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T3 rIlok VEER 7 p70/p86 heterodimer %4ERL, ¥ 7- hexa-histidine tag & fusion
protein (2¥ 3 Z L THEICADKBICHESE, EWLAE. FLZ0YVAYEF LIS
AUV T heterodimer ##RH¥ 3 2 &5 Ku /R4 DNA CHEET 5 1-HICWEATHS
&KL (SRR 6 % 7 A14H#MA)

Production of Functional Human Ku Heterodimer Using Baculovirus
System

Masashi Ono, Mariko Ono and Hiroaki Ueki

Attempts to produce functional recombinant Ku have been largely unsuccessful.
In this article, two recombinant Baculoviruses that carry p70 and p86 cDNA are
constructed. These viruses express the human Ku subunits individually as well as
assembled them into the Ku heterodimer. A simple method of isolation for highly
purified recombinant Ku is also described. Further, these products are analyzed by
an EMSA (Electrophoretic Mobility Shift Assay), and finally it is confirmed that

heterodimerization is necessary for Ku to bind DNA. (Accepted on July 14, 1994)
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X bZip#E& %, % 72p70 subunit @ C i
HTH &N HEINTEY, IhoddglE
BLUBBADEAR ALV THLILEZD
NTWwa99 Lanl, ZOKBEEORMEDRE
ge, BEIcoOWTIE, Ku HiEosifafic i Ei
TRBIEEAT b boT, £2<{fHD
EFTHS. —ODRHE LT Ku HiEWEETF
DEEE Wb % ¥ 7 BEERDO—ETIE W
e TEEZIFNDHEH, i KufiEsn<
OPEEDEERT 2 L VT 2BREAL
RFNI LD F7-FEEZ DNA-PK OFE M
FELRBEE LS TWEZ WD X512 Kudd
gtfk ECIREEEMICEEL TwE IR E
HOEHINTHBI . Lnl, & 5IEE LR
BETDLEHIzoT, § 87 BHH L HER
R, BERAES LI DERP—E TRV &
W &SI Ny EEESETICKuUZE
%42 D subunits NS 5 Z EPRETDH S
ZEDMKEBEEIC R ST E. ZOROAR
geClx, Baculovirus iV arE+ b
Ku subunits (p70, p86) Z{ERRL, Zio %l
FaN CHBERI 72 — BN LG 3 ¥ z05, ¥
YR URER 2 FECEE» ORE, &
M CHESIL .. FIKZOYATLAEAWT, Ku
HURD DNA NEET 5701213, p70& p86D
7200 subunit BTEEREEK T 5 2 EHNE
ThHbBZ ERBRLT.

MEBIUFEE

Transfer vector MIELE © 3.4 kb D human
p86 cDNA® EcoR1 Wif %, transfer vector
pBlueBac2 (Invitrogen #t) ® BamH1 site ~
Klenow fragment & T, ligase ZF\THA,
za— ALl iztk, HIREER< Y 7 TR
OF A EERL 72 (pBB2-86Ku) . Human p70
cDNA® O FFiiZ 1 hexa-histidine > 7"+ 17
% overhanged primer % f\> T PCR THEE,
— H pBluescript 1I (Invitrogen #t) ® BamH1
site ~\ subcloning L7z. DNA sequencing 2 &
DPCRI I —DOEEEHERL &, 20

g&:

(38520% %35 1994)

BamH1 Wi} % pBlueBac2 ~fA L 7z (pBB2-
70tH®) (Fig. 1A).

Recombinant virus : L 5 @ transfer
vector (pBB2-86Ku & *pBB2-70tH®) 2 ug
& linear wild type AcMNPV (Invitrogen #t)
0.5 ug % calcium phosphate #% Fv>T Sf9 il
B (2 X 108 cells in 25 cm? flask) I transfect L
7z. cDNA X #f f@ ¥ T homologous recom-
bination I £ » AcMNPV A&, 5 HE '
EEE, EHEMN KRB S N7 recombinant
virus 1& X-gal (150 ug/ml) % &2 overlay %
FI» T plaque purification 217> 7z. (VBB2-
86Ku & Uf VBB2-70tH®) (Fig. 1B)'®.

