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T2, AWETIE, L TIRT 2 DO R B £ O flEAE D — b & 5> 1 AL i
T DZ &, 20O LETHERAFEO G FENZRET L2 L. S HICZOHES 7256
NZHIEE Z L L. T DREHHRIRE DGR T Z 2 A ET 5,
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A) BRI REMERIC R T DCa - NVET o U AMREE R U AR SE O 1E iR
B & Z DfiIEE DL

AR R OMSRERERFICIX S T8 E R — BB L5 LTV a8, 2O Thia™ b
IWET 2 ) AMRGFHEER Y VB LR (CaMK) (v 7 A mEeniiticfREzEEIND
AR RERR T I B W T LAY 22 B 2 72 LT %, CaMKIZiECaMKI, II, IV 3
FEDOT A Y FA LB HN TS, ERRME, RIEME, EHEEENR R -> Tk
. FNENUNMEROHREEZRIZLTWL EBEBX BN TWD, —FH T, ZOIEMHEID
FENFRARE R R EE, . AngelmanfEMERE, S —F Y LIRS D KRR
BICBHE LTV D 2 EREfM S LTV D, AR IR, MEICB% L= Fik (PCTHIRE
/JP2005/012286) % FVNCTH&CaMKH 7 % A =7 (CaMKI, II, TV) (Zxf9 2 F5 A EHA|
EHE L, 2=— 7 REENOET A VA LOWRREMBI T 5L L b2, ZThET
RABETE S T2 T A Y A L L~V T ORI IEMERIEINE Z s U SRR B O #T
BRI L L Com 2 B9,

B) AR B REAERF I BE 4D 2 AR PN /I R 5 oD il E V% D Ffe N

HEAELN C /NIl 26 O s e AL, & F S E AR CAKROEFE ORI E M L
TW5, R, MR W TR IE A EY E O TR, i, Bt o—@ED0Bi5
WCHBEREHZRZLTWD, TO—HT, TAINAY—RORRKFTH 5
amyloid—-f (AB) 72 L ONZE DOHIBEMA T H B —amyloid precursor protein(APP)%EdD




AR R B S - HE OBk 2 b /MR DS RE IS E LT %, AWFZETIE, AR
NTO/NaEZ, SEIEREECTHE T 2R FELHYL T 5, BRI,
JAPE RS 72 D NS HIIE A/ MERE I B 2 HT- 25 2 MM b TV D B a3 R 7 T
IZER L, TOEREDFICHE LTEOIEMZEMT 207 2REL TP, Hohk
BRI MDA EDE D EIT L o T B AT — VRERAY /N a2 05 % i
Y Do AR E MW T/ iR EEE 2 B SN2 L, S bICEofiliEae A s LB
RIS T DI~ R ST D,

3. fERBIOEL
A) ERAREERENME SR 1< 351 2 CaMK D {EHIEIA & % D il il i D ffE 57
3-A-1 CaMKITBHESXTFF RIZLb~7 v 77—V OIEHEILOHE

CaMKII 1%, M COMBRIZEWE OGRS, RHIMEIROFE L & O m Rk iee
O, S BICRIEMILTO Toll BRZAM (TLR) 4t L7zt A N A U PEARIEZR &
S D AEMBLRITIRS B G LTV, aIiX T E TIZ, CaMKIT O AL 2 4% 1)
EL. B ASTF NI4T 7 ) —EE AV, WEERICKE LR WHT- 7 CaMK T 4F
BEAESTT K (M-M6) #B%T 252 LIk LT b (FFRF5 5754008 &,
2015/6/5), % Z T, CaMKI 2357 2 MmN RImBIC KIET N HHESTF Ko
SR A METT 2 BT, LPS HIKIC XD TLRA Lz~ 27 07 7 — U b ORIEMY
A NIA L DFERITRIETHEL BT LT,

BHNTTF RKMI-M6) Offt, ZibDO_TF RIZEFEEMEZ 5925 BT ML,
M3, M6 D NKEHIZI U A MA NI (myr) ZFEALZNTTF R (myr-Ml, myr-M3, myr-
ME) ZERLL7-, b —#HOLAWEMWT, ~7 77—V RMMETH S Raw264
JEIZ LPS (10 ng/ml, 24h) F &0 2 7= BEA SN D RIEMEY A S A4 > (INFo) &
ICRIET R REZRFTI L2, EOREE, LPS (12X 25 TLR4 FIPLIZLE S TNFad sEA R KI,
5 iMDMEIZE->TIO%LLE, myr-M3IZL->T8O%LLE, ZNENHEFEINDZ L&
R L7, 2O, myr ST e M3 TIHBERIZ 60%TH D Z L b, FHEA
TF ROBINZ Lo TIERD LWEZEREEZ R RWZ &b b2 L ZDOHETH
myr {bIC Ko THo R BOERREZ 15 T& 2 Z &Rz,

WAZ, M6 72 5 TNS myr-M3 23 BRI O CaMKIT OIEMELZLET D Z LIz k-
T TNFaZz 4l L T2 00 & Fiet Lz, CaMKII i Ca/CaM OFEAIZ & - T Thr286 23 H
U VBt s Z L Ko TEMILT 22 EnMmbinTn5S, 22TV UEE{k Thr286
A R ERET D HUAZ V. western blot {2 XK - T, CaMKIT OJEMEALIZE- 2 5
M6 72 & ONT myr-M3 ZMREf L7z, £ OfEF. LPS(10 ng/ml) fil 30 7312 ICBlE2 S 5 B




%72 CaMKIT D H Y g% M6 72 5 ONE myr-M3 & b IICR BEIKIFAICA ZISImEIT 5
TEWNTRENT, ZDZ ENL, T HHERIL Raw264 AIALAIZIS VT LPS HITIC K
% CaMKII OIEMHALZEHHEEL TV b LEX b,

Raw264 HEfRIE LPS FIEIZ & > T INFaASMZ bk & 2o RIEVEY A M A V& FEAT D
ZENMBNTWD, £ Z T, LPS(10 ng/ml, 3h)#IIC X » TFE SN D —HORKIE
PEY A R A > (INFo, IL1B, IL-6, IL-15, MIPla, MIP1B, IL-12b) > mRNA L~/LD
HFRIZ KIET M6 72 5 TN myr-M3 DR EZMF LTz, ZORE. ZNHE2TOYA o
Y mRNA LT LPS ITH o THE LM IND 25, M6 I1ZAETOY A F I mRNA L
VDR E SERICIHT A 2 &, ZRE L7z, myr-M3 13 M6 (kgD & il 5h R 1
55925 DD, TNFo, ILIB, IL-6, IL-12b & mRNA L~V DR Z A EICHET S Z &
B GNE TR T,

VL EDOFERN D, Fox BFEE LIz CaMKIT BLENTF KD H B, M6 72 5 NS myr-M3
X, REMRRIEMM Ch D~ 7 7 —VIZBWT, LPSHIRIZ L > THFEIND
CaMKIT DiEMAL 2 BEZE (CHNHI L. £ DO FIIALE T D S MRIEMES A A PEAED
HEENEISETDIRAOEZHELTND Z LRSI,

3-A=2 CaMKII fAE~FF NIc L5 I 7 v 7Y PPk ol

SCFBECAFIET D~/ r 7 7 —URRGREMITH S I 7 v 7 U TIEH AR R %
T D27 U 7RI OK) 5-20%% 5. MG OIERIERE, RIEO KR, HURTE
THERER EEA LTS, TO—FHT, 27027 U 7I3MREMERBOFEEEITICE S
LTSI EWRENT WD, L, BHANDO I 7 a7 ) 7 OIEMEALDME R 55 E
TRONDBERFHAOEERIFRTHLZ ERHLNIENTEZ b, 2 7r 7))
T D FH TR TR AL & AT 2 AN F I BRI IE D T WA BT D HA
WIE LTI END, ZNETORFT, M6 25 TNC myr-M3 (X~ 27 17 7 — Y DiF
YL Z RIS IHT 2N EZHETLZ 2N, 2787070 in vitro e bW
(2 in vivo DIFMHALICKIET 2N 6T F FOHEDRZ B L7,

7Y TIEHAERS AORME VIS LI MIREEI 7 7 U 7 &2 LTz,
R s TRRAY Ry ThD Tbal OFRBLE FACSICEVERL,. 2787070
ML 90%LL ETHD Z & i Lz, AMEE#E I 7 v/ ) 7 % LPS(10 ng/ml, 24h)
FT 5 &, BZE7R INFaEAEDHERMN R OND Z L 2R LI, £Z2 T, 20 INFafE
ANTKIET M6 72 HTNT myr-M3 DOPAFRRZMET L& A 10 pM @D M6 (2 &> T
95%LL E, myr-M3 12X > TT70%LLE, ThENHEFESNL 2R LT, Z DR,
M6 1% CaMKII o HCY b, T2bbEMH bEAREICHH L TS Z ERanT

Efy



(K1), 51z, LPS(10 ng/ml, 3h)HRKIZ L > CTHFEIN DL —HEORIEMEY A A
> (TNFa, IL1B, IL-6, IL-15, MIPla, MIP1B, IL-12b) @ mRNA L ~LDHEHRIZ M I3
R ERFI LT 2 A M6 ITE2TOH A 72 mRNA L~V OHE5R % S22 55 2
&L myr-M3 % IL1B, IL-6, IL-12b ® mRNA L~ L DR Z A EICHET D Z &, A
bk irol,

1

VAR, I CORIER, & 5V IFEERICIZ, INF R0 IL-6 72 EORIEAEY A b A >,
MPEAE ST, BRI TIL-6 I3MICHB N T/ 8—F 0V IR T LY A ~—iF, S MEmIL
FESRR 2 R ORIEICEE L TNWDL Z RPN INTE TS (Int. J. Biol.
Sci., 2012, 8, 1254-), BHBRERWZ L2, ZOREAMIIET A ¥ A b £L T
raZ U TREEESNTWS, £Z T, LPS OEMERNZEGICE > THFEEND ., MAHES
DIRIEMES A A PEAIZKIFT M6 OZREZMFT 25 Z L2 Liz, ZiudEH o
MIJEET L THY . ZOBEMAN TORIERICEE=F ) 7T HDIZHLIZRTHD

(Mol. Cell. Biol., 2015, 35, 3590-), 8 Ml Balb/c ~ 7 AIZ 500 pg O M6 TF1E,
& D WIEIEAFAE T T 1 mg/kg D LPS ZEMENEE G- L. 4 KA 14 O I 72 & QNI K A £
BL, SFERIEETA MHA BRI nRNA B2 E & L7z, ZORE, LPS il
Lo TlmiEF D INFat O 1L-6 EIZFH LT 2528, M6 iZZnboHh A S A v D
Wz S 28 AR T bOOFERETRBD bNLRNoTe, ZDO—FH T, AT
FELWEINZ R T —HORIEMEY A A > mRNA @ 9 5 M6 (X TNFa,, ILIB, IL-6,
IL-15, IL-12b O¥IMNZWFNHBEEICHHI T2 22 /AL (K2), Zhbod
A B> mRNA PEAEDEEINMN I 7 a7 U 7 OFEMELE N L TV D 0ERGET 5720,
WA D 7 a7 U T OIEHEALIZKTT 5 M6 OIHIh TR % A% 2 AV CE RN HRG
FTh D,



LLEDRERN S M6 ITAEBNIZBWTHAEMUME L S 2 2 Lmahiz, 4%, If
ML 70 7 U 7T OFMBA~OEREIC L - THE SN AR EEREF T TV, BE
PRI P T L% B REMRIE BT T L TO M6 O E A2 MEE L, CaMKIT DML
I 2 VR SRS & 2 87 A TR R O S & B HE T,

X 2

3-A=3 CaMKIV 72 & ONC CaMKIyZ 4549 & L 7= f BAYBHE ST F RO [EE

CaMKI, II, IVODEKT A VP A MIFLERRENIEF L L TV D 2 &b, K4
W3 2 Fr A EEOBBIIRE CTH L & STz, £Z T, CaMKI, IVIiZDOW
T CaVMKII & [FAERICSAMBI T F RT74 7 7 ) —ikx AW CEH R EEF— 7%
WMER/RT L E2AME Lz, 61T, RiL, KRR 384 HOLMMTF Fatin
—AER DL PICATA R T RAIZARy NERT 2825 L TH Y (Appl.
Environ. Microbiol., 2015, 81, 1092-, FRF#FF45 5718574 %5;2015/3/7) | AREffi & %
T F KT A 77 =R LVESG L EETF— 7 EREMAGDEDL Z EIC
£V, CaMKI, IVZNZIUKr RN EET — 7 DRE LR T,

CaMKIV 72 & ONZ CaMKIylZ DUV T, 444 @ kinase domain /3% = 1 7 A /L ZFEHLA
7 B =B AL, Bac to Bac NF o A NVARERE H, FAHHBER X 8T
BOREMERZMSL Lo, ARZH, @MED CaMKIV, 72 5 TNT CaMKIyz ., #H
pg BG4 2 Z LN TE -, AL E AV, CaMKIV 72 & TNT CaMK Ty oD fif i 2 A ) &
LTCEMBRTF RIAT TV —% AT V== T T 5 L2800, ZnEFh 12 72
BN IR DBEMET — 7 HFET H I ENTE T, ZOFLEICIL CaVKIT fHEE T
— 7 LIIRE S R DRI RBELSNDAFAET D Z E R b L e o7 (HREEESE 1),
L LARRLRESNTEET— 720 F E TidMiEERlBE SN2, CaMKIT i
ENTF RTHDH M6 OFF— 72 L7 CaMKIV 72 5 TN CaMKIy 455 AYBCA %2 B Al L




oD TF REATA RTTAEIZAR Yy MER LT, ARRAT A4 K7 T A% 4% CalK
TAYYFALTTry hL, CaMKIT OFERTRET KT 2 CaMKIV 72 & ONT CaMKIyZ 4L
NOFREALERX—ZAITHIETH Z LITL Y, CaMKIV 72 5 N CaMKIyZ AUE 70T i@V VR
BV R TR RSB AS S RCA 2 BRI E T 5 2 N TE 2, FRIT, CalMKIV RydLAy
AT T RERIZOWTIL, MI-M6 @ 5 B d CaMKIV 12K LT —BiE M ER)
ROEN>72 ML LV b CaMKIV (Zxf LIRWHEFREAZ RT 2 &, —J5 T CaMKIT (Zxf LT
XD 5FEOANTF RiL, CaMKIT (2% L CHEWWHERAZ /R T M6 LV &2 CHHEREMN
WHILTWDHZ &, ThRbbiid TEL CaMKIV AFLERRZ A L TWD Z LR EH
7= (K3), ZhiuLCaMK 7 A VA LAZMERIT HH D TORETF R ThobH, ZhE
TIT, EBEIE D O 2T D E M~ & b3 2 BRI, CaMKIV A3 EEE 2% H %
RIELTWLHZERHLNATND, £Z2 T, Zhb CaMKIV FrERAHEFE T F N>
T, ZOWEMIAMMERICKETHREBA T2 LI L, ZhE TIEFDO~TF
RIZOWTHRFZBB L THBY, 2092 b0 1 DICHHERMEDIRN DD Z L 2R L
Tn5,

X 3

B) A B REAE R BE 4D 2 AR PN /I L 2% oD il 48 1% oD fife N
3-B-1 MR B SR A AV 7o/ i i A 55 - 00 BR
Shiga toxin (Stx)X°= L 7 8% (COILZEEFEEE ., /MEEEIZ X > TR IR,
é%:ERN&%%éMé:&fﬂé%%ﬁﬁéoﬁﬁ%i@ DAy 237 B D
WHMTHD I b, WTIERE LI TS, Zo/MMaktlL, £< o
ARSI EOR S E L TEHERBELZ R L TCWAEEZ 7 2 L TRZ 5 F
NH, TV DOEROZTREES IS L, Z Ok E Gl 250 713, /Mailps
B DA 2 T NVARIEIC B R 525 B2 005, AT, Tho@EED
BRI ~DFESZH I BY T a=y b 5 BAZEN L LT, TOZEEE DA, 7




LN EDHD Y T NWTHE L RIFT T F NMEAEWZ FE L. /el 64 55 -+
LT T A LR ANET D,

Stx 1L Stxl R HNT Stx2 D 2FHD 7 7 I U = O S 4L, & HICHITITEH DN
V7 v EBFEIET D, Stx DB H 7=y |5 BIRIIZEETH HHENEE Gb3 D 7/ =R
3BEE 2 B RAICIRR T 5N, ZO 1 OO B YT a=y MIEIYA F1-3D3FED
7 a R 3PEREETANFEL TND, ZNETITStx2 BT 2=y FOY A b 3 %IE
& L. MM TF KT 4 77 U —Ex AV CRRRAIBAFIE PPP-tet ZBHFE L TV 5
(FASEB J., 2006, 20, 2597-) , AW TIX, ZMBXTF KT 4 77V —ERLD
BT F R — A7 V== JEEZHWDS Z EI2ED, Stxl B 7=y |
DY A B 1ZFERE LT, HB Stxl FLEI MA-tet 2, S BTS2 DAY T2 hD—
OTHYEBEETHD ZENMOBNTWD Stx2d OB HFTa2=y FDOHA 1 ZEH
& LT, Stx2d FREAPHESL IMA-tet 72 5N MMM-tet &, TNENIFET H I LN T
%7 (Infect. Immun., 2013, 81, 2133—-, Infect. Immun., 2016, 84, 2653—-), HHBE
W2 LT, PPP-tet 72 5 TN MMA-tet 1345 Stx OZEEFESHALITAEET HH DD,
IR ~DIRNITBLE LisnZ & 2D D PPP-tet X Stx2 O /L UKD ER ~Difi
ITHEZ . MMA-tet (X Stxl DAY T 2=y NOER ML ORENZ, TN ENHET S5 Z
L. T Rb LTI N RS 2 B D B TCHIE T 5 Z 2B T LTz,

AL THERDOBY T =y b5 BEEKCTBISHET 20 FHRBICONTE, M~
TFRIAT TV =5 ROV RTF R —FR 7 UV —=2 72V, Bl
FHEESE GNR-tet Z [FIE L72, GNR-tet (FHMifE L1 T CT FKIC L 5 cAMP PEA:HE 56 % %)
FREIHET L L. SHICUAERIZBWTSE CT I K- THFE I D IHENKS
IR AZBHFICHET S Z & R L7, GNR-tet [ZEIAICB W THIMEDN R ST
WD TOXTF FHECT HEE TH 5, FIRKENZ &2, CNR-tet & CT DR ERHEGHD
MIZHEAET 200, ME~ORAIFAELRNZ L, —FTGONR-tet (ICT DY ¥4
YTy R =N AN ARAOPTIEZHE I CEESED 2 &, Zhy CT
[HEO i CH L A RN LT,

PLEDORER NG, Stx, CT O, Stxl & MMA-tet, Stx2 & PPP-tet, CT & GNR—tet @
BEGEREHND Z LITLD FRax RRBERETT 7 & Lo T/ aia et & HE 3 5
REMEL T DHZ ENTE T,

3B-2 MEHELRONZZDOESTF NEOBEAKREZHAWEZT I u Al N B EAT
T O BA 3§
TNINA < —IFOIFRIKNF L EZ 5 TW5D amyloid f —protein (7 I mA K




BAB) OHIEMA, B-Amyloid precursor protein (APP) XA & L Cfif T
EREE T2 EDBD RN T D—DTh D, /N TAEER S L7z APP 1F 0 PR~
EEI, —H O APP LM A~E TS S D, Z O Eo APP (X R4 h—

AU E D BORINIZE Y SAE 7L, TV DR B/MaE~T{TIE SN b, S HIT—
WO APP XV YA 7 ) T2y RY =% L CHIEE, Ho0Em K —Aanb Y
VI = bNEEEND, ZO—HOERBRTAPP X B KOy EZ LE—FITLD
UIWr 2520 AB PEE S L, AB 1T~ S D, ABFFETIL, APP 28 Stx X° CT
EHGE LW TR A A T O RICHER L, 2N B\RER L WVICEKE 2 DHESTF R
& DEERE ., =72 APP OHIRaNRE K YA B EEA B OFIENE A LT 5,

FT.APTa=y MIERZEALUEREL L7 Stx2 258K (mStx2) ZEH L. APP
ZREBL S W7o Stx M CHO Mifi (CHO 1D) (T35 2 Al APP & 3538 EIEH D AB %
western blot VEIZ X VIE L7z, EOREE. nStx2 ORERFIITHMAIAN APP 2 H RIS
BT Dzl BEEERDO AR bEAEIICHD Z ERHLNICRo7 (K4),
PTHOPRED nStx2 fF4E F T CHO 1D MR D AEAFR . M ONRIRG A L 7= GFP D38 H

BT EN W LD mStx2 (2 &V FrFAYIZ APP Ofigiik 5 A3 4 U T APP 43R 73
JLEL, TORRAB EARMIT LIz LEZ X biLiz, BIE, APP & Stx ORI RTE
T TH Y . APP DRITHED A I = XL EH SN T LT ETH D, /o, Stxl
RCT Bl & HI24HE LRI ESTF K OEAERE AW CTRBEORGT 2170,
H o & bRNED L AR EADHIEEDHENL 2 BT,

*

140 7

N
o
1

T

< 120 -

£

3 100

% 807 OAPP
o 60 T

= AR
b

Erey

o

n
o
1

o

(-) 100ng/ml 1pg/mi
mStx2

(n-4 means =S.E.,

I4



4) WHZEERE
1) JEZE SC(* ; corresponding author)
1) Mitsui T., Watanabe-Takahashi M., Shimizu E., Zhang B., Funamoto S., Shinji Yamasaki S.,

Nishikawa K.*, Affinity-based screening of tetravalent peptides identifies subtype-selective
neutralizers of Shiga toxin 2d, a highly virulent subtype, by targeting a unique amino acid
involved in its receptor recognition, Infect. Immun., 2016, 84, 2653-2661, doi:
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1) Peptide-based Stx-neutralizers of treatment of STEC infections., Nishikawa, K., Seminar
Series Fall 2015, Pathology and Laboratory Medicine, Boston Univ. Sch. Med, 2015.9.17,
Boston, US.

2) Peptide-based Stx-neutralizers of treatment of STEC infections., Nishikawa, K.
International Symposium “New trends of anti-infection strategy” on The 86" Annual Meeting
of Japanese Society For Microbiology, 2013.3.20, Chiba, Japan.

3) Peptide-based neutralizers of Shigatoxin., Nishikawa, K. (invited speaker and convener)
International Union of Microbiological Societies 2011 Congress (IUMS2011), 2011.9.8,

Sapporo, Japan.

Oral/Poster presentation

1) M-COPA, a novel disruptor of Golgi system suppresses apoptosis induced by Shiga toxin,
Naiton M., Hattori T., Watanabe-Takahashi M., Shiina |., Ohashi Y., Dan S., Nishikawa K.,
Yamori T., the 41th FEBS Congress, 03-08 Sep., 2016, in Ephesus, Turkey. Poster
presentation.

2) Affinity-driven screening of customized divalent peptides synthesized on a membrane
identifies awide range of inhibitory motifs against Shigatoxin, Watanabe-Takahashi M, Kato
M., Shimizu E., NishikawaK ., the 9" International Symposium on Shigatoxin (Verocytotoxin)
Producing Escherichia coli Infections, 13-16 Sep. 2015, in Boston, US. Poster presentation.

3) Peptide-based Stx-neutralizers for treatment of STEC infections, Watanabe-Takahashi, M.,
Tsutsuki, K., Kita, E., Nishikawa, K.*(presenter), the 8" International Symposium on Shiga
toxin (Verocytotoxin) Producing Escherichia coli Infections, 6-9 May 2012 in Amsterdam, the
Netherlands., * The prize for the Best Poster on Prevention , Control and Treatment: Animal
and Human.
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Identification of a Peptide-Based Neutralizer That Potently Inhibits
Both Shiga Toxins 1 and 2 by Targeting Specific Receptor-Binding

Regions

Kazue Tsutsuki,® Miho Watanabe-Takahashi,® Yasuaki Takenaka,? Eiji Kita,® Kiyotaka Nishikawa®

Faculty of Life and Medical Sciences, Doshisha University, Kyoto, Japan® Department of Bacteriology, Nara Medical University, Nara, Japan®

Shiga toxin (Stx) is a major virulence factor of enterohemorrhagic Escherichia coli that occasionally causes fatal systemic compli-
cations. We recently developed a tetravalent peptide (PPP-tet) that neutralizes the cytotoxicity of Stx2 using a multivalent pep-
tide library approach. In this study, we used this technique to identify a series of tetravalent peptides that bound to Stx1, another
major Stx family member, with high affinity by targeting one receptor-binding site of the B subunit. One peptide, MMA-tet,
markedly inhibited Stx1 and Stx2 cytotoxicity with greater potency than PPP-tet. After forming a complex with Stx1 through its
specific receptor-binding region, MMA-tet did not affect vesicular transport of the toxin to the endoplasmic reticulum but sub-
stantially rescued inhibition of the protein synthesis induced by Stx1. Oral application of MMA-tet protected mice from a fatal
dose of an E. coli O157:H7 strain producing both toxins. MMA-tet may be a promising therapeutic agent against the infection.

nfection by enterohemorrhagic Escherichia coli (EHEC) causes
bloody diarrhea and hemorrhagic colitis in humans that is oc-
casionally followed by fatal systemic complications, such as acute
encephalopathy and hemolytic-uremic syndrome (1-4). Because
Shiga toxin (Stx) is a major virulence factor of EHEC, Stx neutral-
izers can be practical therapeutic agents against EHEC infections.
Stx can be classified into two subgroups, Stx1 and Stx2 (5). Stx
consists of a catalytic A subunit and a B-subunit pentamer. The
former has 28S rRNA N-glycosidase activity and inhibits eukary-
otic protein synthesis, whereas the latter is responsible for the
high-affinity binding of the toxin to the functional cell surface
receptor Gala(1-4)-GalB(1-4)-GlcB-ceramide (Gb3) (4, 6, 7).
The crystal structure of Stx reveals the presence of three distinctive
binding sites for the trisaccharide moiety of Gb3 (i.e., sites 1, 2,
and 3 on each B-subunit monomer) (8, 9). Highly selective and
potent binding of Stx to Gb3 is mainly attributed to the multiva-
lent interaction of the B-subunit pentamer with the trisaccharide
moiety of Gb3. This is occasionally referred to as the “clustering
effect.” On the basis of this, several synthetic Stx neutralizers with
clustered trisaccharides that can bind to Stx with high affinity and
inhibit its cytotoxicity have been developed (10-15). However, the
clinical application of these neutralizers has been substantially
hampered by the synthetic complexity of the trisaccharide moiety.
Recently, we developed a multivalent peptide library technique
and identified a novel peptide-based neutralizer against Stx2 (16,
17), which is more closely related to the severity of EHEC infec-
tions (18, 19). In this approach, a library of novel tetravalent pep-
tides designed to exert the clustering effect was screened for high-
affinity binding to one of the trisaccharide binding sites, site 3, of
the Stx2 B subunit. We identified four tetravalent peptides that
bind to Stx2 with high affinity and effectively inhibit its cytotox-
icity. One of the tetravalent peptides, named PPP-tet, protected
mice from a fatal dose of E. coli O157:H7 (16) and, furthermore,
inhibited the lethal effect of intravenously administered Stx2 in a
nonhuman primate model (20). In stark contrast to the Stx neu-
tralizers with assembled trisaccharides, which competitively in-
hibit the binding of Stx to target cells, PPP-tet did not inhibit Stx
binding, but instead, it induced the aberrant intracellular trans-
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port of the toxin (16). After binding to Gb3, Stx is first transported
in a retrograde manner to the Golgi complex and then to the
endoplasmic reticulum (ER), where the catalytic A subunit is re-
leased into the cytosol to inhibit protein synthesis (21). After
forming a complex with Stx2, PPP-tet specifically inhibits the pro-
cess of vesicular transport of Stx2 from the Golgi complex to the
ER, followed by the effective degradation of Stx2 in an acidic com-
partment (16). Recently, other synthetic compounds or chemicals
that similarly affect the intracellular transport of Stx have been
reported (22-24), further confirming the usefulness of these
transport modulators as Stx neutralizers.

