ISSN—0910—4003
CODEN:VIORE 6

Viva Origino

VOL. 24 (No.3)

October 1996

Special Issue:

“Protein Structure and DNA Conformation in Gene Regulation System”

3 P
S %
@ <
w [=]
: :
% £
7 L

& oy
D5 goan >

The Society for the Study of the Origin
and Evolution of Life
JAPAN



EHOoRES SUHILES SR

BERECKTEROERYBEHCRETIC L
&, EHfEfboREIZL Y, EREOFRRLHL,ZL
X5 eThH, KESIE, MRESTFORNERD, EO
R > THLVWEOBREHELHEY - BEZEDH D
tickt, LREOHMBRENTHLOTHS,
H—s& RS, £HOERE IUHRIEEL (Society

for the Study of the Origin and Ewvolution of
Life-Japan, SSOEL-Japan) & 5.

B4 FEsR, SAOESGOERE LUELORR
DB L, BFRICBTLUBUTROMEG - HEX L
b, MAFREIEE LY, FLOAAOENTEWR
AT L EMREED, b THH - MEORBRIZE
5Tab0LT5,

M=% FFE2I, HEOENEROCHAOERY L
ZTth, '

1. WRRHKS - FHRFSOME
2. FEEEOHRMOAET
3. Hofhliko EMERLOLDLELRE

HEE FESRNEOERLSILSLDERRES
<a

HRE FELo&AW, ESRALEHNESAEL, As
FHREIIREDD,

BERD2 ESAR, R RTHRCEETLE
AT, ¥E0KELLbDETS,

BERD3 KRR, REELOEMCKERAL, £0
LT HBATIREETEENERE LD
DETH, .

5k A1, JREDHOCRESREORALAML
felthdisbisy, Bnbhicil Lo h ok
BMULREL, 2BORBIEXRTELOLT S,

BtEk SAN, RELSOKZRSEECEBML, A
SR DYSE Viva Origine FO{EHI R4 0 B
5B ENTES,

AR FELR, 2R 1E, &R 1~ 2RBIVE
SHBEER (UTERLET) £ET4H, &HER
2EEBLLDET S,

A% BEARIUVESHEER, ESBOEECLS,
BHIhABRARESEEEAS GTHERESEM
) L, FSEAEOFRBID.

Htg 4f - BeERFRenELROENLEMT
B,

#t+—% £R-HeRk-FR-SHEXECESN 24
ET5,

Btok FASR, FEMERIUVRSWELILL
Sicad, BER L&, WEBAETELELL, #
SHEHTFERL WUTHEIBEASLWT) MR
L, ¥O{Eicd it D LT3,

Hh=h SERFESPAEL, LLEBIFEENE
Eofhics,

H+ms HEEBASE, LELLEIERRLTEEL,
AESCHTAHERHLFEY - hET 5,

$+ES BEEASR, FLBOGHOEMERLYE
WL, A¥SclTHEREABMT s LAty
5.

Bk BRASWNEWT, A¥SHL LTTEMLR
Bihibot, SAPEEYHETELOETS,

sk SADBERIEHIUVESEREBEECS
WTR, KEFALSRBEFEREYEBLDLETS,

A% FESL, £ OEHESENE, DERE
DMLY DT,

Hths FELLROHIER, EBDOULEOHKED
Boir B eTHUEORELET .

S ARFRE (T SR

1. AP LALAECOBERHELYLAL, HEERS~
RED S ZEARKORELY 15,

2. FRLLTORBEYAZ AL LD, T2P0K
MED AL, &% (VED), $2MR (15
2) ¥ EBR~BAT L,

3. LERAOMASALLDEDWT, KEEASR
ASFHEEXL LD, SRELTERTS,

4, KELSOASHEE LT, BZRLTEAE
5.

SRFOHICMIT SR

1. A&% (E£ADZ) 1,000/
2. 4R

TE£AR =5 5,000

®e£R %] (1) 10,0000

3. FEOLDHOALS &R
E&AT, AEILRAFERDDVEIhEHELS
selrreat - p Ay ESITEARORMIT LD,
KOBALELDLDET S,

Add S00F1, &R (8 2,500

4. #&3 Viva Origino BSEH £85,0008
B, SACENERET,

5. SBTOMORBOMADHTFIIRE 1 ELAET
By

6. SRARESHOE
(MAHZR) EGOREE L UHL%ES
(REERE) KRB —3673



Viva Origino

VOL. 24 (No.3)

Octcber 1996

The Society for the Study of the Origin
and Evolution of Life

JAPAN

R IR FRARICBIT 2R - BEOE ORE & e .

ZOREJE &b
=] b/

O THETFRIMAICHT HHE - BERHORIE & #ikk -
Z nieli &l 2k T
ﬂﬂ%%% .................................................................. (183)

3

x
O EHEMICHHOBRMERFEF-3n&E], #RREMLE & o Tl

BIHERE, ANFF, 7-1TE [UEEELTARREC R PPRT PRI PP (185)
O IEEHENC BT A2~ F DNADEHE

FCLLL B v eevemerer e (199)
O Wttt > oA TEHWXTHERHE Y/ LADNAZ DB

RO TG e e e (211)

© Stellaria aquatica ZEIZ BB L 253 ) RV — LB EEILS > 237 H
— F OO BREEY —
LT A FE. TR A e oo (225)






Protein Structure and DNA Conformation in Gene Regulation System:
Reports of Mini-Symposium in 21st Annual Meeting of SSOEL-Japan
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The Role, Functional Structures and Molecular Evolution of
Translation Elongation Factor 3(EF-3) Characteristic for Fungi

Masazumi MIYAZAKI, Kazuko OGAWA and Md. Ruhul ABID
Department of Molecular Biology, Graduate School of Science,
Nagoya University, Nagoya 464-01, JAPAN

(Received for publication Cctober 1, 1996)

The translation elongation cycle on ribosomes from organisms of all kingdoms is well known to
be driven by the two complementary soluble factors along with GTP hydrolysis. Eukaryotic
elongation factor 1a (EF-1la equivalent to bacterial EF-Tu) is responsible for the codon-dependent
selection of the cognate AA-tRNA at the ribosomal A-site and elongation factor 2(EF-2 equivalent
to bacterial EF-G) for the translocation reaction. The discovery by Skogerson of athird elongation
factor {(EF-3) required for the yeast elongation cycle was therefore amazing.

In order to define the exact function of EF-3 in the peptide elongation cycle, biochemical analyses
were carried out on its role ir: the partial reactions comprising of the cycle. In the AARNA binding
reaction {codon-decodig reaction), the addition of EF-3 and ATP to the system containing EF-1a
and GTP with well-washed yeast ribosomes strikingly stimulated the binding reaction of cognate
AA-tRNA but neither near- nor non-cognate AA-tRNA. The binding reaction was indicated to be
comprised of two steps promoted firstly by EF-1a alone and then by EF-3/ATP hydrolysis along
with EF-1a. Similarly, EF-3 and ATP remarkably enhanced EF-2-dependent translocation reaction
and selected cognate AARNA in distinction from near-and non-cognate AA-tRNA. We have
proposed a revised yeast elongation cycle model containing the two steps of each of the AA-tRNA
binding and translocation reactons. In the elongation cycle, EF-3 along with ATP hydrolysis
functions to achieve the high translational fidelity.

The two intemnal repeats of EF-3 sharing a bipartite nucleotide-binding domain were shown to be
required for its function by analyses of deletion and point mutants of the ATP- binding motifs. The
highly positively charged C-terminus was indicated to play a pivotal role in EF-3 binding to a
specific region of ribosomes. EF-3 was identified in a wide range of fungal species but not in other
eukaryotes and E.coli. In other euk- aryotes, strong ribosomal ATPase/GTPase activities was
found even after extensive washing. The ribosomal ATPase is assumed to be a counterpart of
fungus EF-3.

