &
FEAE T SEME . SRE DL K saxton =R BOCAE NG s 3) T AR FE R IR RS AT R AR
&, A BE T R BCER 5 A Pl RE G AR B S, A —JBCR B AN O JBE T 43 328 8 ) o £ 35
WS H s, SRS TR IR 0 B2 m) R 7 M AR B . 4) AR AR R, BN R X AR
EIFA—E, F R AT AR FAr A T AT 5y — LK A T IE AR R, IF H SR AR AT
REBEE A1 B MR AN R 5) A 5 Bt 2 s i o 1 I 2 O R (9 — AN B2 R R, 5
M AE AL S T W G R, JCIURXN — SRR I3, (SR i Ao BEAS S 4
1M ELBEAE M BERE R, ARk ZE , 3 O B sty Sk R, EAL) 2 9 e A LU WA I,
JIT AR i JB B8 AR P 2 IRIRUAET o XX S S B il /L, TR 19 340G 1) L7 T 0 Wi R
PR A I, HEr) 248 H /4 UCSF tomography®, TOM software toolbox™!,
SerialEM ™, Leginon™ L f% FEI % ] [f] Explor3D 2%, X 4% [ Zh1b $o s 4 72 v (o
Xplore3DU™=1021) - g4 ) F B 4] JL 5K 4% 10 O B St 8 A Bt Wi 4R 5 1 v TR 4 1 O 2 0028
N DR R BRAES T A0 41 184 o 1 70 2 0 4 i (R 54, 9 EL e 9% LG JBORS 1 b 422 11 FBLBE AT CCD AH
Bl, SeRCAZhEREDIRE, Refs S 2 Pl s SRm A =X
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5 SHREITEEREAEDNA

Sk B O R 5 1) 1 I FE A 793 P B — 4 T A 1) S RS S 1K, (BSR4
PR M HL B SE M, R TR S SR RS PERE B, KU B R A R R
AT E, Xgor T B g ERREE RS B A8 EAHAN B HER =
YEF Y 7 O, (M RE TS — B BRI B — AN, A Rl A I A
m R AL N, B g A A RN T AN B, JF HLREE HUEE H sk
O ST AR [ e DA R Kt e ) AP 0 0K, e M e T A L A A 1 R A 2ok
Rz,

ERFEAREG SR BV IR . HEr, T 714K (Petaflops) 257 f = 1 B8
VAR IEAE RN BTG IR B = e A S AR A R AU P . TiEE 100 Petaflops (1 &R 4E
¥ 2016 AFH B, 1 FAZALIX (Exascale) 2l (W) PEREVH . R Ge 1 v e T 2019 4F H .
ZRRARE AR MK EALG AR M ER RGOSR A N2 E TR, XA
(103 5 Jo A Shy i DR A 1) 5 = TR O S R SE TR W e ST, [ S A AR
(SSD) 11 1V i At 75 Bl A7 fh B KR 3 o, 30K KK 2 H B — o TR R R i (0 28 1525
HJ7, e 7o SEHLER TR HE AR M fE

LA, GPUHARMKRE, TRRET Mt REI AT RSB 4200, 2007 4F Nvidia 2w & A
T GPU tH S 4 F21E 5 CUDA 1.0, 51k 7 GPU il Hlvh 8 A Fa i o AN B = 4F 1IN ]
GPU HARCAWMA TERKMERE, HArE I TH T U5 Tesla C1060 HLELA (1) 5K B2
BRSO 41k 5 1TFlops, AH4T 25 ANl 4 £ CPU Wiz HAe ) . M FHG =4 E
FE) R S0l A2 FL - BT 2 = A TR I T SRR SRR IS A GPU IR R AL B, BT L GPU il H i
AT A B A AR ) 2 AR BRI 2 I