PPP-tet, however, did not efficiently inhibit the cytotoxicity of
Stx1, another major Stx family member, indicating an urgent need
to identify a peptide-based neutralizer against Stx1. In this study,
using the multivalent peptide library approach, we identified a
tetravalent peptide that markedly inhibited the cytotoxicity of
both Stx1 and Stx2. This tetravalent peptide, named MMA-tet,
rescued mice from the lethality of E. coli O157:H7 infection with
marked efficacy. We also elucidated the unique mechanism by
which MMA-tet exerts its inhibitory effect on the toxins in target
cells.

MATERIALS AND METHODS

Materials. Recombinant Stx1 and Stx2, histidine-tagged Stx1 B subunit
(1BH), histidine-tagged Stx2 B subunit (2BH), 1BH with single amino
acid substitutions (1BH-D17E, 1BH-D18E, 1BH-F30A, 1BH-G62A, and
1BH-W34A), 1BH with double amino acid substitutions (1BH-D17E/
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W34A, 1BH-D18E/G62A, and 1BH-G62A/W34A), and 1BH with a triple
amino acid substitution (1BH-D17E/G62A/W34A) were prepared as de-
scribed previously (14, 16). The Gb3 polymer and rabbit anti-Stx antise-
rum were obtained as described previously (15, 16). AlphaScreen reagent
and 1-[4,5-"H(N)]Leu were purchased from PerkinElmer (Tokyo, Japan).

Peptides and peptide library screening. Tetravalent peptides and tet-
ravalent peptide libraries were synthesized as described previously (16).
Recombinant 1BH or 1BH-F30A (0.5 mg of protein) bound to Ni** beads
was incubated with 300 g of a given library peptide in phosphate-buff-
ered saline (PBS) overnight at 4°C. After extensive washing, bound pep-
tides were sequenced on an Applied Biosystems model 477A protein se-
quencer. To calculate the relative amino acid preference at each
degenerate position, the corrected quantities of amino acids in the pep-
tides recovered from the 1BH beads were compared with those of amino
acids in the peptides recovered from the 1BH-F30A beads to calculate the
abundance ratios of amino acids (16).

Kinetic analysis of binding between inhibitory peptides and immo-
bilized Stx B subunit. The binding of tetravalent peptides to immobilized
1BH or 2BH was quantified using a Biacore T100 system instrument (GE
Healthcare Sciences) as described previously (16). The resonance unit is
an arbitrary unit used by the Biacore system.

Cytotoxicity assay. Subconfluent Vero cells cultured in a 96-well plate
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum were treated with Stx1 or Stx2 (1 pg/ml) in the
absence or presence of a given tetravalent peptide for 72 h at 37°C. Each
peptide was added simultaneously with Stx1 or Stx2. The relative number
of living cells was determined using a Cell Counting Kit-8 (Dojindo, Ja-
pan), which allows the sensitive determination of cell viability based on
the production of an orange formazan dye from 2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-
sodium salt (WST-8), by the intracellular dehydrogenases.

Analysis of binding between 1BH or a 1BH mutant and inhibitory
peptides by AlphaScreen assay. The indicated amounts of the biotinyl-
ated tetravalent peptide and 1BH or its mutant (10 pg/ml) were incubated
in each well of an OptiPlate-384 microplate (PerkinElmer) for 1 h at room
temperature. The plate was incubated with nickel chelate acceptor donor
beads (20 pg/ml) for 30 min, followed by incubation with streptavidin
donor beads (20 pg/ml) for 1 h at room temperature under protection
from light. After excitation at 680 nm, the emission at 615 nm was mea-
sured by an EnVision system (PerkinElmer). The signal intensity (cps) is
an arbitrary unit used by the system.

ELISA of the binding between 1BH and inhibitory peptides. The
indicated tetravalent peptides (1.7 uM dissolved in PBS) were coated onto
each well of a 96-well enzyme-linked immunosorbent assay (ELISA) plate
and incubated for 24 h at 4°C. After blocking, the plate was incubated with
1BH (1 pg/ml) for 1 h at room temperature. Bound 1BH was detected
using rabbit anti-Stx1 antiserum as described previously (16).

125[.Stx binding assay. Vero cells cultured in a 24-well plate were
treated with '*°I-Stx1 or *°I-Stx2 (1 X 10°to 2 X 10° cpm/jug protein, 1
pg/ml) in the absence or presence of a given compound for 30 min at 4°C.
Each compound was added simultaneously with '*°I-Stx1 or '*°I-Stx2.
After extensive washing, the recovered radioactivity was measured by a
gamma counter.

Intracellular localization of Stx1. Subconfluent Vero cells in a glass
base dish (35 mm) were treated with Stx1 (1 pg/ml) in the absence or
presence of MMA-tet (52 uM) for 1 h at 37°C. MMA-tet was added si-
multaneously with Stx1. After incubation, the cells were fixed with 3%
paraformaldehyde. Immunostaining of Stxl, GM130, Vtila, GS28,
HSP47, calnexin, and ribophorin was performed using rabbit anti-Stx1
polyclonal antibody, mouse anti-GM130 IgG monoclonal antibody (BD
Biosciences, NJ), mouse anti-Vtila IgG monoclonal antibody (BD Biosci-
ences), mouse anti-GS28 monoclonal antibody (BD Biosciences), mouse
anti-HSP47 IgG monoclonal antibody (Enzo Life Sciences, Inc., NY), rab-
bit anticalnexin polyclonal antibody (Santa Cruz Biotechnology, Inc.,
CA), and goat antiribophorin IgG polyclonal antibody (Santa Cruz Bio-

2134 iai.asm.org

17

technology), respectively, followed by detection using Alexa Fluor-labeled
secondary antibodies. The cells were analyzed by confocal laser scanning
microscopy (Olympus, Tokyo, Japan).

Assay for protein synthesis inhibition. Vero cells cultured in a 96-
well plate in DMEM supplemented with 10% fetal calf serum were pre-
treated with the indicated amount of MMA-tet for 1 h and then treated
with Stx1 (100 pg/ml) for 1.5 h. After extensive washing, the cells were
incubated with 2 wCi/well [*H]Leu in Leu-free minimal essential medium
Eagle (MEME; Sigma, Tokyo, Japan) at 37°C for 30 min, and the radioac-
tivity incorporated into cellular proteins was counted as described previ-
ously (25).

Mouse infection protocol. Specific-pathogen-free 3-week-old female
C57BL/6 mice (Charles River Breeding Laboratories, Wilmington, MA)
were maintained on a low-protein diet to induce calorie malnutrition
(26). At 5 weeks of age, mice were infected intragastrically with 2 X 10°
CFU of E. coli O157:H7 strain N-9 as described elsewhere (26). The indi-
cated amount of the acetylated form of MMA-tet (Ac-MMA-tet) or saline
was administered intragastrically to the mice twice a day from day 2 to day
5. Data were analyzed by Kaplan-Meier survival analysis or by Fisher’s
exact test when no mice had died by the end of the observation period. All
animal experiments were approved by the animal ethics committee of
Nara Medical University prior to their commencement.

RESULTS
Tetravalent peptide library screening identified peptide motifs
with high affinity for the Stx1 B subunit. In this study, we used a
tetravalent peptide library composed of tetravalent peptides con-
taining a polylysine core bifurcating at both ends with four ran-
domized peptides (16). The tetravalent peptide library was
screened for the capability to bind to wild-type 1BH but not to
1BH-F30A, which has a mutation in receptor-binding site 1, be-
cause this site has been demonstrated to play an essential role in
the receptor binding of Stx1 (27). A tetravalent peptide library
with Arg fixed at position 4 (XRX library) was used for the first
round of selection on the basis of the previous observation that the
Stx2 neutralizer PPP-tet, which has clustered Args in its motif, can
also bind to the Stx1 B subunit (data not shown). As shown in Fig.
1A, Arg was strongly selected at positions 5 to 7 and hydrophobic
amino acids were preferred at positions 1 to 3. On the basis of this
result, second sets of tetravalent peptide libraries with clustered
Args (RXR and XRR libraries) were screened to further refine
peptide selection. Preferred selection of Arg at positions 5 and 7
was confirmed with the RXR library. Furthermore, Met was
strongly selected at positions 1 and 2 with both libraries, and Ala
was relatively preferred at position 3 with the XRR library. Based
on these results, we identified four candidate motifs: MMARRRR,
MAARRRR, AMARRRR, and AAARRRR. Tetravalent forms of
these peptides with the same core structure, which were referred to
as MMA-tet, MAA-tet, AMA-tet, and AAA-tet, respectively, were
synthesized and examined for their capability to bind to 1BH and
2BH. As shown in Fig. 1B, all of these tetravalent peptides, espe-
cially AAA-tet and MMA-tet, bound to both B subunits with high
affinity, whereas MA-tet, which has the same core structure but
lacks any Stx binding motifs, did not bind to either B subunit.
MMA-tet efficiently inhibits the cytotoxicity of both Stx1
and Stx2. The ability of the four tetravalent peptides to inhibit the
cytotoxicity of Stx1 and Stx2 in Vero cells was examined (Fig. 2).
Among the tetravalent peptides, MMA-tet inhibited the cytotox-
icity of both toxins with the highest potency, followed by AMA-
tet. MAA-tet and AAA-tet displayed less potency. Interestingly,
MMA-tet inhibited Stx2 more efficiently than did PPP-tet, indi-
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: XRX-library WPFW F(1.2) P(1.2) R(15) R(1.8) R(L7)
.1 P(1.2) M(1.2)
Position
2nd-libraries . 2 3 4 s s 7
(MA-XXXRXRX-AU),-3Lys R R
; RXR-library M(1.3)  M(1.3) MP(1.2) R(1.3) MIR(1.3)
AP(12) P(12) MA(1.2)
(MA-XXXRRRR-AU),-3Lys R R R R
i XRR-library M(1.5)  M(1.4) A(1.3)
A14)  A(13) M(12)
B Stx1BH S2BH
tetrameric peptide Ko(M)  Rumax(AU) |  Ko(M)  Rumax(AU)
mean + SE (n=3) mean # SE (n=3)
MMA-tet; (MA-MMARRRR-AU) +-3Lys | 64+ 11 1860 £ 66 91£10 2200483
MAA-tet; (MA-MAARRRR-AU) +-3Lys | 134%94 187030 1398 2030428
AMA-tet; (MA-AMARRRR-AU)+-3Lys | 146£22 1800 %40 158%5 2120426
AAA-tet; (MA-AAARRRR-AU) «-3lys |  20£4.1 1450 £ 145 21£2 148049
MAtet;  (MA-AU) s -3lys - - - -

FIG 1 Identification of peptide motifs with high affinity for the Stx B subunit
using tetravalent peptide library screening. (A) The tetravalent peptide library
was composed of tetravalent peptides with a polylysine core bifurcating at both
ends with four randomized peptides. The peptide library for the first screening
has a sequence of Met-Ala-X-X-X-R-X-X-X-Ala-U, in which U indicates ami-
nohexanoic acid and X indicates any amino acid except Cys. Screening of the
library was performed to identify tetravalent peptides that bound to 1BH but
not to IBH-F30A. For the second screening, a peptide library with fixed Args at
positions 4 and 6 (RXR library) or fixed Args at positions 4 to 7 (XRR library)
was used. Values in parentheses indicate the relative selectivities for the amino
acids. Boldface letters indicate amino acids that were strongly selected. Each
screening was performed twice; representative values are shown. (B) The ki-
netics of the binding of each tetravalent peptide with each identified binding
motif to immobilized 1BH or 2BH was analyzed using the Biacore system. K,
dissociation constant; Rumax, maximum resonance unit. —, binding was not
detected.

cating that this tetravalent peptide is promising as a universal neu-
tralizer against both toxins.

MMA-tet binds to 1BH through specific receptor-binding re-
gions. To elucidate the mechanism by which MMA-tet binds to
1BH, the binding between MMA-tet and a series of 1BH mutants
with mutations in the trisaccharide binding sites was examined
using the AlphaScreen assay. Using this system, we detected high-
affinity binding between MMA-tet and 1BH (Fig. 3A). Under the

Stx1 Stx2
- MMA-tet - MMA-tet
& 100 | |
S 6= AAA-tet 120 | % AAA-tet
g 80 | ~O-rpep-tet 100 ~O- PPP-tet
8 60 80
S w0 . -
% 20 40
(&) 20
0 } 0+l
0 0.1 1 10 100 0 0.1 1 10 100

Concentration (uM)

Concentration (uM)

FIG 2 Inhibitory effects of the tetravalent peptides on the cytotoxicity of Stx1
or Stx2 in Vero cells. The effects of the tetravalent peptides on the cytotoxicity
of Stx1 (1 pg/ml) or Stx2 (1 pg/ml) in Vero cells were examined by the cyto-
toxicity assay. Data are presented as a percentage of the control value (mean =
standard error, n = 3).
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FIG 3 Analysis of the binding of MMA-tet with the Stx1 B subunit. (A) The
binding between MMA-tet and a series of IBH mutants (10 wg/ml) was
examined using the AlphaScreen assay. Data are presented as signal inten-
sity (cps). Each experiment was performed three times, and representative
data are shown. (B) The binding of 1BH (1 wg/ml) with MMA-tet or
Ala-substituted MMA-tet was examined using ELISA (mean * standard
error, n = 3; *, P < 0.001, Tukey’s test). R4A, R5A, R6A, and R7A, MMA-
tet with a substitution of Arg to Ala at positions 4, 5, 6, and 7, respectively.
OD 90, Optical density at 490 nm.

same conditions, the maximum binding of MMA-tet to 1BH-
G62A, a site 2 mutant, was 65% of that of 1BH, whereas the levels
of binding of MMA-tet to 1BH-F30A and 1BH-D17E, both of
which are site 1 mutants, were markedly reduced to 11 and 10%,
respectively, consistent with the fact that MMA-tet was identified
by targeting Phe30 in site 1. Interestingly, the maximum binding
of MMA-tet to IBH-D18E and 1BH-W34A, both of which are site
3 mutants, was also markedly reduced to the same level (Fig. 3A,
left). Furthermore, the maximum binding of MMA-tet to 1BH-
D18E/G62A, a site 2 and 3 double mutant, was reduced to 18%,
and the binding of MMA-tet to 1BH-D17E/W34A (a site 1 and 3
double mutant), 1BH-G62A/W34A (a site 2 and 3 double mu-
tant), and 1BH-D17E/G62A/W34A (a site 1, 2, and 3 triple mu-
tant) was completely diminished (Fig. 3A, right). These results
indicate the substantial contribution of both sites 1 and 3, but not
site 2, to the binding of MMA-tet to the Stx1 B subunit.

To evaluate the importance of the Arg cluster present in MMA-
tet, the effect of mutating each Arg to Ala on the binding of MMA-
tet to 1BH was examined. As shown in Fig. 3B, all of these substi-
tutions, especially substitution of the second Arg, significantly
reduced the binding of MMA-tet to 1BH, suggesting the possible
electrostatic interaction of the Arg cluster with the acidic amino
acid cluster present on the receptor-binding surface of the B sub-
unit, including Asp16, Aspl7, and Aspl8. In fact, among them,
Asp17 and Asp18, which constitute sites 1 and 3, respectively, have
been demonstrated to have essential roles in the binding of MMA-
tet to the B subunit.

MMA-tet did not inhibit the uptake of Stx and its subsequent
vesicular transport to the ER. MMA-tet and the other identified
tetravalent peptides did not inhibit the cell surface binding of '**I-

iai.asm.org 2135

ALISYIAINN VHSIHSOQ Ag £T0Z ‘€T Ae uo /610" wse fel/:dny woly papeojumod


http://iai.asm.org
http://iai.asm.org/

Tsutsuki et al.

A Stx1 Stx2
120 120
. 100 é‘ 100 W
o\o - MMA-tet
~ 80 | MMA-tet 80 -0~ MAA-tet
g’ -0 MAA-tet 60 : :;;':;l:':
=] 60 I :.A‘:.’:, ~— Gb3-polymer
.HE) 40 —o— Gb3-potymer | 40
20 20
0 Hf oY
0 001 01 1 10 100 0 0.01 01 1 10 100
Concentration (uM) Concentration (uM)
B

Stx1 GM130 Stx1 HSP47

3
<
=
=

Stx1 Vtila Stx1 calnexin

| A
- )
Q ) Y
<
=
=
(+)

Stx1 GS28 Stx1  ribophorin
2
<
=
=

FIG 4 MMA-tet did not affect the uptake and subsequent intracellular trans-
port of Stx1 to the ER. (A) Binding of '*’I-Stx1 or '*’I-Stx2 (1 pg/ml) to Vero
cells. Data are presented as a percentage of the control value (mean = standard
error, n = 3). (B) Colocalization of Stx1 (1 pg/ml) with GM130, Vtila, GS28,
HSP47, calnexin, and ribophorin in the absence or presence of MMA-tet (52
wM) was examined by immunocytochemical staining.

Stx1 or '*°I-Stx2, although the Gb3 polymer (15), an Stx neutral-
izer with clustered trisaccharides, efficiently inhibited this binding
(Fig. 4A). We previously demonstrated that PPP-tet does not in-
hibit the binding of Stx2 to the cell surface receptor, but it induces
the aberrant cellular transport of Stx2, allowing it to exert its in-
hibitory effect (16). Thus, the effect of MMA-tet on the intracel-
lular transport of Stx1 was examined. The retrograde transport of
Stx1 to the Golgi complex and then to the ER was confirmed by the
colocalization of Stx1 with GM130 (a cis-Golgi complex marker),
Vtila (a trans-Golgi complex marker), GS28 (a trans-Golgi com-
plex marker), and ER markers, such as HSP47, calnexin, and ri-
bophorin. As shown in Fig. 4B, MMA-tet did not affect the colo-
calization of Stx1 with any of these markers, suggesting that even
in a complex with MMA-tet, Stx1 can be transported to the ER
through the Golgi complex.

MMA-tet rescued the inhibition of protein synthesis caused
by Stx1 following its ER localization. The Stx1 A subunit has been
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FIG 5 Effect of MMA-tet on Stx1-induced protein synthesis inhibition. Vero
cells cultured in DMEM supplemented with 10% fetal calf serum were pre-
treated with each amount of MMA-tet for 1 h and then treated with Stx1 (100
pg/ml) for 1.5 h. After extensive washing, the cells were incubated with 2
wCi/well [’H]Leu in Leu-free MEME at 37°C for 30 min. The relative amounts
of radioactivity incorporated into cellular proteins are presented as percent-
ages of the control value without Stx1 (mean * standard error, n = 3; %, P <
0.05, Tukey’s test).

demonstrated to translocate from the ER to the cytosol to exert its
28S rRNA N-glycosidase activity, resulting in the inhibition of
protein synthesis. After 1.5 h of incubation of Vero cells with Stx1,
i.e., during the early stage of this translocation, [’H]Leu uptake
into newly synthesized proteins was inhibited by 30% (Fig. 5). The
inhibition of [*H]|Leu uptake was substantially recovered by the
presence of MMA-tet in a dose-dependent manner, suggesting
that MMA-tet negatively affects the translocation of the A subunit
from the ER to the cytosol.

Acetylated MMA-tet protected mice from the lethality
caused by E. coli O157:H7 infections. The inhibitory effects of
MMA-tet on the lethality of E. coli O157:H7 infections in mice
with protein-calorie malnutrition (26), which are very susceptible
to infection, were examined. To prevent proteolytic degradation
in the gastrointestinal tract, an acetylated form of MMA-tet (Ac-
MMA-tet) was synthesized. Intragastrically administered Ac-
MMA-tet completely inhibited the lethality of E. coli O157:H7
infections at an amount of 4.2 nmol/g (P < 0.0001) and rescued
mice with high potency at an amount of 1.25 nmol/g (P < 0.005)
(Fig. 6).

DISCUSSION

Using a tetravalent peptide library approach, we identified four
tetravalent peptides that exhibit high affinities for the Stx1 B sub-
unit and inhibit Stx1 cytotoxicity by targeting one of the receptor-
binding sites, namely, site 1. Interestingly, one of these tetravalent
peptides, MMA-tet, markedly inhibited both Stx1 and Stx2 with
even more potency than PPP-tet, a previously identified Stx2 neu-
tralizer (16). In the previous study, it was revealed that both sites 1
and 2 of Stx1 play essential roles in receptor binding, whereas site
3 has a lower contribution to the binding but cooperatively en-
hances effective binding through site 1 and/or site 2 (27). In this
study, MMA-tet was found to bind to the Stx1 B subunit through
both sites 1 and 3, possibly contributing to the potent inhibitory
effect of MMA-tet against cytotoxicity. Conversely, AAA-tet,
which has the lowest K}, (dissociation constant) value for 1BH
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FIG 6 Ac-MMA-tet protects mice from the lethality of E. coli O157:H7 infec-
tion. Mice with protein-calorie malnutrition were infected intragastrically
with a fatal dose of E. coli O157:H7 strain N-9 on day 0. The indicated amount
of Ac-MMA-tet was administered intragastrically twice a day from day 2 to day
5. The survival time of each animal after Ac-MMA-tet (1.25 nmol/g of body
weight, n = 6; 4.2 nmol/g of body weight, n = 6) or saline (n = 8) adminis-
tration is shown.

binding among the identified tetravalent peptides, did not effi-
ciently inhibit cytotoxicity. Binding analysis between AAA-tetand
1BH by ELISA indicated that the contribution of site 3, including
Asp18 and Trp34, is less than that of site 1 (K. Tsutsuki unpub-
lished data), further supporting the importance of occupation of
both sites 1 and 3 to function as an effective Stx1 neutralizer.

All four Args present in MMA-tet were revealed to be involved
in its effective binding to the Stx1 B subunit, suggesting an elec-
trostatic interaction of these Args with the acidic amino acid clus-
ter present on the receptor-binding surface of the Stx1 B subunit
(8). The superior inhibitory effect of MMA-tet on Stx1 compared
to the effects of the other tetravalent peptides with the same clus-
tered Args may be explained by the presence of the consecutive
Mets at positions 1 and 2, both of which could be involved in
forming hydrophobic interactions with the B subunit through
Phe30 (site 1) and Trp34 (site 3), as mentioned previously. AMA-
tet and MAA-tet, each of which lacks one of these Mets, inhibited
the cytotoxicity of Stx1 with less potency than MMA-tet, confirm-
ing the importance of the hydrophobic interaction for the inhib-
itory efficacy, in addition to the electrostatic interaction through
clustered Args.

Although MMA-tet did not inhibit the uptake of Stx1 or its
subsequent retrograde transport to the ER through the Golgi com-
plex, the inhibition of protein synthesis caused by Stx1 was sub-
stantially recovered in the presence of MMA-tet. Because the
translocation of the A subunit from the ER to the cytosol is con-
sidered crucial for the inhibition of protein synthesis (28, 29),
MMA-tet may prevent or retard the translocation of the A sub-
unit, which is mediated by the retrotranslocation system (21, 30,
31). As described previously, MMA-tet binds to the Stx1 B subunit
through both sites 1 and 3, possibly allowing site 2 to facilitate
retrograde transport of the Stx1/MMA-tet complex to the ER. In
addition, as previously demonstrated with PPP-tet (16), the Arg
cluster present in MMA-tet may also contribute to the effective
binding of the complex to target cells due to its cell-permeant
nature (32, 33); conversely, in the absence of the peptides, any
dysfunction of each receptor-binding site results in a marked re-
duction of the cell association of Stx1 (14, 27). This type of inter-
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action of the complex with target cells, however, may impair signal
transduction, affecting the subsequent retrotranslocation of the A
subunit. Although the precise mechanism remains to be eluci-
dated, some of the signal transduction pathways induced by the
association of the Stx1 B subunit (34-38), such as the mitogen-
activated protein kinase pathway, were found to be impaired in
the presence of MMA-tet (Y. Takenaka unpublished data), further
supporting this contention.