Recombinant ¥ >/32 MR © SF9 MFLIZ20
multiplicity of infection (MOI) ® recom-
binant virus 2B X, 63—T2RFREEE L.
% > %7 % (3S) methionine T VT 28E
%, 4SRRI, SI9#ifa = PBS Tk,
methionine deficient Grace’s medium (Sigma
) 3048 L, TRANS35-LABEL (ICN
1) 2Nz T 515 EL /2.

Western blot : SDS-PAGEIZEEEY T
7219 HifaIx 2 X Laemmli  buffer ¥ ## L,
8 9% polyacrylamide gel & TREE, PVDF
membrane I[ZEEE L 72, 1 Ku BEIME THR
M, P SV DRPUER LA - T VA T T T 4
—ERHwTHEH L 7.

SEENMEE AT VYT A ETREL
72 SE9 HRE % B BABKEIc T T v b+ X ¥
7 = (50%/50%) THEE, PtKuliiE ko>
FITC 5~ )VikPifk % v T4, SOBEEM
ST CRKubiEORERZBEL .

Immunoprecipitation : (**S]) methionine
T~V L7 2 PBS THi Bt 50 mM Tris-
HCl pH 7.5, 2mM EDTA, 150 mM NaCl,
0.5% Nonidet P-40, 1ug/ml Leupepsin, 1
ug/ml Pepstatin A, 1 mM PMSF %/1x (2%
106 cells/500 pl) BEESTARE, BESEMRE, Eik
& BREES OBREERITHSY 7 ERE L
7z, 2D 3ul 2V 100 £l 1 EREOEH %
FAWTER, 40 41(50 % slurry) Dprotein A-
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EcoR1 pBCI86 ) Ecort

pa6
; 3.4K
- e fica)
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Fig. 1. A) A p70 ¢cDNA-TEV - Hexahistidine fusion fragment or a p86 cDNA fragment was
inserted into the Bam HI site of the pBlueBac 2. B) Fragments were introduced into the
wild-type AcMNPV gene by homologous recombination. The recombination event caused the
linear AcMNPYV to be the circular recombinant virus and rescued the viral replication. TEV :
Tobacco etch virus proteinase sensitive site. PH : Polyhedrin promoter. ETL : ETL pro-
moter. RS : Recombination site. Gal . g-Gal.
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agarose beads(Sigma #t) Zi1Z THLE % L,
Z O EEWHIKuifk ¢ 2 — b L 7zprotein A-
agarose beads 212 CTEE T 1 KHKIGX ¥
7 %, beads # PBS T ¥ ¥, 2XLaemmli
buffer CitEY 2 5%, 8 % SDS-PAGE TR
BL, A= 794757 4 —THFHILLT:.
Electrophoretic Mobility Shift Assay
(EMSA) : fifg =X #%, PBS % F v T ¥ E,
40mM HEPES pH?7.9, 1lmM EDTA, 2
mM DTT, 0.1% Nonidet P-40, 1 xg/ml
Leupepsin, 1 ug/ml Pepstatin A, 1mM
PMSF H 215 YA R B OB B B & VO
#2172 (1X107 cells/ml) . Zih SFELIZ T
EES 2 BRFE L 7205 30—T0% R EATE 5 %
EUY, 5ml ® 20 mM HEPES pH7.9, 0.1M
KCl, 0.2mM MgCl, 0.5mM EDTA, 1mM
DTT, 20% Glycerol, 1 ug/ml Pepstatin A,
1mM PMSF i % f#, & ft L 7. Linear
dsDNA probe & L T p70 subunit cDNA @
Nhel-Styl, 147 bp#i i % Fill-indk & f v T
2Pp-dCTP To7~W LTz, REens5 37k
DNA probe % 20 mM HEPES pH 7.9, 0.15
M KCI, 0.2mM EDTA, 20% Glycerol, 1
mM DTT, 1mM PMSF, 20 ]l FIZIR&LE
1R T304 Kt & ¥ 72 #, polyacrylamide gel
(4 9% polyacrylamide, 50 mM Tris-borate,
1mM EDTA, 2% Glycerol) TR, 4—
NT VAT T 4 —THFLL 1220,
Recombinant Ku heterodimer O ¥& &
Sf9 #HfE 2 VBB2-86Ku & ' VBB2-70tH® % [F]
7 12 R X % (co-infection) [EIN, BRZEHTD
# 50 mM Na-phosphate pH 8.0, 500 mM
NaCl, 10 % Glycerol iZi5fi#, BENTLIz. ¥~
2%7 O#ifEIZIE immobilized metal ion affinity
chromatography (IMAC) & DNA affinity
chromatography % F \» 7z . random DNA -
sepharose 1% salmon sperm DNA % &3
B¢ & Hhal, Sau3Al{E{LDO L VR 1L L,
cyanogen bromide activated sepharose 4B
(Sigma ) ICFEBIL L 72, fBEUZ, 5 V0%
W% %3 Ni-NTA-agarose (Qiagen ) &/n