WL IEAT IR AR S (ZERE) JR4T. MPI. OpenMP. Pthreads LA} GPU %% .
VFZ B = YEE AR 7 H Al 2 SEBLI AT 55 00 1K 9 AT, 40 BSOFTU™l, FREALIGN 7,
IMODUE] PRIISM/IVE!®%% . i AUTO3DEM®, IMAGIC®*), UCSF TOMOgraphy"4%
M 5E 42 KA T MPL AT a0, 35 4 B P ks — 4 5/ 40F EMANPY2IH [ FR T GPU 4b, I
EIURIFAT T B S, b ERE A B oF SEHOR B 90 I sk T« VR W 9 s & 4 T BA H iy
IEAESE 1 EMAN FEJ7 (1) GPU B4 LAE, Hui & 3~4 5 i Lk . SPIDER™® >1F]
IMIRSPE 2 UK F T OpenMP Al MPI 14775730, {H SPIDER R ¥ 141454 F47 7720, 1
IMIRS F£F AT . XMIPPBUER ] T MPI Al pthreads J5 3. % 2 2% T b4 16 i g% = 4
A ERAT I FFATAE 55 KT T e

GPU AR th TR 24 4 R ok 1) stk e v T B, N A YA IR, Bk
SEAFET GPU W14 A E A A R 4T . Castano-Diez %517 2007 4F#% 46K GPU J@ H
TR E RN B B S 4 A Y b, ¥ e R K R, B NVIDIA
QuadroFX4500 & [+ 538 5 =y AT iA £ 3.4 GHz Intel Xeon AbF2%(1) 80 fi5 /547
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*2 ZHEMERREFREITHR
Table 2 Common software packages and their HPC capabilities in cryoEM

R Vak/ TS AT
AUTO3DEM® AR EH R T MPI
BSOFTLI4103 CERTh ) G 115
WL T2 R R APERATT L5 2%
EMANE!2 FARSURL oy B B ZiTRUN 54 MPL
OpenMP; Z &%
FREEALIGN2" FAOR SE B IH) 1155
IMAGICRE) PRI FEH ) EAY MPI
IMIRSE! CERTh ) SEUL IR FEAY MPI; OpenMP
IMODLs.107 HL T 72 CTFIFIE; s 3EIL; R4 9%
XU & Ot
PRIISM/IVE('®! HLT TR A s U VLG 11559 GPUs
SPIDER® ! HRORE s R BRI RS OpenMP; MPI; 11454
I = Ty, AR VT OpenMP; {1452
UCSF TOMOGRAPHY®" H1 i )2 A MPI
XMIPPBY FURE SYAEFCHL; ;s B MPIL; ZZkFE

6 —HEEFAERAR
6.1 1% R B IE

EO BRI, SRR LR AT T A FE AL BB 2L (contrast transfer function,
CTF) MWOFI4L 4% % Jik B 20 (envelope decay function, EDF) MU, by b — s %
(Noise)"™ g o Hkt, WELRI AP K51 S R 1 ] LR R

F(S)=F(S)+ CTK(s)* E(s)+Noise(s) (1

o Fis) e BLSEEE MR 1, CTHGs) /2 HUBEAT BEAR I bR B, E(s) e B4 S Ik iR 2L, Noise(s)
ST T Aof FEE A 3ok R BRI T VBRI AR A A5 L, B2 S el R B R i e R S R AR R
ke FEREAT ZHETEMHT, 0200 B HEAT A AR R B (CTF) RRIE,  A02% SE ik o 200 1E
(B W FIRIE) —MAEEMGEAT, M AHER. EAEIm PR ERLER, CTFR
IEA TS, HAd AL s BT 01, CTF B2 IE K G REEAE TSR BIMERA I R A . — MM AR
PEHS A 3 A7 KA AN VR CTF R IERE )7, thH H M F2 )% 45 CTFFIND3!'™, ACE!MAi
CTFFITPE . pbhb, FEREa BRI D0, BB & A I R BB E I A — K, FR 2R
FA X AR £, HEF CTFTILT!™, ACE!, TOMOCTF!"S, CTFPLTTER FI
CTFPHASEFLIPMOSEFR [ 1] DA AR B I F i i .
6.2 —#ERITA

