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Fig. 1 CryoEM reconstruct structure of the rat liver vault. (a) Side
view. (b) Top view.

(5 &#1075 @ major vault protein (MVP), 2 FE&#19
75 @ vault poly (ADP-ribose) polymerase (VPARP), #F
E#297F @ telomerase-associated protein 1 (TEP1)) & 1
FEHEOIEFIR RNA (14UEIH) I X 0Bl Ih Tk,
T REARL100077, KT OV A XA RAERA00 A, Kl
FIT00A 2>, SHETICHRE SN TV AEEKNSTO
TR KOEABE-EBEAEKTH S (Fig. 1), vault D
75 A XBEFBMETT VRO ERL, ZDOEHI D
Frv/, ValF—, KT —LWwS32DF ALY
IZ T ARNTE S,
vault i35 v F TRAINTLE, HE2»H F £ TR
INCERAEIC W TR SNz, %< OBEE-H o
EEEC ) 7= PFZE IR O LA, KT OHRICE A AN T
DR-MREROWEEEREN OG-, /il s %
LRI HEALNDRE S 72 & S E I T nlEUELPEONTE
7268, Lol, ENBAENEKELS X2 HLD TR
<, vault OBEREIFFHICUEN/ T EZTH - 7o, Fxid,
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CNRTKERLT PAEENICEERICHELEL TW Db
1375 <, EENICHERET 5 vault B+ 72 O = £ O KRS
THEMOABEEFHANOKREZEWH O b &5 2, 20024
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MNAEEEARET ST LITHIL Y, vault 24 ONE
i 2 SR TFIOR A 71 = K & BRRE MR B85 5 JE 5 1 Bl
BRIEWEHELH O NI 70 - 72,

3. HHEARSIVESRIL

Sy FOFFIED O HEEL 72 vault Z T, B & ks i
B RR LI, 1EOREAR T, 5 v K2 kg
MO 8 mg OEMEE/r vault #/85 C L W TE7-, 3.5A
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BN I O \WTIE, SPring-8 O 4 (KR 45 Tk hu i
MY — A5 4 BLAAXU THE S O BFTRE A FEF L 72 2
B, LM ORBILEIT > 700 BT RO EIYTRE
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bt ORBILAZRE VR LIT, 6 O SEH/,
FDOS>HLO—21F, HWESEMEr BT S EICLD,
3.5 A 7 fReELl ol A4 L7 (Fig. 2, Fig. 3),

Fig. 2 A crystal of the rat liver vault.

Fig. 3 Diffraction image from the vault crystal.
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IVHBEEGEZITTVOT, HESELTHEEL %I
X, WEAFEIROBHTHRE T — 2 Z NES 5 & PREET
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5. EREEET — 9 N
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T X BAEPT 5EME, 2ZEFED C2, BTERD a=
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BL44XU Tid, V—A A b v 3% fEH S Rk 28
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F—RABWNETEL LDk TWb, vault DK fREE
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2R & ORERE A & fEEEHIE TIE700 mm TfT» Tz &
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OB FETH - 7o,
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Table 1 Intensity data and refinement statistics

Data collection

Resolution (A) 204-3.5
Number of crystals 39
Number of frames 1,361
Observed reflections 6,870,966
Independent Reflections 1,531,361
Completeness (%) 92.4
Averaged redundancy 4.5
I/a(I) 5.7
Rieree 0.209
Refinement

Reflection used 1,436,394
Number of protein residues 31,668
R factor (%)** 0.310
Ry factor (%) ** 0.330
Rmsd from ideality

Bond length (A) 0.013

Bond angles (°) 1.528
Ramachandran plot statistics

Residues in most favored region (%) 80.0
Residues in additionally allowed region (%) 18.3
Residues in generously allowed region (%) 1.4

Residues in disallowed region (%) 0.3
Averaged B factor

Main chain (A2) 112.3

Side chain (A2) 132.0

Overall (A2) 121.4

* Runerge = ZniZi| I kD ~CI(hKD) > | | 25 (kD) , where I,(hkl) is
the intensity of reflection and <I/(hkl) ) is the mean intensity of a
group of equivalent reflectios.

** R is conventional crystallographic R factor, | | Fous|—| Feac| |/
2| Fy|. Five percent of the reflections that were excluded from
the refinement were used in the Ry, calculaion.