Keywords: Translation elongation factor 3 (EF-3), ATP Hydrolysis, Translational Fidelity, Molecular Evolution,
Yeast, Fungi, Eukaryotes,

Viva Origino 24(1996) 185—198
© 1996 by SSOEL Japan

—185—






MBS O BRI R A T EF-3ai%h

EERICSAOBRMERTER-3 O&E. HAEME LS THEL

BIRER. MIFIF. VT TER

LEBAEAER - MLFER - EMHBEPEER
F464-01 B EBH TR ERT
Brsic

DEY — 5 EICEREIN/EmRNA OBEHERICH-> T, ELVWT I /EBEREMNZDD
BEEY o 7 %Ak T 5IBBITEREN ST N, BEE. AT F FHEERRE.
KREREOIEBIIKESESENS, ZOIEXRTFREEERIRIE, BER#EES
BOY NI EEBRTAEEDT 3 /BEFEmRNA LM SFER-> T, BNHEELHE
O &N RETERTTAEERBREMETH S, Figl IORTUSHFERRBEI AT
TNhEE3EEPNTER1,2). ETHERKICE > TnRNA EORKRI K AUGERE
A CP-FE{T I Met-tRNA (B M O BN % T Met-tRNADES) 2ERE LU /HKEAE
ET. A-BRICHRD O R CERICHET DAARNAZRES TS 1 1) AA-RNAKS
BRIt GAERSHERO R IChE3.  RWT, P-EALOMet- tRNAREDIAT
WESDIRNF-ERAL, BHOT I EEHEDAEMN EOAARNADT X /BIZ
Met 267 U TRAID R TF RHAMet-AAtRNAZ TR T 5 : 2) N7 F FEEHRK
J&(Transpeptidation)e ZDRIIEYRY-LARY T2y hOEDRTFI)N - bIUA
T FirkoTiFbi. HHAEEH > ~EBR TRNAVEHET D I EMWARENTND
3. BHEIZ. mMRNAEDI RV ERNAT > FIRCOELWHESREEZRELRNS
YRV -AEZRERICL RSB LT, Met-AA- RNAZP-BRIA. 7 X /BMe)Z
BRI U 7 BEDIRNAE U R - L S, FRICA-BUAIEIO IR AREZND @
) EBERIG. IO LUTHERSYA ZABRETL, 191 TR TFREGE LD
SoOMELT. SBICKIET ROMSA- BAIIRS &, RERIBICK > TRRRURT

F RREEENS,
GTP r+ (3 £
[EF-2|coe [EF1s i tans  [EF-1:fere

P

’9 )/F“
%2

e

6

F1 GIJF

'-m

ré Tlanspepltda!lon
“"—-—.—/

Fig. 1. Eukaryotic Peptide Elongation Cycle
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DX IIT(Fig.l). ERBRBERAZ. &L T2 00MBAOMEEET (FEik
4 TIIEF-Tu & ER-G, B4 Y TidFN-FNEF-1a & EF-2 IZ3R) &> THREIE .
EF-10(EF-Tu) I & DAA-RNAKSS K GRIZRER - O RUMERIS) & RTFRES
AR ISEF-2EF-G)Ic & o THE I NBEBERIED 2 DD AT v T TROTPKFIBLE L
EXSONTER, GTPRZOAF U w s « L7V ¥-(4)& L TEF-1a®EF-2 O RV
_A(RNA) &SE (GTPE) M SR (GDPE) ~OZRICE - THERRY T 7))V
wHmEEEEL, VEV-AOBEERIIHEEL TR bOEEALND, BT
(LS - RESHICENAMETH 2 IC bbb 5 Y, BnEYEEZE B D in vito
RADREN EET, HOBSE - EYORICHEAKRBEICHEIENTHEQ).

19764F Skogerson 5 ¥k o T, B RV -A %AW in vitro ERIERICBHAD
SEIOTHEHEEFHRRENER3EMEENIZ(E), Chakiaburity & (6) bbb 7
-7 (7) 1L, Saccharomyces B D Z DA FEE—ERE L THH - #i{LL 125kDadD®H
BIRE)T- FIONTET. BRYRY-AEKE UMW ATPase/GTPase FEMEZ ©
5T k%R L. McLaughlin © & Chakraburtty & I3S. cerevisiae & D EF-3 DtsERERE S
BEL72(8,9) i, EE3®ETFEI N~ BHAREL ZOEFARSOEFITHAT
BB EETHLEZA0,1D). HDRbIEER 2N, BOWBLEURY-LEH—
N3 RicEssI L7 3 B i BTEF- 1o, EF-2, EF-3 M 572 Binvitro & ISR &5 L.
{ER YA 7 BT BER-3 OHAEZE N L72(7,12,13). Poly(U) fK7F DPoly (Phe) &
RE BT, EF-YATP LB EORTFT, ChETEX SN TELL D /Fg]) EF-lak
EF-203% % 12 & BGTP KB RIZIMA T, EF-3 O URY-LAKGFDATPase EHEICED
ATP ABRIEHFAIRTHD ZENAS M ER -7, TOEE-3 DATPase IH{EIZATP %
EbHi<KETIENGTP R Y I VIR VAT RICHERTIEEFOENWH DT,
Vanadate 0 £ THEIN 5%, GTP ICHMEE R 25 DEF-10. ®EF-2 & LT
o iitEE b o TNB. ZOEF-YAT PAERIZ. BOERBELZHFTDITE
BRELDETAHEETRANROBEE L TND T EMBEN RS TER. FH
TiE. N7 FU FIZIRE S T WERIEIC A OEF-3/ATP KR ICDWTHERE L O
g, FNEEFTHEEBED X 0L FELOMEIDWT, bbhOMEEZED
BHREHEET S,

1. EF-3/ATP AKEZDHERIEYA 7 icBi) B &HE

ERAEMOBRAL. KBEOBE & B> THIEBRISTGTP OMICATP KRR EZE
TWRTBZENHESMSHOENTNS(14) . TOATP KRA, mRNALDRKBI R D
BRI EREYHEOERME L TSAKLED 5N BKozak DAF Y =25 + ®F)ND
HEE o715 EEEERBRICBNT, ATPIZL S KIMEESREZBRAICREN
H L 7= DV Skogerson T#H o 7(16). H31HI(7,12) & Chakeaburtty 5(17) D7 Nv- 713K
B BEHTFEREV-LAREZEREREANTIOI EE2BBLZ. In vitro fiiF
RIEZIZB1 BEE-3/ATP DEA = L D FHMCRNT S &, RIBRDGTP REICL>T
EF-3 DATPase IEE DMEEICEMNR SN/, Fig 2107 T X310, GTP XL T
Affinity &% DEF-1o. &EF-2 ARk D OEEERAETE 20T BEQMM) 2HEFIT. N
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LUF @8 EE T3 Poly(U) K 7FPoly(Phe) & AL BURIZ ATP(0.3mM) FINAFRAIR TdH 5 DIz,
10UME B X TREBERBEBREICR S ICONATPIEMIHRERGIC & > THRER TR
REHRELTEHEDLNS, 15, BWGTPIBE TiHEESGEMEDOIKVER3 bEREL S
BEDIWRBIEEZRLTNADM. YRATP M1dH > THEEINRITZED ., ATPOIEKER
7 204 AMPPNP TIZATP $IRIZR 6 ity (Fig.2 &) . EF-3 1ZATP KRE -
THERGY AT ZNVERBEETWS I LERT, £k, EF-3 i L 5HERK
(6.18,19) ®EF-3 Dts ZRALKDBIT(8) 5. EF-3iPoly(U) BXURMAMRNA A vt
DEUERERBRICRARTHD Z EAREN, —H. invivo EBTHY /ALY
2D 13C-OBETUONSRESNSEF-3NESOEFIILADOETTHD, EF-30
ATPEF-TDEREERWHBEROERE (Fig 98R) &A% EEF-3DATPaself
HNRFOBEICATRTH DT EMNDNE20) . BERMERBR T, MOEYREDE
B LiES T, CTPRAICIME TH =B R TEF-3IC X DATPARAERIGHKNETH S
ZEMBAShERD N, TOEF-3/ATPARZIE 3 DDAT v 7 bR b HERIEY
ZIVOEERIETRERBEDOLSITHEL TWBDTHAIN.
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Fig.2. Changes in the ATP effect on polyphenylalanine
synthesis as e function of GTP concentration. Polyphenylslanine
synthesis was measured in the absence (©) or in the presence (®) of
0.3 mM ATP as described in Method 2 under “MATERIALS AND
METHODS" using 0.3 ug of EF-3. The effect of the unhydrolyzable
analogue AMPPNP (0.3 mM) was also measured (). Noactivity was
ohserved without EF-3 either in the presence {0) or in the absence
(m)of 0.3 mM ATP.

a) AA-RNAKE& Rt

BEREESMHERIELEBNADIRIIOAT v 7 | AARNAKS KBTI, HRE&EDGTP
(10pM) Z#EF. EF-3/ATPDRMIZPoly(Phe) @R EIHDPE LB > THABERE L TR
SNTRESEE L THEIND (Fig. 3.4) . Fig3lTAA-RNAK S RISHIER: 10D
AR TE L J= i & EF-1/EF-3 D i 1247 UIZEF-31C L D RERIS D 2 DDEKRED &
BT EERLTWA(12). Eir, BE-3/ATPL B Kt i Poly(U)IZ Xt L Tcognate/k
Phe-tRNATIIH < R5NADICK L T, nearcognateDLeu-tRNA(T K 2 UUA/GIZATER)
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Fig. 3. Effect of increasing amounts of EF-1¢ (A) and EF-3 (B)
on the poly(U}-programmed Phe-tRNA binding rate on yeast
ribosomes. (A) The binding reactions were carried out with increas-
ing amounts of EF-1&, as indicated, in the standard mixture (0}, and
with the following additions or omissions: ( @) addition of 1.2 pmol of
EF-3 and 0.3 mM ATP; {a) omission of poly(U); {a) omission of GTP.
(B) The binding reactions were performed with increasing amounts of
EF.3, as indicated, in the standard mixture (0), and with the
following edditions and/or omissions: (@) addition of 0.3 mM ATP;
{») omission of EF-1a and GTP; (&) omission of EF-1a and GTP, and
addition of 0.3 mM ATP. Incubation was performed at 3¢°C for L min.
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Fig. 4. comparison of the binding stimulation by EF-3 and ATP

between cognate and non-cognate AA—tRNA. A and B, poly-
(U)-dependent binding; €, poly(U)- (O, ®), poly(A}-