TEFURL 23 A e, SRAR SO — HE B IR S B0 T EAT IEAf ¥ = 4 R 2 8 O
TR, TP RE L ) 2 0 SRR A2 B I 2 MR IR VT TC R 58 i - 38 i e NSRS )
e K AN Ok UG AT AHALPEUC S, Huh 5 AH R R 2L (cross correlation coefficient), WIS
FH R RO I SR, DU by 3 S TR PG L AT AR [ (R B Ie) 228 30 R R i 4
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R Ly = YR (B R AT DR RC 70 Hr s AT SR A IURE J 46 R A ) S 8. i TE
e B R M = e A R IE R R rh, G B AT KR A 4R R LS, R
Y PR UL BC FR AR S5 AN ARG T B e R TH I e EUR, 2 Z4ETSE, AT
KT Z R H ik, 5 RPC (re-sampling to polar coordinate) /PFT ( polar Fourier
transform), SCF (self-correlation function) F1 FRM2D. RPC F k71T & 45 45 4 Ak s o
HEAT FBCRAE IF ELAE AR bR X A EREAT A T, R TR S B, BRI 2
[R] FR) e e 5% 28 A AT — PR A7 AR (FFT) vHAAS SR T SEAR P4 0 2]
GFRAB R 7510 SCFU~ 2k i B A SC R B, XA VA AR e T — AN i B AR
RREEAT PR AR, DA Jie % e () 42 MU A2 B S ) Aoy TR AT, e /T
LAHI55 RPC/PFT AHIAI AT 1453, 4% i Al DUE T8 7 -5 R e Y 4 PRl 3 37 v A2 4
(2D FFT) w555, 78 LdTrES, R B RYREIE—D/DNXEN, RPC &N
K LA R Tk, R PR R B BOR, SCF AR A2, 2003 4, Cong Z51MH
T BT ¥ 4 DU e B IU AL 5V A——FRM2D, X R VLT — AP B 2 BRI A e i
Zim, W UAFI NS 3 B (degrees of freedom, DOF) #E4T — ¢ e 8 37 - A5
(2D FFT), 4 1 7E— 4P a) vy 719 BUR80E 1O (5 S M- B 34T I AE 5 € (zero
padding) AEWS W E RV, FRM2D 59 O 434 5 EMAN Hfh4 H,

6.3 “HEGS K

TERRRL o Hreh, HEERMR R AT RPER] . — X B 70 2K m] LUoKs B A AH [+
Y1) Z2 550 S S ORE 181 BEA T SRONIP- 2, 3 v EMR IR e LE AR LU, NI A 38— 28
SOMAEF I ) S HOR R AR FRERETERA 2RISR, Bkt tikim
BORLAT AT 254528 — 28 “RER” I “BUR” (RRORE, X 5 46 MR B0t S 2B AT 7 2801 73 28l X
SR CANUE” PRURL, I HRT LUK 2 B0 5 ARBURL IR A AT 23 B A0 AT, X T2
ARAF R R S AE T R G B . AT o BN YRR AT 7 2K R R T
BEATARABLRE 238, X T~ SR R0RE B 2 Py, HARHARLE 1) g SCb 2507 A% i T O i L ——
RITHEE 3 5K B i34 75 M (root of mean square), X MARAEE 2 [AIRIRK G EE 25 TEZH)
b, TR NV RN TR A NxIV 4E23 ) i) — A i, AEIRAS S, A LI Y )
DARLAE “AHAL”, DR IX A A2 T R PR B T o — 4k ISR 43 S8 W S0 I A7 M A ——
I F 2 M 5 K E L (reference based classification, RBC) M1 TG 5 2% 1) 4 2K & vk
(reference-free classification, RFC), RBC HikZ M H 2 KE R 5Z %K v Z A HKAH LR,
1M RFC 5328 5 R ah 8 v ARt AT e vt 0, S HZES AT R NG, JFAE ARl
XA T AT /K. RFC L F 2T 2 o0 BT EORIY, (T RBC FEFERE
BRAASE (1) fe) 8, PRl RFC S0 AR B8 ot s o AR AR5 e LU T, RFC 5092
IRAMEZER), WORAE & H ) SIE & RBC FvEM ™, TPk ¢ T RFC Hik Mt RE 7 —
LEWT I R, 4 Scheres & UV HY T f KUK B R ST 7% (maximum  likelihood based
classification) , H X P E VLM X 40 TR W M 2R E: 456 =4 tRNA 1
unratcheted JJR & F145 & — A~ tRNA Fl—4~ EF-G K7 ratcheted IR7.
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6.4 ZTEFHITH M AR (multivariate statistical analysis, MSA)