Fig. 4 A crystal packing of vault. Packing is shown in the ac plane.

6. 18R

6.1 WBEMRIRFE

vault OREE NI, BTBEBEREMERTT VA H VT
STERBEICIOEGBETHTOSTOMBEEZREL
(Fig. 4), 5 FHONB%E - 72k &5 mFHxFH (NCS:
Non Crystallographic Symmetry) I & %% T OFH
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Determine the position of vault in the crystal
by molecular replacement method at low resolution

|

NCS Averaging 44—
Calculate structure factors (F,. and a.,) with phase extension
Scale F, against F,,

Calculate Rayment’s weight (w) for each reflection
W = @XPI-(||Fops|-| Feaicl 1Fobs])]

Calculate weighted electron density map

Fig. 5 Flow chart of phase extension for the vault crystal.

Fig. 6 Electron density map by phase extension using 3-fold NCS
axis. (a) Initial electron density map of the half vault at 30 A
resolution. (b) Obtained electron density map at 4 A resolu-
tion by phase extension. (c) A cross section on the cap
domain.

1IZ X » TR SR % ik T 7z (Fig. 5), vault O
EH R OEESFRIC OWTIE, BTFORRETH S L.
H. Rome 5 @ 8 [FMEFEERFR &\ D FHARFEICHE > TEL
BRNTEL, fHoik, FORRLY, |FHEMER
LIZEDRYV YYD Ta—Fr L7y FETRELDO X
SIZBIV 7ok BE D vault (Open vault) #8251 7=, %L
T, HOBEROE D 8 L% TLSE, vault O[aliExt
i 8 EIENEAFRCTH S L L DN TE 7/, 200441213
O LIRRICES Ty 54 ABF BB COMFRIC &
D, KT ORI 48E Bl FRTH D, vault DI
396D MVP TIE SN A E Mt SN, TNHEM &
5> TV, Fx RN ZOHICHE > T, & FiEHk
TBN7230 A 5 ee DT 7% (Fig. 6(a)) %4, 8[m%
48[ [E I R CHTHE A P L 278 5 4 A ) fithE &
THARIER T > 72, L2 L, BON-RFEEIIEFIC
BN TED, ETHLETIVHETEZLLDTE RN -7,
K2 3BT HEE LS 5BEOEEER RO A 8 [
L= OO L TRTHEEDOPHLERAAT, 5L,
3 [l AR B C O CIEF IR BT HEIEEE 5 C
L3 CE 7z (Fig. 6(h)), 4 A5 fieE COETHIE TIE

Fryv T F AL VI N v 7 AR TROVEFROET
BRENWRATE, RF 4 —F A VIR B LESEZR
TETBEELHERTLENTEL, TD3 LV IEFE
LABDMIBTH A D, KTFHAMICHEET B A

09
M
O-a I I
0.7
| |
0.6
3 rotation 13 rotation 39 rotation
05
03 |
0.2
R
01 .
0

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48

rotational symmetry

Fig. 7 R-factors and correlation coefficients between observed and
calculated structure factors from each NCS averaging. The
R-factor (R) in blue and correlation coefficients (cc) in red
are plotted against various rotational symmetry values at 10
A resolution.

F—ik%r (VPARP, TEP1, vRNA) O % FriE 7S MVP (2
HATENN 28, 8 [BI[EEFR L D b 3 [Bl[alfs kR T O3
BILDTIMBVDTHAD LRI LT L2L, Fvv
FAA VERERT ARIROBETEEOR R 25 &, £D
BI48 AR Tid7:< 39K TH -7z (Fig.6(e)), CNETD
FEBRBFELEABL S, THEWITISNT, 39%ATHD
PR T R DBLDEASP?] LA LMAD L
7o, BEEBEEZL > DRTOLK ZETREDHBEANE
2 o> T DICE T ERFEIT M ETE 70 - 72,

