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1 HRFTTE

1.1 ##
111 4R, AU AR N B IR 05 5
Jhk P9 Bz 4 .

112 SEEACES RIS . 55 2968 W AT (Olympus
NHE), CO, BiFEffi(Hera A d]), BLHL (Sorvall 28
@), DP70 #t1% L (PCO A w)), ##Y) A HL EM
UC6 (Leica A ) ), 200 kV i& 5 H 7 W % 8
Tecnai20(FEI /A #]), UltraScan 1000 CCD K14 & 4t
(Gatan 22 #]), 4l F71ML(Corning 2 #]).

1.1.3  EEGH.

HAM-F12 £ 72 5. (A I 1 mmol/L L- 4+ 24 ik
f, 2 0.2 wm 380 L 38), AR HE G 2R I (fetal
bovine serum, FBS, Hyclone /~ &), M & 11§,
L H(DMSO)(E H T4 Mo 55 57 ) (Amresco 2
Al), ¥t Caveolin-1(BD Transduction Laboratories),
FITC tridFPife - Pi(Fluka A #]).

AW G Epon812,  FFJE P I FH LR — TR T
(methylnadic anhydride, MNA)(Roth A &]), |+ %t
F 5% ¥ MR T (dodecenylsuccinic anhydride, DDSA,
Al 2y TR S 4b), = (= F R3S W38 Ky
(2, 4, 6-Tris (dimethylaminomethyl)phenol, DMP-30,
Serva 3 H]).

1.2 FH*
1.2.1 ARG IR k.

¥ Vo U R A7 AE WA T 1K) PAE 40 L1 37°C i
%, H F12 85 9R0E R SR 5], 43 LS 100 mm
BigRlh . 2R 3G 56°C KE 30 min, %R E
10% (1) Ee 5 £ n 1) F12 £5 3 5. 4l fi e 37°C o
5% CO,. WAL IRM IR, & 2 RPEHH
W AR TR R 90% & BE, TG I B 7R L
W12 h, WSS,

W 41 Mo 5% F7 W . 0.1 mol/L pH7.2 ] PBS
(Ja 1) PBS HUbAHIE ,  BRARER: ok 38 020t 3
W, 5 mmol/L EGTA-5 mmol/L EDTA PBS 4C % &
15 min, LA B0, 1 F12 B REEWCHsRes
ML, 500 g B0 S min, e L35, A 1 ml

2.5% % W PBS [Hl i, WEL, 4C{R1E.

122 RESOehRId. KRR IR WG EE 40 g ] PBS
PPYE 2~3 Ik, 1%2% 28 W =53 [ %€ 10 min, PBS
MYE 3 K, % 5% BSA 1) PBS 1E A & IV & b5
K 20 min, %Pt Caveolin-1 & 1%BSA ] PBS LA
1:100 %k, 4CHFEIRA 24 h, 4R & P
eV 3 IR, FITC- brid M EHiR 1gG &7 1%BSA
) PBS LA 1 : 40 #i%e, iAW H 45 min, PBS ¥t
2 RBER 15 min,  {EWEUR K 495 nm 58 s
A

1.2.3  EED . A ) R AR
FIEBE DI R EAR, ML 2.5% % — B[4 e & 1%
OsO, Jii [t &, L LEENLZK, Epon812 M4 M i
A3, H Leica EM UC6 Y v HLEEAT B 1R i (1) 68
WL, VIR RERE R 50~ 80 nm, 1 T L1 T2
YRS V) RS 200 nm,  U)v FHEE IR
BB B PR AR AL (4.

1.2.4 REEHI4. T2 fi(fiducial marker) /7
VEIEAT BUGORS i DT TG 1 R A4 4 Jkr , K F HAuCl,
Py P R 2 T 4 5 3 S B AT I AR R~
10 nm A45.

1.2.5  HdlidE.

& S i1 B, A5 200 KV OIIE L
KA # 25 000x R, M %2 R E 2 24 200 nm [
PAE 41 t) Jr, KB/ N oS s SR d, AR b
G U f =540 ~ 457X [a),  AEREIN 1oAY} ik
E—IER A, L 112 9KGER 1, Al A XUEIEL
i, AR RS SEE, BOH AR
Fro D) B A -y S 18T (BT HL 7 R P 1D
WERL 90°, FRIENFHEE, TEAE T & WlFE i —60°~
+58°IX ], ARIG I 1o s — MR, SRS A
WAL RS, e 119 5kEE 1, A2).

b T F FHHEUE & (fiducial marker) 5 2347 &%
FRSHRUCHL, B etk ke R b B 5, I3
DI T, FLAR BER T BUE AR R S Ak
SR 20 AN AT, N ILREAT XU RS (1) F i
8, WE A B4y A -57°~+57°(K 1, B)5
—60°~ +54°(% 1, B2), HARZHA L.