MSA FAR ST 1980 4% 51\ BB = 4E FE A U, BLAE 20 oA VF 20 15 X B
RGBS, M MSA HR, AL JRIGE v (NN K/AN) G EAT G000, i
GG PRI AR AE ) 5 CRRAE IR ) BB, B — 5K AR I v T DLy g 4 7y “ 27
CRREAEAR KD RRAE I B LM 5, T “W 27 RRAE n) & 1K 2 H s i/ T B 1) Nxv
PN TE R €/ (S e Rl TE - SRR G s T E RN\ NN VT 52 NS ]
Fh——%F I 4> #7  ( correspondence analysis) 5 % Fl 3= Bl 4 43 #7 (principal component
analysis) J7V5. {EH] MSA HiARXS i ih 8 v 8 G AT AL )5, g ] DAAE 4R 25080/ 1) 2 T o
XA AT AHLRE (BRIRER ) vh 5, JFAKHR X L BE B HEAT 2280, B H R B30
e L TFIAZREY: (automatic hierarchical ascendant classification) X B Fi 43250133,

7T ZHEWMEL
71 ZHEMEREZR

H i = 4e A A =R —— (S FE A AT B A AR . R L =4
H J B2 1917 4F Randon $2 H ) randon #8#, {H & B #%F Al randon 722 e 7 A4) J& AN I 52
(17, T8 randon A4 45 4 (1) vy Sk 10 8 BEAEAT IR A2 R 2 D) SE T AT Ik (LR B
B3R . JEREH T H M RIE 2 505, Ui ERE Y (back projection,
BP) . UE U T H% (filtered back projection, FBP) Fl il AL 75 % 5% ( weighted back
projection, WBP). HHGEHIET AR N =AW — fU s B 55 Tl i oS i A
LR LI RN, IR 2T 5 TR A B0Y, S e LS AR AT T de s AR 1% 4%
R RN B Al . S H0E S — MR A i HARE R S0, E B A N R B B gt
BT ARG ——AE SR A, RS A 45 7 A S HOROR s AR R] ol 2
ARRAI DX I A T ey AR DXCRAE AN R, B T FEVEAT 1 PRI R 1 o XA )
T AR SE, e RN 7 2Ot E A 45 BT s R B B B B (6T
AN () JULAT Z 2R i, a0 RS A BE S S 80l A ah, st el DLV S 0 R i
R RE R, AHJE SEBR G DU AR i A 8] LA S B AR ) S TR T e 0 YR
V18 L P2 46 PR AN (R HEAT INBLAL 3, AR 5 A S TA) b AT S e 1, Xl & 44
F BT e 53k . ARBE M 5E7): (algebraic reconstruction technique, ART) kT {# A7
MR T ROREBOR AN F A AR, R e AR IS ] AT, LR R RO
s JESL = A AR AT R S BRI D AT KU R A e T R, T SR il 2
PETTREAAG B) = AR, A 2R BT 1m) BB R L Sl 4B RS ik .
ART FEI A R T DUX AR R . S — @ TR T WIS, X ) an i 240 A 4%
ANTTIBHATHGY (P8R, SESERBGEMBEXT ), AR5 R HGE BRSO 1,
YR ZE AT E, Wl e Bk B A A S5 R, Pk ART Skt s
RELE . H R AREOE AR R IZ 2B A, AR A X F -

e (o X w2 @
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A, A WSS H, w, ARG R AE o WS EBEE p I TTIR . SRR A IR 2
R R R B ANZI e P 2 IR R L SRR WO B A IE, A SIGE T R
HEEHLIRZHN . fELEIEAt b, Gilbert S54R T [RIPIEAUTE (SIRT), LRIk A2 X
LI

