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Three-dimensional Structure of Protein Using Electron Microscopy
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ABSTRACT

Electron microscopy has used for analysing the structure of protein over 30 years. Bacteriohodopsin and

porins are used as examples to illustrate the progress that has recently been made in attaining resolutions which

hitherto were regarded as exclusive to the realm of x-ray crystallography. To determine a protein structure

used by electron microscopy, one must pass through a number of basic steps including preparation of

specimen, data acquisition and data processing.
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s ale] 3299 (3D) FREAML x-A A (x-ray
diffraction)ol] &3l 1960 %= &= *Loz2 FEF o]
Z=t 3D 729 oz, AGAA Fadk HTE
S de TS YA Jeel ds) B
go] ojsfid & UAHANAT. 25, AL 3D 7
FEML x-A 34, A7) T (nuclear magnetic
resonance, NMR)3} A&} 1] 7 (electron microscopy)
5o olgoz ¥A WnSE RalsTA BAol
7158}, =3k, STM (scanning tunneling microscopy)
%2} AFM (atomic force microscopy)o] w§d FLzi-

Aol o]-4% 3 e} (Walz et al., 1997).

A x-Ad Al 7 Y2 Perutz (1963)<}
Kendrew (1963)o]] 2J#l] x&o =z chilale] 3z}
2% vrglon, wat dxi7px] A FzEAMe
opd whfelrt. aHAL, ol o} 2 DL AT
Aok A WAz, IAEANE 93] erEHE 3A o
WA Aol W& oko] 1 4= (highly pure) $Hil
Ao] dashy, =g AAYAl FF o= Wit
qltt. F WA =, electron density map2 73}7) $}3)
A] amplitude ¢} phase’} 2=}, amplitudeqt =4
7 & ¢ S 7T ok AR (multi-di-
mensional) NMR-& A7} old £ Lol whild
o 334 FEEAF 2R flexible parto] A3} F

o] =2 19999 FHadT A3 A Adel st A7EAS
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24 YuE 9E 4 dE Aol BHE AT 3l
o}, Al BA F,30kDa clke] BARE A
= Ao Ha FEEA o7& (Kay & Gardner,
19973} x-4 H43} ol AL e Pl T e
chul o] P2 3ajct

AP 74L& YA =& near-atomic ¥352] T
WA FxpHel 7bese, 3D 72§ wad ¥4
4= 9] ube|c} (Bremer et al., 1992). A& n|H &
0|88 7224 x-A HEel} NMRe Hla of
Wep e AR A ek i) AL ke A
2 #Ho| ZPssiel, i) 2 wxs} 2FHA Qo
iil) AR} H o2 A 282} phase?} amplitudeo] ot
4us A4 78 + Yo, =T AN AN
o2 7% ¥ 4 Uk A 2 BPF LA
2E ABAT AR AEeA 23T 4 Qe
of| 2, membrane proteing- lipid bilayer<roll A A 2 A
3@ 3 BAY 4 kv Ad e e @
W A 3HE (assemblies), F EAFS] FATL Qo]
A%y 24T 24 T 4 3ok aysialline] )
g5 A=le]| )&l electron crystallography® ¥y

(Amos et al., 1982)0 2, z}zte] F2E 7Rl AL »

A} A&k =, proteasome (Baumeister & Lupas, 1997),
ribosome (Frank et al., 1990), virus (Yeager et al., 1994)
T3} 72 49 single unit cell W8] electron tomogra-
phyd W ez 3D F& 5 vt ojg o} AR
Ho| 732 o] 43 whilA 334l Fx= Mo B A
e A7 B ohls RS BAEL AT o
Z,i) A28 T AF AL A Sl AF3}e
oF )9, ii) contrast”} Feom, iii) 7}t radiation—
sensitive 2 7} 2 2. electron beamel] 2]3) 374 W3
=}