Finally, Ac-MMA-tet, a stable form of MMA-tet, was found to
completely protect mice from a fatal dose of E. coli O157:H7 strain
N-9, which produces both Stx1 and Stx2, even when administered
after an established infection. This marked protective effect of
Ac-MMA-tet may be attributed to its unique property to function
in its target cells through its cell-permeant nature, broadening the
window for active treatment. Thus, the approach of screening a
multivalent peptide library for activity against the specific recep-
tor-binding region of Stx1 successfully identified a peptide-based
Stx neutralizer functioning against both Stx1 and Stx2 with re-
markable therapeutic potency exceeding that of the previously
identified Stx2 neutralizer PPP-tet.
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Identification of a Wide Range of Motifs Inhibitory to Shiga Toxin by
Affinity-Driven Screening of Customized Divalent Peptides
Synthesized on a Membrane

Mihoko Kato, Miho Watanabe-Takahashi, Eiko Shimizu, Kiyotaka Nishikawa

Faculty of Life and Medical Sciences, Doshisha University, Kyoto, Japan

Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli, binds to target cells through a multivalent in-
teraction between its B-subunit pentamer and the cell surface receptor globotriaosylceramide, resulting in a remarkable increase
in its binding affinity. This phenomenon is referred to as the “clustering effect.” Previously, we developed a multivalent peptide
library that can exert the clustering effect and identified Stx neutralizers with tetravalent peptides by screening this library for
high-affinity binding to the specific receptor-binding site of the B subunit. However, this technique yielded only a limited num-
ber of binding motifs, with some redundancy in amino acid selectivity. In this study, we established a novel technique to synthe-
size up to 384 divalent peptides whose structures were customized to exert the clustering effect on the B subunit on a single cellu-
lose membrane. By targeting Stx1a, a major Stx subtype, the customized divalent peptides were screened to identify high-affinity

binding motifs. The sequences of the peptides were designed based on information obtained from the multivalent peptide li-
brary technique. A total of 64 candidate motifs were successfully identified, and 11 of these were selected to synthesize tetrava-
lent forms of the peptides. All of the synthesized tetravalent peptides bound to the B subunit with high affinities and effectively
inhibited the cytotoxicity of Stx1a in Vero cells. Thus, the combination of the two techniques results in greatly improved effi-

ciency in identifying biologically active neutralizers of Stx.

Infection with enterohemorrhagic Escherichia coli (EHEC)
causes bloody diarrhea and hemorrhagic colitis, sometimes
followed by fatal systemic complications, such as acute encepha-
lopathy and hemolytic-uremic syndrome (HUS) (1-6). In 2011,
unprecedented outbreaks of E. coli 0104:H4 occurred in the Eu-
ropean Union (EU), particularly in Germany, with more than
4,000 cases of infection and 50 fatalities (7, 8). Since antibiotic use
is controversial (9—11), novel therapeutic strategies against the
infection are urgently required. EHEC produces Shiga toxin (Stx)
as a major virulence factor; therefore, one of the most promising
approaches is to develop an Stx neutralizer that effectively binds to
and inhibits Stx.

Stx, a typical ribotoxin, is present in various forms that can be
classified into two subgroups, Stx1 and Stx2, each of which has
various closely related subtypes: Stx1a, -1¢, and -1d and Stx2a, -2b,
-2¢, -2d, -2e, -2f, and -2g, respectively (12—14). Each Stx subtype
consists of a catalytic A subunit and a B-subunit pentamer, which
is responsible for high-affinity binding to the functional cell sur-
face receptor Gb3 [Gala(1-4)-GalB(1-4)-GlcB-ceramide] (4,
15, 16), or Gb4 [GalNAcB(1-3)-Gala(1-4)-GalB(1-4)-Glcp-cer-
amide], which is preferred by Stx2e (17). Each B subunit has three
distinctive binding sites (sites 1, 2, and 3) for the trisaccharide
moiety of Gb3 (18, 19), resulting in the formation of a multivalent
interaction between the B-subunit pentamer and Gb3. This type
of interaction is known to markedly increase the binding affinity a
millionfold and is generally known as the “clustering effect.”

Previously, we developed a multivalent peptide library that can
exert the clustering effect and identified Stx neutralizers with tet-
ravalent peptides by screening this library based on high-affinity
binding to specific receptor-binding sites (20-22). By targeting
one of the receptor-binding sites (site 3) of subtype Stx2a which is
most closely associated with high disease severity (23, 24), we
identified four tetravalent peptides that bind to Stx2a with high
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affinity and specificity as novel peptide-based neutralizers (20).
One of the neutralizers, PPP-tet, protected mice from a fatal dose
of E. coli O157:H7 (20) and inhibited the lethal effect of intrave-
nously administered Stx2a in a nonhuman primate model (25).
Recently, by targeting receptor-binding site 1 of Stxla, the most
frequently observed subtype, we identified tetravalent peptide
MMA-tet (22). Interestingly, MMA-tet strongly inhibited Stxla
and Stx2a with greater potency than that of PPP-tet as well as
rescuing mice from the lethality caused by the infection by E. coli
0157:H7, which produces both toxins. This multivalent peptide
library technique, however, can yield only a limited number of
binding motifs for the intended receptor-binding region of the B
subunit, with redundancy of amino acid selectivity at some posi-
tions.

In this study, we established a novel technique to determine a
wide range of binding motifs for the B subunit by directly screen-
ing hundreds of divalent peptides on a membrane whose struc-
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tures were customized to exert the clustering effect. By targeting
one of the receptor-binding sites (site 2) of the Stx1la B subunit, a
site which plays a significant role in the receptor binding of Stx1a
(18, 26), we successfully identified 11 peptide-based neutralizers
of Stxla using this novel technology combined with multivalent
peptide library screening. Screening the multivalent peptide li-
brary alone could not identify a biologically active inhibitor of this
site. Thus, the combination of the two techniques will provide a
powerful strategy to develop customized neutralizers for a re-
stricted area of the receptor-binding region of the B subunit, en-
abling the identification of tailored neutralizers for each Stx sub-
type with highly conserved structural similarity.

MATERIALS AND METHODS

Materials. Recombinant Stx1a, histidine-tagged Stxla B subunit (1BH),
and 1BH with a single-amino-acid substitution (1BH-G62A) were pre-
pared as described previously (27). The amino-PEGs,,-UC540 mem-
brane (Intavis Bioanalytical Instruments AG, Germany) used for the spot
synthesis of peptides was purchased from PerkinElmer, Tokyo, Japan.
Porcine erythrocyte Gb3 and egg phosphatidylcholine (PC) were pur-
chased from Wako Pure Industries, Osaka, Japan.

Peptides and peptide library screening. Tetravalent peptides and tet-
ravalent peptide libraries were synthesized using N-a-9-fluorenylmethoxy
carbonyl (FMOC)-protected amino acids and standard BOP [benzotriazol-
1-yloxytris(dimetylamino)phosphonium hexafluorophosphate]/HOB (1-
hydroxybenzotriazole hydrate) coupling chemistry as described previously
(20). A Met-Ala sequence was included at the amino terminus of each library
peptide to verify the identity and origin of the peptides being sequenced and
to qualify the peptides. Recombinant 1BH or 1BH-G62A (0.5 mg protein)
bound to Ni*" beads was incubated with 300 pg of a given library peptide in
phosphate-buffered saline (PBS) overnight at 4°C. After extensive washing,
the bound peptides were sequenced on an Applied Biosystems model 477A
protein sequencer. To calculate the relative amino acid preference at each
degenerate position, the corrected quantities of amino acids in the peptides
recovered from the 1BH beads were compared with those recovered from the
1BH-G62A beads to calculate the abundance ratios of amino acids (20).

ELISA of the binding between 1BH and inhibitory peptides. The
indicated amounts of the tetravalent peptide dissolved in PBS were ap-
plied as a coating onto each well of a 96-well enzyme-linked immunosor-
bent assay (ELISA) plate and incubated for 24 h at 4°C. After blocking, the
plate was incubated with 1BH or 1BH-G62A (1 pg/ml) for 1 h at room
temperature. Bound 1BH was detected using rabbit anti-Stx1a antiserum
as described previously (20).

Cytotoxicity assay. Subconfluent Vero cells were cultured in a 96-well
plate in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and treated with Stxla (1 pg/ml) in the absence
or presence of a given tetravalent peptide for 72 h at 37°C. The relative
number of living cells was determined using cell counting kit 8 (Dojindo,
Kumamoto, Japan) as described previously (22).

Spot synthesis of peptides on cellulose membrane. Basic spot synthe-
sis of peptides on a cellulose membrane was performed as described
previously (28, 29) using the ResPep SL spot synthesizer (Intavis Bioana-
Iytical Instruments AG, Cologne, Germany). The density of peptides syn-
thesized on a membrane was controlled by using a mixture of FMOC-
BAla-OH and Boc-BAla-OH (Watanabe Chemical Industries, Japan) at
different ratios (100:0, 30:70, or 10:90, respectively) for the first cycle.
t-Butyloxycarbonyl (Boc) is resistant to the deprotection procedure and
inhibits the subsequent elongation reaction. The spacer length of the pep-
tide was controlled by the number of amino hexanoic acids following the
first BAla. After the addition of amino hexanoic acid(s), FMOC-Lys(F-
MOC)-OH (Watanabe Chemical Industries) was used for the next cycle to
bifurcate the peptide chain for subsequent motif synthesis. This step was
omitted for monovalent peptide synthesis. The successful synthesis of
each peptide was confirmed by staining the membrane using bromophe-
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nol blue (1% in N,N’-dimethylformamide), which reacts to free amino
residues. Free amino residues are produced only after the completion of
all the reactions and before the deprotection of the side chain residues.
After destaining with N,N’-dimethylformamide, the membrane was used
in the binding assay. As a positive control for Stx B-subunit binding, Gb3
(0.1 pug) mixed with PC (1 pg) was directly spotted on the membrane.

Binding assay of 1BH or 1BH-G62A to divalent peptides synthesized
on the membrane. After blocking with 5% skim milk in PBS, the mem-
brane (prepared as described above) was blotted with the indicated con-
centration of *’I-1BH or **I-1BH-G62A (1 X 10° to 2 X 10° cpm/pg
protein) for 1 h at room temperature. After extensive washing, the radio-
activity bound to each peptide spot was quantitated as a pixel value using
a BAS 2500 bioimaging analyzer system (GE Healthcare, Amersham,
United Kingdom). In another detection system, the membrane was blot-
ted with 1.0 wg/ml 1BH for 1 h at room temperature. After extensive
washing, bound 1BH was detected using rabbit anti-Stxla antiserum as
described previously (22) and quantitated as a pixel value using Image-
Quant LAS 500 (GE Healthcare).

Kinetic analysis of the binding between inhibitory peptides and im-
mobilized 1BH. The binding of tetravalent peptides to immobilized 1BH
was quantified using a Biacore T100 system instrument (GE Healthcare
Sciences, USA) as described previously (20). The resonance unit is an
arbitrary unit (AU) used by the Biacore system. Binding kinetics were
analyzed using Biaevaluation software, v1.1.1 (GE Healthcare).

RESULTS

Tetravalent peptide library screening identified a peptide motif
that specifically binds 1BH through site 2. A tetravalent peptide
library is comprised of peptides containing a polylysine core
that bifurcates at both ends with four randomized peptides
(20). The library was screened for the ability to bind to wild-
type 1BH but not to IBH-G62A, which contains a mutation in
one of the receptor-binding sites (site 2). Site 2 has been shown
to play an essential role in the receptor binding of Stx1la (26). A
tetravalent peptide library with a fixed Arg at position 4 (the
XRX library) was used for the first round of selection, based on
the previous observation that Stx1a prefers clustered Args in its
binding motifs (22). As shown in Fig. 1A, Arg was strongly
selected at positions 1, 5, and 7, and His was selected at position
5. Based on this result, a second tetravalent peptide library with
clustered Args (the XRR library) was screened to further refine
peptide selection. Lys was strongly selected at position 1, and
both Arg and His were selected at position 3. Based on these
results, we identified KRRRRRR as a candidate motif. A tet-
ravalent form of this peptide with the same core structure was
synthesized and referred to as KRR-tet. As shown in Fig. 1B,
KRR-tet bound efficiently to 1BH, whereas the binding to 1BH-
G62A was less efficient. Under the same conditions, MA-tet,
which has the same core structure but lacks the binding motif,
did not bind to either of the B subunits (data not shown). These
results indicate that KRR-tet specifically binds to the B subunit
through site 2. KRR-tet, however, was found to be cytotoxic
due to its highly basic nature (Fig. 1C) and thus did not inhibit
the cytotoxicity of Stxla in Vero cells, in contrast to MMA-tet
(Fig. 1D).

Establishment of a technique to synthesize peptides on a
membrane that can exert the clustering effect on the Stxla B
subunit. KRR-tet has an Arg cluster at positions 4 to 7; this cluster
is also observed in MMA-tet, indicating that the motif is com-
monly required for the efficient binding to the Stxla B subunit.
Based on this motif, we tried to identify a series of site 2-targeted
binding motifs by establishing a novel technique in which hun-
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FIG 1 Identification of a peptide motif that specifically binds to Stx1a B subunit through site 2 by using tetravalent peptide library screening. (A) The tetravalent
peptide library was comprised of tetravalent peptides with a polylysine core bifurcating at both ends with four randomized peptides. The peptide library for the
first screening had the sequence Met-Ala-X-X-X-R-X-X-X-Ala-U (U, amino hexanoic acid), where X indicates all amino acids except Cys. Screening of the library
was performed to identify tetravalent peptides that bound to 1BH but not to IBH-G62A. For the second screening, a peptide library with fixed Args at positions
4to 7 (XRR library) was used. Values in parentheses indicate relative selectivities for the amino acids. Bold letters indicate amino acids that were strongly selected.
Each screening was performed twice; representative values are shown. (B) The binding of 1BH or IBH-G62A (1 pg/ml) to KRR-tet at the indicated concentra-
tions was examined using ELISA (mean = standard error, n = 3). (C) The effect of KRR-tet on the cell viability in Vero cells was examined by the cytotoxicity
assay. Data are presented as a percentage of the control value (mean * standard error, n = 4). (D) The effect of KRR-tet or MMA-tet on the cytotoxic activity of

Stxla (1 pg/ml) in Vero cells was examined by the cytotoxicity assay (mean = standard error, n = 4).

dreds of peptides with the Arg cluster were synthesized in a diva-
lent form on a cellulose membrane and screened for high-affinity
binding to 1BH but not to 1BH-G62A. We also optimized the
structure of the peptide synthesized on the membrane (Fig. 2A). A
divalent form of the peptide, KRRRRRR, was found to exert the
clustering effect and exhibited markedly increased binding to 1BH
compared to the monovalent form (Fig. 2B). Under the same con-
ditions, Gb3 blotted on the membrane was specifically detected by
1BH. Using the divalent peptide, we found that a spacer of one
amino hexanoic acid functioned most efficiently and that the
higher density yielded higher binding efficacy (Fig. 2B). We fur-
ther examined the binding of other divalent peptides. The divalent
form of MMARRRR, a binding motif present in MMA-tet, also
efficiently bound to 1BH in a dose-dependent manner when one
amino hexanoic acid was used as a spacer (Fig. 2C). Similar den-
sity dependency was observed for the divalent peptide (Fig. 2B).
The divalent form of AAARRRR, another binding motif previ-
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ously determined for 1BH (22), could still efficiently bind to 1BH.
In contrast, the divalent form of AAADDDD, in which all Args of
AAARRRR were replaced with Asps, completely lost binding ac-
tivity (Fig. 2C), confirming the requirement of the Arg cluster in
the binding motif.

Screening of divalent peptides synthesized on a membrane
successfully identified a wide range of peptide motifs that spe-
cifically bind to the Stxla B subunit through site 2. Using the
optimized conditions identified above, 380 divalent peptides con-
taining the Arg cluster and shuffled amino acids at motif positions
1 to 3 were synthesized on a cellulose membrane. One group had
the XXA-RRRR motif, and the other group had the AAX-RRRR
motif, respectively, where X indicates a fixed amino acid as indi-
cated (Fig. 3A). The divalent peptide with the original motif KRR-
RRRR was also synthesized. The membrane was blotted with '*I-
1BH or '*I-1BH-G62A (Fig. 3B), and the radioactivity bound to
each peptide spot was quantitated and analyzed. Divalent peptides
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FIG 2 Optimization of the structure of the peptides synthesized on a membrane to exert the clustering effect. (A) The structure of a monovalent or a
divalent peptide synthesized on a cellulose membrane is shown as described in Materials and Methods (density: y = 10, 30, or 100%; spacer length: n =
1, 2, or 3; U indicates amino hexanoic acid; R = Met-Ala-[indicated motif]-Ala). (B) The monovalent or the divalent form of the KKKRRRR motif was
synthesized with different spacer lengths in triplicate (y = 100%, upper panel). The divalent form of the KKKRRRR or MMARRRR motif was synthesized
with different densities (n = 1, lower panel). The membrane was blotted with 1.0 wg/ml of 1BH. Bound 1BH was detected using rabbit anti-Stxla
antiserum and quantitated as a pixel value. Each value is shown after subtraction of the control value obtained without 1BH. (C) Divalent peptides with
the MMARRRR, AAADDDD, or AAARRRR motif were synthesized on a membrane with different spacer lengths (y = 100%). The membrane was blotted
with the indicated concentration of '*°I-1BH, and the radioactivity bound to each peptide was detected (upper panel) and quantitated. Data obtained with
1.0 pg/ml of '**I-1BH are shown (lower panel).

with a normalized value of '*°I-1BH binding (1BH-binding value)
greater than 1.14 were selected and then resorted in descending
order of the product (1BH X ratio) of the IBH-binding value and
the normalized ratio (1BH/G62A ratio), as shown in Table SI in
the supplemental material. A total of 64 peptides with 1BH X ratio
values greater than 1.3 were identified as candidate motifs. These
64 divalent peptides were synthesized on a membrane (Fig. 4A)
and blotted with different concentrations of '*’I-1BH or '*I-
1BH-G62A (Fig. 4B). The radioactivity bound to each peptide was
quantitated and analyzed (see Fig. S1 in the supplemental mate-
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rial). Among these divalent peptides, 11 motifs were selected
based on the binding intensity and specificity of 1BH, excluding
peptide motifs that had tandem basic amino acids in the first three
amino acids (e.g., KHA or KKA). The exclusion was implemented
to avoid selecting potentially cytotoxic motifs.

Tetravalent peptides with the identified motifs bind to 1BH
through site 2 with high affinities. Tetravalent peptides with the
11 motifs identified above were synthesized using the same core
structure as described in Materials and Methods and were referred
to as NKA-tet, IIA-tet, KGA-tet, KMA-tet, KFA-tet, FRA-tet,
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FIG 3 Screening of divalent peptides synthesized on a membrane based on binding to 1BH but not to IBH-G62A. (A) The structure of the divalent peptide
synthesized on a membrane was the same as that shown in Fig. 2A. The density of the peptides (y) was 100%, and the spacer length (1) was 1. The first three amino
acids present in the XXA-RRRR or AAX-RRRR motif are shown at positions A5 to P5 or positions P6 to P23, respectively. The divalent peptide with the original
motif, KRR-RRRR, was synthesized at position P24. The gray boxes indicate the 64 candidate motifs that were selected after the binding analysis. (B) The
membrane was blotted with '*’I-1BH or '*’I-1BH-G62A (1 wg/ml), and the radioactivity bound to each peptide spot was quantitated and analyzed as shown in

1/2/3|4|5|6|7|8|9|10/11|12|13|14|15/16|17|18|19|20|21|22|23|24
A AAA |ARA|ANA |ADA |AQA | AEA |AGA |AHA | AIA | ALA |AKA |AMA|AFA |APA | ASA | ATA JAWA|AYA |AVA| RAA
B |RRA|RNA|RDA|RQA|REA|RGA|RHA| RIA | RLA |RKA|RMA|RFA|RPA|RSA|RTA [RWA|RYA |RVA |RAA|NRA|NNA|NDA|NQA| NEA
C |NGA|NHA| NIA | NLA [NKA|NMA|NFA [NPA|NSA|NTA NWA|NYA [NVA|DAA |DRA|DNA|DDA|DQA| DEA |DGA|DHA| DIA |DLA | DKA
D |DMA|DFA|DPA|DSA|DTA |DWA|DYA|DVA|QAA|QRA|QNA|QDA|QQA|QEA |QGA|QHA| QIA | QLA |QKA|QMA| QFA|QPA|QSA| QTA
E QWA|QYA|QVA|EAA|ERA|ENA |EDA|EQA|EEA |EGA|EHA| EIA | ELA |EKA |EMA|EFA |EPA|ESA |ETA [EWAIEYA | EVA |GAA| GRA
F |GNA|GDA|GQA|GEA|GGA|GHA| GIA | GLA |GKA|GMA|GFA |GPA|GSA GTAIGWA‘GYA GVA|HAA |HRA|HNA|HDA |HQA HEA| HGA
G |HHA| HIA | HLA |HKA [HMA| HFA |HPA |HSA|HTA (A|HYA|HVA| IAA | IRA | INA | IDA | IQA | IEA | IGA | IHA | IIA | ILA | IKA | IMA
H [IFA|IPA|ISA | ITA |IWA|IYA | IVA |LAA|LRA|LNA|LDA|LQA |LEA |LGA|LHA| LIA | LLA LKA |LMA|LFA |LPA|LSA[LTA|LWA
| |LYA|LVA|KAA|KRA|KNA|KDA |KQA|KEA |KGA|KHA| KIA [KLA | KKA |KMA|KFA |KPA|KSA | KTA [KWA|KYA | KVA | MAAMRA| MNA
J |MDA|MQA|MEA|MGA|MHA| MIA |MLA |MKA FA|MPA|MSA|MTA YA|MVA|FAA |FRA|FNA|FDA|FQA|FEA |FGA| FHA
K | FIA |FLA |FKA |[FMA| FFA | FPA [FSA | FTA [FWA| FYA | FVA | PAA | PRA |PNA|PDA|PQA| PEA |PGA|PHA| PIA | PLA | PKA [PMA| PFA
L |PPA|PSA|PTA|PWA|PYA|PVA|SAA|SRA|SNA|SDA|SQA|SEA|SGA|SHA| SIA | SLA | SKA [SMA| SFA|SPA | SSA|STA [SWA| SYA
M |SVA|TAA| TRA|TNA|TDA|TQA | TEA | TGA| THA| TIA | TLA | TKA |[TMA| TFA | TPA| TSA | TTA |[TWA| TYA | TVA [WAAWRA VYAN WDA
N WOAWEAWGAWHA WiA WLAIWKA| Yo (WEAWPAWSAWTA Y [WYAWVA( YAA [ YRA| YNA| YDA| YQA| YEA| YGA(YHA| YIA
O | YLA|YKA|YMA|YFA|YPA|YSA|YTA [YWAI YYA | YVA |VAA | VRA|VNA |VDA|VQA|VEA|VGA|VHA | VIA | VLA | VKA |VMA|VFA| VPA
P |VSA|VTA |VWA| VYA |VVA |AAR |[AAN|AAD |AAQ| AAE [AAG |AAH| AAI | AAL | AAK |AAM| AAF | AAP [AAS | AAT |AAW| AAY [AAV| KRR
B 125| _1BH 1234567 8 91011121314151617 181920212223 24
A T EEREEEEEE R T TR

B@®ES 28088030 eaasdrane =
Ceases90asnssa®ed =% % PSS SN
Die® IR EEE F 2 VR ENRERE RS R
El#e s« » & EEEY SRR RE R R R L
Fleo e 2625080800508 80® s
Cleosetsasssstessssestddnes
HeS@® S S TS S0P eR sl sasae
B 88 s 0 800000 srssdREs e
Je® i@ s e s@esss et handadnore
KNS es 20000 8e0s s rens
Lewseesrsacesvs900eesansed
MEBSHRS & - 2SS IROFREaTaRRY
MEEE LR REE T T R AR R R A B R N L R
I T TEERERET R R R R RS
Plea®®e s e 0sse@easdsssvsansd

125] -1BH-G62A

Table S1 in the supplemental material.

1096 aem.asm.org

VOZErX«e—I@OTMMOO®>

LR

ifiisgl
L 2 L

ceoREBBee : PEN RS BN L TR K
cocRoeER® R AT DL RN

bo.o.~r0"¢0~ grodews
cveee 00.00-...0.0‘:::33
csner LR L R TR -

..OOO...."OrQOOO.’Q L
T T L R T FE R T ) -
TTETET R R R R Y Y 2
'T1 1 I T T e TR R B0
QU ReIRReN . BeeeDansseay
TISEE REEEETEY YT R R R TR T T 29
IR E R R R LR E R RN R B R R LN BN LR
L TR R R R R L PR N R R
. A A LB F R » Rk BN a3 3 g @ >

Applied and Environmental Microbiology

February 2015 Volume 81


http://aem.asm.org

A 1 2 3 4 5 6 7 8
A | RRA | NKA | QRA | GKA | GFA | GPA [ GWA | GYA
B |HRA [HWA|HYA| NIA | IKA | ISA | LRA | LIA
C | LYA | KGA | KHA | KIA | KLA | KKA | KMA | KFA
D | MKA [ MMA | MFA | MSA | MYA | FRA | FNA | FLA
E | FKA | FSA | FTA [FWA | FYA | FVA | PAA | PRA
F | PNA|PQA | SIA | TRA | WMA | WFA [ WSA | WVA
G | YTA |YWA| YYA | VAA | VIA | VTA [ VWA | VWA
H | AAR [ AAN | AAG | AAH | AAL | AAK | AAM | AAF
B 12345678 12345678 12345678
A s ® 88 I IITTI T
T B .0 420020 o
n C eescess t00anRe P00
< D yo o ees 00!
& Em Qeovven: ol
< F ses00000
G Ll 2 T
H e Booreense
< A TYEILXIEEE
N B - et eOteN
8 C s renen00e
+ D " LR R R
m E " TEEY L RR |
< F e esden
& G TR 3
- H o s 20 | ]
1.0 3.0 10 (ug/mly

concentration of 1251-1BH or 125]-1BH-G62A

FIG 4 Binding analysis of the divalent peptides with 64 candidate motifs
synthesized on a membrane to 1BH or 1BH-G62A. (A) The structure of the
divalent peptide synthesized on a membrane was the same as that shown in Fig.
3A. The 64 divalent peptides with candidate motifs, the first three amino acids
of which are shown in the panel, were synthesized at the indicated positions.
The gray boxes indicate the 11 candidate motifs selected after the binding
analysis as shown in Fig. S1 in the supplemental material. (B) The membrane
was blotted with the indicated amounts of >°I-1BH or '*°I-1BH-G62A, and
the radioactivity bound to each peptide spot was quantitated and analyzed (see
Fig. S1 in the supplemental material).

PQA-tet, YTA-tet, VIA-tet, AAL-tet, and AAK-tet. The binding of
these tetravalent peptides to 1BH or 1BH-G62A was examined
(Fig. 5). All of the tetravalent peptides bound to 1BH with more
potency than to 1BH-G62A, indicating that site 2 is involved in the
binding of these peptides. Under the same conditions, MMA-tet,
which binds to sites 1 and 3 of 1BH but not site 2 (22), bound to
1BH-G62A with similar affinity as that of 1BH (data not shown),
further confirming the binding specificity of the identified tetrava-
lent peptides. As shown in Table 1, all of these tetravalent peptides
bound to 1BH with high affinities.