Mt A wowypm 2y wy)
X =+ zzl wjxjk ZFI 2:1 . 3)
ISR, BMEER AU SR B T A S 4, P Bl SIRT HRIE S 2 N
B RIE, WCSCH IS, (HIZ SR RE A AN A S e SN OB 22, AR A e
SR ZERCORI, SRR T R BOR T PR AL .
72 HARSIKUIRTREIIM ZHEY
LS HAT A TR BR AR (908 75 45 M AT = R vk S b, A AN R R R T
PABAT AT o A g i) — A A = 4 F A 552 th Crowther B 52 i,  FLIEA Jq B K
o 37 T AN A A T AR 8 SRR AR B R BEAT, IX AN A A I AL - AT DL JE R AR
Feinosi, FEREARRRTR AR 2 il A T T R LA AT ORI, AR A
R = QORI R e B FR S R A 7 20 A R, DAL D 2 R 50 ik SR M A 7 ik 5 K = 4
FAL I AR R R AR bR R AT, OGS R DG TG R O A AR G B o B 4 e o R
WS (R FEAT A A, ARAE SRR LI - R DUSE R AR SN (57 - BRDLJEAR ik, 7R bIEAl |, At
AR T —FhhE T BRAR AR ) — A T & = 4E TEAY 5735 ISAF™, I El FokE, M T
Crowther %5 (A L 5%, ISAF REWS 1 25 I e A R 3R m B M 20 o AEARWE ST 4L S AF
N R B SRS ) D WA 5K i AE H AT ARS8 T ISAF [ SESEEL, JF
FEXI AR (1 SFE A A T R sk, TR ORI (R R

7.3 GRERMED) R

TERRURL T 2 mh, ARK 2 ORI B 2y A AN 5, B ) W I g A3, B
EHFWTE =g m R, HRRIE =70~ +70 B Ed, LL BB Al Lo 30— A
(5] f) ) il ——3E AT = YE A I, A S22 8] P Y AN RE S e s, R TR, X
T Skt 2 2 5 S0 AL JURE — ¢ T AL A5 BN IE AR AR Y, DASSCH T T S = A A 1 4 SRR B
A% T SR o AR LT IR = 2 T R I A R ME (missing cone) B BRCHR (missing
wedge), 18 i WA XU e % 1) B0 T LAAE — g R R R ORAMZ A W R, (HANBESE i BR . X
TRy 1 FOURE 1) B0 RURE 23 A5 T A% 8 16 Ik AR A g e I IR 1) DI 34 i R, 5 2 A8 ] RCT
(random-conical tilt) [F]7p/ERCEREARII: HURIFE i 2 45~60 B, RAES KK, KRG
0 BERARIA — AL B S kB, 20 ol Bk K AR B R i s, O —— XS R, A
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Abstract: The technology combining cryo-electron microscopy and three-dimensional reconstruction could be
simply called electron microscopy 3D reconstruction and this technology has been developed quickly and
applied widely in life science research recently. Here we gave a brief introduction of 3D reconstruction
electron microscopy and then reviewed its current development and frontier such as high resolution electron
microscopy 3D reconstruction, improved performance and innovation of electron microscopes, automatic data
collection and processing pipeline, application of high performance computing technology, new progress on
2D/3D image processing techniques, structure modeling based on electron microscopy maps and etc. Finally,
we concluded the perspective of electron microscopy 3D reconstruction.

Key Words: Electron microscopy; 3D reconstruction; Automation; High performance computing; Imaging
processing; Structure modeling
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