(5820% #H35 1994)

%2, pH5.0 2T KufiRZ=&SLES 2, 20
mM HEPES pH7.9, 150 mM KCI, 0.5 mM
MgCl, 0.5mM EDTA, 1mM DTT, 20%
Glycerol, 1 mM PMSF T&# L /2% random
DNA-sepharose ~jiZ , 500 mM KCl iz THh
HU7. 77 A8EROTNOERTITo 2.

& R

Recombinant Ku subunits @FiIR : p70,
p86% 4L ZF 1L D recombinant virus D EK %
Figure 112773 . VBB2-70tH® @ p70 subunit
23— KT 3WMHOTRICTEBHBEGRT S A
R T% % hexa-histidine ##E5% & U THEEEL /2.
L OERAT1E, W subunits @ methionine (X%}
REMO BN LA RESDH S L, pT0
subunit @ C ##ic DNA binding site 2¥EE &
TV 7)), ZOWSP B TEE LT
B, ZoXREELINDL EBbhdZeno
BEEL. 25D virus # BROMIEKRTH S
SO Mifgc ZnNETEHEEE, I—FLTWwEY
VN7 DFEBLE SDS-PAGE K Uf Western blot
THER L 72 (Fig. 2). WIFNhoD virus b Z DY
A4 X5 5 full-length & b5 p70K U p86
subunit ZFI L, it b Ku Hifkionw UK G
2EL. $-Ino0EWIER, 3CT%E
TETH-o 7. bR L recombinant Ku
subunits D FBLIZEESEL60—T0RFEE T, [EIUY
L 7=HIfED#R 5 > 28 7 D60% 12 Kk A 72 (data not
shown) .

Recombinant Ku subunits DA - & 1F
3R © SO MREATHELL 72 Ku subunits O
IR B 1T % JRTE & SiEHOEHARE 2w T
B2z 7> (Fig. 3). W ho subunit b MfE%
ANEBEINT WIS, p70 subunit TIHZIXIE
BT R RS> TWizh DO, p86 subunit Tl
BixEL <L, L.

BEER Ku — 2145 D& M . Recombinant O
p70 K Uf p86 subunit % HEAD Ku PUF & [AskA
ZRENEERT B, UTOZODHEE:
A7z, 1) p70, p86 subunit FHIZICHH X
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Fig. 2. The p70 subunit or the p86 subunit was expressed in Sf9 cells. A) Cells were labeled with
(3S) methionine and analyzed by 8 % SDS-PAGE. Lane 1, VBB2-70tH® infected Sf9 cells ;
lane 2, VBB2-86Ku infected Sf9 cells. Positions of recombinant products are indicated. B)
Immunoblot with anti-human Ku patient serum. Lane 1, HEp-2 cells indicating authentic
human Ku ; lane 2, VBB2-86Ku infected Sf9 cells; lane 3, VBB2-70tH® infected Sf9 cells.
Prominence of p70 and p86 bands on lane 1 were caused by reactivity of antiserum.