Table 1 Data collection and calculated geometry parameters of each section

Data set Original tilt Tilt angle offset Pitch angle Thickness z-shift
Al 540~ 157° -3.3° 11.7° 176.3 nm 1.8 nm
A2 —60°~ +58° 13.4° 13.6° 175.4 nm 4.0 nm
Bl —57°~+57° 0.5° 1.1° 169.7 nm 11.7 nm
B2 —60°~ +54° 6.5° -1.4° 169.7 nm 9.1 nm
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1.2.6 KM= ER. RGOS =g
A T AF 2N ] IMOD 3K #F £ (Colorado k2%
Boulder 524 %, http://bio3d.colorado.edu/imod/) i
7. BAREFER: a. Z4EEMRM AL, )2k
R LA 2 10 J5L 6 SCAF D4 TIFF k55X, JRATA A
em2em i3 UURE TG B i DAy R — 4 R A T T
MRC #3X, [FIIF)H boxer F2£/7(eman 4K £F 44 H)
It R AR AR A ECSERE ) 0,408 nm.
AR A FR IS —HBHE (R 1, A2)REE 115~
119 KGRI ZE, {rE AN B, F AT
cederaser 27 (IMOD 4% {460, ) o) 5 45 43 £ Fi v 4
T T B3R, b, YERCE IR ICE A )T
. X T ARG AR R, FRATN ) IMOD
AP R R B EAT R LG, 0 T AR b
WIEIR, AT A R BOH LS, J5A IR
G FEATREAUCEC. o A5 ) LT 2 2500 1
SE . F DR Ry s AT B TS PO %, 3k
AHE T REFE i 5 T8 50 LA SRR S 7 AR N
ERMINPIRCIE 2 U £ #MM (tilt angle offset). JiE
R A (pitch angle). Y F 5 B (thickness) F1 JiE
FEruO M WS & (z-shift)(% 1). d. =4Edf). FIH
IMOD #0526 B o BEAT INALTS £ 5% (weighted
back projection, WBP) “4EH 4. AN KUK S
¥k cutoff=0.5, falloff=0.05. e. MUHTFAIEIL 4
I KUt SR A e, 0 HL ) EE R S AT
VCECHFAE M 25 [ A 0F. £ EAEER R, I
A S0P R 7 T J2 s 8 R e ) eh A A A Rk
Ky PECLE G5 RAE I A IR & ) S

FATH ] IMOD # A 44 HH 1) nad_eed 3d 23] H
P i AT & ) S P9 BB 16 (anisotropic diffusion
filtering) Kb B, 1E4L 60 ¥k, ERPK N 02, S35
K=2. g —HEEMEIME R, 1@k Chimera FAFI0%

Jay B FE AT s AT e, RN A AT IMOD 1 F4:
T T B 1) — AL

2 FRME

21 MER/NERIEBHMESFENE

HF ) WA WSS, KBL PAE 40 )i /L KR
BLRLE, AR R LYk, T Caveolin-1 )52
JebRid iR, AR AT ARZ NG R AR (5
JCIR BT AR IE SO R OR),  RURIZ AL P REAT AL
JRE /NS . A A T A A A R A R N
(clathrin-coated vesicle)FH s /INeg PR FH N B, R~T
Feil, AR R R R BE((21 + 2) nm) WK T
JE A (~ 9 nm)!7, AR U, )N 2 R ) JE
MAIMEARZE TG )L, P AT AS M JE A&7 THIRE L
B o> M NS (K] 1a). K R B 53R
BH, 38 A ) EDTA- R [ AL 240 i ek i i
R BT SC S 1R A s it 1 R 0, IR B Ak 22 5
o N SE AR IR, AR AMEFR BN, M=
T A [ 5 i, S P 40 7 SO B 1) 4 i e A
PRFE T WGRE (TR, (R0 B8 EOG 40 B AL
W, HEEEREI MR NG, (HERE> . R
EDTA- EGTA W& I 41 e, T8 35 &5 ¥ O 17 5 i
(& 1b), BAWIRAH0, AT LLLE SN AP IR T 4
JL T WL ¢ 3] B8 AR A AR IR BRSNS (] 1a, & o).