(A, &) and poly(C)- (O, M) dependent binding; D, endo-
genous mRNA-directed binding. Binding was measured with

(®, A, M) or without (O, A, ) EF-3 and ATP.
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%non-cognate DTYr-RNADFE A RIE T Z DEEFEN 2 H 5NN (Fig 4) 12).
AA-RNARES RIBIZHWS N D ATPISE D IEKBET - 07 AMPPNP TIEE TEZ N,
Poly(U)U 7RV -AIZHE S L 7-Phe-tRNAIL. EF-1/GTP®D & DFF & EF-10/EF-3/ ATPHET
THRONFESEORTEEITHENSH - /2(12). N5 DEMERRFTN S, Phe-tRNA
DPoly(U)) RV -LADFEEIE T, EF-1o/GTPIZ & o T" LB (Fig. 6)
(Introductory-SitelZ#& & RINTE D B WHIERKEE 215 2 1= HEF-3/ATPK G &
EF-1aDBEERICE BIELWI R Y « 7 F 3 K OXMEBEBRICH 5 AA-RNAL KT
ICBIR LU TA-BUANERE S SR TTF RESERETERICL TN DO EEbhr s,

&
oy
T

o
a

N-Ac—{"CIPne-puromycir focmed (pmoL}

Ve
oz}
o
T
. P .
° 0.4 06 o [} 2.0
EF-2 (pmolh EF=3 (pmot}

Fig. 5. Effect of increasing amounts of EF-2 {A) and EF-3 (B}
on the poly(U)-programmed N-Ac{l4C]Phe~Puromycin forma-
tion (BEF-2-=dependent) on yeast ribosomes., The transloca-
tien reaction was measured by the addition of ATP (0.3 mi}
{®) or AMPPNP (0.3 mM) {A)} to or the omissicn (()) of GTP
from the reaction system () incliuding 10 uM GTP and EF-
3 (A} or EF-2 (B). VUritani and Miyazaki, unpublished.

b) R7F P EEREIS & RERE
RTF REEEEREISITN U THEEF-3/ATPOZEII2 <BBEI /b,
EF-2i2 & » THEI 3 N5 B R G BEF-3/ATPOHRMEER RO I H b 3
(21). Fig. 5IZRTEI1Z. AARNAKAS RIG &R, EF-2BORMKEL BRI
&. EF-2/EF-30O@#F I2k# U/-ER-317 LA BRSO 2 B iR & L TEHE X M.
ZD2DODEETESNBAARNAYRY -ABEESEOREMICERNSBENER2). =
Z ThHcognate AAtRNAZnon-cognate AA-tRNAR S EEICRFI L TELWI R - 7
CFOARCOBEBEEESHFETADER-3/ATP/KENMNELENTNWS I %2R
LT3,
Zh s DEFNERERICDODLbONEFg 6ITTT L%, FLhBERHERIEY
A NDEFNEREL TER, ZOEFIITIRHAARNABES R S EBRIGNENTE

N2EMRIGE L TEITL, EF-3/ATPIIENSDHE 2 DA T v ST 5 WTATPZ
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Fig. 6. A Proposed Yeast Peptide Elongation Cycle

KELEDIZRNF-EZRALTEIDEVWBEOBHREBREZBRBIITNIBDEER
5N 523

BiE D& T, EF-3/ATPASE-Site(Bxit-Site) 128 THEBEOIRNAZHI L. AA-
tRNADA-SiteNOESIZEELZBEEZRLL TR ENI(24). DRbNOE & DE
ROV TRSBROMEEFiTiE 5N,

2. EF-3DH8EERs

Qin5(10) MERACEEFO I O-Z 2 L BEFIPE N & HEE L /- Saccharomyces
cerevisiae DEF-3D7 X/ BEFIL10445E N 5720, FD#Candida albicans 10497 = /
(25), Pneumocystis carinii 10427 X / B2Q26)DEFARE T, HEOE WHAFRMEAHEA
S5hdiroik. 8IS, ATP-Binding €Y NEFD—FOF LR ZITHBLIE RAA >
ZHF/Z 2 DD DIRE NI ATP-EE /A TEIRA LBl & A2, B2(Fig. A SNBH T &,
KIOREN SR HC-MERICIZ3 DO U P « VS A -2 URFENRAET I VB
El¥I(Fig. DA% > TRNAE O RMOHEERSHBINB T LEMNBEMD, ooy
& -BAT2728)I bid, NI FTU T - UiRY-A@"Accurracy Center": $4-55-§120 U Ry
-In o F 2N DD B85 EEF-3ON-H D 102-368 fHIEL & OFLIE. (RNA & OMHEERTE
fr & % 5N 5 ARSaselZ 4 OELVESEZF & M HomologyER-31820-875 I R 51
BT L, BB NY - 3T (ATPaselEiE D D) LOBELMENERI N TH S,

ZD3B, C-e0EREZERSE L = RIBERME(EF-3AK)IXEF-3D  Dintrinsic ATPase {&
IR0, BERNAE ORBEREEERERERS LEBIT, YRV-AND
BE. URYV-LITkDATPaseETEORBEEMN K Z <H#B7/2HN. Poly(Phe)ARIEMEDME
DETF % & /= U= (Fig. 8). TFHEBIER-313RNARE. coli RNAIZ I3/ &8 ¢ B BHRNA & 5F
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in EF-3 Mutants.
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5. ATP-R5E /MUt (Fig. 72 D RIBEREF (A2, AA2K)PCALBIDRZE R
(Fig. 8) T3 ATPasel&{E & Poly(Phe)y & BRIEHEMBE ITIE T H 5 WITIHA L. Tetrad 3T
RTE ST, ER3MEEEEE AT Bin vivo BAEBIEE T B(Fig. 9. 1B, 200517
DATPEF-7 DRV BELEENSBE T TN —F TREFIDOHEEEZ RN &f
bMBd, COATPHEE/AEF-7OBDEBELHEENLEOLDICHEREAL TEWNE
RHEZRREL TSP RERENSGROBETH 5.

8000 5000
—{— gEF-3

— 6000 T
£ —0— yEF-3 g —— yEF3
B _ Xz
pr - K é weQee G46BA
o J e K1 £
£ 4000 o % wwhem K4BIA
I i K2 =
T £ ol S470A
£ o0 welleer AAZK =
= =]
& 4o BAZ o

4]

o 10 20 30 40 10 20 30

Time (min) Time {min)

Fig. 8. Poly{Phe) Synthesis Activity of EF-3 Mutants shown in

Fig. 7
YCpEF-3 YCpAAZK YCpA A2
123438783000 1234847 v101 1134582
YCpG46BA YCpKAGYA YCpS470A YCpD568A

Crrads tdvIaN Tr3as4Ta0000 1134381291010 vidasated
2
b
€
d

Fig. 9. Tetrad Analysis of Complementation by EF-3 and its
Mutants (shown in Fig. 7) on Yeast Plasmid YCp
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Table 1. The Occurrence of Soluble Factor EF-3 and
Ribosomal ATPase in Different Eukaryotes

Ribosomal
EF-3 ATPasg

[.Fungi :

A. Lumycota

1.Ascomycofina :
S.cerevisine
S.pombe
C.albicans
C.maltosa
Neurospora crassa

+ + + F 4

2.Zygomycotina :
Mucor racemosus + -

3.Fungi imperfecti
Aspergillus nidulaus + .

Preumocystis carinii + ?

B. Myxomycota
Dictyostelium (slime mold)
Phliysarum

II. Plants :

Wheat Germ - ?
Cllamydomonas -

III. Animals :

Rat Liver - +
Artemia salina - +
{brine shrimp)

D «a3

Protozea :
Tetrahymena pyrifermis - 4
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3. EF-30 43 Tittfk

Bl A K-T-EF-343S. cerevisiae(5,6), S. carlabergensis(7), Schiz. pombe(7), Hanscnula
wingei, B HIDCandida(27)F D E < DEER DAl Neurospora, Asperugullus, Mucor (Table 1)
mEE<EBERCAIN. WTRbHBMWI20-135kDaD B TFRE/ V- - F NI THD.
FEEF3UEE ORIGMEEA 5 &, LREBEHEOBBEF3E K SRERLT S0,
Aspergillus, $1ZMucor EF-3& O KIGHEIZED T, TEERETEF3Z2 HDEREED Y
R -ARYRANRS TNSOHERISRICIZER3IZ2HELE L. BB LAZUFRY-A
B & I I3 ATPase/GTPasel P 1370 K72V 3 (Fig. 10).