Fig. 3. Recombinant p70 and p86 subunits were transported into Sf9 cell nuclei. Immunofluorescent
stainings of, A ) VBB2-86Ku infected Sf9 cells were stained with rabbit anti-p86 antiserum ,
B) VBB2-70tH® infected Sf9 cells were stained with rabbit anti-p70 antiserum.
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71, Fho OMKEEZES L BRLEL THE
XE 2. 2) BOBOO viral stock #2472 E|
STREL, —OO dish KBJ €5, 205
&, ARV RF AT 20 MOIL @ virus 2R LT
V3 72— D DRI H D virus DSz S W,
p70 & U* p86 subunit Z[FARFICHKI TS Z LIk
% (co-infection) . Figure 4A iZ/nL7zk 512,
VBB2-86Ku : VBB2-70th®=19 : 1 CIZIZ[H&E
DT subunits ZFKIHL 7z.

—EBARERK R HESR T 5 7212 subunit FFERY
7Btk % B\ C co-immunoprecipitation %17
572, FE1) OFER»SEBS NRETIEN
p86 subunit FiARIZH LI P L —AVL_LD p70
subunit 28¥REL 72D L, 2) DFETIE,
FhFhO7 3/ BEREICE £15 methionine
DE»SHET 2 ICIFIZTHEEZ D p86, p7l
subunit 3¢k L7z (Fig. 4). 2% 9D ZDFHE
12 BT p86 & p70 subunit WEIEMTHEEL,
—BEEERLI-ZEERLTWS. £ p70
subunit Fif& % F > 72 co-immunoprecipitation
T AEDOKER 27 (data not shown) .

Recombinant Ku #i/E® DNA #& /&M :
3. 7z Ku subunits & O Ku Z&#® DNA
EARERRRET LT (Fig. 5). Ku¥iEiZ DNA
element (29 B #E SRR MELMEVD? . 2 DTz

A

VBB2-70tH* 0 0 1 5
vBB2-86ku 0 19 19 15 10 5 1 O

s

Kd

97.4 —

68—

.;,M ] 2,”3”467 .
Fig. 4.

10 15 19 19 MOl

(5520% 535 1994)

% DNA probe 213 sequence ICERZ S D%
BlrnuwboZ2HHAL. 20 DNA probe &
Bz D p70, p86 subunit, Zh o EEALI,
RS LT Ku Z &k L 2w T EMSA 217
St BB, —BEk ko Kud s DNA
probe & OfEEME/R L, p70, p86 subunit %
NEEOATREELRP oIz, NGO
subunit #FIEHCKIGS ¥ TH ZREPEEEL
TwiwEE, FHeErELEroT.
Recombinant Ku HiEM#AEL : #AERZ Ku
CEEEMLT B 708 X712 ORER
Mz 3, EEHOXT Y 7RES LEELT
2 BT > /37 % hexa-histidine THEEK L 7z.
SIOMIfEN TERK S N7 Ku &1 13 p70
subunit @ C 52 & L7z hexa-histidine &
IDERBAL VIR LEEEEZETL IR
2 ZiEAWT IMCA hoiERINY ~
27 REY LT, ki random DNA affinity
column ~Nz 2 Z &> 7T, DNA KA
RET DY 7 RREELT. BEORRE D
Y757y a ik 8% SDS-PAGE TREEL,
Silver stain THE L 7-. Figure 6 27" 32 &

, RETRZERDOS 5 LABRED A TIEIZHE

Y CHERERY 72 recombinant Ku &k %7

ZEUN LT, RN B8 237 OBETEFET,
B

1 2

The p70 and the p86 subunits were heterodimerized in Sf9 cells. A ) Sf9 cells were infected

with both viruses. Amounts of VBB2-70tH® and VBB2-86Ku are indicated above each lane.
Samples were contaminated with the calf serum albumin as shown. B) Cells were labeled
with (®S) methionine and prepared as described. Proteins were then precipitated using anti-
p86 antibody coated protein A beads and analyzed on 8 % SDS-PAGE. Lane 1, non-infected
Sf9 cells ; lane 2, VBB2-70tH® infected Sf9 cells ; lane 3, VBB2-86Ku infected Sf9. cells ; lane
4, Cells used in lane 2 and 3 were mixed, lysed, and incubated for 1h at room temperature.