6.2 RIFOEEEMFRREE

3 [E BRI FR T O E FEEOE & BRI R Ex
¥, Fr v SHEBIICHROETEHENIIORTHS L
5, vault OF O EHEFRIE 3 [B1 2039 [El [EEE I FrTd 5 &
EZlze TDOT EDIELWANGET H7-01T, 2 ldhT
ORI FIC2~481E % TL TOEENHZRKEL T
NCS # W /- BT HEEOFHLEIC L 0, 30 A 5 #EED
510 A 5 gE £ TOMMIR AT - 720 £ LT, Bl
NIHEGER T OKRKE S | Fops| & ARG FRTFH LR
TEEPOFAINIHERTFOKREE [Facl EDORO
RAfactor: R=X| | Fops | = Feqc | | /2| Fons| & HHBEEREL C.C.:
C.C.=Z (| Fops | = Fops | ) X (| Fegte | = [ Featc | ) / [Z (| Fops| =
[Fops )2X (| Fege | = Fege N 2]V2 % Feilie U 72 TE L\ [E1HERE
i, BICH~NT RAfactor iZ/hx <7D, CC. I kE
51T Ths, COBFIIERICHRET, ZOFEIC
L BB FROERIC LD, vault 78 3, 13, 39[El [B]# %) F
RO L alE o XD LTS LA TE/2 (Fig. T),

6.3 HWTFOEEGEMHERAVCEFEREDOFHE
RN
FLF O [El iz B 25 3, 13, 39[@l [ Fia FE > DT 5
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Fig. 8 Comparison between electron density maps averaged by 3-
fold and pseudo-39-fold non-crystallographic rotational
symmetries. The refined MVP model is shown by stick
colored green for carbon atoms, blue for nitrogen atoms and
red for oxygen atoms. (a) Electron density map obtained by
the 3-fold NCS averaging is depicted as pink cage. (b) Elec-
tron density map obtained by the pseudo-39-fold NCS aver-
aging is shown by blue cage.

DOTHNE, &b RFRMED &\ 398l [O 6 7R TR % 5
P T AEPR L BVWETHRELELTETH A,
2 PR/ FESP O vault I 13, oy FU/ 70k
HEBTRFATAEBA TV, - T, 39[EEEH
TEHLT 5 EBFEESELNTCLEY, ROWRTEEY
BLTENTERP T, LcHh T, £FIREORKR
HAE W 3 [E[EFERFRE W CETEEOFEHL T\ i
M53.5 A S REEE CHMIEY L, SO ETEES
b EICETIVIEER T > 72,
BONCETEECRICTTIVEBELE A,
vault O/ & R % MVP (3 &3 C12EOREE 1 A A
VTHEREINTWS 2 EBRPHLPIC -7, Fr v IR
DEWV N v 7 AZBRFTEEDELED > TW2DTI
HIZ22D K A A VIZq, vault D4R & RER - 5
MVP % HZ#E13MEORERS F A 4 VICHEL 7, Boh/ci
FEEEICESEZE R AL VICOWT3MHEDONCS < Y v
I AmFHEL 2, B 6N7507ME (13x39) O NCS <
Uy 7 AW TFAA VT EICETEEORHLE Lk
6, 6.0A 53REES 53.5 A 5 fiRbe & CRUMEIEE 1T -
7oo TOBE, &HNCS< MU v 7 ZINHIERDOY A4 7 )L
am%%mbto:@ﬁww@@%ﬁ%%%mt%?
CAEOR B SE (o , ETEEIIKEICKFEZN (Fig.
8), U?F77/,%Dyy,7lgw7”*\&t
DS ENASBEDOEFEE D AMRIC 78 - 7o

7. B8

7.1 S

vault D4 (AR IR KEAE 23400 A, Ei#i7670 A o
DX D% ThH- 7 (Fig.9), vault O/ 1339HD MVP
MEIRICA S 212 X - T vault B FD¥4 (half vault)
FHELTEY, TNHH2O8H 35T LIk - T78
& & MVP 25 Dag 55t B % ¥ - /o 2 TR L TV 7z,
vaut D% F A4 VORESFF+ v 7901554, v a1
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Fig. 9 Overall structure of the vault. An MVP monomer is colored
in brown and the others are colored in teal blue.
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Fig. 10 Ribbon drawing of an MVP monomer.