A) ATPsase B) Poly(Phe) Synthesis

170009

B only tlbosome
W (+) EF

[ only rbosome
100024 ® Er-1n & EF2
W EF-1n, EF-2 & EF-1

»

80004
[

dynthesis {£pm)

4000 4

Pl raleased § 5 min. { nmal |
w

Phenylalanina

20090 4

32

Fig. 10. The ATPase and Poly(Phe) Synthesis on Different
Eukaryotic Ribosomes Using Yeast Factors

fih5. EF-3%&FF/=725 w b Fi(29) Tetrahymena(13), Chlamydomonas, Artemia(Fig.
10y 5 DY) RY - A IIBEHEF-10. E EF-20 4 T F43 78 Poly(Phe) & FRBE = R L. BFRIEF-3
DML <. URY-LE BTV ATPase/GTPasel& 2 HD(Fig. 10). F/zTh
5O Y RY -AICIIEBEREF-3DATPase IE1E %3 < Y389 2810372V (Fig. 10), Artemia®
Tetrahymena 5 D URYV -4 « ¥ 27 TIHIBEBEF-3 R E G TH 2 ~4FDON B
EHBLTWS (RHER . Loz Ens, BEEELSOEukaryotes? ) IR -2
ATPaseldEF-3f M AF L EX SN, BATEDEFINEBEOY AV IZHRLTURY
SAIZHROAENHERBRE L TATPaselEE 2 RO L TWB EHEZ NS, 5T, ATP
KBFISIEEEMIHBA L. BNERBE 2N T2200BERRIGEBHDNS,
ZDLIFTHRED R S ZEF-3& VRV -LATPaseDHERE £, WiE EOXISBE G E
SDMBICHENT 52 LIEHRAROH FHAOMENS DRSS LLE8bNMD,
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Possible mechanistic roles of bent DNA in
transcriptional regulation

Takashi Ohyama
Department of Biology, Faculty of Science, Konan University
8-9-1 Okamoto, Higashinada-ku, Kobe 658, Japan

(Received for publication September 30, 1996)

ABSTRACT

Bent DNA structures are sometimes reported to reside within genetic regions
that regulate prokaryotic and eukaryotic transcription. The location of
bent DNA loci suggests that they play a role in transcription. Various
studies have attempted to clarify the functional significance of bent DNA
in transcription. Recently, it was demonstrated that the sense of superhelical
writhe of a bent DNA modulated the activity of Escherichia coli core
promoter by influencing formation of the open complex. In addition, a
recent study provided the first direct evidence that the bent DNA in the
human adenovirus type 2 E1A enhancer is involved in the enhancement of
transcription.  Surprisingly, it was also revealed in the study that an
exogenous prokaryotic DNA curvature with the proper conformation could
stimulate transcription of the E1A gene. Consequently, DNA conformation
may play a general role in transcriptional stimulation. Possible mechanistic
roles of bent DNA in transcriptional regulation are discussed.

Key words: bent DNA/ transcriptional regulation/ promoter/ enhancer/
open complex/ RNA polymerase
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EE WG 51T 5~ b DN AORE
HREREICBIT AN FDNADKE

K R
R - HEY - LEF
T658 MWPRMRERMAS9 1

DI
“ELEADHAEREFNEOL OIRE LT =7 LML & o ZDNADHFET S (K
1) o 20 L9 %DNAIL~> FDNA (bent DNA) & LiEH (curved DNA 3 X UF intrinsic DNA
curvature RFEIEE) . # o VHORESCINBEIN LA ABOHAY (protein-induced
DNA bend) &R ENB'™¥, X FDNAIR, B, FRSAEREETAIHERR
Leishmania tarentolae %3 F 75 A PDNA (kDNA) OFIZERINAZY, 1982802 TH
%, ZOH, TOWEIIEY DR L CONARR OB SHES PES O SIHAR. TRICERN
MBI 2L, DNAOBERBCEE 2RI RATERIC LELIEEET S Z &AL 2T
sh, KEEEND L) kot T, BEEOEITGINCES S h, Bl /o E—% —
BT BHBEICOVTE, B TRELEDBRRBIRZ bNl. I TIREEFICSITHHEIBICH
wiEh, MAOCELELBEHE L., fFECRFOMBLBNT S,

Fig. I. Schematic drawing of bent DNA structure.

¥ FDNAD BT

AV FDNALEEEORBICE L ED A AN, X FDNADOHEIZOWTER T B, L. tarentolae®
K-DNARFF OWHZ b U ST(GAYVE 74 4 ) TAT)O b 52 b 353 & 2 10MHM O 4T D 3E LA
ELTV 5, Marinib HRAE LWEH THERTAYVX 7 LA F FAPAT/ZE TpTHZ L < b
DNAMED TR S N2 D TiRh W EE LAY, 20838 LELFTITHOA, BETCIHEER
FUHZ (AR FEZE TN (i3~ 6 DEHEHEW) OS2 PHTHREEEEL., LALEFR LN
BLZI0BEENOMBTHAELL AL TWA &S 2BEIZ~ ’DNAEN R ShE Z &
BhPpoTwd, B2ICHERT, 26, F)EAZTLRFVATITERY MEEE o< 28
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YYrryy YYYYYY YYYVYYY YYYY yyYvy
TCCCAAAAATGTCAAAAAATTAGGCAMAARATGCCCAAARTCCCARAC
AGGGTTTTTACAGTTTTTTAATCCGTTTTTTACGGGTTTTAGGGTTTG

Fig. 2. Determinants of bent DNA structure. A bent DNA found in L. tarentolae k-DNA is shown.
Oligo(dA) tracts are indicated by arrow heads,

TERV, dATAIZATOMER LRSS HL MR T SN ZEPNERDOTH S,

Ay FDNAIZ S VAW A %HBHH B . Calladined lE BRIKE)IZB T 5~ F DNADOEE) = FEM
IS, N FDNA IR EEIEF (BRCikE) Sh a2 Th {, EERFICEFELTER
HHERED) BFLT M) v 7 AFTELS I, X FMDNAOHF=ZRTHTRITER6 2
VI LRIV, FIT, HAONY FDNAOHREBHFE LA LN (BEEESWHOD —
NMABELAUWAEL L SICLTHE SN E) KEEOEEROUE LMY (AR-AH—T,
spacecurve) & LTELEZTEFNEDLN, FRUBNICHRE DS o Aok EEIIIZ MW 5 EBR 77—
FR3FE(HEBLEY, SPLBRTHA0T, BROFMIZZVTERZIRED,

DNABKBHEECIRGL0SEEN T I EEDSTAERET 45, ) Tda) b 52 FEAEF
VIET P92 PEZhERUEPTERRET B OBEEFE LTI -7 LBONT T
DNA#EME (plane curve) ASERLSE N, 1054 0 b wiEERM (A& A, 9F -k 10iEE)
TRETIEFIOBSIITESEEDRA - N—af AFBREN, FRLY) bEVEESH (11%
eid12¥adsd) CORECIHELSERA - N—af VKON FDNAFHEE ERE &) (H
3) o BELSE, TOERBEL{ OFRBLIRFER TS, RIRONY FDNAR IR ODER
B, TRENLRAAELEAEEE Lo TVAELDEEDNRS,

right-handed superhelix

plane curve gpace curve

Fig. 3. Plane and space curves.
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FE#AE 7o —% — 8175 8BEE

BB T, 7 OE— ¥~ Y FDNARROBREFHEE (RESATVEY, Zh
B ik, ~ 36D C EFICNY FDNAR R TWh, ZOFEIL, BEIIBWTAY b
DNADHT L OB FoTWVAZLEMHREL TV S, BRIV 29D TOE-F —TAY b
DNAZHEBE LTV Z L HRBHIIRE Wiz, BOCINRLOD ) BRRHLRE00HEII2WT
M1 5,

Bossi & Smitht. Salmonella typhimurium®RNAZ R 2 @O I E— & —FEIIITFET BN b
DNAMEE % “TE¥L" (D% DHH o TVRY) MBI EL L EREKEFRL, TUE—5—0
EHEMELRY, ZOBE, BERTFEROHLO0%BDLANVIZETET LTWA I E P HLRIZ
ol, ZOMBEIZRY FDNAVEKRDH IWETH LI EXEBRUIIRLARADSDTH S,
RIZ, MeAllister & Achberger tIH3HE 7 7 — PSP82D Alul 56 70 E— 5 — % Fv, ~» FDNAD
HiASH DEIME 7 OE — & —EH & OBMGE LAY, H6iEk— 3585 & Lo~ FDNA L
OMIZEVDNAMR 2 BATAZ LT, 70E -4 — I §2 0 FONADRREMA P L F2
RrHAe DEREEFEM LA, CATT v EA ZAWAERTY, in vitrdBFREHWLERT
b, BEEMEAY FDNAOEHMNEE S TERE ZRBRICICZS L) 2HlER L o ERHKET
BEL, FRUADOLOTIREBVWIEMNH LRI ol FIZ, TOE—F - TBHAY L
DNA O WG AT AR TORMIC T80 Thb &9 A% LAEoEEI &, o7,
ZOREIZ, TOUE—F DRI 2 DITIEAN Y FDNADRE R BETH B T EFRL
Y TR, XY FDNAQ 7O E—F — I T 5 MHAFEE ThbHZ L xR LA MT—HEA
RATELDENVZ D,