196811 DeRosiersl Klugel] ]3] bacteriophage T4
9] taile] w3 AAREAHE o] &3 HFe= 3D
electron density map& %o} (DeRosier & Klug,
1968). o] Fx= # £3)% (low resolution)d] 3t
Fagdou 1 2 ¥l FEEAE A9 B
Q77 A ZRAN SqHIA 23 Ak B @
Folq AARAE o4 e 3D T2 77
ol Hal zheFE) EE23uAt gt

chifF GRppl)Tx dFUY

AR AL 4T ANEA AR (2 Fol)
FEFEe 238 AR (2 FA 23 Z2A)el o
gl electron crystallography?] ¥ o]}, Adj&x} A
%4 (single particle)ell TH3 electron tomography® 4}
Hes AAY 4 sk o FAN Yoz Fxe
FA] AAAE Bhen 22 Jledd & Aled

o, esals AuAels ARt Bt
1. A|RZEH|

A FAF A Aol Ao dxde A
imageE 7] $siME AT AAAAA LA
AzYs} & Al electrono 2 e B x|
of g} =3t whlAle A EsE A2 e F
Aoz gloma electront A|Ze] Aldtel] 93
HAAHE contrasty FE3A] Zt. o] T ol f=
contrast® 27}A] 7)1, electron beamsl] g A]=9]
I F71et 24 (dehydration) ZHE] BE37] §)
A ezt 2 uEe] o]4F 3 gln i) frozen
hydrated® A&l 34 #& 48 WY, i) amor-
phous iceoll IAAZIE W, i) 35 99 &2

g U3 29 S2A (negative stain)& T

1) S84Y

Hall(1955)%} Huxley (1957) Sl &3] A x4 o]
electron®] ER8 EAd] wAES o contrast7}
uht 2 235 o] A (reverse contrast) g B3} Th 1
2 Brenner®} Horne (1959)¢] o]} 72 Z 3} (nega-
tive staining) & AA# w7 A 8A| el o] -§3tm =M
de] o457 Alsigde. ol 72 S EHE
Thesh e 2AE WEselol ek i) AR stain
24709 satgel Haololek(An YohtA @
ofopale, ii) Boll & Foof 3L, iii) ¥ W=}
o A3 E sl of 3}, iv) electron beamo]] ¢t
A s}odoF 31, v) supporting filmell FY3A E-E£5
ojof 3}vi, vi) pH H 3ol = kA stedof Fie}. o] 2} 2
£ stain®] £ 2 uranyl acetate, methyl phospho-

tungstate, ammonium molybdate, aurothioglucose =3
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2 review : Kiselev et al., 1990)¢] gl3, o] & o]-4-3F
ok HT 2F5Y HL 9F8] non-volatile hydrop-
hilic molecules (%] sugar 5)& H7}3le] FAsE 2
Bil=e Z7IXZIth (B2 review : Brenmner et al.,
1992).

AENEE AAER| oz {23 WA sup-
porting film& ¢J3) gridE AH&-3}. supporting film
2 electron beam3} &= (FA-23} A-&)ell A oF
3tz 2 3 carbon filme AME-3}. =3 3 B3l
9] image® 7] $18le] mrle] HY3lefo} 3=z,
carbong olg|¥ Al&dle] o] o| 43} (Butt et al,
1991). gkAukE 13l 72 gride] of Spld) Al &Y
298 FAANA F, FAHA 42 A 4 52
AA f8M R4 AL F Y 2=
AYAS. AR A F A AN AFA =
ZA2GA A5de AAsHA, old gride] =Ewe]
AzHAA golo} At A 87} fmw ($43% F7)
o] AR oA Heo] mHAH Fol 4T F=
A W 3} (Glaeser et al., 1991)2} supporting film3} A4
Al AFs AL (F-3) (Baumeister & Engelhardt, 1987)
w=x ZAEA ] g FE3] FANEHA gL &
9] stain effect2 (Fuller, 1981) W3} 8 725 #3¢
4= i}

2) Freeze—drying/metal-shadowing

F&5 Y5 ARE H2(-100°C o)3helM Az
F, AR 24 g 43 AR Aoz BAsE
g olet. o] 8] £ A3 electron beamel| =j-$-
QA4 8} 31, metal shadowing Zt2& WHIA|Z o2
contrast® F7MA1F 4 Qo B3 4 JEAFL
24 Asd =" BEAE HEY 4 9=z
W3 x| oL 725 #AY 4 o

19823 Gross ¥tAME] (Wildhaber et al., 1982)= &
FAE F52D0)2 AFAL F 2=uste] w
2 D09 wjZ&3FE mass spectrometerZ. =3, B3
st} o) 2aA 4 &sla, fRpe R4 (D0
—93~ —83°CAbolo| A FAF AL, B AL F2
—50~—40°CellA #APL Husigch =8 Gross
g2 o] £xoA wEEE Bo] AR AFH
E23 4 Aol AT & —50°CR 2