TERE IR PAE 4 i, s INeg AN IE5)
ONAT, FEJREER(K 1b). AWTTURIL, (R4
£ W ONE Sl 0N N S TR R SR o | DN B = Sl
(migrating edge) I, FH-5 M I 414 (stress fibers) -
ATBL SR FA AT R ILKE TR 1K) PAE 410 1H1 111
JHOJE /N o5 B AR X IR 3 A FA#E. Tamai 25092005 %)
A KT BN /)N 53 AR AR 1) — L 40 17 A, m] DU ik
RN ETREN AL 5, AR AT RE v A 2 /)

Fig. 1 Electron micrographs of sections of plastic embedded PAE cell

(a) Caveolae (marked by asterisk) can be clearly seen from the ultra-thin section with thickness ~ 80 nm. (b) Low magnification electron micrograph of
the PAE cell section with thickness ~ 200 nm (bar=2 wm). (c) High magnification electron micrograph of the selected PAE cell area which is marked by

rectangle from (b). Caveolae are marked by arrows (bar =200 nm).
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Fig. 2 3D-structure model of caveolar cluster

Three-dimensional model of caveolae cluster around PAE cell surface is shown from different angular views. One caveolae separated from the

membrane is colored by cyan (bar =100 nm).

TE D) rhOM 5% 21 LR R RSN s TS B
A B BSR40 AN T L R B, it
X2 B A M N I AN SE T, BRI PAE
0 it 2 T RS /N5 1 RSE A KAl (100 + 13) nm,
% (69 + 10) nm.

2.2 WiHERIE . BG IR R ETREKS

T I XU 7 V0 L FE 224 200 nm (1) PAE 4 Jifd
DI T 2 ARSI R EE. FIH IMOD #4544
FLHEAT EUG UL EC R = R R, 3RS BT T 2 1
(Kl 32). MAE—ANJEEFE Ky 8 nm (172 1775 I f o
T NIRRT ) B RSN s R T A S50, R SR T A —
AN W T 30 5 — AT T 45 44 (1) AR fh e 3.

SR R T2 o ) R R 4 R R (1 EE A
BB R AR e T AR S PR
il B AR IR AR A BN TTREIS £+ 900,
— AR+ 7005 AL A AR A s
I, b T o v A R R B eV E s, b
OrGERAE BN, AEARE NI ) v g P J T U 1 A R B
A (missing wedge) (&l 4a). X 5 BUE M 5 0
PR R, BRAS T SR ERI PR, Hr
S BT BT 1 Al o 7 07 2 BRI R
M, FESR IR SUE B + 600, X FRE B LK
WS G, AR T RUBUR L, BIAERN
ANFH L B Al s RS S, TR
R PAMEIXRE B R (K 4b).

23 BEfENERI=HEEHIS

K 3 o T INET ) = A SE B AT
ARATF O/ o = e S5 RIEAT A3 RN, AR E AL )
JL /N B R B T S U0 e (L 3a) Hh mT DL /) e i

PR A7 A ) R I S 1) v %85 B2 B (18] 3b). 7
I 9 ) ) v R LA AL AH BN RRAE ST R
chimera #4473 B (1 B B IR /N B = 4 W o
45 AT WIS/ S B T A R 8] A0S AH 9] g RS
IR S MG MRS /N e A0 A (] 3d), RIS I &
WS P 68 FE 2 14~ 16 nm. JfIEE /N B35 P 2R 1T A7 B A
FRAURI 2 R S5 (K 3e). 7R /N B 2 1 1
AT R IRAF AL — AT LR XA, e T DU
Bl EE IR TNy AT SIRIY BB 9= = 0] N T E
B DX A AT fie HAT AN [F] T LN 53 A4 23 () S5 4
TN /N G = e 1) o, S0 DX B T 4%
SUIR L I /N5 A4 53 36 AR (I 3d).
Rothberg %5P(1992 4 ) PR Id ¥4 R 94 1ok %1
BiHR, WoR TR MU/ e A IR IR AL 4~ 6 5%
V51 U AH 8] 1) 4% SOIR T /) 55 7 )7 45 7 (caveolar
coat), IXLELLU I L FIIL JUES B, 12
BT ECPAT RUBEIRHES, AEFRAT T CAE Rl & T 1X
BE K SR TP I 1) BE FEZ 2 15 nm. IXEIRIX 64
LA 5 TATI = A BRI S 53 540 T B SE
JRANET AR R 2 BOIR S KT P] RS [F) — 45k . T ANIR]
[fJ/%, Rothberg S5 Wor 2 4G, ToiknE
7 B /) 3 B vh 4k SOIR 548 1R A% TB) 43 AT T 3RAT)
(1) S /N B3 — 2 G544 Jr 7R IR M 44 80T i S I Tie
RGNS o0 A (] 3d). WFICERIH, A4 R A s
NS SR BCIRTE 2 S5 R ) B A) A2 22 ku (RN B ER
I -1(caveolin-1) L S JIH [# . #573% 15 (sphingomyelin)
FN B A (glycosphingolipids) 45 ™ . /N3 85 1 -1 I
N 3 Al C s (AN LT, RIS 102~ 134 A7 %
FE PR AR HE A i 7K DX A N 21 s py 2020, LT RE P A
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Fig. 3 3D-reconstructed structure of one caveolae