Tetravalent peptides with the identified motifs efficiently in-
hibit the cytotoxicity of Stxla. The ability of the identified tet-
ravalent peptides to inhibit the cytotoxicity of Stxla in Vero cells
was examined (Fig. 6). MMA-tet was used as a positive control.
Among the 11 tetravalent peptides, KGA-tet, KFA-tet, FRA-tet,
PQA-tet, YTA-tet, VIA-tet, and AAL-tet inhibited Stxla cytotox-
icity as efficiently as MMA-tet, although the inhibitory effects of
KFA-tet and FRA-tet were reduced at 52 wM because of their own
cytotoxicity (data not shown). NKA-tet, IIA-tet, KMA-tet, and
AAK-tet exerted inhibitory effects with lower efficiency.
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DISCUSSION

In this study, we established a novel technique to synthesize, on a
single cellulose membrane, divalent peptides that could exert the
clustering effect on the Stxla B subunit. By targeting one of the
receptor-binding sites (site 2) of the B subunit, we screened diva-
lent peptides whose sequences were designed based on informa-
tion obtained by multivalent peptide library screening. We suc-
cessfully identified 11 peptide-based neutralizers of Stxla. Thus,
the combination of these two techniques enables us to identify a
wide range of biologically active neutralizers of Stx1a, whereas the
multivalent peptide library technique yielded only one motif,
which was found to be cytotoxic.

Previously, we developed a series of carbosilane dendrimers
with clustered trisaccharides of Gb3, named SUPER TWIGs, as Stx
neutralizers (27, 30). One of these compounds, SUPER TWIG
(1)2, which has a divalent form of the trisaccharide, was found to
sufficiently exert the clustering effect on the Stx B subunit to
markedly increase binding affinity. Their K, (dissociation con-
stant) values toward the Stx1a B subunit and Stx2a B subunit were
determined to be 88 and 68 M, respectively, using the Biacore
system; no binding was observed with free trisaccharide up to 1.6
mM (20, 27). These observations provide a theoretical rationale
for the use of membrane-synthesized divalent (but not mono-
meric) peptides during screening of high-affinity binding motifs
against the B subunit. Furthermore, our finding that higher den-
sity and shorter spacer length of the divalent peptide resulted in
higher binding efficacy clearly demonstrates that a spatially con-
densed configuration of the divalent peptide enables each motif to
exert the clustering effect.

Here, we focused on site 2 as a target region to develop an Stxla
neutralizer because this site has already been shown to play an
essential role in the receptor binding of Stx1a (26, 31, 32). One of
the Stx neutralizers with clustered trisaccharides, the STARFISH
compound, containing 10 trisaccharides assembled into a single
glucose core through bifurcated spacers, was found to exclusively
occupy site 2 of the Stxla B subunit, further confirming the im-
portance of site 2 as a target region (33). The 11 Stxla neutralizers
that we identified here are the first peptide-based neutralizers to
target site 2, while PPP-tet and MMA-tet, which were identified by
targeting site 3 of Stx2a and site 1 of Stx1a, respectively, did not
touch site 2 on each B subunit (Fig. 5) (20, 22). Among these
inhibitors, KGA-tet, PQA-tet, YTA-tet, VIA-tet, and AAL-tet in-
hibited the cytotoxicity of Stxla with potency similar to that of
MMA-tet (Fig. 6).

All the divalent peptides synthesized on a membrane have the
RRRR motifat positions 4 to 7: this motif was introduced based on
information obtained from multivalent peptide library screening.
The addition of even a single acidic amino acid (Asp or Glu) to this
motif at position 1, 2, or 3 markedly reduced the binding of '*°I-
1BH and '*’I-1BH-G62A (positions C14 to D8, E4 to E22, F23,
G16, G18, H11, H13, I6, 18, J1, J3, K15, K17, M5, M7, N2, and
N21, in Fig. 3B), and surprisingly, no acidic amino acids were
selected in the data shown in Table S1 in the supplemental mate-
rial. This significant finding about the negative selectivity of acidic
amino acids cannot be theoretically obtained by using the multi-
valent peptide library technique. In accordance with this observa-
tion, all the motifs with 1BH-binding values and 1BH-G62A val-
ues greater than 2.2 have at least one Lys in positions 1 to 3 (see
Table S1 in the supplemental material), demonstrating that the
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FIG 5 Analysis of the binding of the identified tetravalent peptides with 1BH or 1BH-G62A. The binding of 1BH (closed diamonds) or 1BH-G62A (open
triangles) (1 wg/ml) with the indicated amounts of the tetravalent peptides was examined using ELISA.

basic amino acid cluster is required to efficiently bind to the B
subunit, irrespective of the presence of Gly 62. It is possible that
this basic amino acid cluster interacts with the acidic amino acids
present on the receptor-binding surface of the B subunit (Asps 16,

TABLE 1 Binding kinetics of the identified tetravalent peptides”
K, (WM), mean = SE RU,_.. (AU), mean * SE

max

Tetravalent peptide (n=23) (n=13to4)
NKA-tet 0.28 = 0.01 2,460 * 57
ITA-tet 0.51 = 0.05 3,580 = 52
KGA-tet 0.21 £ 0.01 1,390 = 77
KMA-tet 0.43 = 0.03 2,510 £ 71
KFA-tet 0.55 = 0.04 3,630 = 44
FRA-tet 0.63 £ 0.11 3,910 = 95
PQA-tet 0.57 £ 0.01 2,140 = 19
YTA-tet 0.34 = 0.03 2,170 = 364
VIA-tet 0.40 = 0.01 2,050 = 202
AAL-tet 1.00 £ 0.14 2,400 = 175
AAK-tet 0.35 = 0.02 2,630 = 35

“ The binding kinetics of the identified tetravalent peptides to immobilized 1BH were
analyzed using the Biacore system. K, dissociation constant; RU,,,,,, maximum
resonance unit.
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17, and 18) (18) through electrostatic interactions. Thus, amino
acids in other positions may contribute to binding site specificity.
Specifically, 8 out of 11 identified Stx neutralizers have at least one
hydrophobic amino acid in positions 1 to 3 (e.g., Ile, Met, Phe,
Val, Pro, Tyr, or Leu) which might be involved in hydrophobic
interactions at site 2, where hydrophobic interactions with the
trisaccharide are prominent during receptor recognition com-
pared to the other receptor-binding sites (18).

The novel membrane-screening technique established here
substantially overcomes the problems of the multivalent peptide
library technique, where only a limited number of binding motifs
are determined and redundancy of amino acid selectivity may be
observed in some positions in the motif. In this technique, hun-
dreds of divalent peptides synthesized on a membrane with
known sequences can be screened quantitatively, thus yielding a
wide variety of binding motifs that could successfully distinguish a
small change in amino acid sequence, such as Gly to Ala. Various
closely related subtypes for Stx1 (Stxla, -1c, and -1d) and Stx2
(Stx2a, -2b, -2¢, -2d, -2e, -2f, and -2g) are present (12-14), but
their modes of globosugar recognition are shown to be substan-
tially different because of the minute differences present on the
receptor-binding surface of the B subunits (34). Thus, the combi-

February 2015 Volume 81 Number 3


http://aem.asm.org

—&—KMA
< —o—KFA
) ) )

—8—PpQA
2
5
8
>
©
O

0.1 1 10 100
100 peptide (uM)
—_
X 80
N
Py
= 60
Q
©
'S 40
8 20
o Ly
0 0.1 10 100

1
peptide (uM)

FIG 6 Inhibitory effects of the identified tetravalent peptides on the cytotox-
icity of Stxla in Vero cells. The effects of the identified tetravalent peptides on
the cytotoxicity of Stxla (1 pg/ml) in Vero cells were examined by the cytotox-
icity assay. Data are presented as a percentage of the control value (mean *
standard error, n = 3).

nation of the two techniques presented here will provide a pow-
erful strategy to develop optimal neutralizers against specific sub-
types, enabling customized therapy that targets individual Stx
subtypes produced by various EHEC strains.
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Affinity-Based Screening of Tetravalent Peptides Identifies Subtype-
Selective Neutralizers of Shiga Toxin 2d, a Highly Virulent Subtype,
by Targeting a Unique Amino Acid Involved in Its Receptor
Recognition
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Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli (EHEC), can be classified into two subgroups,
Stx1 and Stx2, each consisting of various closely related subtypes. Stx2 subtypes Stx2a and Stx2d are highly virulent and linked
with serious human disorders, such as acute encephalopathy and hemolytic-uremic syndrome. Through affinity-based screening
of a tetravalent peptide library, we previously developed peptide neutralizers of Stx2a in which the structure was optimized to
bind to the B-subunit pentamer. In this study, we identified Stx2d-selective neutralizers by targeting Asn16 of the B subunit, an
amino acid unique to Stx2d that plays an essential role in receptor binding. We synthesized a series of tetravalent peptides on a
cellulose membrane in which the core structure was exactly the same as that of peptides in the tetravalent library. A total of nine
candidate motifs were selected to synthesize tetravalent forms of the peptides by screening two series of the tetravalent peptides.
Five of the tetravalent peptides effectively inhibited the cytotoxicity of Stx2a and Stx2d, and notably, two of the peptides selec-
tively inhibited Stx2d. These two tetravalent peptides bound to the Stx2d B subunit with high affinity dependent on Asn16. The
mechanism of binding to the Stx2d B subunit differed from that of binding to Stx2a in that the peptides covered a relatively wide

region of the receptor-binding surface. Thus, this highly optimized screening technique enables the development of subtype-
selective neutralizers, which may lead to more sophisticated treatments of infections by Stx-producing EHEC.

higa toxin (Stx) is a major virulence factor of enterohemor-

rhagic Escherichia coli (EHEC), which causes bloody diarrhea,
hemorrhagic colitis, and sometimes life-threatening systemic
complications such as acute encephalopathy and hemolytic-ure-
mic syndrome (HUS) (1-6). To date, numerous EHEC strains
that produce various Stx subtypes have been reported (7, 8). These
Stxs can be classified into two subgroups, Stx1 and Stx2, each
consisting of various closely related subtypes, such as Stxla, -1c,
and -1d and Stx2a, -2b, -2¢, -2d, -2e, -2f, and -2g (7-9). Stx2a (10,
11) and Stx2d, which is activated by elastase derived from the
intestinal mucosa (12-14), are highly virulent and have been
linked with HUS, the most serious sequela of EHEC infection. The
pathophysiologic importance of these subtypes was also con-
firmed by the finding that Stx2a and Stx2d are highly toxic when
injected into mice (15, 16) or primates (17-19). Therefore, Stx
neutralizers, particularly those customized to specifically neutral-
ize Stx2a and Stx2d, would be highly valuable therapeutic agents
for treating infections caused by various EHEC strains.

Stx molecules consist of a catalytic A subunit, which has RNA
N-glycosidase activity and inhibits eukaryotic protein synthesis
(20, 21), and a B-subunit pentamer. The B-subunit pentamer is
responsible for high-affinity binding to the functional cell surface
receptor Gb3 (Gala[1-4]-GalB[1-4]-GlcB-ceramide) (4, 22, 23)
or Gb4 (GalNAcB[1-3]-Gala[1-4]-GalB[1-4]-GlcB-ceramide),
which is the receptor preferred by Stx2e (24). Each B subunit has
three distinct binding sites for the trisaccharide moiety of Gb3
(i.e., sites 1, 2, and 3) (25, 26), enabling a multivalent interaction
between the B-subunit pentamer and Gb3. This type of interac-
tion contributes to the highly selective and potent binding of Stx
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to target cells, sometimes referred to as the “clustering effect.”
Accordingly, several compounds with clustered trisaccharides
that can bind to the B subunit with high affinity have been devel-
oped and shown to effectively neutralize Stx both in vitro and in
vivo (27-33). These compounds, however, cannot be customized
to specific Stx subtypes, because all Stx subtypes recognize the
trisaccharide as the natural binding unit.

Previously, we developed a library of multivalent peptides ex-
hibiting the clustering effect, from which we identified Stx-neu-
tralizing tetravalent peptides by screening the library for high-
affinity binding to the specific receptor-binding sites (33-36). By
targeting Stx2a receptor-binding site 3 or Stxla site 1, we identi-
fied various tetravalent peptides demonstrating remarkable ther-
apeutic potency in both a mouse model of EHEC infection (34,
36) and a nonhuman primate model (19). Recently, we estab-
lished a novel technique to determine a wide range of binding
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motifs for the B subunit by directly screening hundreds of divalent
peptides synthesized on a cellulose membrane. The amino acid
sequences of these peptides were designed on the basis of infor-
mation obtained from the multivalent peptide library (37). By
targeting Stx1la receptor-binding site 2 of the B subunit, we iden-
tified 11 peptides that neutralize Stxla (37). Thus, the combina-
tion of library screening and synthesis of peptides on a cellulose
membrane enables the efficient design of customized neutralizing
peptides targeting a specific region of the receptor-binding surface
of the Stx B subunit.

The amino acid sequence of the Stx2d B subunit is highly ho-
mologous to that of the Stx2a B subunit, with a difference of only
two amino acids (38), Asnl6 and Ala24 of the Stx2d B subunit,
corresponding to Asp16 and Asp24 of the Stx2a B subunit, respec-
tively. Asp16 of the Stx2a B subunit constitutes functional recep-
tor-binding site 1 (26, 32, 39). Although Asnl16 of the Stx2d B
subunit is predicted to form receptor-binding site 1, thus contrib-
uting to cytotoxic activity (16, 40), it is unclear whether Asn16 is
directly involved in receptor binding.

Using a series of B-subunit receptor-binding site mutant
forms, in the present study, we found that Asn16 of the Stx2d B
subunit plays an essential role in receptor binding. We targeted
Asnl16 and screened a series of tetravalent peptides synthesized on
a cellulose membrane, the sequences of which contained the B-
subunit consensus binding motif (34, 36, 37). Using this ap-
proach, we identified two peptides that selectively neutralize
Stx2d. We also investigated the molecular mechanism underlying
the Stx2d-specific inhibitory effects of these neutralizing peptides.

MATERIALS AND METHODS

Materials. Gb3 polymer 1:0, which is a linear polymer of acrylamide with
highly clustered trisaccharides, was obtained as described previously (31).
AlphaScreen reagent and Amino-PEG,,,-UC540 membranes (INTAVIS;
Bioanalytical Instruments AG, Tiibingen, Germany) used in the spot syn-
thesis of peptides were purchased from PerkinElmer (Tokyo, Japan). Re-
combinant Stx2a, the histidine-tagged Stx2a B subunit (2aBH), and
2aBHs containing amino acid substitutions (2aBH-D16A, 2aBH-W29A,
2aBH-W33A, 2aBH-G61A, and 2aBH-W29A/G61A/W33A) were pre-
pared as described previously (32). Stx2d was prepared from the culture
supernatant of E. coli strain B2F1 (O91:H21) as described previously (41).
The histidine-tagged Stx2d B subunit (2dBH) was prepared as follows. An
Ncol-BamHI fragment was prepared from a lysate of E. coli strain B2F1
(O91:H21) by PCR with primers 5'-AGAGCCATGGATTGTGCTAAAG
GTAAAATT-3" and 5'-AGAGGGATCCGCGTCATTATTAAACTG-3'.
The fragment was ligated into the vector pET-28a (Novagen, Merck, Ger-
many). 2dBH was expressed in competent E. coli BL21DE (3) cells (No-
vagen) transformed with the vector, as described previously (31). To
prepare 2dBHs containing amino acid substitutions (2dBH-N16A, 2dBH-
W29A, 2dBH-G61A, 2dBH-W33A, and 2dBH-N16A/G61A/W33A), site-
directed mutagenesis of pET28a-2dBH was performed with a Quik-
Change kit (Stratagene, CA, USA) with the following mutagenic
oligonucleotides: 5'-TTTTACTGTGAATGTATCAGCCTCATTATACT
TGGAAAA-3' for N16A, 5'-CAGATTCCAGCGACTGGTAGCGTACT
CTTTTCCGGCCAC-3" for W29A, 5'-AAACTGCACTTCAGCAAAAG
CGGA GCCTGATTCACAGGT-3' for G61A, and 5'-CAGTAACGGTTG
CAGATTAGCGCGACTGGTCCAGTACTC-3' for W33A.

Kinetic analysis of binding between the Gb3 polymer and B sub-
units. Binding of the Gb3 polymer to 2dBH or 2dBH containing an amino
acid substitution was quantified with a Biacore T100 system (GE Health-
care Sciences, USA) as described previously (34). After Ni** was fixed on
a nitrilotriacetic acidic sensor chip (GE Healthcare Sciences), recombi-
nant 2dBH or 2dBH with an amino acid substitution (10 wg/ml) was
injected into the system and immobilized on the chip. Various concentra-
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tions of the Gb3 polymer were injected to reach a plateau at 25°C. Reso-
nance was expressed in the arbitrary units (AU) used by the Biacore sys-
tem. Binding kinetics were analyzed with BIAEVALUATION v1.1.1 (GE
Healthcare Sciences).

Spot synthesis of tetravalent peptides on a cellulose membrane. Ba-
sic spot synthesis of peptides on a cellulose membrane was performed as
described previously (37), with a ResPep SL SPOT synthesizer (INTAVIS
Bioanalytical Instruments AG). Fmoc-BAla-OH (Watanabe Chemical In-
dustries, Japan) was used in the first cycle, followed by aminohexanoic
acid as a spacer. Fmoc-Lys(Fmoc)-OH (Watanabe Chemical Industries)
was used in the next two cycles to create four branches in the peptide chain
for subsequent motif synthesis. Prior to deprotection of the side chain
residues, successful synthesis of each peptide was confirmed by staining
the membrane with bromophenol blue (1% in N,N’-dimethylforma-
mide), which reacts with the free amino residues produced only after
completion of all of the reactions. After destaining with N,N’-dimethyl-
formamide, the membrane was used in the binding assay.

Assay of 2dBH or 2dBH-N16A binding to tetravalent peptides. After
blocking with 5% skim milk in phosphate-buffered saline, the membrane,
prepared as described above, was blotted for 1 h at room temperature with
12°Ilabeled 2dBH or '**I-labeled 2dBH-N16A (1 pg/ml, 1 X 10° to 2 X
10° cpm/pg of protein) prepared as described previously (34). After ex-
tensive washing, the radioactivity bound to each peptide spot was quan-
tified in terms of the number of pixels with a BAS 2500 bioimaging ana-
lyzer (GE Healthcare, Japan) as described previously (37).

Synthesis of tetravalent peptides. Tetravalent peptides were synthe-
sized with N-a-9-fluorenylmethoxy carbonyl (Fmoc)-protected amino
acids and standard (benzotriazol-1-yloxy)tris(dimethylamino)phospho-
nium hexafluorophosphate/1-hydroxybenzotriazole hydrate coupling
chemistry as described previously (34). A Met-Ala sequence was included
at the amino terminus of the tetravalent peptide so that its structure would
be identical to that of MMA-tet, which was developed on the basis of the
results of multivalent peptide library screening and found to effectively
inhibit both Stxla and Stx2a (36). The terminal amino groups of the
tetravalent peptides were biotinylated with biotin (Sigma-Aldrich, USA)
and 1-(bis[dimethylamino]methylene)-1H-benzotriazolium 3-oxide
hexafluorophosphate (Peptide Institute Inc., Japan) in the last cycle of the
peptide synthesis.

Cytotoxicity assay. Subconfluent Vero cells cultured in a 96-well plate
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum were treated with Stx2a (10 pg/ml) or Stx2d (80 pg/ml) in the
absence or presence of a given tetravalent peptide for 72 h at 37°C. The
relative number of living cells remaining after treatment was determined
with Cell Counting Kit-8 (Dojindo, Japan) as described previously (34).

Analysis of binding between tetravalent peptides and B subunits
with the AlphaScreen assay. The AlphaScreen assay was used to assess
binding between the tetravalent peptides and Stx B subunits as described
previously (36). Various amounts of biotinylated tetravalent peptide and
mutant 2aBH, 2dBH, or 2aBH/2dBH (10 jg/ml) were incubated in indi-
vidual wells of an OptiPlate-384 (PerkinElmer) for 1 h at room tempera-
ture. The samples were then incubated with nickel chelate acceptor beads
(20 pg/ml; PerkinElmer) for 30 min and then with streptavidin donor
beads (20 wg/ml; PerkinElmer) for 1 h at room temperature in the dark.
The plate was then subjected to excitation at 680 nm, and emission from
the wells was monitored at 615 nm with an EnVision system (Perkin-
Elmer). Data are expressed as the AU of signal intensity (counts per sec-
ond) used by the EnVision system. The apparent K, value for each tet-
ravalent peptide was determined as the concentration yielding half of the
maximum binding value.

RESULTS

Asn16 of the Stx2d B subunit plays an essential role in receptor
binding. There is a difference of two amino acids between the
sequences of the Stx2a B subunit and the Stx2d B subunit. Asn16,
but not Ala24, of the Stx2d B subunit is located on the receptor-
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TABLE 1 Kinetic analysis of Gb3 polymer 1:0 binding to a series of
Stx2d B-subunit mutant forms*

Mutated

Stx2d B subunit  site Mean K, (wM) = SE Mean RU, . = SE (n)

2dBH 0.32 £ 0.03 438 = 69.3 (8)
2dBH-N16A 1 58.7 = 33" 19.6 £ 6.4°(3)
2dBH-W29A 1 345+ 7.1 53.1 + 2.4 (3)
2dBH-G61A 2 1.53 = 0.05 246 = 18.6 (3)
2dBH-W33A 3 16.5* 5.3 60.8 = 13.37(3)

@ The kinetics of Gb3 polymer 1:0 binding to each immobilized Stx2d B-subunit mutant
form were analyzed with the Biacore system. RU,,,,, maximum resonance unit. The
concentration of Gb3 polymer 1:0 is shown as the trisaccharide moiety. The resonance
unit is an AU used by the Biacore system.

Y P = 0.027 (compared with 2dBH by ANOVA and Scheffe’s test).

€P < 0.01 (compared with 2dBH by ANOVA and Scheffe’s test).

4P < 0.02 (compared with 2dBH by ANOVA and Scheffe’s test).

binding surface (38). Although Asn16 is predicted to form recep-
tor-binding site 1 (16, 40), there is no direct evidence demonstrat-
ing that Asn16 is involved in Stx2d receptor binding. To elucidate
the role of this residue in receptor binding, Asn16 was substituted
with an Ala residue and the effect on receptor-binding activity was
examined with Gb3 polymer 1:0, a linear polymer of acrylamide
with highly clustered trisaccharides that functions as an excellent
receptor mimic (31). The effects of Ala substitutions for other
amino acids (i.e., Trp29, Gly61, and Trp33, which are predicted to
form sites 1, 2, and 3, respectively) were also examined. Among
the 2dBH mutant forms, the K, values for binding to 2dBH-
N16A, -W29A, and -W33A increased 183-, 108-, and 52-fold, re-
spectively, whereas the K, value for binding to 2dBH-G61A in-
creased only slightly, by 4.8-fold (Table 1). The maximum binding
(RU,,,y) values for 2dBH-N16A, -W29A, -G61A, and -W33A de-
creased to 4, 12, 56, and 14% of that for 2dBH, respectively. These
results indicate that Asn16 contributes significantly to the recep-
tor binding of 2dBH and suggest that Asn16 represents an ideal
target for identifying Stx2d-selective neutralizers.

Screening of tetravalent peptides synthesized on a mem-
brane to identify peptide motifs that specifically bind to
2dBH via Asnl6. We recently developed a single cellulose
membrane-based technique to synthesize divalent peptides
with increased affinity for binding to the B subunit (37). Here,
we established another novel membrane-based technique with
Fmoc-Lys(Fmoc)-OH to synthesize tetravalent peptides for the
subsequent synthesis of various motifs (Fig. 1A). The basic struc-
ture of the tetravalent peptide was designed to be exactly the same
as that of the previously developed tetravalent peptide library (34)
in order to satisfy all of the structural requirements critical for
fully exerting the clustering effect for B-subunit binding (32, 34).

The tetravalent peptide motif was either XMA-RRRR or
MMX-RRRR (where X denotes any amino acid except Cys), based
on the motif of MMA-tet (MMA-RRRR), which markedly inhib-
its the cytotoxicity of both Stxla and Stx2a (36). Previous reports
have demonstrated the importance of the second Met residue for
high-affinity binding to the B subunit (36), as well as the impor-
tance of the clustered Arg residues as a consensus Stx B-subunit
binding motif (34, 36, 37). These results provided the rationale for
the design and on-membrane synthesis of the tetravalent peptides
examined in the present study (Fig. 1B).

The membrane was blotted with '**I-2dBH or '**I-2dBH-
N16A (Fig. 1B), and the radioactivity bound to each peptide spot
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was quantified and analyzed (Fig. 1C). The ratio (2dBH/N16A) of
'°[-2dBH binding (2dBH-binding value) to '*’I-2dBH-N16A
binding (N16A-binding value) was calculated and normalized to
evaluate the specificity of binding through Asn16. The product of
the 2dBH-binding value and the normalized 2dBH/N16A ratio
(2dBH X ratio) was used to evaluate both binding intensity and
specificity. Nine sequences with 2dBH-binding values of >1.20
(i.e., KMA-, LMA-, QMA-, IMA-, RMA-, MMK-, MMV-, MMS-,
and MMM-RRRR) were identified as candidate motifs for high-
affinity binding. Of these sequences, the LMA-RRRR and MMM-
RRRR motifs were found to have the highest 2dBH X ratio prod-
uct in each group, indicating that these motifs exhibit the highest
Asnl6-mediated binding intensity and selectivity. All nine of the
above-mentioned motifs were assembled into tetramer forms
with the same core structure and designated KMA-tet, LMA-tet,
QMA-tet, IMA-tet, RMA-tet, MMK-tet, MMV-tet, MMS-tet, and
MMM-tet, respectively.