FHTIEN Y FDNADIEHE, 2 WBIZOWTIRED ThAHH, KBE 75 A 3 Fpucl9
ETTrEY ) UIMBREFLELTBHL p-F ¢ ¥ v —YREFOTOE—F —DLERIZH NV b
DNADWHETE, ZOEETFOHRE, 4V TUAD M7 M —76DMNEP S —31DALRIZ 1T
TEH1 13RS (76 —31=45bp, 45674 =11.3bp) ORPTHFEL TV S, ZOiELL, 2O
ANy PDNAREEZA-N—-TA VO—EHD LI RUGHEL L > TR OLHERENS
(Calladinefl) o HFH LIV PROGFEICEVEEF Y TX LA F FLEAL T~ FDNA
OHEEL, BE~OBEEFASY, TR, USHETRE(EMSEI LI LER (4R
ENBLULHEESO/A) 2EATEE, KBEHAKBIT -2 —¥70E—9—-0
EHERECETTEH, bLoFEdTHEM SR ) 28R (LoEEGOMHA) 2EA
L-aici, BHROETIREEEEETHLRWI EPHLP IR o/, THIEAY FDNAD
BAEBEIZEERREN 2R LTWAILERLTNS,

BLEDETFRT, N> FDNAFEBEIZB WML OBEELRH >Twa e, ZFLTEOHE &
U7aE—% — I A RAFBERTUICEERRE LR LTWA I EFHLPIIR oL, Fh
TIEFOWEEL M TEL 3%, -T2 —ETOE—F—DFAD LI 2, TOE—F -
3 A~ FDNADE  IFHI & Dsuperhelical writhe (ZH 68 AOEASEFMIZ4 Ui/ .
EHBEA-N— ANV O—HHTHYTE) TFoTWD, T4, RNARY 2 F—EHFT0E—-
¥ ST AR, DNARRY A5 —¥OLEEEZIZRE O LIREIDH S, Travershd
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INLDEEEISDET, N MDNARTOE— ¥ —FHICEATERT L LI LHo2UYD
S NAHEL LTEELTVADTE RV, LELLT, 2, HEHEIRTAOME
PREBIC RSO NA BB TCELAER R FEA LTRSS, LZEXADTHE, HEMIIZ
DL E LRI NDNAOTEERFBHTE 2, EAOEELOHBHERD CORMIZF
BELav, FXTEEOIRIIZDRHLBRET S 0ODOEREIT272,

AR D p—F 2y v —E70E -5 — %AWV, £3. CalladineAliZfEV> . #9501
DA & Osuperhelical writheZ #o (BT, A% & X2 —/i—a A MRk L8} ~> FDNA, F
MW#H — 74~ FDNA, F7-13/00 & Dsuperhelical writheZ 2 (BIF, EBEX —s—aA N
WEER) <Y FDNARR 2794 > L, {EREE Lz, RIZCH b AWT—-35RADEFRIZ
I+ BV FDNASAERL (H4) . Bohi 70T -5 —ORIBBATOFEEE WL,
BRI PRI E A —5— 0 4 WIRODNAZ R OpRSHR 7T A 3 FO 7T E— ¥ —DiFHI,
AR FDNAHRE % =2\ pSTAD 7 U E— ¥ —FHHE L ) AL IKEVI EERLE (EL) .
—35RFIEE LTEME DR LREHDRPR IO E— 4 —OFEH b B ol —F, EBER-
7= A4 VIROWF £ ROpLSHAD 7 U T — ¥ —idH b EVER LR L7,

-86 -35 -1|0 +'E
i —

F ' ¥
puci9 m&%ﬁ%ﬁﬁ%ﬁ%ﬁ‘m‘f&%ﬁﬁﬁ% right-handed superhelical
-80 -70 -60 -50 -40

pST4 straight

COCGCGCECECEE 5 PR S P [ d
plL.SH4 %mwm left-handed superhelical
ch4 SrTTTIG e s

pRSH4 %%%% -
pRSH3 E85eaeeseeesiass cocediileccecediTrlcoccoedy | right-handed superhelical
PROH2 e eSS o AR e cocc haaad —

planar

pRP3A £ AR e
plane right chimeric
pRP5A .

Fig. 4. Sequence and shape of the modified regions upstream of the B-lactamase promoter'®. T-tracts are
indicated using boxes. The center of the wild-type curvature is marked with an asterisk. In the sequences of
‘PRP3A and pRP5A, "plane" refers to a small porticn of a plane curve while "right" refers to a small portion

of 2 molecule having a right-handed superhelical configuration.
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Table 1. Strength of the mutant f-lactamase promoters in vivo!®

prasmid i}l}?vp:tggelhe gzﬁlgt‘gng:;e gene
pST4 none (straight) 0.11 + 0.00
pLSH4 left-handed superhelical 0.04 + 0.00
pPC4 planar 0.10£0.01
pRSH4 right-handed superhelical 0.15£0.01
pRSH3 right-handed superhelical 0.22 £ 0.02
pRSH2 right-handed superhelical 0.16 £ 0.01
pRP3A chimeric (right+plane) 0.14 £ 0.01
pRPSA chimeric {right+plane) 0.19+0.01

The number of MRNA molecules transcribed from a single
gene was calculated as the ratio of signal intensities (mRNA
over plasmid DNA). Values represent means + SD of triplicate
determinations.

E61Z, KMnO, 7y M7 ¥ MEIZ L AR T, pRSH3ITIRNAKR Y 2 5 —E0EE&KII7OE—
¥ —ORESRE S, HITpLSHA TP En2 Z EHFER S hA: (5) o BAE, #EFEOD
FRATIZ L B Travers®IRELILSEBRANICEEH S Nz, LA Lz d%e, B#MBLo 7 oe— & —fEHHIC
i, EHEERA-N -0 VRO FPDNARFS — 7RO Y FDNABTFET B L, R b
DNAPHEELLZ2VHE b H D, BEFOLRIOPEE RO EBERP S, < DNAMEIR 27
TUE—F—OEMERHTL TV b—F =" ELTHRELTWALEZTWS,

30 20 -0 sy 19 20

il

30 20 10 1] #1020
TTCAARTATGIATCCGE TCATGAGACANTARCCCTGATARATGCTTCAATAATAT

id

Fig. 5. Extent of promoter DNA melting induced by RNA polymerase binding'®. The arrow heads represent
residues that became hypemreactive to KMnO, in the complex with RNA polymerase when compared with the
pattern observed at each promoter in the absence of the protein. The extent of the hyperreactivity, which
reflects the extent of DNA melting, is indicated by the size of the arrowhead (bigger arrowhead indicates

higher reactivity).
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EAGMIR OB EF CIESO R GRS HAERII NV FDNAZRD DLW 206N T
WS R, b b g —T 7 FUBETIRCCAATH Y 7 AERBIZ™, BESaccharomyces

cerevisiae®MF o 1 BT ILUAS (upstream activation site) #2'%, F72, € P FF/ A VA ZH
(Ad2) DELABETFIRTUNVH —HIZAY FDNAZRHoTWD (H6) ¥, TR~V
DNAFSB PHC VNG IBE M F 2> TE h, N FDNAGE O EEES R/ IN TV B,
L2l BBT2Ad2L YN YH—RADARY FDNA%R BWT, BEIZAY FDNAFBRS LTS
ZE R RTEBRNEMIF L RTWV, 202 LIZEEAR TOREAED TRLVZE 2R
Tnb, BRHEEE BEEOMY LT T 256, HEEFZHETL e TRRIbERUEL, £
DWE~DEE LTS LV 0P —RRWLFETH A, Ll ROLEMEM L FERERO S
BURIOFEECLLI ) —EORERTEL T LDTERTH I, EEMROBEIRLEAETTHET
Hh WHLRRTIING A —F —$BVich, TOFETBONRLERIERRFIOEICLE D
Oh, BREEOERIZE A0, FLRAZORANHIRIILDZ O 2RI LIZ WAL T
Hbo

498 (+1)

ENHANCER TATA| E1A mRNAs

_ L

i i

n'mmammmmrmcacucmﬂfmcccauuwmmarmmmccamncmornmummccmc
TATGCCCTTCA TCCGCCTACRACATCATT TAAACC CGCATTGGTTCATTACARACCGGTARRRGCGCC

— —_— - — —

Fig. 6. Curved DNA region in the Ad2 enhancer™. The repeated sequence elements required for enhancer

function are indicated by 7 and [/.