Lane 5, co-infected Sf9 cells.
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Fig. 5.

Fig. 6.
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DNA binding activity of the recom-
binant Ku was analyzed by an EMSA.
Lane 1, free probe ; lane 2, hetero-
dimerized Ku ; lane 3, non-dimerized
both subunits were mixed ; lane 4, p70
subunit ; lane 5, p86 subunit ; lane 6,
wild - type AcMNPYV infected Sf9
cells ; lane 7, Sf9 cells. The hetero-
dimerized Ku and DNA probe formed
multiple shift bands and these bands
were migrated in logarithmic propo-
tion(arrow). The band shift due to Ku
was confirmed by “Super shift” assay
with an anti-Ku antibody (Data not
shown).

——p86
——p70

1 2 3

Protein fractions from each purifica-
tion step were analyzed on 8 % SDS-

PAGE. Lane 1, ammonium sulfate
precipitated proteins ; lane 2, a frac-
tion from Ni-agarose colunm ; lane 3,
a fraction from DNA colunm. Proteins
were visualized by the silver staining.

Figure 1A IZ/R9 & 512, p70 coding region &
hexa-histidine tag ORI IF A R—H%—E L T,
IR RIS T tag YTV UL S X 51 tobacco
etch virus (TEV) proteinase site?® 5L
7253, p70 subunit D7 3/ BEECTNZ 13 ZMEAE
Br@Ro oz bEb s, lcKEEz
HWTYERK L7z GST-TEV proteinase fusion
protein (unpublished product) IZ5%f U TAZEE
THolted T DEIERERE L, fusion protein-
DF FHFEL 2. BB ITEEER Iml
Bl SugBETH-7:.

% =

KufiEaFomE, MExka s 2% LT,
LB OMGIR R T 5 Z LIFEETD
D, $LEMOSFIIN L TERCERiOMZ
53V aAvEFY MY NIRRT S LN
HAHonTER., 20 BREBEEHCTY
20, INDRTEKuFfIEOWThD
subunit & N Ul % 1230 2B TR L3R
BN IEFEE L RWYO . 25 LIzER W Fr OEY)
BEICERFROSH T, HOHRELTOT
Eh—7ERRTENTERIATE L.
7z Griffith & % rabbit reticulocyte lysate % F
V277 in vitro translation system T Ku /R %
HISE, ZTHPERET 5L 2R LI, ¥
AT LD L, BE, REOHBIRL 132D
v, Ku HUROERES T & U TOREE 2 &R
I 270, KuFiEO2E, RUEE
Wi _BEEETHRILENDHS. 3012, F
IHEEY) O K B EL P T immunoaffinity purifi-
cation 2 ED Y > N7 i LEEITER LS
ZAT v 7T EELIENEE LWL, —7,
Baculovirus (3B B#fifd% host &3 % virus T,
ZHICEMETEY 7 %2—-F35DNA %
BAL, BEEEYTH 2 EHEMICEREI T
RIMEEBY AT LT, 787 OFIR, &
DAY NE, RECHEBETS L, M
DA YT F U ADEGZTHS 2L, EHEY
WL 2 O RE L ERIYICLE T
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HHZEREOFFHIZEIVESAVwLONTET:.
Allaway 513 Z DY AT LAEHAWT, £RER
b s p70 subunit % SO AN TR EH
5ZEHRRLTBD®, 2D, KFETIE
Baculovirus % vector & UTHW/z. %7z hexa
~histidine tag Z{1F % Z Lic kD 2N HD5%
BRI LS, KRE,» DEEICHEIERN Y
avE+ s KuiiEz57.