LMA-tet and MMM-tet selectively inhibit Stx2d cytotoxicity.
The effects of the nine tetravalent peptides described in the previ-
ous section on the cytotoxicity of Stx2a and Stx2d are illustrated in
Fig. 2. At a concentration as low as 17 pM, LMA-tet, QMA-tet,
IMA-tet, MMV-tet, and MMM-tet inhibited the cytotoxicity of
Stx2a similarly to MMA-tet (the most effective peptide-based
neutralizer of this subtype developed to date) (Fig. 2A and C).
Notably, LMA-tet and MMM-tet inhibited the cytotoxicity of
Stx2d with even more potency than MMA-tet, whereas QMA-tet,
IMA-tet, and MMV -tet showed inhibitory efficacy similar to that
of MMA-tet (Fig. 2B and D). The 50% inhibitory concentrations
(IC5s) of LMA-tet, MMM-tet, and MMA-tet for Stx2d were 2.9,
2.7, and 6.8 uM, respectively, and their IC5,s for Stx2a were 7.9,
6.8, and 5.5 pM, respectively. KMA-tet, RMA-tet, and MMK-tet
showed no or limited inhibition of Stx2a and Stx2d cytotoxicity
(Fig. 2A to D). In the absence of toxin, no cytotoxic activity was
exhibited by any of the nine tetravalent peptides at concentrations
of up to 17 wM (data not shown). Thus, five peptides (LM A-tet,
QMA-tet, IMA-tet, MMV-tet, and MMM-tet) were identified as
novel neutralizers of both Stx2a and Stx2d. LMA-tet and MMM-
tet, in particular, exhibited clear selectivity for Stx2d.

LMA-tet and MMM-tet bind to the Stx2d B subunit via a rel-
atively large region of the receptor-binding surface encompass-
ing Asnl6. To elucidate the mechanism by which LMA-tet and
MMM-tet bind to the Stx2a or Stx2d B subunit, the binding to
each B subunit or its receptor-binding site mutant forms was ex-
amined with the AlphaScreen assay. The results showed that
LMA-tet and MMM-tet bound to 2aBH or 2dBH with high affin-
ity (Fig. 3A). The patterns of binding to 2aBH and its mutant
forms were quite similar, in that the maximum values of binding
to 2aBH-D16A (a site 1 mutant form) and 2aBH-W29A/G61A/
W33A (a site 1, 2, and 3 triple mutant form) were markedly re-
duced. The maximum values of LMA-tet and MMM-tet binding
to 2aBH-W33A (a site 3 mutant form) were reduced to 66.4 and
74.3%, respectively, and the apparent K, values were increased
5.1- and 4.2-fold, respectively (Fig. 3B). On the other hand, the
maximum values of LMA-tet binding to 2aBH-W29A (a site 1
mutant form) and 2aBH-G61A (a site 2 mutant form) were not
markedly affected, although the apparent K, values were in-
creased 4.8- and 1.7-fold, respectively (Fig. 3B). Similarly, the
maximum values of MMM-tet binding to 2aBH-W29A and
2aBH-G61A were not affected, but the apparent K, values were
increased 3.8- and 1.5-fold, respectively (Fig. 3B). These results
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XXX binding binding 2dBH/N16A 2dBH X ratio XXX binding binding 2dBH/N16A 2dBH X ratio
value value value value
KMA 1.825 2.400 0.697 1.272 MMK 1.667 3.737 0.394 0.657
LMA 1.624 1.022 1.456 2.365 MMV 1.287 0.996 1.141 1.468
QMA 1.292 1.626 0.728 0.941 MMS 1.235 1.036 1.053 1.300
IMA 1.280 1.149 1.021 1.307 MMM 1.211 0.864 1.238 1.499
RMA 1.276 1.745 0.670 0.855 MMP 1.093 0.942 1.024 1.119
AMA 1.036 1.000 0.949 0.983 MMW 1.079 0971 0.982 1.060
NMA 1.018 1.363 0.685 0.697 MMT 1.047 1121 0.825 0.864
SMA 1.011 0.718 1.291 1.305 MMY 1.039 1.210 0.758 0.788
HMA 0.994 1.048 0.870 0.865 MMH 1.001 0.894 0.990 0.991
GMA 0.942 0.940 0918 0.865 MMF 0.998 0.880 1.002 1.000
MMA 0.909 0.782 1.066 0.969 MMI 0.945 0.926 0.902 0.852
DMA 0.887 0.713 1.140 1.011 MMN 0.939 0.559 1.485 1.394
FMA 0.864 0.778 1.014 0.876 MMG 0922 0.865 0.942 0.869
YMA 0.835 0.603 1.270 1.060 MML 0919 0.845 0.961 0.883
WMA 0.778 0.631 1.131 0.880 MMA 0.871 0.667 1.154 1.005
TMA 0.751 0.605 1.137 0.854 MMR 0.854 0914 0.825 0.705
PMA 0.749 0.881 0.780 0.584 MMQ 0.782 0.764 0.905 0.708
VMA 0472 0.729 0.593 0.280 MME 0.637 0.463 1.215 0.774
EMA 0.460 0.267 1.580 0.727 MMD 0472 0.347 1.204 0.568

FIG 1 Identification of Asnl6-dependent 2dBH binding motifs by screening of tetravalent peptides synthesized on a cellulose membrane. (A) General structure
of the tetravalent peptides synthesized on a cellulose membrane as described previously (37). The density of the tetravalent peptide was maximized by using
Fmoc-B-Ala-OH without butoxycarbonyl-f3-Ala-OH for the first peptide synthesis cycle. After the addition of one aminohexanoic acid (U) as a spacer following
the first -Ala, Fmoc-Lys(Fmoc)-OH was used for the next two cycles to form four branches in the peptide chain for subsequent synthesis of the various motifs
examined in this study (R = Met-Ala-[indicated motif]-Ala-). (B) The tetravalent form of the XMA-RRRR or MMX-RRRR (X indicates any amino acid except
Cys) motif was synthesized on a membrane (left and center). The first three amino acids present in the motif are indicated on the right. The membrane was blotted
with '2°I-2dBH or '**I-2dBH-N16A (1 p.g/ml), and the radioactivity bound to each peptide spot was quantified as a pixel value. (C) The sum of the pixel values
of all of the peptide spots was normalized to 19 (the number of tetravalent peptides synthesized on the membrane) so that each peptide would have a value of 1
in the absence of selectivity. The ratio of '**I-2dBH binding (2dBH-binding value) to '**I-2dBH-N16A binding (N16A-binding value) (2dBH/N16A) was
calculated, and the sum of each ratio was also normalized to 19 to evaluate the specificity of binding through Asn16. The product of the 2dBH-binding value and
the normalized 2dBH/N16A ratio (2dBH X ratio) was used to evaluate both binding intensity and specificity. The sequences were sorted in descending order on
the basis of the 2dBH-binding values. 2dBH-binding values of >1.20 and the highest 2dBH X ratio products are shaded.
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FIG 2 Inhibition of the cytotoxicity of Stx2a and Stx2d for Vero cells by the tetravalent peptides identified in this study. The effects of the tetravalent peptides
indicated on the cytotoxicity of Stx2a (10 pg/ml; A and C) or Stx2d (80 pg/ml; B and D) for Vero cells were examined with a cytotoxicity assay. Data are presented
as percentages of the control value (mean = standard error, n = 3; ¥, P < 0.05; **, P < 0.01 [Tukey’s test, compared with MMA-tet]).

suggest that Asp16, located at site 1 of the Stx2a B subunit, plays an
essential role in the binding of LMA-tet and MMM-tet, whereas
site 3 residue Trp33 (but not Trp29 at site 1 or Gly61 in site 2) plays
a more limited role in binding.

In contrast, the maximum values of LMA-tet and MMM-tet
binding to 2dBH-G61A (a site 2 mutant form), 2dBH-W33A (a
site 3 mutant form), and 2aBH-W29A/G61A/W33A (a site 1, 2,
and 3 triple mutant form) were markedly reduced, and the maxi-
mum values of binding to 2dBH-N16A (a site 1 mutant form)
were substantially reduced (to 23.2 and 31.2% of the maximum
binding to 2dBH, respectively) (Fig. 3B). The maximum values of
LMA-tet and MMM-tet binding to 2dBH-W?29A (a site 1 mutant
form) were reduced to 62.1 and 57.0%, respectively, and their
apparent K, values increased 3.4- and 4.5-fold, respectively (Fig.
3B). Thus, in the case of the Stx2d B subunit, Asnl16, Gly61, and
Trp33, which constitute receptor-binding sites 1, 2, and 3, respec-
tively, play significant roles in the binding of LMA-tet and MMM-
tet, whereas Trp29 plays a more limited role. MA-tet, which has
the same core structure as the other peptide but lacks a binding
motif, did not bind to the B subunit (data not shown), providing
further confirmation that the two motifs identified here mediate
efficient binding to the Stx2d B subunit.
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DISCUSSION

In this study, we found that Asn16 of the Stx2d B subunit, which is
the only difference between the sequences of Stx2a and Stx2d on
the receptor-binding surface, plays an essential role in the receptor
binding of Stx2d. By Asnl6-targeted screening of a series of tet-
ravalent peptides synthesized on a cellulose membrane, we iden-
tified five novel Stx2d neutralizers: LMA-tet, QMA-tet, IMA-tet,
MMV-tet, and MMM-tet. Each of these tetravalent peptides effi-
ciently inhibited Stx2a as well. Interestingly, LMA-tet and MMM-
tet exhibited clear selectivity for Stx2d.

The relative contributions of Asn16, Trp33, and Trp29 to re-
ceptor binding of the Stx2d B subunit were elucidated with Gb3
polymer 1:0, an excellent receptor mimic composed of highly
clustered trisaccharides (31) (Table 1). In a previous study, we
demonstrated that single substitution of Stx2a B-subunit residue
Aspl6, Trp29, or Trp33 with Ala has no effect on the binding
kinetics of the Gb3 polymer, because in this case, the dysfunction
in the corresponding receptor-binding site can be compensated
for by the other sites (39). Conversely, an enzyme-linked immu-
nosorbent assay-based study revealed that the binding of Stx2a
and Stx2d B subunits to immobilized Gb3 exhibits essentially the
same kinetics (42). Furthermore, the K, value for binding of the
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FIG 3 Analysis of the binding of LMA-tetand MMM-tet to 2aBH or 2dBH with the AlphaScreen assay. (A) The binding of biotinylated LMA-tetand MMM-tet to 2aBH,
2dBH, and their mutant forms (10 pg/ml) was examined with the AlphaScreen assay. Data are presented as signal intensity (mean number of counts per second *
standard error, n = 3). (B) The apparent K, values of LMA-tet and MMM-tet for binding to 2aBH, 2dBH, and their mutant forms were determined as the concentration
of the compound yielding half of the maximum binding value. The maximum values of LMA-tet and MMM-tet binding are presented as percentages of the values of their
binding to 2aBH and 2dBH. —, not determined. *, P < 0.05; ***, P < 0.005 (Tukey’s test); **, P < 0.005 (Student’s ¢ test, compared with 2aBH or 2dBH).

Gb3 polymer to the Stx2d B subunit (0.32 M) (Table 1) was
found to be even lower than that of binding to the Stx2a B subunit
(0.68 M) (39). These observations clearly indicate that the mo-
lecular interaction with the receptor differs for the Stx2a B subunit
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and Stx2d B subunit. Thus, Stx2d B-subunit Asn16 plays a physio-
logically more significant role in receptor binding than Stx2a B-sub-
unit Aspl6, further confirming the validity of selecting Asn16 as a
target for the development of Stx2d-selective neutralizers.
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In this study, we established a technique for cellulose mem-
brane synthesis of tetravalent peptides with structures that satisfy
all of the requirements for exerting the clustering effect for B-sub-
unit binding (32, 34). Using a series of carbosilane dendrimers
with clustered trisaccharides, referred to as SUPER TWIGs, we
previously found that four trisaccharides, each of which is in-
cluded in the structure separated by spacers of at least 11 A, are
sufficient for high-affinity binding to the B subunits of Stx1 and
Stx2 (32). On the basis of our previous findings, our membrane
peptide synthesis technique was optimized in the present study in
order to synthesize tetravalent peptides containing an RRRR se-
quence motif. One of the four inhibitory motifs identified by tar-
geting site 3 of the Stx2a B subunit by the peptide library technique
contains a PPP-RRRR sequence (34). In addition, all of the inhib-
itory motifs identified by targeting site 1 (36) and site 2 (37) of the
Stxla B subunit have an RRRR motif. Replacing the RRRR motif
with a DDDD motif completely abolishes binding to the Stxla B
subunit (37). In this study, screening of two series of tetravalent
peptides synthesized on a membrane with XMA-RRRR or MMX-
RRRR motifs led to the identification of nine candidate Stx2d
B-subunit binding motifs. However, as shown in Fig. 1C, the ad-
dition of an Asp or Glu residue next to the RRRR motif yielded the
lowest value of binding to the Stx2d B subunit, further confirming
the importance of the cluster of basic amino acids for binding to
the Stx2d B subunit.

To date, a variety of Stx neutralizers containing a cluster of
trisaccharides as an Stx binding unit have been developed (27-32).
However, it is difficult to develop subtype-selective neutralizers
based on these neutralizers, because all of the Stx subtypes recog-
nize Gb3 as a common receptor (4, 22-24). The B subunits of
Stx2a, Stx2c, and Stx2d, in particular, display similar glycolipid-
binding affinities (42). In this study, by targeting Asnl16 of the
Stx2d B subunit, we identified two Stx2d-selective neutralizers,
LMA-tet and MMM-tet. Interestingly, Asn16, Gly61, and Trp33
of the Stx2d B subunit (which constitute receptor-binding sites 1,
2, and 3, respectively) were found to contribute equally to the
efficient binding of LMA-tet and MMM-tet, whereas the corre-
sponding Stx2a B-subunit amino acid Aspl6 in site 1 (but not
Gly61 or Trp33) was essential for neutralizer binding (Fig. 3).
These observations clearly demonstrate that the mechanism by
which the neutralizers bind to the B-subunit receptor-binding
surface differs for Stx2d and Stx2a, even though both Asn16 of the
Stx2d B subunit and Asp16 of the Stx2a B subunit are involved.
This unique binding mechanism may contribute to the Stx2d-
selective inhibitory activity of the neutralizers we identified. Of
note, G61 of the Stx2d B subunit was found to be essential for the
binding of LMA-tet and MMM-tet (Fig. 3), whereas this amino
acid was not involved in the binding of Gb3 polymer 1:0 (Table 1),
indicating that the peptide neutralizers and the Gb3 polymer bind
to the Stx2d B subunit via different molecular mechanisms. Thus,
the best region to target for developing a subtype-selective Stx
neutralizer may not necessarily be consistent with the functional
receptor-binding regions, further demonstrating the difficulty of
using trisaccharides as Stx-binding units in the development of
subtype-selective neutralizers.

Of the various Stx subtypes, Stx2a (10, 11) and Stx2d (12-14)
are highly toxic and have been linked with HUS. Another Stx2
subtype, Stx2c, is also commonly associated with HUS (43, 44).
Although Stx2c is much less toxic than Stx2a and Stx2d in vivo
because of the instability of its A subunit (16, 45), the amino acid
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sequence of its B subunit is the same as that of the Stx2d B subunit
(8, 43). Interestingly, we found that LMA-tet and MMM-tet also
efficiently inhibited the cytotoxicity of Stx2c for Vero cells, with
ICs4s of 2.2 and 1.6 wM, respectively, compared with 3.3 uM for
MMA -tet (data not shown). As shown here, LMA-tet and MMM-
tet clearly exhibited Stx2d inhibitory effects superior to those of
MMA-tet (Fig. 2). MMA-tet, which was originally developed for
Stxla (36), is a universal neutralizer that efficiently inhibits vari-
ous Stx subtypes, including Stx1a, Stx2a (36, 37), and Stx2d (Fig.
2). These observations clearly demonstrate the usefulness of de-
veloping subtype-selective neutralizers in addition to a universal
neutralizer such as MMA-tet. LMA-tet and MMM -tet also exhib-
ited potent inhibition of the cytotoxicity of Stx2a, with IC5s (7.9
and 6.8 wM, respectively) similar to that of MMA-tet (5.5 uM)
(Fig. 2). Thus, the use of these compounds alone or in combina-
tion with MMA-tet is predicted to be a more effective treatment
for infections with EHEC producing these highly virulent Stx sub-

types.
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The Casein Kinase 2-Nrfl Axis Controls the Clearance of
Ubiquitinated Proteins by Regulating Proteasome Gene Expression

Yoshiki Tsuchiya,® Hiroaki Taniguchi,® Yoshiyuki Ito, Tomoko Morita,® M. Rezaul Karim,* Norihito Ohtake,® Kousuke Fukagai,®
Takao Ito,® Shota Okamuro,® Shun-ichiro lemura,” Tohru Natsume,? Eisuke Nishida,© Akira Kobayashi?

Laboratory for Genetic Code, Graduate School of Life and Medical Sciences, Doshisha University, Kyotanabe, Japan?; National Institutes of Advanced Industrial Science
and Technology, Biological Information Research Center (JBIRC), Kohtoh-ku, Tokyo, Japan®; Department of Cell and Developmental Biology, Graduate School of

Biostudies, Kyoto University, Kyoto, Japan©

Impairment of the ubiquitin-proteasome system (UPS) has been implicated in the pathogenesis of human diseases, including
neurodegenerative disorders. Thus, stimulating proteasome activity is a promising strategy to ameliorate these age-related dis-
eases. Here we show that the protein kinase casein kinase 2 (CK2) regulates the transcriptional activity of Nrfl to control the ex-
pression of the proteasome genes and thus the clearance of ubiquitinated proteins. We identify CK2 as an Nrfl-binding protein
and find that the knockdown of CK2 enhances the Nrfl-dependent expression of the proteasome subunit genes. Real-time moni-
toring of proteasome activity reveals that CK2 knockdown alleviates the accumulation of ubiquitinated proteins upon protea-
some inhibition. Furthermore, we identify Ser 497 of Nrfl as the CK2 phosphorylation site and demonstrate that its alanine sub-
stitution (S497A) augments the transcriptional activity of Nrfl and mitigates proteasome dysfunction and the formation of
p62-positive juxtanuclear inclusion bodies upon proteasome inhibition. These results indicate that the CK2-mediated phos-
phorylation of Nrfl suppresses the proteasome gene expression and activity and thus suggest that the CK2-Nrf1 axis is a poten-
tial therapeutic target for diseases associated with UPS impairment.

Accumulation of misfolded and ubiquitinated proteins is a
common pathological feature of various human diseases,
such as amyotrophic lateral sclerosis (ALS), inclusion body my-
opathies, alcoholic and nonalcoholic steatohepatitis, and neuro-
degenerative disorders, including Alzheimer’s, Parkinson’s, and
Huntington’s disease (1-3). Multiple lines of evidence suggest that
both the ubiquitin-proteasome system (UPS) and autophagy are
responsible for the clearance of ubiquitinated proteins that would
accumulate in these age-related diseases. It has been demonstrated
that the 26S proteasome can degrade soluble ubiquitinated pro-
teins but not the insoluble aggregates, which are targeted by the
autophagy-lysosome pathway (4-7). Impairment of proteasome
activity is known to cause proteins that are normally turned over
by the UPS to aggregate and form inclusion bodies. Thus, it is
expected that the upregulation of proteasome activity could pre-
vent inclusion body formation and mitigate the progression of
neurodegenerative and related diseases that are caused by the ac-
cumulation of abnormal proteins.

Nrfl (nuclear factor E2-related factor 1 or Nfe2l1) is a member
of the Cap‘n’Collar (CNC) family of basic leucine zipper (bZip)
transcription factors, which also includes p45 NF-E2, Nrf2, and
Nrf3 (8,9). Nrfl regulates its target gene expression through either
the antioxidant response element (ARE) or the Maf recognition
element (MARE) by heterodimerizing with small Maf proteins (8,
9). Several gene targeting studies have implicated Nrfl in the reg-
ulation of cellular homeostasis in embryos, hepatocytes, and oste-
oclasts (10-14). Recent studies have revealed that Nrfl also plays
an essential role in maintaining neuronal cells and that the loss of
Nrfl induces neurodegeneration and abnormal accumulation of
ubiquitinated protein aggregates in neurons (15, 16). The impair-
ment of protein homeostasis that is induced by Nrfl deficiency
may be due to the decreased expression of proteasome subunits in
these neurons (16). Indeed, Nrfl controls the expression of pro-
teasome subunit genes in mammalian cells under proteasome
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dysfunction (17, 18). Therefore, it is critically important to reveal
the role of Nrfl in the regulation of proteasome gene expression
and to elucidate the molecular mechanisms underlying the regu-
lation of Nrfl activity.

In this study, we reveal that the vast majority of proteasome
subunit genes and some proteasome-associated genes are under
the transcriptional control of Nrfl. We identify the protein kinase
casein kinase 2 (CK2) as an Nrfl-interacting protein and demon-
strate that CK2 controls proteasome gene expression and activity
by suppressing the transcriptional activity of Nrfl. A mutation of
the CK2 phosphorylation site of Nrfl enhances the proteasome
activity and reduces the formation of juxtanuclear inclusion bod-
ies. Thus, our work proposes that the CK2-Nrf1 axis could be a
new regulatory target for the efficient clearance of ubiquitinated
proteins.

MATERIALS AND METHODS

Antibodies. The antibodies utilized in this study were normal rabbit IgG
(Santa Cruz), anti-Flag (M2; Sigma), anti-a-tubulin (DM1A; Sigma), an-
tihemagglutinin (anti-HA) (Y-11; Santa Cruz), anti-green fluorescent
protein (anti-GFP) (B-2; Santa Cruz), anti-Nrfl (H-285; Santa Cruz),
anti-MafK (C-16; Santa Cruz), anti-CK2a (1AD9; Santa Cruz), anti-
CK2a' (ab10474; Abcam), anti-CK2@ (6D5; Santa Cruz), anti-p62/
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SQSTM1 (PMO045; MBL), antiubiquitin (P4D1; Santa Cruz), and anti-
LC3 (PD014; MBL). The rabbit polyclonal antibodies directed against
mouse Nrfl that were used in chromatin immunoprecipitation (ChIP)
experiments were raised by immunizing rabbits with a purified recombi-
nant six-histidine (6 X His)-tagged Nrfl protein (residues 292 to 741) that
was expressed in Escherichia coli. The resultant antibodies were subjected
to affinity purification.

Plasmids and recombinant proteins. The 3XFlag mouse Nrfl ex-
pression plasmid was described previously (19). Human CK2a (hCK2a)
and hCK2B cDNAs were subcloned into pcDNA3 (HA). The ubiquitin-
fused luciferase reporter (Ub-FL) reporter plasmid was kindly provided
by David Piwnica-Worms (20). The 3xPSMA4-ARE-Luc (Luc stands for
luciferase) plasmid was kindly provided by Raymond J. Deshaies (17). The
pRBGP2-Luciferase plasmid was described previously (21). The MafK
expression plasmid was described previously (22). PCR-amplified Nrfl
fragments were subcloned into pET-15b. Recombinant 6X histidine-
tagged Nrfl fragments were expressed in E. coli and purified with nickel-
nitrilotriacetic acid (Ni-NTA)—agarose (Qiagen). Recombinant CK2«
was described previously (23).

Cell culture and transfection. HelLa cells, COS7 cells, and MCF10A
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Wako) that was supplemented with 10% fetal calf serum (FCS) (Invitro-
gen), 4,500 mg/liter glucose, 40 wg/ml streptomycin, and 40 units/ml
penicillin. Mouse embryonic fibroblasts (MEFs) were cultured in Iscove’s
modified Dulbecco’s medium (IMDM) (Wako) that was supplemented
with 10% FCS, 2 mM glutamine (Invitrogen), 40 pg/ml streptomycin,
and 40 units/ml penicillin. The transfection of plasmid DNA and small
interfering RNA (siRNA) was achieved using Lipofectamine Plus and Li-
pofectamine 2000 (Invitrogen), respectively.

siRNA knockdown experiment. The cells were cultured for 24 h in
medium without antibiotics. The cells were transfected twice with 40 nM
siRNA (at 24 and 48 h after plating) using Lipofectamine 2000. The se-
quences of the siRNAs employed in the present study are listed in Table S3
in the supplemental material. Twenty-four hours after the last transfec-
tion, the cells were utilized for each experiment. For immunoblot analysis,
the cells were lysed with an SDS sample buffer (50 mM Tris-HCI [pH 6.8],
10% glycerol, and 1% SDS), and the resultant whole-cell extracts were
subjected to immunoblotting with the antibodies indicated in Fig. 1B, 2A
and C, 5C, and 6C.

RNA extraction and real-time quantitative PCR. Total RNA was ex-
tracted from cells with the RNeasy minikit (Qiagen) and subjected to
c¢DNA synthesis with random hexamer primers and Moloney murine leu-
kemia virus (M-MLV) reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. Real-time quantitative PCR was performed
with FastStart Universal SYBR (Roche) and ABI Prism 7900 (Life Tech-
nologies). The PCR primers employed in the present study are listed in
Table S4 in the supplemental material.

Immunoprecipitation and immunoblot analysis. COS7 cells were
treated with the proteasome inhibitor MG132 (Peptide Institute) at a
concentration of 10 uM for 4 h and subjected to preparation as whole-cell
extracts with lysis buffer (50 mM Tris-HCI [pH 8.0], 10% glycerol, 100
mM NaF, 50 mM NaCl, 2 mM EDTA, 2 mM sodium orthovanadate, 10

The CK2-Nrf1 Axis Controls Proteasome Activity

mM sodium pyrophosphate, 10 mM B-glycerophosphate, 0.1% NP-40, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1X protease inhibitor
cocktail [Roche]). The whole-cell extracts were subjected to immunopre-
cipitation with anti-Flag M2 affinity gels (Sigma) at 4°C for 2 h. After the
anti-Flag M2 affinity gels were washed with wash buffer (50 mM Tris-HCl
[pH 7.4], 150 mM NaCl, and 0.1% NP-40) three times, the immunocom-
plexes were eluted by boiling in SDS sample buffer and subjected to im-
munoblot analysis using the antibodies indicated in the figures. The blots
were treated with a horseradish peroxidase-conjugated secondary anti-
body (Invitrogen) and were developed with an enhanced chemilumines-
cence (ECL) kit (GE Healthcare).