Baff, A2 NI H—HONY FDNAOEEMAFER S W™, ~ 2 FDNAKIREEQEIIZR
HELTEFOIAHELZELSER, COMEICEE L, BEEDARZ NV —2HVTHs D
RETTOZIN —OFEEFRON, TOER, =N YH—ON Y PDNAT VFR A —
a3 YHGEEREICEER RS RS LTV A MO TIER s N2, £, SOWRETEE
ol A7 7=V OBNEBEMIEETANY IDNATOEED Ty FA—a vk bhE
FThiE, Ad2 Ny —0f{b ) IZEIARETOEREEHMEETEDL ZEAPL MiCE N, Th
132 FDNADHEGEEMEE O b OIEERERBIIRS LTV AL TRTLID DTHL, K
BB TRO N LS 12, N2 FDNAFEESN ZH 64 AMGED B (melting) BIBIZEIRZ RIT
FO7 b LRV, |

Kimb b, TATAKY A% 2 “minimal” 79E—% —DLEMICATER LA~}
DNAZ#ARATEFRERAVTAY FDNAIC L DVIEEAMEE S NS BT FEL, N FDNADHE

WSO EENE ER LAY, Lo L) o, BEMRRETOEEIZBVTH Y FDNADMT S
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BB BGAREBIIOVTHS s TRBATH A Z &M Bbh ) WA e B, &
2T ) F(dAYE Aot ) TaTHC L DT S A MBI e FDNASEREE £ OBREICM LT
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ABSTRACT

Centromere/kinetochore is defined as the microtubule attachment site
at the primary construction of chromosomes. Electron microscopy studies
have revealed that mammalian kinetochore, lying directly on the surface of
centromere heterochromatin, has the trilaminar structure composed of
anelectron-dense inner plate, a translucent middle zone and an electron-
denseouter plate. However, the molecular basis of centromere/kinetochore
structure has not been characterized extensively. It seems to be assembled,
more or less, from the underlying centromere heterochromatin during the cell
division cycle. Although it can not be visible ininterphase nuclei by
conventional electron microscopy, a distinet number of sites could be stained
even after telophase by anticentromere autoantibodies. This antigenic
structure, which persists as discrete spots in interphase, is called
"presumptive kinetochore". Thus far, three major centromere autoantigens
(CENtromere Proteins; CENP-A, CENP-B and CENP-C) together with HP1,
human homolog of Drosophila heterochromatin-associated protein 1, are
shown to be localized to centromere throughout the cellcycle. We have
previously reported that they are structural components of centromere/
kinetochre heterochromatin which possess DNA-binding activity in vitro. In
this review, the domain structures of these proteins are described and
compared with those of other mammalian homolog or yeast centromere
proteins.
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FEBRAEZOEERBUEAREIATVIRS T, REORELHIZAE L. &
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T WD EAL (genetic locus), MBI WE, REKOXEZABRIC»DPDHIDNARTIEC
HLTdPbAVWLhTBD, AAEEBROLS . . REEEBE BE L NELHE
EFHICRENREETHEID., P BV PO AFPDNANBEAFEIA TWIBEAK
., REFOLREBHELLTO TEY FOAF) LBE2LEKTO TBIFRMEIE 2
AEBELLTAVWTVWZ LS THD(3) ST, B0 ATFE, HHIC. BF
FRELEL WHALBVWOREAE —RBENCL2EALHEZI LIS BEREG2EK R
ETIERT 2.

BT 202 FREV I LI BR IV TVWIHFEGOEL Y POATORE
PHELEE, RELEMESFPEATEEL IO PO ATPHEABI2VWTRR
A, BB WS OEERSEHELRBLTAREY,

3. MBOoEY MO AT
BECBWITEIREBARKOSRIBEIEEL-EEORBTITLNE, HEER
(Saccharomyces cerevisiae) D REHZFEFEIZ N E {225k S MDD K EXTH
By RORELRAETYH, AHEVTHZRBEOT /4 (M) &b hEh,
B, R4, TV HEAR2ALTRGFORESRICLALDNARA &

1. HFMBOEL oA PHERAEAHR

A, CHROMATIN STRUCTURAL PROTEINS
1. DNA-binding complexes

CP1 (CBF1/CPF1/CEP1) 58kDa HLH-like DNA-binding CDEI(Bbp)
MIF2 65kDa  A-T DNA-binding motif CDEII{85bp)
CENP-C-1ike?
CBF3 240kDa complex CDEXTT(25p)
CBF3A (CBF2/NDC10/CTF14/CEP2) 110kDa GTP-binding
CBF3B (CBF3/CEP3) 64kDa  DNA-binding/Zn-finger/acidic region
CBFAC (CTF13) B8kDa acidic serine-rich region
_ CBF3D (SKP1) 20kDa  cell cycle progression
2. CBF3-associated proteins
TOP2 160kDa  topoisomerasell
CBF5 <G4kDa  microtubule-binding
KAR3 80k0Da minus-end-directed motor
3. Putative kinetochore proteins?
CSE1 108k0a chromosome segregation
CSE2 17kDa chromosome segregation
CSE4 27k0a histore H3-like, CENP-A-like
- B. MODIFYING ENZYMES
MCK1 protein kinase (CBF3ARCBFS suppressor)
CDC34 (LBC3) wiquitin-conjugating (CBF3A suppressor)

) BXOTEROREECERLY, S TCRETATFETRLA,
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2. Rlizgldkdd, IEBL LTGRO FSATED, FIEIE.
CEP (£ PR APEHE)(centromere protein) D LS A ME L HETCE 2L 0
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Meluh & Koshland {1995} Mol. Bio}. Cell 6:793-807. @R E & izfERL %,

4. L RBFOEFPOXTP

LT 20 ORSEHEPEBVW TR . RAKRO SR ET > THE O
El%. ChOEDOREBEEERCKRE . & L TLOMDD 5 260D K & & T (7).
BONMTWEREBETHOLABEOY  AD1 028453, LT . RALEDO £
IO ATFRHEOBBRILEATEVWEREZVWORTEDC L. EXPHMEILI28R
KE2d, REZHE LS SNBMELBEELTVWA I LYBELALEINT WD —

—215—



SoEY FOAT (BRE)HEH I 0—4 0
AOoMMEEESLTWRLANSZ . TR ER
ODHBIUBENRRAGE2RAVWERBEEEIZ &

b, v o AT7RESIC.MGEREEITS
THEBHTHD THEAFHE ) MIANELEEE
ET5aTcHs THRESAE). chbs0@
CEETE THRFEF 0= 2008032 &8
TED(8) (K3),

BERoB&LRRY, TREAEAOEESRI
BETI WS HR%kTOE VPO AFDNA
OHEM - ARICEEILTVWRN, EEL.Y
REEIBVWTR. E>oboA~AFohh YHREE
ERHVWEERPS ERASGRBEBWTILELRH RS
BB EREATVE(8), EABE. FOAP (evbax7)

BEAEEAT I o - REMKEBELCLD.® 3, & FEAELY FOXTOREES
ERIBRAEERBETIHALOREATL

B(10) HEDLIB, 2 FDA7EBATA2DNAOBRR L LT, in sitund
TN -2 v BEL I EFEMBELARNVT T D A7HEBERET %048
SHhPOBIVELERN (¥534 FPDNA) DHEE - BFEEhTWSB (L), h &b,
REESBEIEIEBWTYOISICHIELTW20DPE., SBEOBEFEEERE R R
W

—FH. b3 BOEBCREELRE. LB EREofF b s aEfitk(ietr b
DAZHE) D, REEAER (Scaffold)2EHERRLLTABETZZ LIz LbES
NEREY I YOAPE/ D —-FAHEEHNALT, Who 3 THERE 259 T.
EYFPOATHERERA LTWAEODOBEHENAEE A . FOBEEFE IO —

()
~

T BEEE

& RFK
T CHEms

F2, bEbhEvinATEERTEENEAY

A. Centromere DNA-binding proteins
CENP-A  17kDa  140a.a. histone H3-like ODNA birding 7
CENP-B  A0kDa 59%a.a. central domain alphoid DNA binding

CENP-C 140kDa 943a.a. kinetochre binding to
immer plate kinetochore DNA?
HP1 26kDa 191a.a. secondary binding to classical
constriction satellite DNA?

B. Centromere associated proteins
CENP-E 310kDa 2663a.a. outer kinetochore kinesin-like motor

CENP-F 400kDa 3210a.a. outer kinetochors ?
INCENPs 155kDa 877a.a. pairing domain (chicken homolog)
135kDa  83%a.a.
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HS-H3.1  ALREIRRYCKSTELL JRKLPFORLYRELAQDF -K - - TOLRFOSSAYMALOEACEAYL VGLFEDTN. CATHAKRYT IMPKDIOULARRIRG
HS-H3,3  ALRETRRYCKSTELL IRKLPFORLVRELAQDF -X - -TOLRFOSAAIGALDEASEAYLVGLFEDTNL CA THAXRYT IMPKDIOLARRIRG
SC-H3 ALRETRRFOK STEL L TRKLPFOR. VRETAODF -K - - TOLRFOSSATGAL DESVEAYLVSLFEDTNLAATHARYTIQKKDIKLARRLRG

M7, EhCENP-ALHEFRECSEL4ICRET L TSR
CENP—AIZSW Ttk } (HEP-A), & (BIENP-A), ERA PV H3IZo0T
ke F (HS-H3.1 R7F HS-H3.3). HIHFME (SC-HY)OMFIE A\,
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A new type 1 ribosome-inactivating protein from Slellaria equatica

A NEW TYPE 1 RIBOSOME-INACTIVATING PROTEIN FROM THE LEAVES
OF STELLARIA AQUATICA, PURIFICATION AND CHARACTERIZATION

Shigeo Yoshinari, Minoru Tamura, and Yaeta Endo

Department of Applied Chemistry, Faculty of Engineering,
Ehime University, Matsuyama, 790 Japan

‘The leaves of Stellaria aquatica contain a new type 1 ribosome-

inactivating protein that we named stellarin. Stellarin was purified to
apparent homogeneity by ammonium sulfate fractionation, ion-exchange
chromatography, and adsorption chromatography. The molecular mass of
stellarin was estimated by SDS-PAGE to be approximately 27,500 Da.
The protein inhibits protein synthesis in a rabbit reticulocyte lysate with an
ICs0 of 0.04 nM, and depurinates 283 rRNA in the ribosomes of the lysate in
a manner apparently identical to that of ricin A-chain and other RIPs. The
enzyme is also active on ribosomes from wheat germ and Escherichia coli .
The sequence of the N-terminal 20 amino acids of the protein reveals a
close relationship to other ribosome-inactivating proteins.