LA AzAZITE, AA B 2¥3E ¥R
w431 %, dehydrationo] doitx]l Al & Hel+t
J8=z BEAM wE2E Qg TR #HIYE 9
Huz, a8 vd3zE 33 5 A 2 Al
too] wbfe] = o8 AYL Alsude 3A3d A
2E AL 5 U F, FE5o) AEHE ez o
A8 S 7AA Hez, 1A image/Fell A
A8 @AV RS o 4 ¢]F, o]E image proces-
sing 59 Whdez 299 33 728 7T & 9
t} (Guckenberg, 1985). #Z o|¢} 72 whio= 23}
Y AR k@ ZzteM T3 ®He] FRE
ot 3349 F2E AR A2 Wyl a0
¥ 3 9=}t (Cheong et al., 1993).

Freeze—drying/metal -shadowing®] whd-e o|s} 7
2+ Z A& A e v, g9 2L 2lE TR
S1eh e B4l 371 FIA AEE QoA 9
=3, ol& WA S8 ok ®4%(C-backing)
& slAl "ok ol2 % B £l o]
e EAAE 337 984 F54E 493 3,
2712ke] A& glel (C-backing EF2) Ax&n Ao
2 o]Zsle] |asl= uhH (Gross et al., 1990)e] 7
2 F,10~20A8 T Eele FREH ] shedlA
o} (Cheong et al., 1993).

3) Amorphous (vitreous) ice L&

Z22)-& A A8 9| A (cryoelectron microscopy)- Al
A2AE 714 QA A (hydration AHel) 5, I
W 72 WY ol DR + e Pyeld 3
Z o] upH-E o]gsle e Al8e] 3AY FRoIAM
B-sheet F-39] #FFL B3k c}Jap et al., 1991).
o9 e & ez AT dx W, 34
= freeze—drying/metal-shadowing®doll w3l elec-
tron beame] W& wl-o- B Fa} wje W con-
rast® 7HAE DAE AL ook AL e
2 3 Bi59 F2E BA] A AsEH
2 AR AR LA e ZE HAES FO5
oo B} i) gk F 2 vitreous ice®] AL, ii) A&
7} devitrification® 2] A F& LEE RAFHAM
AR Aoz olF B I i) Alre] Wdel o
ohubA] ofg Axw 283 AL electron dose2. F




244 Korean J. Electron Microscopy Vol. 30, No. 3, 2000

Fig. 1. Compilation of micrographs using two different prepartion methods with (a) and without (b) ditergent. The detergent
promotes the homogenous thin films of specimen and stanied on the supporting film.

m}rl_:‘

2 Fe.

@], amorphous ices]] A&E TAATIZ] HHA,
ok o] folg Qojof Firh B wwAHoR
Qs £ greE (TS AVI7F ot o8} 2
L 2AAL FE37) QA Lol g HL &
9] detergent® &3rsle] Alg35l2 2 (Cheong et al.,
19962), %k FUT FA9 $9& d& & U
(Fig. 1). o120} ©] ubf& detergent®] 92 filmeo}
golo] mol ol Hozm AP T A
7z Wazyy RIsdFe 9¥e I x 9E
o2 hole gridg o]-g-8te] grid SHo| A oA
2 golg EFAsle gheute] Sl I whyelrh
= g2, gkewte] gollg vitreous ice® TE7] §
A F& WEWel 71 98] o] 4o (Cheong et
al., 1996b). o)W AF2EE JYujEA= KA ethane,

ol 4] propane X AA Wi} o] gtk Al WA
i Az BAF F& Y5E ARE IV
HE glo], £x2] Wil gol AREn|A o= &7V
9)8) cryotransfer holderg o] &3t} 222 (HA] A
A2ex)A2) AEBE electron beamel] % B4
302 low dose”] ¥ (Data 53 F:)o=z A 2E #
Z 9 2o AN