Chromatin immunoprecipitation. HeLa cells grown in a 100-mm
dish were cross-linked in 1% formaldehyde for 10 min, followed by
quenching with 1/10 volume of 1.25 M glycine solution and two washes
with phosphate-buffered saline (PBS). The cells were lysed in cell lysis
buffer (5 mM Tris-HCI [pH 8.0], 85 mM KClI, 0.5% NP-40, 1 mM PMSF,
and 1X protease inhibitor cocktail). Nuclear extracts were prepared by
treating the nuclear pellets with ChIP SDS lysis buffer (50 mM Tris-HCI
[pH 8.0],10 mM EDTA, 1% SDS, 1 mM PMSF, and 1 X protease inhibitor
cocktail), followed by sonication using a Bioruptor (Tosho Electric Co.,
Ltd.). Proteins were immunoprecipitated in ChIP dilution buffer (16.7
mM Tris-HCI [pH 8.0], 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
Triton X-100, 1 mM PMSF, and 1 X protease inhibitor cocktail) using the
antibodies indicated in the figures and Dynabeads protein G (Invitrogen).
The beads were washed with low-salt wash buffer (20 mM Tris-HCI [pH
8.0], 150 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100),
high-salt wash buffer (20 mM Tris-HCI [pH 8.0], 500 mM NaCl, 2 mM
EDTA, 0.1% SDS, and 1% Triton X-100), lithium wash buffer (10 mM
Tris-HCI [pH 8.0], 250 mM LiCl, 1% deoxycholate, 1 mM EDTA, and 1%
NP-40), and Tris-EDTA (TE) buffer. Cross-linking was reversed over-
night at 65°C in ChIP elution buffer (1% SDS and 50 mM NaHCO,).
ChIPed DNA was then treated with RNase A and proteinase K, purified
with a QIAquick PCR purification kit (Qiagen), and analyzed by real-time
quantitative PCR.

Bioluminescence recordings. HeLa cells were transfected with a
Ub-FL reporter in combination with the indicated siRNAs or 3X Flag
Nrfl (wild-type or S497A mutant) vectors using Lipofectamine 2000. Forty-
eight hours after transfection, the cells were treated with 0.1 mM
p-luciferin (Toyobo), and bioluminescence was measured and integrated
for 1 min at 10-min intervals with a luminometer (AB-2550 Kronos Dio;
Atto). Epoxomicin was added to the culture medium 1 to 2 h after the start
of the measurement.

Luciferase reporter assay. Cells expressing the reporters indicated in
the legends for Fig. 3A and B, 5A and D to F, and 6 were lysed, and the
luciferase activities were measured with the PicaGene luciferase assay sys-
tem (Toyo Ink) and a Berthold Lumat LB9507 luminometer.

Measurement of proteasome activity. HeLa cells transfected with the
siRNAs indicated in the figures were treated with 10 nM epoxomicin for
24 h. The proteasome activity was determined by measuring chymotryp-
sin activity with Proteasome-Glo chymotrypsin-like cell-based assay
(Promega) according to the manufacturer’s instructions.

FIG 1 Nrfl regulates the expression of proteasome subunit genes that are induced by proteasome inhibition in HeLa cells. (A) siRNA-mediated knockdown of
Nrfl. HeLa cells transfected with control (Ctrl) siRNA or Nrfl siRNA were treated with DMSO or 1 wM MG132 for 16 h. mRNA expression levels of Nrfl were
determined by real-time quantitative PCR analysis. The values were normalized to 18S rRNA values and presented as the means plus standard deviations (SD)
(error bars) (n = 3). (B) MG132 induces the accumulation of Nrfl proteins. HeLa cell extracts were prepared at the indicated time points after 1 uM MG132
treatment and subjected to immunoblot analysis with anti-Nrfl (aNrfl) (H-285) antibody. aee-tubulin, anti-a-tubulin antibody. (C) Nrfl-dependent induction
of proteasome genes. The mRNA expression levels of the indicated genes were determined by real-time quantitative PCR. The expression level in the cells
transfected with the control siRNA and treated with DMSO was set at 1. The values were normalized to 18S rRNA values and presented as the means plus SD (n =
3). (D) The heat map shows the mRNA expression levels of the indicated genes that correspond to the graphs in Fig. 1C and data not shown. The values were
normalized to 18S rRNA values and presented as the means of at least three replicates. The N/C ratio is the ratio of the expression level in Nrfl siRNA-treated cells
to the expression level in control siRNA-treated cells with MG132 treatment. The color bar indicates the range of the expression ratios in log space. (E) Time
course of expression of PSMC4, PSMA4, GSTA4, and NQO1 upon MG132 treatment. The values were normalized to 18S rRNA values and presented as the

means = SD (n = 5).
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In vitro kinase assay. Purified Nrfl fragments were incubated with or
without 100 ng of recombinant CK2a in kinase reaction buffer (50 mM
Tris-HCI [pH 7.5], 200 mM NaCl, 10 mM MgCl,, 15 mM B-glycerophos-
phate, 2 mM EGTA, 1 mM dithiothreitol [DTT], and 50 wM ATP) sup-
plemented with 0.1 MBq of [y->*P]ATP for 15 min at 37°C. The reaction
was stopped by the addition of SDS sample buffer. After resolution by
SDS-PAGE, substrate phosphorylation was detected with a bioimaging
analyzer (BAS-2500; Fujifilm).

Cycloheximide chase experiment. COS7 cells that were transfected
with the plasmids indicated in the figures were treated with 20 pg/ml of
cycloheximide, and the whole-cell extracts were prepared at the time
points indicated in the figures and subjected to immunoblot analysis with
the antibodies indicated in the figures.

Immunocytochemical staining. The cells were fixed with 4% formal-
dehyde for 10 min, washed twice with PBS, and permeabilized with 0.5%
Triton X-100 in PBS for 5 min. The cells were washed twice with PBS and
treated with the antibodies indicated in the figures for 1 h at room tem-
perature. After the cells were washed three times with PBS, they were
incubated with Alexa Fluor 488- or Alexa Fluor 546-conjugated secondary
antibodies (Invitrogen) for 30 min at room temperature. The nuclei were
stained with 4’,6’-diamidino-2-phenylindole (DAPI). After the cells were
washed three times with PBS, they were sealed with a drop of fluorescence
mounting medium (Dako). Fluorescent images were captured with an
Olympus LX71 fluorescence microscope.

RESULTS

Nrfl regulates the expression of almost all proteasome subunits
and several proteasome-related genes. We first evaluated the im-
portance of Nrfl in the transcriptional induction of proteasome
subunits and proteasome-related genes upon inhibition of the
proteasome in HeLa cells. To this end, HeLa cells were treated with
the proteasome inhibitor MG132 for 16 h in the presence or ab-
sence of siRNA that targets Nrfl. The Nrfl mRNA expression level
was significantly repressed by the Nrfl-specific siRNA (Fig. 1A).
MG132 stabilized the Nrfl protein as previously reported (17-19),
and the siRNA-mediated knockdown of Nrfl efficiently sup-
pressed the accumulation of Nrfl protein (Fig. 1B). Upon inhibi-
tion of the proteasome, Nrfl is reported to stimulate the expres-
sion of alarge set of proteasome subunit genes and the proteasome
maturation factor POMP (18). Thus, we first examined the
mRNA expression profiles of all the proteasome subunits and
well-characterized proteasome-related genes. We found that most
of the proteasome subunit genes were upregulated by MG132 in
an Nrfl-dependent manner (Fig. 1C and D) and that the expres-
sion of almost all the base and lid subunit genes was significantly
induced by proteasome inhibition in HeLa cells. In addition,
among the many proteasome-related genes, the proteasome acti-
vator PA200, the proteasome-associated deubiquitinating enzyme

The CK2-Nrf1 Axis Controls Proteasome Activity

Usp14, and POMP were markedly upregulated by MG132 in an
Nrfl-dependent manner (Fig. 1C and D). These results reempha-
size the importance of Nrfl in the strong coordination of protea-
some biogenesis. A time profile of proteasome subunit gene ex-
pression was correlated with that of Nrfl accumulation in cells
that were treated with MG132 (Fig. 1B and E).

It has been reported that dysfunction of the proteasome leads
to the induction of molecular chaperones and several autophagy-
related genes, including Hsp70, p62/SQSTM1, and Bag3 (24-26).
These genes contribute to protein quality control and the activa-
tion of selective autophagy, another degradation pathway for
ubiquitinated proteins (27, 28). We examined whether Nrfl is
involved in the expression of autophagy-related genes that are
induced by proteasome inhibition. Treatment of the cells with
MG132 significantly induced these genes, and knockdown of Nrfl
had little impact on this induction (Fig. 1D and data not shown).
We also examined the expression of other candidate genes for
Nrfl targets, GSTA4 and NQO1, which are well-known ARE-reg-
ulated genes. As a result, expression of GSTA4 but not NQO1 was
induced by MG132 in an Nrfl-dependent manner (Fig. 1E). These
results indicate that, upon proteasome inhibition, Nrfl specifi-
cally upregulates proteasome-related genes along with a subset of
antioxidant response genes. As expression of several proteasome
genes was also induced in an Nrfl-dependent manner in another
human cell line, MCF10A4, it is likely that Nrfl-dependent induc-
tion of proteasome genes is a general mechanism utilized by var-
ious types of cells, although there is some variation among cell
lines in response to proteasome inhibition (data not shown).

Identification of CK2 as a suppressor of Nrfl-mediated tran-
scription. It is conceivable that regulating the transcriptional ac-
tivity of Nrfl is of critical importance in controlling cellular pro-
teasome activity. To understand regulatory mechanisms of Nrfl
activity, we conducted a mass spectrometric analysis and identi-
fied a wide variety of proteins as Nrfl-binding proteins (see Table
S1 in the supplemental material) (19). We focused on the protein
kinase CK2 because protein kinases are often the critical regula-
tors for diverse transcription factors. CK2 was the only protein
kinase identified in our analysis, and both the catalytic o subunit
and the regulatory 8 subunit of CK2 were identified (see Tables S1
and S2 in the supplemental material). CK2 is known to form a
heterotetrameric complex composed of two « (and/or a’) sub-
units and two B subunits (29). To further investigate the interac-
tion of Nrfl with the CK2 holoenzyme, we performed coimmu-
noprecipitation assays with COS7 cells. The results clearly
demonstrate that CK23 was coimmunoprecipitated with Nrfl

FIG 2 CK2 regulates the Nrfl-dependent expression of proteasome genes. (A) Physical interaction of Nrfl with CK2. Whole-cell extracts of COS7 cells
expressing 3 XFlag-tagged Nrfl (3XFlag Nrfl), HA-tagged CK2a (HA CK2a), and HA CK2f were subjected to immunoprecipitation (IP) with anti-Flag
antibody (aFlag), followed by immunoblot (IB) analysis with the indicated antibodies. (B) siRNA-mediated knockdown of CK2 subunits. HeLa cells were
transfected with the indicated siRNAs. The mRNA expression levels of the indicated genes were determined by real-time quantitative PCR. The values were
normalized to 18S rRNA values and presented as the means plus SD (n = 3). (C) The siRNA-mediated knockdown of CK2a, CK2a', and CK2f was determined
by immunoblot analysis. (D) Knockdown of the CK2 subunits enhances the Nrfl-dependent induction of proteasome genes. HeLa cells transfected with control
(Ctrl), both CK2a and o’ (CK2a), or CK23 siRNA were treated with Nrfl siRNA (+ Nrfl) or left untreated and treated with DMSO or 1 puM MG132 for 16 h.
The mRNA expression levels were determined by real-time quantitative PCR analysis. The values were normalized to 18S rRNA values and presented as the means
plus SD (n = 3). Values that are significantly different are indicated by asterisks and bars as follows: *, P < 0.05; #*, P < 0.01; *#*, P < 0.001. (E) Knockdown
of the CK2 subunits enhanced the recruitment of Nrfl to the AREs of proteasome gene promoters. HeLa cells were transfected with the indicated siRNAs and
treated with DMSO or 1 pM MG132 for 16 h. The cells were subjected to chromatin immunoprecipitation (ChIP) analysis using normal rabbit IgG (IgG) or
anti-Nrfl antibody (aNrfl). The recruitment of Nrfl to the AREs of PSMB6, PSMC4, and PSMA4 was determined by real-time quantitative PCR. The promoter
region of RPL30 served as a negative control. The values were presented as the means plus SD (n = 3). Values that are significantly different are indicated by
asterisks and bars as follows: *, P < 0.05; #*, P < 0.01.
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(Fig. 2A). Of note, CK2a was coimmunoprecipitated with Nrfl
only in the presence of CK2f3 (Fig. 2A). Thus, Nrfl may bind to the
CK2 holoenzyme through its regulatory 3 subunit. To examine
whether CK2 regulates the transcriptional activity of Nrfl, we as-
sessed the effect of an siRNA-mediated knockdown of the CK2
subunits on the Nrfl-dependent expression of the proteasome
subunit genes. siRNAs for CK2a, CK2a', a paralogous isoform of
CK2a, and CK2f efficiently downregulated the expression of
their target mRNAs (Fig. 2B). Efficient knockdown of CK2a,
CK2a', and CK2[3 was also confirmed by Western blotting (Fig.
2C). The siRNA-mediated knockdown of both CK2« and CK2a'
enhanced the MG132-induced expression of proteasome subunit
genes such as PSMC4, PSMB6, PSMA4, and PSMC6 (Fig. 2D).
Knockdown of CK2 had similar effects on the expression of these
genes (Fig. 2D). These enhancements were not observed when
Nrfl was downregulated simultaneously by siRNA (Fig. 2D).
These results indicate that CK2 suppresses the Nrfl-dependent
expression of proteasome subunit genes that are induced by pro-
teasome inhibition. To further evaluate whether Nrfl mediates
the effect of CK2 knockdown on the transcription of proteasome
genes, we performed chromatin immunoprecipitation (ChIP) as-
says using an anti-Nrfl antibody. We examined the recruitment of
Nrfl to the AREs, which are located in the proximal promoter of
PSMC4 and PSMB6 and in the first intron of PSMA4 (16, 17).
siRNA-mediated knockdown of CK2a and CK2f significantly
augmented the recruitment of Nrfl to the AREs, both with and
without MG132 treatment (Fig. 2E; see Discussion). The 5'-up-
stream region of RPL30 served as a negative control of Nrfl bind-
ing. As siRNA-mediated knockdown of Nrfl markedly decreased
the amount of precipitated ARE regions of the proteasome sub-
unit promoters (Fig. 2E), the observed ChIP signals should reflect
Nrfl-ARE binding. These data collectively indicate that CK2 sup-
presses the transcriptional activity of Nrfl by regulating the re-
cruitment of Nrfl to its target AREs.

The Nrfl-mediated transcriptional regulation of the protea-
some subunit genes should control the total cellular proteasome
activity. To investigate the effect of a CK2 knockdown on the
detailed time profile of proteasome activity under conditions of
proteasome inhibition, we performed real-time monitoring of
proteasome activity in living cells. We utilized a ubiquitin-fused
luciferase reporter (Ub-FL) as the indicator of endogenous pro-
teasome activity (20). In this system, high reporter activity corre-
sponds to low proteasome activity. The addition of the protea-
some inhibitor epoxomicin resulted in a gradual increase of the
reporter activity, which was greatly enhanced by siRNA-mediated
knockdown of Nrfl (Fig. 3A). In contrast, the knockdown of ei-
ther CK2a or CK2 suppressed the epoxomicin-induced stabili-
zation of the reporter protein (Fig. 3A). Similar results were ob-
tained by measuring the properly normalized reporter activity in
cell lysates that were prepared 16 h after the addition of epoxomi-
cin (Fig. 3B). We also measured endogenous proteasome activity
by using a luminogenic substrate Suc-LLVY-aminoluciferin for
the chymotrypsin-like activity. The result demonstrates that Nrfl
knockdown cells show lower proteasome activity than control
cells 24 h after epoxomicin treatment (Fig. 3C). On the other
hand, CK2a or CK2f knockdown cells show slightly higher pro-
teasome activity than control cells, although the difference in pro-
teasome activity is moderate compared with the results in Fig. 3A
and B. These results suggest that CK2-mediated suppression of
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FIG 3 Knockdown of the CK2 subunits or Nrfl affects degradation of ubiq-
uitinated proteins. (A) HeLa cells transfected with the Ub-FL reporter plasmid
and the indicated siRNAs were treated with 0.1 mM D-luciferin. Real-time
monitoring of the reporter activity was performed using a photomultiplier.
Epoxomicin was added to the culture medium 1 to 2 h after the start of mea-
surement. The darker and lighter lines indicate duplicate traces of two inde-
pendent samples. Representative data are shown. (B) HeLa cells transfected
with the Ub-FL reporter plasmid, the control Renilla luciferase reporter, and
the indicated siRNAs were treated with DMSO or 10 nM epoxomicin (Epox)
with D-luciferin for 16 h. The cells were lysed and subjected to a luciferase
assay. The values were normalized to Renilla luciferase activity values and
presented as the means plus SD (n = 3). (C) HeLa cells transfected with control
(Ctrl), Nrfl, CK2a, or CK2B siRNA were treated with 10 nM epoxomicin for
24 h. The proteasome activity was determined by using a luminogenic sub-
strate Suc-LLVY-aminoluciferin for the chymotrypsin-like activity. The values
were shown as the percent changes of proteasome activity over the control
siRNA-treated cells (means plus SD, n = 9).

Nrfl activity leads to the downregulation of proteasome activity in
cells.

CK2 phosphorylates Nrfl at a specific serine residue. Next,
we focused on the underlying mechanisms of the CK2 regulation
of Nrfl. We assumed that CK2 directly phosphorylates Nrfl and
regulates its transcriptional activity. To test this hypothesis, we
performed an in vitro kinase assay using recombinant CK2a and a
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FIG 4 CK2 phosphorylates Nrfl at Ser 497. (A) Schematic structures of the Nrfl fragments. a.a., amino acids. (B) CK2 phosphorylates residues 431 to 580 of

Nrfl. The purified Nrfl fragments were incubated in the presence of [y-**P]JATP with (+) or without (—) recombinant CK2a. The autoradiograph was analyzed
with a phosphorimager. The indicated input proteins were analyzed by Coomassie brilliant blue (CBB) staining. The positions of input proteins are indicated by
black arrowheads. (C) CK2 phosphorylates residues 491 to 501 of Nrfl. The Nrfl fragments (residues 431 to 580) with the indicated internal deletions were
subjected to an in vitro phosphorylation assay. (D) CK2 phosphorylates Ser 497 of Nrfl. The Nrfl fragments (residues 431 to 580) with the indicated point

mutations were subjected to an in vitro phosphorylation assay. WT, wild type;

4A, all four of the candidate serine/threonine residues were replaced by alanine.

(E) Conservation of Nrfl sequences among the species around the CK2-mediated phosphorylation site.

series of Nrfl fragments (Fig. 4A). Among the constructed frag-
ments, Nrfl (residues 431 to 580) was specifically phosphorylated
by CK2a (Fig. 4B). Additional experiments narrowed the phos-
phorylation site to a small region (residues 491 to 508) of Nrfl
(Fig. 4C). We introduced an alanine substitution at each of the
four candidate phosphoacceptor sites (Ser 496, Ser 497, Ser 499,
and Thr 501). Of the constructed mutants, only the Ser 497 to Ala
(S497A) mutant was not phosphorylated by CK2« in vitro (Fig.
4D). Thus, we concluded that Ser 497 of Nrfl is the primary target
for phosphorylation by CK2a« in vitro (Fig. 4E).

The CK2 phosphorylation site mutant enhances the tran-
scriptional activity of Nrfl. To investigate the effect of the
CK2-mediated phosphorylation of Nrfl, we compared the tran-
scriptional activity of the S497A mutant with wild-type Nrfl
(Nrfl-WT). We used a luciferase reporter that was driven by three
tandem copies of the ARE from the PSMA4 promoter (17). Forced
expression of Nrfl increased the reporter activity in a dose-depen-
dent manner (Fig. 5A). Notably, the S497A mutant exhibited en-
hanced transcriptional activity compared to wild-type Nrfl (Fig.
5A). Similar results were obtained with the reporter assay using
pRBGP2 luciferase reporter that was driven by three tandem cop-
ies of the MARE (Fig. 5A) (21). Furthermore, forced expression of
the Nrfl-S497A mutant increased expression of endogenous pro-
teasome genes such as PSMC4 and PSMA4 much more than Nrfl-
WT, although expression of PSMB6 did not increase significantly
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(Fig. 5B). As the steady-state level and the degradation rates of
these proteins were comparable (Fig. 5C), the enhanced activity of

the S497A mutant is not merely due to the elevated expression
and/or stabilization of the Nrfl proteins. In addition, there was no
difference in the subcellular localization and physical interaction
with MafK, a heterodimerization partner of Nrfl, between wild-
type Nrfl and the S497A mutant (data not shown). We next ex-
amined whether the enhanced transcriptional activity of the
$497A mutant could affect endogenous proteasome activity. The
UDb-FL reporter plasmid with either wild-type Nrfl or the S497A
mutant expression plasmid was transfected into HeLa cells, and
the reporter activity was monitored in cells treated with epoxomi-
cin. The forced expression of wild-type Nrfl prevented the in-
crease in reporter activity that was induced by epoxomicin in a
dose-dependent manner (Fig. 5D). This result suggests that the
upregulation of the proteasome activity by the Nrfl-mediated in-
duction of proteasome expression confers tolerance for protea-
some inhibition on cells. Importantly, compared to wild-type
Nrfl, the S497A mutant had a greater ability to prevent the in-
crease in reporter activity (Fig. 5D). Similar results were obtained
by measuring the properly normalized reporter activity in cell
lysates prepared 16 h after the addition of epoxomicin (Fig. 5E).
These results clearly demonstrate that the CK2 phosphorylation
site mutant of Nrfl has a greater ability to upregulate proteasome
expression and activity than wild-type Nrfl. To evaluate the im-
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FIG 5 The Nrfl-S497A mutant has enhanced transcriptional activity and prevents the accumulation of ubiquitinated proteins. (A) The S497A mutant has
enhanced transcriptional activity. COS7 cells transfected with either wild-type (WT) plasmid or S497A mutant plasmid in combination with a luciferase reporter
containing three tandem copies of the AREs of PSMA4 or a pRBGP2 reporter. The levels of luciferase activity were normalized to the Renilla luciferase activity of
an internal control pRL-TK and presented as the means plus SD (n = 3). Values that are significantly different (P < 0.05) are indicated by a bar and asterisk. (B)
The S497A mutant upregulates expression of endogenous proteasome genes. HeLa cells were transfected with either wild-type (WT) or S497A mutant plasmid.
The mRNA expression levels were determined by real-time quantitative PCR analysis. The values were normalized to 18S rRNA values and presented as the means
plus SD (n = 5). Values that are significantly different (P < 0.05) are indicated by a bar and asterisk. Values that are not significantly different are indicated by
abar labeled n.s. (C) Protein stability is comparable in the wild type and the S497A mutant. COS7 cells transfected with the expression plasmid for the wild-type
3XFlag Nrfl protein or the S497A mutant of 3XFlag Nrfl in combination with the GFP expression plasmid were treated with 20 pg/ml cycloheximide (CHX).
The cells were lysed at the indicated time points and subjected to immunoblot analysis with anti-Flag or anti-GFP antibodies. The data were normalized to
cotransfected GFP values and are presented as the means * standard errors (SE) (n = 3). (D and E) The S497A mutant has a greater ability to repress the
accumulation of ubiquitinated proteins than wild-type Nrfl. (D) HeLa cells transfected with the Ub-FL reporter plasmid in combination with the indicated
amount of wild-type or S497A mutant Nrfl plasmid were treated with 10 nM epoxomicin and D-luciferin. Real-time monitoring of the reporter activity was
performed using a photomultiplier, and representative data are shown. (E) HeLa cells transfected with the Ub-FL reporter plasmid and the control Renilla
luciferase reporter in combination with the wild-type or S497A mutant plasmid were treated with DMSO or 10 nM epoxomicin with D-luciferin for 16 h. The cells
were lysed and subjected to a luciferase assay. The values were normalized to the values for Renilla luciferase activity and presented as the means plus SD (n = 3).
(F) CK2 suppresses the transcriptional activity of Nrfl-WT but not that of the Nrf1-S497A mutant. COS7 cells were transfected with the indicated plasmids in
combination with the PSMA4-ARE reporter or a pRBGP2 reporter. The levels of luciferase activity were normalized to the values for Renilla luciferase activity of
an internal control pRL-TK and presented as the means plus SD (n = 3). Statistical significance is indicated as follows: *, P < 0.05; n.s., not significant.

portance of phosphorylation at Ser 497 in the regulation by CK2,  not by the Nrf1-S497A mutant (Fig. 5F, left graph). Similar results
we examined whether CK2 affects the transcriptional activity of =~ were obtained using the pRBGP2 reporter (Fig. 5F, right graph).
Nrfl-WT and Nrfl-S497A. The results demonstrate that CK2  These results collectively suggest that CK2 suppresses the tran-
suppresses the PSMA4 reporter activity induced by Nrfl-WT but  scriptional activity of Nrfl via phosphorylation of Nrfl at Ser 497.
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The CK2 phosphorylation site mutant of Nrfl suppresses the
formation of p62-positive inclusion bodies. Proteasome dys-
function is associated with the formation of juxtanuclear inclu-
sion bodies such as aggresomes (1). These inclusion bodies con-
tain p62 and function to sequester unfolded and misfolded
proteins that could not be degraded by the proteasome (30). The
phosphorylation state of Ser 497 of Nrfl may affect the efficiency
of the formation of such inclusion bodies. To assess this possibil-
ity, we examined the effect of forced expression of the S497A mu-
tant of Nrfl on the formation of p62-positive inclusion bodies.
Treatment of cells with epoxomicin led to the formation of p62-
positive juxtanuclear inclusion bodies in HeLa cells (Fig. 6A).
Similar results were obtained when MG132 was used instead of
epoxomicin (data not shown). Strikingly, the siRNA-mediated
knockdown of Nrfl markedly enhanced the inclusion body for-
mation (Fig. 6A). This result indicates that Nrfl plays an impor-
tant role in preventing the formation of juxtanuclear inclusion
bodies. These p62-positive inclusion bodies were also ubiquitin
positive, indicating the accumulation of ubiquitinated proteins
(Fig. 6B). Knockdown of Nrfl did not affect the total amount of
p62 but caused an increase in the autophagic marker LC3-1I (Fig.
6C). This finding suggests that the downregulation of Nrfl leads to
the accumulation of autophagosomes that are involved in an al-
ternative degradation pathway for misfolded proteins. We tested
the effect of Nrfl overexpression on inclusion body formation.
Forced expression of wild-type Nrfl decreased the efficiency of
formation of the p62-positive juxtanuclear inclusion bodies that
were induced by epoxomicin (Fig. 6D). Importantly, forced ex-
pression of the S497A mutant reduced inclusion body formation
more effectively than that of wild-type Nrfl (Fig. 6D). These re-
sults suggest that the phosphorylation state of Ser 497 affects the
formation efficiency of the p62-positive juxtanuclear inclusion
bodies that are induced by proteasome inhibition.