Key words: inhibitor of protein synthesis, purification , Ribosome-inactivating
protein, RNA N-glycosidase, Stelfaria aquatica.

INTRODUCTION

Ribosome-inactivating proteins (RIPs, see ref.1 for a review) are a group
of plant enzymes of unknown biological role that inhibit polypeptide chain
elongation by inactivating the ribosomes of most animals. The molecular
basis of the inhibition (see ref. 2 for a review) is the hydrolysis of the N-
glycosidic bond between the base and the ribose at position A4324 in 28S
IBNA of rat. The cleavage site is embedded in a purine-rich single-stranded
segment of 14 nuclectides that is near universal. RIPs are classified into two
groups: type 1, single-chain polypeptides; and type 2, two-chain proteins
consisting of an A chain with an enzymatic activity equivalent to the type 1
RIPs and a B chain with lectin properties. In spite of their apparently identical
enzymatic activity, RIPs from different plants seem to have different potencies
in their activities on animal, plant or bacterial ribosomes3). This fact suggests
that RIPs are useful probes to study structurefunction relationships in
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ribosomes. Furthermore, interest in RIPs is currently growing because of
their possible utilization in agriculture and in human therapy as antibody-RIP
conjugates“). For these reasons it is important to investigate new RiPs to
increase our knowledge of the properties of these proteins.

We report here the purification and characterization of a new RIP,
stellarin, from the leaves of Stellaria aquatica.

MATERIALS AND METHODS
Materials

Leaves of Stelfaria aquatica were collected in the garden of Ehime
University. L-[U-14C]Leucine (11 GBg/mmol} was from Amersham
International, Bucks.,, UK. Materials for the ion-exchange columr
chromatographies and for adsorption chromatography were from Tosoh Co.
Ltd. (Tokyo) and Nakarai Tesque, Inc. (Kyoto), respectively. Polyvinylidene
difluoride (PVDF) membrane was from Millipore (Bradford, MA).

Methods

General. The following procedures were either described or cited
previously?-6): determination of protein and ribosome concentration,
preparation of rabbit reticulocyte lysate and the incubation conditions for the
protein synthesis assay, preparation of ribosomes, extraction of rRNA with
phenol and dodecylsulfate, aniline-induced chain scission at the modified
site in TRNA, analysis of the nucleic acids by PAGE, and visualization of RNA
bands with ethidium bromide.

RIP activity was measured either as inhibition of
endogencus mRNA-directed protein synthesis in a rabbit reticulocyte lysate
(an indirect assay)9), or as cleavage of the N-glycosidic bond in 235/288
ribosomal RNA that is the site of action (a direct assay)"r). The former assay
was carried out as follows: One pl of various dilutions of RIP sample was

added to 29 pl of the rabbit reticulocyte cell-free transiation mixture.
Incubation was carried out at 30°C for 30 min, and the effect of RIP addition
on endogenous protein synthesis was measured. One unit of stellarin is
defined as the amount of the sample which inhibits translation in the
standard 30 ul reacticn mixture by 50%. For the direct measurement of RNA
N-glycosidase activity, RNA was extracted from reaction mixtures as
described above and treated with aniline under acidic conditions to effect
chain scission at the modified site. Fragment formation was analyzed by
PAGE and staining of the RNA bands with ethidium bromide. To determine
the substrate specificity of stellarin, ribosome fractions prepared from rabbit
reticulocytes, wheat germ, or E. coli were purified by uitracentifugation in 1M
sucrose in solution A (25 mM Tris-HCI (pH 7.6), 50 mM KCI, and 5 mM
MgCI2)4) The concentrations of rihosomes were adjusted to 20 Aggg units/ml

in solution A, and reactions of 50 ul were incubated with the purified Stellaria
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RIP at 30°C for 30 min. Cleavage of the N-glycosidic bond in the rRNA was
monitored as above. The RNA N-glycosidase activity was quantitated by
measuring the ratio of produced fragment to 55 rRNA on the gel. For this the
ethidium bromide stained gel was photographed and the intensity of the
bands on a negative film was measured with a densitometer (Shimadzu
dual-wavelength flying-spot scanner, CS-9000). The number of moles of N-
glycosidic bond cleaved was directly obtained by comparing the percentage
of cleavage to a calibration curve; for the calibration curve known amounts of
rBNA prepared by mixing the RNA from untreated and ricin A-chain-treated
ribosomes had been analyzed in the same way. The principle for the

determination was described in detail before4).

All steps in the purification were carried out at
4°C. (i) Preparation of S-100 Fraction. Fresh leaves of Stellaria (200 g) were
ground to a fine powder in liquid nitrogen. This powder was then extracted
with an equal volume of ice-cold extraction buffer (50 mM Tris-HCI (pH 8.0),
5 mM EDTA) for 30 min on a magnetic stirrer. The extract was adjusted to pH
7.6 with NaOH and centrifuged at 30,000 x g for 30 min. The clear
-supernatant, constituting a crude extract, was centrifuged at 103,000 x g for 4
h to remove ribosomes, thus yielding the S-100 fraction. (ii) Ammonium
sulfate precipitation. Solid (NH4)2S0O4 was added under stirring to the S-100
fraction. The precipitate which had formed at 35% saturation was removed
by centrifugation and additional {NH4}>S0O4 was added to 70% saturation.
The precipitate formed contained the RNA N-glycosidase activity, and was
dissolved in 50 mi of 25 mM Tris-HCl (pH 7.8) and dialyzed three times
against 1 liter of the same buffer {fraction 1). (iii) Anion-exchange column
chromatography. Fraction 1 was briefly centrifuged and clear supernatant
1was loaded onto a DEAE-Toyopear! column (25 x 4.5 cm) equilibrated with
Ahe dialysis buffer used above. Virtually all of the enzyme activity appeared
in the flow-through volume. This fraction was collected and dialyzed against
25 mM sodium-phosphate buffer (pH 6.5). After centrifugation a clear
supernatant was obtained (fraction 2). (iv) Cation-exchange column
chromatography. Fraction 2 was loaded onto a 50 ml CM-Toyopearl column
(1.5 x 28 cm) that had been washed and equilibrated with 25 mM sodium-
phosphate buffer (pH 6.5). After sample application the column was washed
with 100 ml of loading buffer, resulting in elution of most of the protein
contained in the sample while retaining the translation-inhibiting activity. The
activity was then eluted by washing the column with a linear gradient of 10 to
300 mM NaCl in the above buffer. Fractions containing the inhibitor activity
were combined and dialyzed against 25 mM potassium phosphate buffer
(pH 7.0) (fraction 3). (v) Hydroxylapatite column chromatography. Fraction 3
was [oaded onto a hydroxylapatite column of the dimensions 0.7 x 2.5 cm.
After washing the column with dialysis buffer, the chromatography was
performed with a linear gradient of 25 to 400 mM potassium phosphate (pH
7.0). Fractions containing peak RIP activity were combined and dialyzed
against fraction 3 buffer, and aliquots were stored at -80°C for use in the
subsequent experiments.

Amino acid sequencing.  Purified protein was electrophoresed in a 1 mm
thick SDS-polyacrylamide gel and electroblotted from the gel to a
polyvinylidene difluoride membrane according to the method of
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Matsudaira’). The N-terminal sequence was determined by automated
Edman degradation on a gas-phase sequencer (Shimadzu protein
sequencer PSQ-2) connected on-line to an HPLC apparatus for PTH-amino
acid identification. For the detection of potential sugar linkages in stellarin,
the protein was (1) separated by SDS-PAGE and stained with periodic acid-
Schiff stain8), and (2) treated with N-glycanase (Genzyme Corporation,
Boston, MA) and subsequently analyzed by SDS-PAGE®).

RESULTS
Purification of stellarin.

As summarized in Table 1, a protein, designated stellarin, which inhibits
translation in rabbit reticulocyte lysate was extracted and purified from the
leaves of Stellaria aquatica. Approximately 300 ng of the purified protein
was obtained from 200 g of starting material. A large increase in activity was
observed during purification at the ammonium sulfate precipitation step; this
might be due to the removal of inhibitor(s) present in the material. The
gradient elution patterns from the CM-Toyopearl and hydroxylapatite column
chromatographies are shown in Fig. 1. Fractions containing RNA N-
glycosidase activity, as determined by measuring inhibitory activity, started to
elute from the CM-Toyopearl column at NaC! concentrations of about 75 mM
(indicated by the bar in A). During hydroxylapatite column chromatography
the active moiety eluted at potassium phosphate buffer concentrations from
75 to 95 mM (indicated by the bar in B). Purified Stellaria RIP is pure as
estimated by reverse phase and gel filtration chromatography (results not
shown) although on SDS-PAGE the protein shows two bands, one main
band and an additional minor band (Fig. 2).