2. Data =3

low-dose, spot—scanning7| ], energy filtering 52
ol gl T Pare) WAWHZ image® AT

1) Low-Dose Z|¥
1970\ 39) = Glaeser A} (Glaeser, 1971)= 43
2219 AR ) e electron doseZ F7FAIA 7HHA
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electron diffraction pattern& 7] &3}go}. 1 AdE
electron dose7} 71243 B %o] Zrdle &, ¥
#%2] A= radiation damagedl] 71A¥E B U3}
A} o) 7 AE FEHIHI] HsAM Hi
electron dose2 A|&9] #AF 7|F5& Fhedof gt
2 focus$} astigmatism2 $A3}7] YA 7153t
A s ANB7t obd X0 = beamE o|FAHAk T
o}, &, low-dose7| - ot} 2 Al 7px|2] vy
(&H)el heh AAEE) imaged 7] Sbe,

@) AFe w27

Yo ufg(F x6300)olA] ¥2 defocus(Az=10—
30 um)3} image == 74817 underfocus® diffraction
A= AlBE Fed

(ii) focusing

Ash= Al=ollM AA focusdtA] g, Algol W
AR R A9 tilt axis?] G2 F o)A focusd W
¥ o]t} (Fig. 2). underfocus (Az)2] Zk-2 ‘Wobbler' 2]
Qes ez A ()E olgsed FT + Aot
(Cheong et al., 1996a).

image®)| A

¥(8) = mA"1(Cs0*4— AZ6%2) 1

o]71A], Cs= spherical aberration constante]™, A=
AAFe] 3}A), = beam tilt angleo]t}. dy(6)/d6=02]
BE T A=@OAA 9 A Co-Az=00] k.
Z 215 6=(Az/C.)'?*Y w image?] ©]F (shift)S
g 4 A=, o] underfocus (A2)E AT
4= )tk o2, 67} 107%rad¢) 3l image?] °|F& #F

Fig. 2. Diagram of low~dose illumination technique.

& 4= 9]¢ o) underfocus (Az)E 200nmo|c}.

(iii) image 7]=

focusAteollA] #3}= underfocus® imageE 7]=
3}1oA} & 9 ‘beam-blank’-Z ©]8-3}e] beamZ fo-
cus YA exposureY X2 &% 3-(magnification
5 w3}, et AZhget Zedgo). old electron
dose= 100~200 e-/nm’Z underfocus: 400~ 1000
nm P o A] imageE 7])E3}

2) Spot-Scantlty

32 AW image 7] W beamel] 23
A2e] £x9) A9%] beam-induced specimen move-
ment7} contrast?] 7rAiel ez e A} (Henderson
& Glaeser, 1985). o]9} z-& del& Zo|7] 43l
beam®] 7] (RE 3um)E 50nme| A 200nm 7=
Zo] A= $jolld beamE scandle A3 o] ofF
(o381 9 expose)dlHAM AAHNA imageE 7|53}
= Wby ot} (Fig. 3). Al 87} beame] of8f 29 ¢l
o], ek Fo] HAHER T Ra%2] imaged IS
4= 9]} (Downing & Glaser, 1986). o] ¢} 72 vl &
%) spot scanning2] 712 electron crystallographyel]
Ja] o] L% v (Cheong et al., 1996a; Bullough & Hen-
derson, 1990; Bullough & Tolloch, 1990), &3] tilted

Fig. 3. Micrograph of using spot~scan illumination techniques.
Bar is 200 nm.
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specimend)] T+ focus & dynamic focus2 focus gra-
dient® 29 4 9|t} (Zemlin, 1989; Baumeister &
Typke, 1993).

3) Energy filtering

AR A image: A| &%} electron®] Atz & e}
A (elastic)7} w]&tA] (inelastic)Abtel] oJs] 4]l
SAAREE oixe Wk glovk uiy Alere
AR E dARTY. = gtAAEE A3 image
o] contrast®] H<le] ¥, veA AR BHAIANRE
o 213 ¥AH imageHo] FHH = imaged] AL
ZHAA 21t (Reimer, 1989). B]&HA] Abgre] o2 4|
= image?] signal-to-noise®] W]E& Z4A|7|= 9
qle] ¥t} (Langmore & Smith, 1992). Energy filtering
o2 nlely] AlEE electrong imaged| A A A 3=
2,image®) intensity ZtAA17]| 1T, contrasts F7}A)