DISCUSSION

Significance of CK2 as a regulator of Nrfl transcriptional activ-
ity. In this study, we demonstrate that CK2 interacts with and
phosphorylates Nrfl and suppresses its transcriptional activity,
thereby regulating the expression of proteasome subunits. Nrfl is
localized to the endoplasmic reticulum (ER) membrane and is
constitutively degraded by the proteasome under normal condi-
tions (18, 19). Inhibition or dysfunction of the proteasome may
induce the stabilization and nuclear translocation of Nrfl pro-
teins. Our results have implicated CK2 in the regulatory mecha-
nisms of Nrfl activity. Given that knockdown of the CK2 subunits
facilitates the recruitment of Nrfl to the AREs of their promoters
and increases the expression of Nrfl target genes even without
proteasome inhibition (Fig. 2D and E), CK2 may suppress the
transcriptional activity of Nrfl and thus prevent the unnecessary
expression of Nrfl target genes under physiological conditions. As
we have no data indicating that phosphorylation of Ser 497 is
altered in response to proteasome inhibition, it remains to be
elucidated whether CK2-mediated phosphorylation of Nrfl is
regulated during Nrfl activation. Our preliminary data demon-
strate that the expression of CK2a is reduced upon inhibition of
the proteasome (data not shown). Although the mechanism un-
derlying the decrease in CK2a expression is unclear, it is possible
that Nrfl phosphorylation is decreased upon proteasome inhibi-
tion, resulting in efficient transcriptional activation of stabilized
Nrfl proteins.
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Nrfl exists as multiple isoforms, including TCF11 (transcrip-
tion factor 11), a longer isoform found in humans (31). The reg-
ulatory mechanism for TCF11 might differ from that of Nrfl, as
TCF11 has the nuclear export signal that is not present in Nrfl. In
this study, we used the expression plasmid for mouse Nrfl but not
the expression plasmid for TCF11. Thus, it remains to be eluci-
dated in future studies whether human TCF11 can be regulated by
CK2 and whether there is any difference in CK2-mediated regu-
lation between mouse Nrfl and human TCF11. In addition to a
known proteasome-mediated regulation of Nrfl activity, we pro-
pose that CK2-mediated phosphorylation of Nrfl acts as another
layer of Nrfl regulation to fine-tune its transcriptional activity.

Effect of CK2-mediated direct phosphorylation of Nrfl. The
phosphorylation of Nrfl Ser 497 is likely to enhance its transcrip-
tional activity but not affect its stability, subcellular localization,
or ability to bind MafK proteins. Our data indicate that Ser 497 has
an important role in CK2-dependent suppression of Nrfl tran-
scriptional activity. Given that CK2 knockdown enhances the re-
cruitment of Nrfl to its target AREs, it is likely that CK2-mediated
phosphorylation of Ser 497 controls the recruitment of Nrfl to the
AREs of the target promoters. However, it remains to be investi-
gated how phosphorylation of Ser 497 suppresses Nrfl recruit-
ment. As Ser 497 resides in the Neh6-like domain and are located
next to the CNC-bZip domain, phosphorylation may induce a
conformational change of the Nrfl protein, compromising its
binding to the target DNA.

Ser 497 of mouse Nrfl is conserved in mouse Nrf2 (Ser 365),
but it is not known whether CK2 can phosphorylate Nrf2 at Ser
365. It has been reported that Nrf2 is phosphorylated by CK2 and
that this phosphorylation regulates the transcriptional activity of
Nrf2 (32, 33). The effect of the CK2-mediated phosphorylation on
Nrf2 activity is controversial, but several reports have shown that
CK2 inhibition results in Nrf2 inactivation (32, 34, 35). The CK2-
mediated phosphorylation of Nrf2 facilitates its nuclear translo-
cation and the upregulation of Nrf2 target gene expression. Thus,
it seems likely that the role of CK2-dependent regulation in Nrf2
may be different from that in Nrfl.

The CK2-Nrfl axis as a new therapeutic target for diseases
associated with proteasome dysfunction. The regulation of pro-
teasome activity is an established strategy for cancer treatment,
and it is expected to be a promising approach to ameliorate some
age-related disorders, such as neurodegenerative diseases. Sup-
porting this notion, a previous study has demonstrated that a
small-molecule inhibitor of USP14, a proteasome-associated
deubiquitinating enzyme, increases the proteasome activity and
enhances the degradation of several neurodegenerative disease-
associated proteins such as tau and TDP-43 (36). Thus, the up-
regulation of proteasome activity should alleviate the accumula-
tion of aggregate-prone proteins. In addition, it has been reported
that overexpression of a proteasome subunit gene increases pro-
teasome activity, decreases the accumulation of ubiquitinated
proteins, and ameliorates the response to oxidative stress (37-39).
Therefore, the fact that Nrfl regulates the expression of most of
the proteasome subunit genes may provide a new approach, tran-
scriptional upregulation of the proteasome, to treat human dis-
eases associated with the accumulation of abnormal proteins. Our
findings that Nrfl-S497A exerts a more significant effect on the
inhibition of p62-positive inclusion body formation than wild-
type Nrfl does strongly suggest that the CK2-mediated phosphor-
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FIG 6 Nrfl has the ability to ameliorate the formation of p62-positive inclusion bodies in HeLa cells. (A) Knockdown of Nrfl causes enhanced formation of
p62-positive inclusion bodies. HeLa cells transfected with control (Ctrl) or Nrfl siRNA were treated with DMSO or 10 nM epoxomicin for 24 h. The cells were
immunostained with anti-p62 antibody, and the percentage of cells containing juxtanuclear inclusion bodies were calculated. Bars, 50 wm. (B) p62-positive
inclusion bodies formed by proteasome inhibition are ubiquitin positive. HeLa cells transfected with control (Ctrl) or Nrfl siRNA were treated with DMSO or
10 nM epoxomicin for 24 h. The cells were immunostained with anti-p62 (green) and antiubiquitin (red) antibodies. Juxtanuclear inclusion bodies stained with
both antibodies are indicated by small white arrowheads. Bars, 50 wm. (C) The cells treated as in panel A were lysed and subjected to immunoblot analysis with
the indicated antibodies. The relative band intensities of LC3-II were quantified and normalized to a-tubulin values. (D) The S497A mutant has a greater ability
to decrease the formation of p62-positive juxtanuclear inclusion bodies than wild-type Nrfl. HeLa cells transfected with the expression plasmid for GFP or
wild-type or the S497A mutant of 3XFlag Nrfl were treated with DMSO or 10 nM epoxomicin for 24 h. The cells were immunostained with anti-Flag and
anti-p62 antibodies, and the percentage of cells containing juxtanuclear inclusion bodies out of total GFP- or 3 X Flag Nrfl-expressing cells were calculated. Bars,
50 pm.
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ylation of Nrfl is one of the potential targets for treating pro-
teinopathies such as neurodegenerative diseases.

CK2 has an array of substrate proteins and functions in diverse
cellular processes, including cell growth and proliferation (40, 41).
Recent studies have also implicated CK2 in neuronal functions
and the progression of neurodegenerative diseases (42, 43). It has
been reported that CK2 phosphorylates several neurodegenerative
disease-related proteins, such as a-synuclein, synphilin-1, and
apolipoprotein E, to enhance aggregate formation (44—46). Thus,
the regulation of CK2 activity may represent a possible target for
therapeutic intervention. Indeed, CK2 inhibition has been shown
to exert a protective effect on neurons (44, 47, 48). In contrast, a
recent report has shown that CK2 phosphorylates p62 and stimu-
lates the clearance of protein aggregates via the autophagy-lyso-
some pathway (49). This finding raises the possibility that CK2
inhibition or knockdown results in the impairment of aggregate
clearance. Therefore, there seem to be pros and cons to modulat-
ing CK2 activity with regard to ameliorating proteinopathies.
Nevertheless, our data strongly suggest that the CK2-mediated
regulation of Nrfl can be a novel target for the treatment of dis-
eases associated with proteasome dysfunction.
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The transcriptional factor Nrfl (NF-E2-related factor 1) sustains protein homeostasis (proteostasis) by
regulating the expression of proteasome genes. Under physiological conditions, the transcriptional ac-
tivity of Nrf1 is repressed by its sequestration into the endoplasmic reticulum (ER) and furthermore by
two independent ubiquitin-proteasome pathways, comprising Hrd1 and B-TrCP in the cytoplasm and
nucleus, respectively. However, the molecular mechanisms underlying Nrfl activation remain unclear.
Here, we report that USP15 (Ubiquitin-Specific Protease 15) activates Nrf1 in the nucleus by stabilizing it
through deubiquitination. We first identified USP15 as an Nrfl-associated factor through proteome
analysis. USP15 physically interacts with Nrfl, and it markedly stabilizes Nrfl by removing its ubiquitin
moieties. USP15 activates the Nrfl-mediated expression of a proteasome gene luciferase reporter and
endogenous proteasome activity. The siRNA-mediated knockdown of USP15 diminishes the Nrfl-induced
proteasome gene expression in response to proteasome inhibition. These results uncover a new regu-
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latory mechanism that USP15 activates Nrfl against the B-TrCP inhibition to maintain proteostasis.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The transcription factor Nrf1 (NF-E2-related factor 1 or NFE2L1)
induces the expression of the proteasome subunit genes under
proteasome dysfunction [1,2]. This adaptation for proteasome
dysfunction is called “proteasome recovery” to sustain protein
homeostasis (proteostasis). Consistently, the deletion of the Nrfl
gene in the central nervous system of mice causes an abnormal
accumulation of ubiquitinated protein aggregates in neurons, and
these mice show progressive motor ataxia and severe weight loss

Abbreviations: ARE, antioxidant response element; CNC, Cap'n’Collar; DUB,
deubiquitinating enzyme; ER, endoplasmic reticulum; NHB1, N-terminal homology
box 1; Nrf1, NF-E2-related factor 1; RT-qPCR, real time-quantitative PCR; SCF, Skp1-
Cul1-F-box protein; SEM, standard error of the mean; USP, ubiquitin-specific
protease.
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[3,4]. These observations strongly suggest that Nrfl plays impor-
tant roles in proteostasis.

Accumulated evidence has revealed that the molecular function
of Nrf1 is regulated by multiple repression mechanisms [5,6]. Un-
der physiological conditions, Nrfl is sequestered in the endo-
plasmic reticulum (ER) through its N-terminal NHB1 domain to
prevent nuclear translocation and transcriptional activation [7].
Furthermore, Nrf1 is repressed by proteasomal degradation via two
independent E3 ubiquitin (Ub) ligases as follows: the SCF (Skp1-
Cul1-F-box protein) ubiquitin ligase that contains the B-TrCP
adaptor and the endoplasmic reticulum-associated degradation
(ERAD) ubiquitin ligase Hrd1, in the nucleus and cytoplasm,
respectively [1,8]. It has also been reported that Fbow7 mediates the
nuclear degradation of Nrf1 [9]. These findings imply that Nrf1 is
activated by escaping from these proteasomal degradation mech-
anisms. However, the molecular bases of Nrfl activation remain
unclear.

Ubiquitin-specific protease 15 (USP15), which is a ubiquitously
expressed Deubiquitinating enzyme (DUB), regulates the biological
function of many substrate proteins for various cellular functions
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[10—12]. For example, USP15 regulates the E3 ubiquitin ligase
MDM?2 for the tumor suppressor p53 [13] and the TGFB-induced
monoubiquitination of SMAD (R-SMAD) [14]. Furthermore, it has
been reported that USP15 represses Nrfl-related factor Nrf2
through activating the Keap1-mediated ubiquitination activity by
its deubiquitination [15].

For a comprehensive understanding of the physiological func-
tion of Nrfl, deciphering the molecular mechanisms underlying
Nrfl activation from multiple repression mechanisms is indis-
pensable. We found that USP15 stabilizes Nrfl from the B-TrCP-
mediated degradation in the nucleus through its deubiquitination,
ameliorating its transcription activity for the gene expression of the
proteasome subunits. These results suggest that USP15 plays an
important role for the regulation of Nrfl activity to maintain
proteostasis.

2. Materials and methods
2.1. Antibodies

The antibodies utilized in this study were anti-FLAG (M2;
Sigma), anti-V5 antibody (46-0705; Invitrogen), anti-a-tubulin
(DM1A; Sigma), anti-green fluorescent protein (anti-GFP) (B-2;
Santa Cruz), anti-Nrf1 (D5B10; Cell Signaling Technology and H285;
Santa Cruz), anti-USP15 (2D5; Santa Cruz), anti-hemagglutinin
(anti-HA) (Y-11; Santa Cruz), and anti-Histone H3 (06-755; EMD
Millipore).

2.2. Expression plasmids

3 x Flag-Nrf1, ANHB1 and AbZip have been described previously
[8]. 3 x Flag-Nrf3 was generated by subcloning the PCR-amplified
mouse Nrf3 cDNA into the p3 x FLAG-CMV™10 vector (Sigma).
Flag-Nrf2 and Flag-p45 were kindly provided by Ken Itoh.

2.3. Cell culture and transfection

HEK293T cells and HeLa cells were cultured as described [8]. The
transfection of plasmid DNA and short interfering RNA (siRNA) was
performed using Lipofectamine Plus and RNAIMAX (Invitrogen),
respectively, according to the manufacturer’s protocols.

2.4. Cycloheximide chase experiments

HEK293T cells were transfected with the expression vectors
containing wild-type or deletion mutants of 3 x Flag-Nrfl [8],
along with a GFP expression vector (Clonetech, pEGFP-N1). At 24 h
after transfection, the cells were treated with 10 pg/ml cyclohexi-
mide (CHX), and the whole cell extracts were prepared at the
indicated time points. Immunoblot analyses were conducted with
the indicated antibodies. When USP15 siRNAs were transfected into
the cells, the cells were pretreated at 32 h after the transfection
with 10 uM MG132 for 8 h, followed by the CHX treatment.

2.5. Immunoprecipitation, immunoblot analysis and ubiquitination
assay

The expression vectors for 3 x Flag-Nrfl and V5-USP15 were
transfected into HEK293T cells. At 24 h after transfection, whole cell
extracts were prepared using lysis buffer (50 mM Tris-HCI [pH 8.0],
10% glycerol, 100 mM NaF, 50 mM Nacl, 2 mM EDTA, 2 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 mM B-glycer-
ophosphate, 0.1% NP-40, and 1 x protease inhibitor cocktail
[Roche]). The whole cell extracts were subjected to immunopre-
cipitation with Protein G Sepharose 4 Fast Flow beads (GE

Healthcare) and the anti-V5 antibody (2D5; Abcam) at 4 °C for 2 h
by rotating. The Protein G beads were washed three times with
wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl and 0.1% NP-
40). The immunocomplexes were visualized with immunoblot
analysis using the indicated antibodies. Ubiquitination assay was
performed as described [8].

2.6. Immunofluorescence staining

HEK293T cells were transfected with wild-type or deletion
mutants of 3 x Flag-Nrfl and/or V5-USP15. At 24 h after trans-
fection, the cells were washed with PBS and fixed with 4% form-
aldehyde for 15 min at room temperature (RT). After the PBS
washing, the cells were permeabilized with 0.5% Triton X-100 in
PBS for 10 min at RT, washed with PBS and subsequently blocked
with 1% skim milk (Nacalai tesque) for 1 h. A primary antibody
treatment (anti-FLAG or anti-V5 antibody) was conducted at RT for
1 h. After washing with PBS, the cells were incubated with the
Alexa488 or Alexa546 Fluor secondary antibody (Invitrogen) for 1 h
in the dark. The nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI). The immunofluorescence was viewed using
an Olympus IX7 microscope.

2.7. Luciferase assay

Hela cells were transfected with ANHB1 and V5-USP15, along
with a luciferase reporter plasmid containing three tandem copies
of the ARE of PSMA4 [2] and pRL-TK (Promega) as an internal
control. At 24 h after transfection, the luciferase activities were
measured using the PicaGene luciferase assay system (Toyo Ink)
and a Berthold Lumat LB9507 luminometer according to the
manufacturer’s protocols.

2.8. RNA extraction and real-time quantitative PCR (RT-qPCR)

Total RNA was prepared using the ISOGENII (Wako). One pg of
total RNA was utilized for cDNA synthesis using random hexamer
primers (Takara Bio) and Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Invitrogen). Real-time quantitative PCR was
conducted using the FastStart Universal SYBR Green Master Mix
(Roche) and the Thermal Cycler Dice Real Time System Il (Takara
Bio). All target gene expression levels were normalized to 18S rRNA
expression. The sequences of the primers are listed in Table 1.

2.9. Proteasome fluorogenic peptidase assay

The in vitro measurement of proteasome activities was per-
formed as previously described [16]. HeLa cells were transfected

Table 1
Sequences of siRNA and primers for real time PCR.

Gene Sense strand sequence (5'—3’) Antisense strand sequence (5 —3')
NRF1 gggauucggugaagauuugTT caaaucuucaccgaaucccTT
USP15-1 uauuuguuccacaaucuggTT ccagauuguggaacaaaualT
USP15-2 gguuggaauaaacuugucalT ugacaaguuuauuccaaccTT
USP15-3 ccagucacuuaaggaacauTT auguuccuuaagugacuggTT
Control  uucuccgaacgugucacguTT acgugacacguucggagaaTT
Gene Forward primer (5'—3’) Reverse primer (5'—3’)
18S rRNA cgccgctagaggtgaaattc cgaacctccgactttcgttct
USP15 ggtgctgaagatcectgg tactggaggcagggacca

NRF1 tggaacagcagtggcaagatctca ggcactgtacaggatttcacttgc
PSMA4  cattggctgggataagca atgcatgtggccttccat
PSMC4 ggaagaccatgttggcaaag aagatgatggcaggtgcatt
PSMB6 ctgatggcgggaatcatc ccaatggcaaaggactgc
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with ANHB1 or AbZip along with V5-USP15. At 24 h after the
transfection, the cells were treated with Epoxomicin for 16 h
(10 nM) and whole cell extracts were prepared. Twenty pg of total
protein of cell lysates were utilized for the assay using Suc-LLVY-
AMC (Peptide Institute), Z-GGL-AMC (Santa Cruz) or Z-LLE-AMC
(Peptide Institute). After incubation for 30 min at 37 °C, fluores-
cence (380 nm excitation, 460 nm emission) was monitored on a
microplate fluorometer (Infinite 200PRO, Tecan). Protein concen-
tration of the cell lysates was determined using the BCA protein
assay (Pierce). Each peptidase activity (arbitrary unit) was
expressed as [AMC fluorescence (a sample - a background)] per
micro gram lysate protein.

2.10. Statistical analysis

Statistical significance was evaluated with Student’s t-test for
repeated measurements. All values are represented as the
means =+ standard error of the mean in at least three-independent
experiments.

3. Results
3.1. Identification of USP15 as an Nrfl-associated factor

To elucidate the molecular mechanisms underlying Nrfl acti-
vation, we attempted proteome analysis to identify the Nrfl-
associated proteins using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. HEK293 cells that transiently
expressed C-terminal Flag-tagged Nrfl (Nrf1-Flag) were subjected
to immunoprecipitation with an anti-FLAG antibody to isolate Nrf1
complexes, and these complexes were analyzed using LC-MS/MS
[8]. We succeeded in the identification of numerous factors, such
as Keap1, proteasome subunits and mitochondria-related factors
(data not shown). Among these factors, we focused on the deubi-
quitinating enzyme USP15, as we had previously discovered that
Nrf1 is degraded by two-independent ubiquitin ligases, including
Hrd1 and B-TrCP [1,8]. This result allowed us to make a hypothesis
that USP15 antagonistically stabilizes Nrf1 against Hrd1 or B-TrCP-
mediated degradation through its deubiquitination. To address this
hypothesis, we first examined an association between USP15 and
Nrfl using immunoprecipitation. Whole cell extracts of HEK293T
cells expressing 3 x Flag-Nrfl and V5-USP15 were subjected to
immunoprecipitation using the anti-V5 antibody (Fig. 1A). Consis-
tently, 3 x Flag-Nrf1 was coprecipitated with V5-USP15, indicating
that USP15 physically interacts with Nrf1 in cells.

3.2. USP15 stabilizes Nrfl through its deubiquitination

We next examined whether USP15 stabilizes Nrf1 through its
deubiquitination. The overexpression of V5-USP15 markedly sta-
bilized 3 x Flag-Nrf1 in HEK293T cells (Fig. 1B). A cycloheximide
chase experiment also revealed that USP15 increases the turnover
time of Nrf1 (Fig. 1C). Moreover, the siRNA-mediated knockdown of
endogenous USP15 reduced the protein turnover time of endoge-
nous NRF1 (Fig. 1D). As a result, these data strongly suggest that
USP15 stabilizes endogenous NRF1.

We further conducted a ubiquitination assay to examine
whether USP15 deubiquitinates Nrfl. 3 x Flag-Nrfl was ubiquiti-
nated in HEK293T cells in the presence of hemagglutinin (HA)-
tagged ubiquitin (HA-Ub), immunoprecipitated using the anti-FLAG
antibody and visualized by immunoblot analysis using an anti-HA
antibody (Fig. 1E). The coexpression of HA-Ub along with
3 x Flag-Nrfl caused smeared bands, implying that Nrf1 is ubiq-
uitinated in cells. Under these experimental conditions, USP15
significantly reduced the smear patterns of 3 x Flag-Nrf1,
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suggesting that USP15 promotes the deubiquitination of Nrfl. We
concluded that USP15 is a contributing factor to the stabilization of
Nrf1 through its deubiquitination.

3.3. USP15 stabilizes Nrfl through deubiquitination in the nucleus

To confirm the colocalization of Nrfl and USP15 in cells, we
conducted immunofluorescent staining of HEK293T cells in the
transient expression system (Fig. 2A). The overexpression of
3 x Flag-Nrfl showed its nuclear localization. This result is
consistent with our previous observation that 3 x Flag-Nrf1 is
localized in the nucleus, despite the presence of the ER anchor
domain NHB1 [8]. V5-USP15 alone was localized to both the cyto-
plasm and nucleus (a bottom right panel). Nevertheless, the coex-
pression of 3 x Flag-Nrfl caused the nuclear translocation of V5-
USP15, implying a physical interaction between USP15 and Nrfl
in cells (top panels). We further examined the colocalization of
endogenous USP15 with 3 x Flag-Nrf1 using immunostaining with
the anti-USP15 antibody (Fig. 2B). Indeed, endogenous USP15 also
colocalized with 3 x Flag-Nrfl in the nucleus of HEK293T cells.
Collectively, these data strongly highlight that endogenous USP15
colocalizes with 3 x Flag-Nrf1 in the nucleus.

The current results further allowed us to hypothesize that USP15
stabilizes Nrf1 in the nucleus, where Nrf1 is subjected to B-TrCP-
mediated degradation. To confirm this hypothesis, we investigated
whether USP15 stabilizes a nuclear localizing Nrfl mutant. We
generated the 3 x Flag-tagged Nrfl mutant vector by deleting the
ER retention motif in the NHB1 domain (Fig. 2C, ANHB1). As a
control, a cytoplasm-localizing Nrfl mutant vector was constructed
by deleting the nuclear localization signal (NLS) in the basic region
of the bZip domain (AbZip). We verified by immunostaining that
the ANHB1 and the AbZip mainly localize to the nucleus and the
cytoplasm, respectively (Fig. 2D). The effects of USP15 on the
turnover of these Nrfl mutants were determined using a cyclo-
heximide chase experiment. Predictably, USP15 stabilized ANHB1
but not AbZip (Fig. 2E). These results indicate that USP15 stabilizes
Nrf1 in the nucleus but not the cytoplasm.

3.4. USP15 augments the Nrfl-mediated gene expression

We further deciphered the effect of USP15 on the Nrfl tran-
scriptional activity using a luciferase reporter assay (Fig. 3A). The
ANHB1 and V5-USP15 vectors were transfected into HeLa cells,
along with a luciferase reporter containing three tandem copies of
PSMA4 gene-derived ARE [2]. ANHB1 slightly increased the
expression of the reporter. The coexpression of V5-USP15 signifi-
cantly augmented the ANHB1-mediated reporter activity in a dose-
dependent manner. This effect of USP15 was not observed in the
absence of ANHB1 mutant. These results clearly suggest that USP15
activates the transcriptional activity of Nrfl. Furthermore, we
examined whether USP15 can activate the NRF1-induced endoge-
nous proteasome activity (Fig. 3B). HeLa cells were transfected by
ANHB1 mutant along with V5-USP15. After Epoxomicin treatment
of the cells for proteasome recovery, chymotrypsin-like or caspase-
like activities of endogenous proteasome were measured using
fluorogenic Suc-LLVY-AMC, Z-GGLY-AMC or Z-LLE-AMC. While
ANHB1 alone did not affect proteasome activity, V5-USP15
ameliorated the Nrfl-dependent proteasome activity. Thus, we
concluded that USP15 activates proteasome activity through
regulating Nrf1 function.

We next examined whether the knockdown of endogenous
USP15 reduces the NRF1-mediated expression of the proteasome
subunit genes in response to proteasome inhibition (Fig. 3C—H).
HeLa cells were transfected with siRNA against USP15 and were
then treated with three different proteasome inhibitors, MG132,
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cotransfected GFP expression. The error bars show the standard error of the means (SEM) (n = 3). *P < 0.05 compared to 3 x Flag-Nrfl (two-tailed unpaired t-test). (C) V5-USP15
stabilizes 3 x Flag-Nrf1 in the cycloheximide (CHX) chase experiments using HEK293T cells. The data were normalized to the GFP levels and presented as the means + SEM (n = 3).
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Bortezomib and Epoxomicin. The gene expression levels of USP15,
NRF1 and the proteasome subunits PSMC4 and PSMA4 were deter-
mined using real time-quantitative PCR (RT-qPCR). Consistent with
previous reports [1,2,8,17], treatment with proteasome inhibitors
significantly activated the gene expression of PSMC4 and PCMA4
(Fig. 3E and G, siControl). Unexpectedly, USP15 siRNA alone induced
the mRNA expression of NRF1 (Fig. 3D, DMSO and siUSP15-1),
thereby augmenting the expression of these proteasomal genes
(Fig. 3E and G, DMSO and siUSP15-1). We also confirmed that other
USP15 siRNAs can cause the mRNA induction of NRF1 (data not
shown). Furthermore, we observed that USP15 siRNAs significantly

increased the protein expression levels of endogenous NRF1 in
HeLa cells (Fig. 1D). Nevertheless, USP15 siRNA significantly
reduced the induction of proteasome genes by the proteasome
inhibitors (Fig. 3F and H). All proteasome gene induction was
silenced by NRF1 siRNA, implying their NRF1-dependency. Collec-
tively, we concluded that endogenous USP15 enhances the NRF1-
mediated gene expression for proteasome recovery.