(a) Serial tomographic slices of one whole caveolae along z axis (slice
thickness=8 nm, bar=50 nm). (b) The fifth slice in (a). High density sites
(red arrows) can be seen spaced evenly on both membrane sides. (¢) The
sixth slice in (a). High density region with filament structural feature can
be found in the caveolar neck area (blue cycle). (d) and (e) One
surface-rendered caveolae (d) with volume size 130 nmx 100 nmx80 nm
and its half (e). The striated structures with a width of 14 ~16 nm

around caveolae are marked by white arrows.
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Fig. 4 Reconstruction comparison between single tilt

and dual tilt in real space and Fourier space
(a)and (b) One slice of tomogram (left) reconstructed from single tilt (a)

or dual tilt (b) data set and its 3D Fourier transform (right).
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(caveosome)fill &, Iz BN RMEZL, WA HE
A, BN AT DUE I RABS- K67 385 B
W {A (early endosome) il £ 12 1% 2 fay /K 3t {4 Y,
Mundy S50 A 40 M5 1 (1) e /) 5 30 ek
YA cavicle B BEATIZ K. LT, v LA &
e M NS NG 55 72 L s i
EDIREA S AN M B AL R G DA G, Bl Td ik o e
ANE = YRGS R o M ELBRIESE TN E S1EE 2
) PRI 25 R IEE R (] 5). IR /N R B A n] 5 41
WA BN S (R4 M S N s i O, IR TR —
R SIEIGIE 5K

Fig. 5 Interaction between caveolae and the membrane

skeleton or cytoskeleton
(a) One 10 nm thick tomographic slice shows caveolae are connected
with cell membrane by microtubule and several small vesicles are
observed attached to microtubules. The area marked by red rectangle is
magnified in the right. (b) Left: Another 10nm thick tomographic slice
shows caveolae with some small vesicles are linked through a potential
microtubule network. Right: 3D model for the interaction between
caveolae and cytoskeleton network. Plasma membrane is colored green,
caveolae blue, small vesicles yellow and the potential microtubule

network purple.
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3D Structural Investigation of Caveolae From Porcine Aorta
Endothelial Cell by Electron Tomography”

SUN Shufeng™, ZHANG Kai”, XU Wei, WANG Gang, CHEN Jian-Jun, SUN Fei™
(National Key Laboratory of Biomacromolecules, Institute of Biophysics, The Chinese Academy of Sciences, Beijing 100101, China)

Abstract A preliminary 3D structural analysis of caveolae from porcine aorta endothelial (PAE) cell has been
done by electron tomography. Caveolae of PAE cell were distributed irregularly around the cell surface and
aggregated locally to form cluster. The striated structure with a width of 14~ 16 nm around the caveolae can be
seen at the inner or external side of the membrane, and more concentrated striations were found at the narrow neck.
A three-dimensional structural model based on tomographic reconstruction shows that caveolae interact with

potent microtubule network, suggesting a possible caveolae traffic path in the cell during endocytosis.

Key words porcine aorta endothelial cell, caveolae, 3D structure, electron tomography
DOI: 10.3724/SP.J.1206.2008.00693

*This work was supported by grant from The Important Direction Project for Knowledge Innovation by The Chinese Academy of Sciences
(KSCX2-YW-R-126).

**These authors contributed to this work equally.

***Corresponding author.

Tel/Fax: 86-10-64888582, E-mail: feisun@ibp.ac.cn

Received: October 10,2008  Accepted: December 26, 2008