Table 1. Purification of the ribosome-inactivating protein from Stellaria  aquatica

Total Totfil_ SApe_ci.ftic

Fraction pzﬁtge;m (:\ %gtynits) {Units /C:;glpyrotein)
(i) 3-100 350,000 6.36 1.8
(i) (NHg),S04 120,000 15.00 12.5
(i) DEAE-cellulose 5,470 3.65 66.7
(iv) CM-Toyopear 290 3.63 1,251.7
(v} Hydroxylapatite 270 3.58 1,325.9
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Figure 1. Column chromatographies of ribosome-inactivating protein from
leaves of Stellaria aquatica . The elution profiles from CM-Toyopearl (A) and
from hydroxylapatite (B). Experimental conditions are described in Materials
and Methods. Fractions with inhibitory activity in a rabbit reticulocyte cell-free
protein synthesizing system were pooled as indicated by the horizontal bars.

M 1 2 3 4 5

Figure 2. SDS-PAGE of the
©i purified inhibitor fractions.
Lanes 1-5 correspond to
fractions 1-5 of Table 1.
Lane M contains MW
standards.
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Similar electrophoretic behaviour was observed with other RIPs, such as
saporin-S6 and RIP from Vaccaria pyramidata and ricin A chain, and was
interpreted as an artifact due to the lower net negative charge of the protein-
SDS complex10). The apparent molecular weight of the purified protein (the
major band on the gel) was estimated to be 27.5 kDa when compared o the
electrophoretic mobility of molecular weight markers. The purified protein is
stable for at least 3 months when stored at -20°C and retained activity upon
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Table 2. Amino terminal sequence of ribosome-inaciivaling proleins
from Stelfaria aquatica

STR A - - - - - - - LDLA- - - N-PTAAKYTAFLTS S
DA3 ATAY - » -« - T % N % % <ok - k£ § %5 Q%8585 %% DO o*
MAP APTLETIAS * % %N * * & T - - %« L S %1 % N *
SAG VTSI - - - - T*%%x%xV - - - % - - &% (Q#%858§5*%xV]DEK=*
PAR-S % - - - - - NT - [ TFDAGNA=®TING=®HATH=NES®]L
RCA *« FPKQYPIl - - - T NFTTAGA®Y (¢S #&*N*x1RAY
TRC - - = - - - - pD---VSFRLSGA®=®S S GCV*x]S3SNI

freeze-thawing. The N-terminal amino acid sequence of stellarin, determined
up to residue 20, was compared using the CLUSTAL V multiple sequence
alignment program11) to the sequences of several other RIPs1) (Table 2). -
The sequence is very similar to that of dianthin 30 (DA3, from the leaves of
Dianthus caryophyllus ; there is 50% amino acid identity)12) and Mirabilis
antiviral protein (MAP, from the roots of Mirabilis jalapa L. ; 50% amino acid
identity)13) but is much less similar to the sequence of trichosanthin (TRC,
from the roots of Trichosanthes kirilowii ; 15% amine acid identity)14). The
percentages of identical residues in comparisons with saporin-86 (SA8,
from the seeds of Saponaria officialis 1), pokeweed antiviral protein (PAP-
S, from the seeds of Phylolacca americana )16), and ricin A-chain (RCA,
from the seeds of Ricinus communis )17) fall between the values of the
above proteins. There was no indication of carbohydrate attachment in
stellarin as determined by staining of SDS-PAGE gels with a periodic acid-
Schiff stain as well as by treating the protein with N-glycanase followed by
gel mobility analysis.

RNA N-glycosidase activity of purified stellarin.

The inhibitory effect of purified stellarin on in vitro protein synthesis was
assessed in a rabbit reticulocyte lysate system. After a brief lag period,
stellarin inhibits endogenous protein synthesis (Fig. 3A); this is a typical
behavior observed with other RIPs as well18). The ICgo , concentration
causing 50% inhibition of protein synihesis in the cell-free system was
estimated to be 1.2 ng/ml (0.04 nM), a value similar to the ICsp values of

other type 1 RIiPs such as maize RIP19). In order to confirm that the purified
protein is indeed a RNA N-glycosidase, we isolated the rRNA from portions
of the protein synthesis reaction mixtures and analyzed the RNA by PAGE.
Fig. 3B shows the formation of a new band (indicated by an arrow) after
treatment with aniline; this band has the same mobility as a conirol ricin A-
chain/aniline fragment. From these results we conclude that steffarin is a
RNA N-glycosidase inactivating animal ribosomes by cleaving a single N-
glycosidic bond, presumably at the ricin A site of action in the u-sarcin/ricin
domain of 285 rRNA (A4324 in rat 285 rRNA).

it has been known for some time that single chain RIPs or the A-chains

of cytotoxic lectins vary markedly in their specificity for ribosomes of different
organisms. Research predominantly utilizing ricin A-chain has shown that in
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general mammalian ribosomes are particularly sensitive, plant ribosomes

less so, and E. coli ribosomes are insensitivel). Some of the single chain
RIPs such as MAP (Mirabilis antiviral protein) do inactivate E. coli

(A) (B}
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Figure 3. RNA N-glycosidase activity of stellarin. {A), inhibition of protein
synthesis in rabbit reticulocyte lysate by stellarin. Each reaction mixture (50

wl) was incubated without (lane 1) or with 0.08 ng (2), 0.16 ng (3), or 0.5 ng
(4) of the purified protein. (B), aniline-induced fragment formation. After 30
min incubation, an aliquote was taken from each reaction mixture in (A) and
used to isolate rRNA. Samples were treated with acid aniline and separated
by 4.2% PAGE. The lane numbers correspond to the curve numbers in (A).
Lane 5, RNA from sample (4) is analysed without aniline-treatment. Lane 6,
acid-aniline-treated RNA from ricin A-chain-treated lysate was used to
generate the fragment marker (indicated by an arrow),

ribosomes as well as plant ribosomes by cleaving the N-glycosidic bond at

the corresponding site in 235/28S rRNAZ2(). We examined the substrate
specificity of steflarin. The insets of Fig. 4 show that stellarin does act on
ribosomes isolated from wheat germ and £ coli as evidenced by the
formation of a specific, aniline dependent fragment derived from the large
rRNAs. However, the protein appears o be less active on the ribosomes of
these organisms when compared to rabbit reticulocyte ribosomes. A dose
responce curve for steilarin with ribosomes from each of the organisms was
established with the help of densitometric gel scanning as described in
Materials and Methods. Estimated ECsq values, signifying 50% cleavage at
the N-glycosidic bond, are 9.3 ng/ml (0.34 nM), 148 ng/ml (5.4 nM) and 4.1

ug/mi (150 nM) with ribosomes from rabbit reticulocytes, wheat germ and E
colf, respectively {Fig. 4).
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Figure 4. Substrate specificity of stellarin. Ribosomes prepared from rabbit
reticulocytes (A}, wheat germ (B), and E cofi (C) were incubated with
increasing amounts of stellarin. Insets show aniline-induced fragment
formation; the concentrations of RIP in these experiments were 2.2 nM (A),
36.0 nM (B), and 0.545 mM (C). Details concerning the quantitation of RNA
N-glycosidase activity are described in Materials and Methods.

DISCUSSION

We purified the protein stellarin from the leaves of Stelfaria aquatica.
Stellarin is a type 1 RIP since (i} it inhibits protein synthesis by cleaving a
single N-glycosidic bond (presumably at the ricin site, A4324 in 285 rRNA),
(ii) it is a single-chain protein of a molecular mass similar to that of other type
1 RIPs. Our preliminary examination showed that the inhibitory activity is
found in almost all tissues of Stellaria aquatica with the exception of the
petal (data not shown).

The ICgg of stellarin in the rabbit reticulocyte cell-free system is 1.2 ng/mi
(0.04 nM), which is within the range of values from other RIPs. When the
RNA N-glycosidase activity was determined using ribosomes from rabbit
reticulocytes as a substrate with the aniline-induced chain scission method,
we obtained an ECsg of 9.3 ng/ml (0.84 nM). There is a quite big difference
in activity depending on the method - the direct assay gave Us a more than 8
times higher value compared to the indirect assay. We consider this
difference is a reflection of an efficiency of the translation reaction in the cell-
free system, since it has been known that not all ribosomes in the lysate
system are engaged in translation21). Furthermore during protein synthesis
inactivation of any one ribosome among the actively translating ribosomes
on a mRNA would result in a freezing of the respective polysome since the
depurinated ribosome remains arrested on the mRNA template?).

Ribosomes from the broad range of species examined so far vary
considerably in their susceptibility to RIPs1). Among plant ribosomes
sensitivity to RIPs varies as well. Ribosomes from wheat germ are, with an
ECsp of 5.4 nM, quite sensitive to stellarin and we are currently using
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stellarin as a probe to study the relationship between structure and function
in wheat germ ribosomes. All type 1 RIPs reported to date inactivate E. cofi
ribosomes, although at a much higher RIP concentration (sometimes more
than 10,000-fold) than what suffices to inhibit franslation in a rabbit
reticulocyte lysatel). We determined an ECgg of stellarin with £ coli
ribosomes of 150 nM. Although no qgther comparable data have been
reported yet, the activity of stellarin on E. cofi ribosomes is in the same order
of magnitude as that of MAP; MAP is one of the most active RIPs and
completely cleaves the susceptible N-glycosidic bond at concentrations as
low as 100 nM20).

This study was supported in part by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture of Japan.
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