2 % gleh
3. Atzx{g|

1) 2x49! ZH (electron crystallography)

crystallineo.2 WAE PG G Fzd

L TE unit cell®) HHF imageE U+ correlation
averageH] (Saxton & Baumeister, 1982)0] 7}AF ol
o4t of WHe 2249 LA Yele)
)| A] unit cell®] 2~3u} =7]2] referenceS A3},
o] reference$} ZAAA|7F2] cross—correlation function
o] FUHE /M HAE unit celld] FAHAZ
A&}, A A image? Fourier transform¥ image
(power spectrum)el]A] -2 vector(lattice space)S- ]
£3te], o] $|X|IA unitcell®] 272 A2 F 2T
alignment A)7) & average® -8t} (Saxton & Bau-
meister, 1982). 3 signal-noise-ratio(s.n.r.)9 &
@3 BesE wol7] HdA A AR Az= 42
averageZ reference® o]-&-3led gl o] correlation
averageE 73} (Cheong et al., 1996a).

2214 AA o2 NE 3xH9 F2A A2 Real/Fourier
Space®}y (Saxton et al., 1984)2. 2 F-38kc}. Tilt series
A AL zhzte] unit cell g vectorel] = A re-
sampling3}t %, 33}9) Fourier space= %71v}. o] Data
set© 2 BE] unit cell®] structure factor 5 T3},

= o] Data® 3X+4] real spaceE &A, 535 594}
Foz AL Auz AR89 A FE& 7T 4 o
(Cheong et al., 1991). =&}, o] 3x}4] Data set.2 2 RE]
unit cell?] 23] & o 4 Q13 =3 A U= F
o2 ¥E BAFE ALY $ 9lom, =T 334Y B
4& A7

2) B ZE & X} (single particles: electron
tomography)

single macromolecule particle 72370 d&] o] &
=31 ¢l single—exposure random conical tilt series
(Radermacher et al., 1987; Radermacher, 1988)¢] u}h3
& o] g3te] 7o) A MAAY YAhHRAE 33}
4 F2g AFAER

A A}E (single particles)S support film €] 4] (in
plane) 52 x{3}A| orientation (azimuthal angle)s e} 4~
%) random azimuthal angle® 7}3t}. 1822 3344
AL ofe] 7 Wele] 2349 imaged vhebd 7
o]t}, o]2} 72 imageE rotational = translational
alignment¥t data set& multivariate statistical analysis
(van Heel & Frank, 1981; van Heel, 1984) &, alignment
3 2E QIAES A7 Mz wastd] 22 Hed
2 283} (classification) A|ZIc}. o]e} L vl o=
de 2xd 7= EAML complex®] symmetry &
)23 4 9]v}(Kim et al., 1999; Cheong et al., 2000).
random azimuthal angle€ 7}*]&= particleo] AA7}t
2@ titF™, 228 YAESL tilt-angle 09+
random azimuthal angles 7} A Hul, 33} Tz
AFHE A A9 = =g 49e) Lojo Tk
A tilt angle-2 A A}3=)732] goniometer?] EA|H
HezRE = 59 gAY ke titHA ¢S A
Ao A AR wjmz F8 4 9w azimuthal
angle-2 rotation cross—correlationg o]-83}e] tilt%] |
de el AAuA Aoz FF & AUt &
o]z ¥lgke 2 orientation® $JAFES multivariate
statistical 24} (van Heel & Frank, 1981; van Heel,
19809z ¢ ¥ A4=g 7 & U= vdA
AHEE alignment A7) ¥, 321 F2F A FAA G-
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7 B

@il FxEMel| methodology 5k ofiz} tec-
hnology® A w4 F2q A& AT 3l
T AR AL o] Hofol]l o 72 AXH
o] 23 9} FA 2 HA}3 v A9 electron crystallo-
graphy 2} electron tomography, CCD camera®} energy
filtering £2] A17]¢ Wxoz 3 2852 images
e 4 A& 4 Aon, ol FRAEY Pobo) ¥
Aol & 7198 & Aelnt. Ao} 2e] A4 AL
b, Trhe 109 Well AAEE A4S o) gste] A
BA} <hullAl complex] atomic resolutiond A& 4
A& Aoz HAR

#HAte| 2

o) TEE 19999 FYAT AshRe @] A
el 23] A7H3S.
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