=25 A X L CRF 4 —BIT5AThH -7, EHIC
vault O/ OE X 1315-30 A & IEEICHE <, KT
KEGEFN > Tiey ZORERAOKE L, TNET
12 X RS AR T IC X 0 BT E S o i KO MTE A
BT CH A TRE2505D70S URY — A% 2, 35T A
NAHZENTEBIFETH b,

7.2 MVPE/<—#8i&

MVP € /¥ —BIFEFICRSIET B L VWHEEE &> T
Wiz, MVP &/~ —i1F7 I /KA ORT —F A A
v (7R BEEHA 1-519), Vel A—F ALY (T3
B H£520-646), F v v TNU v T AF ALY (T3
M H647-802), Fv v SV VT ALY (T3 B
3£803-845) ML SN Tz (Fig.10), RF ¢ —F A
A, 9 OO R LIEEICR > TED, TNZThOf



R

DFENI0007(C 6 RSEFRNERDF(CHT DS

DR LUHEEIIHISSERED T I /B0 5KRD BREE
THER SN2 DOWFT LY — P oo Tz, &)
DREVRUIEE (FAL VL) OF I/ KWMOT 2/ R
L 2 EROBIFRICH A 45 FHTHEFAT L v — T+ &=
L T\ YalbX—F AL 34K BREED B
DMFATY—F EARD aNY v 7 AN S5 afERIR
BEThoTco Frv NV T AF AL /iF420— v
Da~ .y 7 AE7 Y, 39[al[EkE s Bl 77 A~ 155 A
DRI T TWey Fov v INY 9 7 AR AL VDIV
RFVIVRWANC, vault OREEEICE LY 55 L5 ¥
T, Fx v SVVITF AL VPFEEL TV,

8. HEMSREShZ L
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NTW%, vaut O THERICED L EEZLN TV
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BOKMEMHEIER &b T, TABFIEEL Thic, TO
WEEROSTR DT v TN v 7 AR AL /ITEFL
TEY, FAAVOT I /BEEHD19% 7 MVP £ /
<~ —MBOMEERIICB S LTz (Fig. ), ZOMEIEH
OPLIFBUKEHEEH TH 72 TNHDT Eh D, F
T, For v TNV AR AL VEOMEER B &
> TMVP OHCOHEEHN D, half vault Of§EN U
N, 62250 half vault s MVP DR 5 4 —F K £
AVOF ALV 1OMESER (Fig.12) ickv&aEL, &
&g vault iy FOREEDPTER S NS EE 2 b b,
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Fig. 11 Hydrophobic interactions between MVP monomers in the
cap-helix domain. Most of the hydrophobic residues appear
at the interface between two helices to form hydrophobic in-
teractions.

IN=W % WIS OBR R LT > 72 ZTOREER,
ValZ—=F AL, MR EOIRE S 7 F AOREIC
HETHAS L X5 SPFH (stomatin/prohibitin/flotillin/
HAK/C) F A A 10 LERPOME 2> LRI G,
2720 (Fig. 13), “AAREEREH O vault AIEEHE S 7 HiC
WEad ARSI RSN/, IBEZ 7 Mid, Ml ETR
T4 VIARBER IV AT H—IVRE AT T, ke
ZUNTEDEBELTEY, BEanLicy 7 FIVnECM
HORBGE LI W TEEREE R/ T :E2 LN T
Do

9. ¥F&H

T EP100075 %88 2 4 B -R HEH & vault (3,

Domain 1

Fig. 12 Interactions between two half vaults. N-terminal residues of
domain 1, from Metl to Glu4, form an intermolecular an-
tiparallel 8 sheet with those of the 2-fold symmetry-related
molecule.

SFHP domain

o]

MVP shoulder domain PhStoc? Flotee?

Fig. 13 Structures of MVP shoulder domain and two SPHF
domains. The MVP shoulder domain is structurally similar
to the core domain of stomatin (PhSto¢P) and the flotillin-2
band-7 domain (FlotBP7). The shoulder domain, PhStoCP
and FlotBP7 overlap within 2.2 A of root-mean-square devi-
ation of Co atoms.
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X-ray structure analysis of a 10 MDa biological
macromolecule
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Abstract Vault, which has a molecular mass of 10 MDa, is the largest cytoplasmic ribonucleoprotein parti-
cle. Although vaults are found in numerous eukaryotic species, the cellular function remains unclear. We have
determined the x-ray structure of rat liver vault at 3.5 A resolution. The structure consists of 78 identical MVP
(Maijor vault protein) chains with 39-fold dihedral symmetry. Each MVP monomer folds into 12 domains; nine
structural repeat domains, a shoulder domain, a cap-helix domain, and a cap-ring domain. The shoulder
domain is structurally similar to a core domain of stomatin, which is a lipid-raft component in erythrocytes and
epithelial cells.
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