SO oo b T F I L 72 p70 & U pd6
subunits IR, 7 B3ITCTEETH > 7eh
(data not shown), p86 subunit I L Tw»
2 Sf9#MfEIXMAT62kD & 66 kD DD\
VREHBELL. s i3 Ku fificd L TR
JEEERE T, FRRMEBET LIk
THLIFEBLTE . ZhoDEMX, KudilR
D“E =0 subunit” &\ xbi b 60—65 kD D5F
DFFED, Ml S FSERA PV RAERT
BIcRONE I ENRENTEBY, I0dpdb
subunit DMEEYITH 2> L35 Quinn &0DHE
BT 2D TH S 51929,

—fi%1z SO MIFEN THRIL Y a v EF b
TS uM, EBOS 7 EEIT L S SI9
FANTRERREINS Z ISR TS, REER
T, Figure 3 Z/RL72& DWW Nd subunit
Y SO TN EBR SR TV, —7F,
Ku subunits @7 3/ BACFNCIZBEEND nuclear
localization sequence (NLS)?® (#8672 K 2 A
Y@ sV, %5, KufEsHED
Bty 7+ VRO subunits IKFODTH A
5 . X 5|2 p86 subunit I 2 B &
72Dz LT p70 subunit 25 L T3 SI9
DS IER DR 2R > 72 Z £ 25, p70 subunit
FIeE 5 BN TORIEERET 5 F AL 08
FEET B ReMENHS . —F, KuflRiE—#ic
¥ N nucleosome linker 12 ¥4 7> % EB53 125 &
LT3 EEZHNTOEHID - ARFEER 135
2 HL60 ffatZ D7/ A%l E LR, K
F ISR D50 %D Ku HLEH Y/ A LA
M X L7z (date not shown). D, &=
DOBRICBAT 2 Z LB FHIEN S 2D IERER
FGIARIAZ)S, Ku HUEO—ERIZF DNA 7/ A

(BE20% %35 1994)

ERELTWRWETEET A LEbhS. %
7M. Ku TiEDSBEE L Twa 2t b Fbh
T B Y MFE—% R O “Shuttle protein” & LT
OREEEER S T w52,

Ku$iEix, DNA BEELEZWIRETH &
BEEBER TS ZeBMsNT WS . KR TIR
) 2> > b+ Kusubunits 2 Z8&AN LS
X% 72 ®IZIEM 5 D recombinant virus % [d]
RRCRBR S LR ETHL 2R
(Fig. 4). b &bt pMafg» oLz Kuft
Fx, FoN72EEISRLILERIENTN
O subunit WHEET 2 Z L ZREETHY , FOk
SiEETH L. &5, Ku¥iEn DNA #E
BEER OO R ZEEEBK T 5 2 L0k
ETHD, RO subunits iZFNEEDA T
DNA ic#E&Lz»ro/z (Fig. 5). ZhseDZ
e, fin% < © DNA (R# %7 52 &k
FonNTIZHABND, ZTNETNVHIRICHEL
DNA FCTHET 3 Z LI >THIERITY A4
= ALERKY, KubiFEEEENT RGO
subunit #3 co-translate SHWEIFEE LI THE
feT % L Bbhs. AW THZ co-infection
DOFENESY, HIHNTO co-translation D
BErEHEL, ZEREERLBILOTHLS . F
7z, Figure 4 OFEHR T, co-infection iZ & -
THB N 7-Ku subunitsid1Z1E 4 T Hhetero-
dimer 2E L THY, p70/p70 %71 p86/p86
homodimer DIFERHER LG L1 o7z, 51
B2 FEHR X T4 D subunit 25 EMSA THf
FEONY RERE G- EBEREEZRADYES
r (Fig. 5), % L7 homodimer 3 S
T, F 723K S LT H heterodimer & [F]
B DNA AR 2w e Bbh .

FrHKzschicy, THEER K IRHBY 2L
7 NBERR RIS E  EATREERIEA TR
FHolLET.

AWrZ2 1k UT Southwestern Medical Center at
Dallas, Department of Microbiology TiTh L7z b D
ThHY, FENGHT LI, THRELLZEY, $ERE
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