3.5. USP15 stabilizes Nrfl and p45 among the CNC family proteins

Finally, we examined the biological relationship between USP15
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and other Cap’n’Collar (CNC) family proteins. Nrfl belongs to a
member of the CNC family, which contains Nrf1, Nrf2, Nrf3 and p45/
NF-E2 [5,6]. V5-USP15 was transiently expressed in HEK293T cells,
along with the CNC family proteins Nrf2, Nrf3 and p45, and the
protein level of each was determined using immunoblot analysis
(Fig. 4A). Under our experimental conditions, USP15 also stabilized
p45, as well as Nrfl. We did not observe a USP15-driven reduction
in Nrf2, although USP15 has been reported to destabilize Nrf2 by
activating the Keap1-mediated ubiquitination activity by its deu-
biquitination [15]. The reason for this discrepancy between our
results is unknown. Further examination is required to determine
the molecular basis of the USP15-mediated regulation of the CNC
family proteins.
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4. Discussion

This study demonstrates a new molecular mechanism of Nrfl
activation by the deubiquitination enzyme USP15 (Fig. 4B). USP15
stabilizes Nrfl in the nucleus through its deubiquitination and
consequently augments its transcriptional activity. It has been
identified that the B-TrCP-based E3 ubiquitin ligase causes pro-
teasomal degradation of Nrfl in the nucleus [8]. Therefore, our
current data reveal the presence of competitive regulation of Nrfl
stability by B-TrCP and USP15 in the nucleus. Under physiological
conditions, Nrfl is repressed by its ER sequestration and protea-
somal degradation. This implies the presence of stresses and/or
signals that activate Nrfl from these repression mechanisms,
although such stress is still missing, except for proteasomal
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inhibition. We surmise that Nrfl-activating stresses facilitate the The data presented show that USP15 significantly activated the
USP15-mediated deubiquitination rather than the B-TrCP-mediated Nrfl-mediated luciferase reporter (Fig. 3A) and endogenous pro-
ubiquitination, thereby promoting the expression of Nrfl target teasome activity (Fig. 3B) in the transient transfection experiments
genes. and the knockdown of USP15 reduced the induction of proteasome
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gene expression by endogenous Nrfl in response to proteasome
inhibition (Fig. 3F and H). Hence, these results strongly suggest that
USP15 mediates the transcriptional activities of Nrfl. Intriguingly,
we found that the knockdown of USP15 induced both the mRNA
and protein expression levels of Nrfl (Figs. 3D and 1D, respec-
tively). Consequently, USP15 siRNA activated the expression of
proteasome genes, such as PSMC4 and PSMA4. Nevertheless, we
observed that the knockdown of USP15 significantly reduced the
Nrfl-mediated proteasome gene induction. These results imply
that the Nrf1-USP15 axis comprises multiple negative and positive
feedback loops. In this regard, we consider that the induction of
NRF1 mRNA by USP15 knockdown compensates reduced protein
expression level of NRF1, although the detailed mechanism remains
to be elucidated. Collectively, the presence of multiple feedback
loops in the Nrfl-USP15 axis further strengthens the fact that
USP15 actually functions as a positive regulator for Nrfl.

We surmise that USP15 could endow Nrfl and Nrf2 with distinct
physiological roles, because a recent report described that USP15
negatively regulates the Nrfl-related factor Nrf2 [15]. Under
physiological conditions, Nrf2 is degraded by the Keap1-Cul3 Ub
ligase [18—21]. USP15 activates ubiquitin ligase activity by deubi-
quitinating Keap1 as its adaptor, promoting the proteasomal
degradation of Nrf2. We did not observe that USP15 has any effects
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on Nrf2 stability (Fig. 4A), although the reason for this is unknown.
Nevertheless, these data could imply opposite effects of USP15 on
the transcriptional activities of Nrfl and Nrf2. It has been recently
reported that oxidative stress inhibits the deubiquitination activity
of USP15 in vitro [22]. Given that Nrf2 exerts gene regulation in the
oxidative stress response, it is quite reasonable that oxidative stress
could repress the Keap1-mediated proteasomal degradation of Nrf2
by suppressing USP15. On the contrary, oxidative stress might
eliminate Nrf1 on ARE genes for the Nrf2 binding by inhibiting the
function of USP15 because Nrfl binds to the ARE of NQO1 and
proteasome subunit genes under physiological conditions [6,17].
The accumulated data of mouse gene targeting experiments
strongly support that Nrfl and Nrf2 play distinct roles in the acti-
vation of ARE-dependent genes [5,6]. Collectively, these data pro-
vide an attractive hypothesis that USP15 possesses physiological
roles that enable it to switch between Nrfl and Nrf2.

USP15 regulates the stabilization of many substrate proteins in
diverse cellular processes, such as MDM2 [13] and TGF-f receptor I
[23]. Most of reports reveal the biological function of USP15 in the
cytoplasm. We report that USP15 also exerts a function in the nu-
cleus. Supporting our observation, one report found that USP15
deubiquitinates R-SMAD in both the cytoplasm and nucleus [14].
Furthermore, the overexpression of Nrfl markedly promotes the
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nuclear translocation of USP15 (Fig. 2A), similar to the case of the
nuclear protein Tip110 [24]. Taken together, it is fully possible that
USP15 deubiquitinates Nrf1 in the nucleus.

Acknowledgements

We would like to thank Drs. Stefano Piccolo, Raymond ].
Deshaies, Ken Itoh and Naoto Saitoh for providing the V5-USP15,
3XxPSMA4-ARE-Luc plasmid, Flag-Nrf2 and Flag-p45 and a fluo-
rometer, respectively. This work was supported in part by grants-
in-aid (AK, 26116725, 16H03265) and the Strategic Research
Foundation at Private Universities (2012—2016) (AK, S1201009)
from the Ministry of Education, Culture, Sports, Science, and
Technology, Japan.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2016.07.045.

References

[1] J. Steffen, M. Seeger, A. Koch, E. Kriiger, Proteasomal degradation is tran-
scriptionally controlled by TCF11 via an ERAD-dependent feedback loop, Mol.
Cell 40 (2010) 147—158.

[2] S.K. Radhakrishnan, et al., Transcription factor Nrfl mediates the proteasome
recovery pathway after proteasome inhibition in mammalian cells, Mol. Cell
38 (2010) 17-28.

[3] A. Kobayashi, et al., Central nervous system-specific deletion of transcription
factor Nrfl causes progressive motor neuronal dysfunction, Genes Cells 16
(2011) 692—703.

[4] CS. Lee, et al., Loss of nuclear factor E2-related factor 1 in the brain leads to
dysregulation of proteasome gene expression and neurodegeneration, Proc.
Natl. Acad. Sci. U. S. A. 108 (2011) 8408—8413.

[5] G.P.Sykiotis, D. Bohmann, Stress-activated cap’n’collar transcription factors in
aging and human disease, Sci. Signal. 3 (2010) re3.

[6] M. Bugno, M. Daniel, N.L. Chepelev, W.G. Willmore, Changing gears in Nrfl
research, from mechanisms of regulation to its role in disease and prevention,
Biochim. Biophys. Acta. 1849 (2015) 1260—1276.

[7] Y. Zhang, D.H. Crouch, M. Yamamoto, J.D. Hayes, Negative regulation of the
Nrf1 transcription factor by its N-terminal domain is independent of Keap1:
Nrf1, but not Nrf2, is targeted to the endoplasmic reticulum, Biochem. J. 399

(2006) 373—385.

[8] Y. Tsuchiya, et al., Dual regulation of the transcriptional activity of Nrfl by (-
TrCP- and Hrd1-dependent degradation mechanisms, Mol. Cell. Biol. 31 (2011)
4500—4512.

[9] M. Biswas, D. Phan, M. Watanabe, ].Y. Chan, The Fbw7 tumor suppressor
regulates nuclear factor E2-related factor 1 transcription factor turnover
through proteasome-mediated proteolysis, ]. Biol. Chem. 286 (2011)
39282-39289.

[10] A.Y. Amerik, M. Hochstrasser, Mechanism and function of deubiquitinating
enzymes, Biochim. Biophys. Acta Mol. Cell Res. 1695 (2004) 189—207.

[11] E.E. Reyes-Turcu, K.H. Ventii, K.D. Wilkinson, Regulation and cellular roles of
ubiquitin-specific deubiquitinating enzymes, Annu. Rev. Biochem. 78 (2009)
363—-397.

[12] R.N. De Jong, et al., Solution structure of the human ubiquitin-specific pro-
tease 15 DUSP domain, J. Biol. Chem. 281 (2006) 5026—5031.

[13] Q. Zou, et al.,, USP15 stabilizes MDM2 to mediate cancer-cell survival and
inhibit antitumor T cell responses, Nat. Immunol. 15 (2014) 562—570.

[14] M. Inui, et al., USP15 is a deubiquitylating enzyme for receptor-activated
SMADs, Nat. Cell Biol. 13 (2011) 1368—1375.

[15] N.F. Villeneuve, et al., USP15 negatively regulates Nrf2 through deubiquiti-
nation of Keap1, Mol. Cell 51 (2013) 68—79.

[16] D. Vilchez, et al., Increased proteasome activity in human embryonic stem
cells is regulated by PSMD11, Nature 489 (2012) 304—308.

[17] Y. Tsuchiya, et al., The CK2-Nrf1 axis controls the clearance of ubiquitinated
proteins by regulating proteasome gene expression, Mol. Cell. Biol. 33 (2013)
3461-3471.

[18] A. Kobayashi, et al., Oxidative stress sensor Keap1 functions as an adaptor for
Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2, Mol. Cell.
Biol. 24 (2004) 7130—-7139.

[19] D.D. Zhang, S.-C. Lo, J.V. Cross, D.J. Templeton, M. Hannink, Keap1 is a redox-
regulated substrate adaptor protein for a Cul3-dependent ubiquitin ligase
complex, Mol. Cell. Biol. 24 (2004) 10941—10953.

[20] S.B. Cullinan, J.D. Gordan, J. Jin, ].W. Harper, J.A. Diehl, The Keap1-BTB protein
is an adaptor that bridges Nrf2 to a Cul3-based E3 ligase: oxidative stress
sensing by a Cul3-Keap1 ligase, Mol. Cell. Biol. 24 (2004) 8477—8486.

[21] M. Furukawa, Y. Xiong, BTB protein Keap1 targets antioxidant transcription
factor Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase, Mol. Cell. Biol. 25
(2005) 162—-171.

[22] J.-G. Lee, K. Baek, N. Soetandyo, Y. Ye, Reversible inactivation of deubiquiti-
nases by reactive oxygen species in vitro and in cells, Nat. Commun. 4 (2013)
1568.

[23] PJ.A. Eichhorn, et al., USP15 stabilizes TGF-$ receptor [ and promotes onco-
genesis through the activation of TGF-f signaling in glioblastoma, Nat. Med.
18 (2012) 429—-435.

[24] KA. Timani, Y. Liu, A. Suvannasankha, JJ. He, Regulation of ubiquitin-
proteasome system-mediated Tip110 protein degradation by USP15, Int. ].
Biochem. Cell Biol. 54 (2014) 10—-19.

72


http://dx.doi.org/10.1016/j.bbrc.2016.07.045
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref1
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref1
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref1
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref1
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref2
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref2
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref2
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref2
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref3
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref3
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref3
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref3
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref4
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref4
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref4
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref4
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref5
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref5
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref6
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref6
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref6
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref6
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref7
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref7
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref7
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref7
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref7
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref8
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref8
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref8
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref8
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref9
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref9
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref9
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref9
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref9
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref10
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref10
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref10
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref11
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref11
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref11
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref11
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref12
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref12
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref12
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref13
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref13
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref13
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref14
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref14
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref14
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref15
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref15
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref15
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref16
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref16
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref16
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref17
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref17
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref17
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref17
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref18
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref18
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref18
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref18
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref19
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref19
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref19
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref19
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref20
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref20
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref20
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref20
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref21
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref21
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref21
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref21
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref22
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref22
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref22
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref23
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref23
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref23
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref23
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref24
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref24
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref24
http://refhub.elsevier.com/S0006-291X(16)31160-3/sref24

Biochemical and Biophysical Research Communications 484 (2017) 176—183

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Possible roles of the transcription factor Nrfl (NFE2L1) in neural
homeostasis by regulating the gene expression of deubiquitinating
enzymes

—
@ CrossMark

Hiroaki Taniguchi !, Shota Okamuro * !, Misaki Koji * ', Tsuyoshi Waku ?, Kaori Kubo ?,

Atsushi Hatanaka ¢, Yimeng Sun °, A.M. Masudul Azad Chowdhury °, Akiyoshi Fukamizu b

Akira Kobayashi *°

@ Laboratory for Genetic Code, Graduate School of Life and Medical Sciences, Doshisha University, Kyotanabe, Kyoto, Japan
b Center for Tsukuba Advanced Research Alliance, University of Tsukuba, Tsukuba, Ibaraki, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 30 December 2016
Accepted 9 January 2017
Available online 11 January 2017

The transcription factor Nrfl (NFE2L1) maintains protein homeostasis (proteostasis) by regulating the
gene expression of proteasome subunits in response to proteasome inhibition. The deletion of the Nrf1
gene in neural stem/progenitor cells causes severe neurodegeneration due to the accumulation of
ubiquitinated proteins in Purkinje cells and motor neurons (Nrfl NKO mice). However, the molecular
mechanisms governing this neurodegenerative process remain unclear. We demonstrate herein that the
loss of Nrfl leads to the reduced gene expression of the deubiquitinating enzymes (DUBs) but not
proteasome subunits in Nrfl NKO mice between P7 and P18. First, we show that K48-linked poly-
ubiquitinated proteins accumulate in Nrfl-deficient Purkinje cells and cerebral cortex neurons. Never-
theless, loss of Nifl does not alter the expression and proteolytic activity of proteasome. A significantly
reduced expression of deubiquitinating enzymes was also demonstrated in Nrfl-deficient cerebellar
tissue using microarray analysis. The genome database further reveals species-conserved ARE, a Nrfl
recognition element, in the regulatory region of certain DUB genes. Furthermore, we show that Nrfl can
activate Usp9x gene expression related to neurodegeneration. Altogether these findings suggest that
neurodegeneration in Nrfl NKO mice may stem from the dysfunction of the ubiquitin-mediated regu-
lation of neuronal proteins.
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1. Introduction

The transcription factor Nrfl (NFE2L1), a member of the CNC-
bZip transcription factor family, maintains protein homeostasis
(e.g., proteostasis) [1,2]. Nrfl induces the gene expression of pro-
teasome subunits through the antioxidant response element (ARE)
by heterodimerizing with a small Maf protein in response to

Abbreviations: ARE, antioxidant response element; CNC, Cap'n'Collar; DUB,
deubiquitinating enzyme; Nrfl, NF-E2-related factor 1; NFE2L1, NF-E2-like 1; qRT-
PCR, quantitative real time- PCR; SD, standard deviation; TSS, transcription start
site; Usp, ubiquitin-specific protease.
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proteasome inhibition [3,4]. Consistently, previous papers have
reported that the deletion of the Nrfl gene in neural cells leads to
severe neurodegeneration and the accumulation of ubiquitinated
proteins in mice [5,6]. Late-stage Nrfl gene deletion in neuronal
cells prompts late-onset neurodegeneration. The pathogenesis of
this neurodegeneration process is due to the dysfunction of the
proteasome. We also conducted conditional Nrf1 gene targeting in
neural stem cells and progenitor cells using the Nestin gene
promoter-driven Cre transgenic mice (Nrfl NKO mice). Nrfl NKO
mice show severe neurodegenerative disease with the concomitant
accumulation of polyubiquitinated proteins in neurons. These mice
all die within three weeks of their birth. However, the molecular
mechanisms governing the neurodegeneration found in Nrfl NKO
mice have yet to be elucidated.

The ubiquitin-proteasome pathway mediates physiological
processes in many different cell types including those of the central
nervous system [7,8]. The proteasome rapidly degrades substrate
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proteins conjugated with a polyubiquitin chain by way of the E3
ubiquitin ligase. This in turn eliminates the biological function of
target proteins. Deubiquitinating enzymes, in contrast, stabilize
substrates by removing the polyubiquitin chain from substrates. In
this regard, the key feature of ubiquitin modification is that it is
rapid and reversible. This allows cells to mediate regulatory path-
ways in response to intrinsic and extrinsic signals. Dysfunction of
the posttranslational modification system causes many human
diseases, including neurodegenerative diseases [7,8]. For example,
it has been reported that lower levels and activities of Usp9x may
contribute to the pathogenesis of Parkinson's disease [9,10].

Here, we report that Nrfl NKO mice have reduced gene
expression of deubiquitinating enzymes. Furthermore, poly-
ubiquinated proteins accumulate in the nucleus and/or cytoplasm
of Nrfl-deficient Purkinje cells in the cerebellum and in cerebral
cortex neurons. We found that the expression and activity of pro-
teasomal proteins are similar to those found in control mice at P18.
Nevertheless, the expression of deubiquitinating enzymes (DUBs) is
significantly reduced following Nifl gene deletion. Species-
conserved ARE sequences have also been found in the promoter
region of certain types of DUB genes. Among them, Nrfl was
identified to regulate the expression of the Usp9x gene through the
ARE. The pathogenesis of neurodegeneration in Nrfl NKO mice may
therefore be due to an imbalance in the ubiquitination and deubi-
quitination of neural factors.

2. Materials and methods

2.1. Generation of neural stem and progenitor cell-specific Nrf1
knockout mice

Neural stem and progenitor cell-specific deletion of the Nrf1
gene was accomplished as described [6]. Mice were housed in a
specific pathogen-free facility, and the experimental protocol was
approved and executed under the ethics review committee for
animal experiments of Doshisha University.

2.2. Antibodies

The antibodies utilized in this study were anti-FLAG (M2;
Sigma), anti-o-tubulin (DM1A; Sigma), anti-Calbindin (AB1778;
Chemicon), anti-Nrfl (#8052; CST), anti-p62/SQSTM1 (PMO045;
MBL), anti-ubiquitin (P4D1; Santa Cruz), anti-ubiquitin (Z045801;
Dako), anti-K48 linked poly-ubiquitin (#4289; CST), anti-
Proteasome 20S al, 2, 3, 5, 6 & 7 subunits (Psmal-3 & 5-7)
(Enzo; BML-PW8195), anti-Proteasome 20S o2 (Psma2) (Gene Tex;
GTX103620) and anti-LC3 antibodies (PD014; MBL).

2.3. Cell culture and transfection

Neuro2A cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Wako) supplemented with 10% fetal calf serum
(FCS) (Invitrogen), 4500 mg/1 glucose, 40 ug/ml streptomycin, and
40 units/ml penicillin (Invitrogen) in a humidified incubator at 5%
CO; and 37 °C. The transfection of plasmid DNA and short inter-
fering RNA (siRNA) into Neuro2A cells was performed using Lip-
ofectamine Plus and RNAIMAX (Invitrogen), respectively, according
to the manufacturer's protocols. The sequences of siRNAs employed
in the present study are listed in Table S1 in the supplemental
material section.

2.4. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells with ISOGEN II (311-07361;
Nippon Gene) or the RNAeasy minikit (Qiagen) and subjected to
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cDNA synthesis with oligo dT primers and Moloney murine leu-
kemia virus (M-MLV) reverse transcriptase (Invitrogen) according
to the manufacturer's protocol. qRT-PCR was performed with
FastStart Universal SYBR (Roche) and the Thermal Cycler Dice Real
Time System II (TP900; Takara Bio). The PCR primers employed in
this study are listed in Table S1 and 18S rRNA or Gapdh were used
for normalization.

2.5. Western blotting

Whole extracts of mouse cerebellar tissues were prepared as
follows. Mice were sacrificed by cervical dislocation and cerebellum
tissues were immediately dissected from the brain and homoge-
nized in SDS sample buffer (25 mM Tris-HCl [pH 6.5], 5% glycerol
and 1% SDS). After sonication and centrifugation at 20,000xg for
5 min at 4 °C, supernatants were collected as whole cerebellum
extracts. The protein concentration was determined using the
Pierce BCA Protein Assay kit (Pierce). The samples were boiled in
the presence of 2% 2-mercaptoethanol at 95 °C for 5 min, separated
by SDS-polyacrylamide gel electrophoresis and transferred to PVDF
membranes. After blocking with Blocking One (Nacalai Tesque), the
membrane was incubated with a primary antibody diluted in TBST
(20 mM Tris-HCI [pH 7.6], 137 mM Nacl, 0.1% Tween20) containing
10% Blocking One, followed by a secondary antibody conjugated
with horseradish peroxidase and developed with ECL western
blotting detection reagents (RPN2106; GE Healthcare).

2.6. Immunofluorescence staining

Mice were perfused with 4% paraformaldehyde (PFA) under
anesthesia. Isolated brains were further fixed overnight with 4%
PFA and kept in 0.1% sodium azide containing phosphate-buffered
saline (PBS) to avoid decaying. The fixed brains were processed
for vibratome sectioning (50 pm). Sliced tissues were autoclaved in
10 mM citrate buffer [pH 6.0] at 100 °C for 10 min and washed twice
with PBS containing 0.1% Tween20 (PBST) for 10 min. Next, the
sliced tissues were permeabilized with 0.5% Triton X-100 in PBS for
1 h at room temperature (RT), washed twice with PBST for 10 min
and blocked with 10% horse serum/PBST at RT for 1 h. The sections
were then incubated with primary antibodies diluted with PBST
containing 1% bovine serum albumin (BSA) for 48 h at RT. After
washing 4 times with PBST for 30 min, the sections were incubated
with Alexa Fluor 488/546-conjugated secondary antibody (A-
11029, A-11035, Invitrogen) diluted in PBST containing 1% BSA for
48 h at RT. The nuclei were then stained with 4/, 6’-diamidino-2-
phenylindole (DAPI) (0.5 pg/ml) for 1 h at RT and washed 3 times
with PBST for 30 min. Finally, the samples were sealed using fluo-
rescence mounting medium (Dako). Fluorescence images were
captured by a Carl Zeiss confocal microscope (LSM710).

2.7. Reporter construction and luciferase assay

A mouse Usp9x gene reporter was generated by inserting a 2-
kbp PCR-amplified promoter region into pGL-basic (Promega).
The primers were 5'-CGAAGATCTAAGGCTCAGCGCTTCTCCGCCC-3/
and 5-GGGGTACCACATGTGCTTACCAGGCTTGTTG-3'. The reporter
was transfected into Neuro2a cells along with p3xFlag mNrf1 [11]
and pRL-TK (Promega) as an internal control. Forty-eight hours
after transfection, luciferase activity was measured using the Pic-
aGene luciferase assay system (Toyo Ink) and a Berthold Lumat
LB9507 luminometer.

2.8. Proteasome fluorogenic peptidase assay

The in vitro measurement of proteasome activities was
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performed as previously described [12]. Twenty micrograms of
total protein of cell lysates was utilized for the assay using Suc-
LLVY-AMC (Peptide Institute), Z-GGL-AMC (Santa Cruz), Z-LLE-
AMC (Peptide Institute) or Ac-RLR-AMC (R&D systems). After
mixing the lysate with the substrate, fluorescence (380 nm exci-
tation, 460 nm emission) was monitored on a microplate fluo-
rometer (Synergy HTX; BioTek) every 5 min for 1 h at 37 °C. The
protein concentration of the cell lysates was determined using the
BCA protein assay (Pierce). Relative proteasome activity was
expressed as the slope of the linear fitting curves.

2.9. Microarray

Three independent RNA samples of the mouse cerebellum from
each genotype (P7) were mixed and used for the microarray ana-
lyses. Microarray analysis was performed using slides (Affimetrix,
Mouse Gene 1.0 ST Array). The data were analyzed with Expression
Console and Transcriptome Analysis Console (Affimetrix). GSEA
analysis was performed using open source software (v2.2.3, Broad
Institute, http://software.broadinstitute.org/gsea/index.jsp) and
the gene set annotated as the GO term “protein deubiquitination”
(G0O:0016579, http://amigo.geneontology.org/amigo/term/GO:
0016579).

2.10. Statistical analyses

Statistical analyses were performed using Student's t-test;
P < 0.05 was considered significant.

3. Results and discussion

3.1. Accumulation of K48-linked ubiquitinated proteins in Nrfl-
deficient Purkinje cells and cerebral cortex neurons

We previously reported that polyubiquitinated proteins accu-
mulate in various central nervous system cells including Purkinje
cells in the cerebellum and cerebral cortex neurons [6]. To elucidate
the characteristics of the proteins accumulated in the Nrf1-deficient
neurons, we first determined their cellular localization by immu-
nofluorescence staining (Fig. 1). Generally, ubiquitinated proteins
accumulated in the nucleus of Nrfl-deficient Purkinje cells,
whereas more variable patterns, including cytoplasmic accumula-
tion and both cytoplasmic and nuclear accumulation, were found in
cerebral cortex neurons. These findings may imply a specificity of
the ubiquitin-conjugated proteins.

Next, we sought to determine whether the proteins that accu-
mulated in Nrfl NKO Purkinje cells were conjugated with K48-
linked polyubiquitin chains, which is a hallmark of proteasome
substrates. We stained Purkinje cells using an antibody against the
K48-linked polyubiquitin chain (Fig. 1C), indicating that the accu-
mulated proteins were conjugated with K48-linked polyubiquitin
chains. Thus, the dysfunction of Nrfl expression leads to the
accumulation of K48-typed ubiquitinated proteins in Purkinje cells.

3.2. The expression and activity of proteasome proteins are not
altered in Nrfl-deficient cerebellum

A growing body of evidence reveals that Nrf1 mediates the gene
expression of proteasome subunits in response to proteasomal
dysfunction (e.g., proteostasis) [1,2]. It has also been reported that
the deletion of the Nrfl gene in differentiated neurons leads to
neurodegeneration due to the dysregulation of proteasome genes
[5]. Accordingly, we hypothesized that proteasome dysfunction
promotes the accumulation of ubiquitinated proteins in Nrfl NKO
mice. To confirm our hypothesis, we first analyzed proteasome

subunit gene expression alterations in Nrfl NKO mice (P18) by
quantitative realtime PCR (qRT-PCR) (Fig. 2A). Surprisingly, the
gene expression of the proteasome subunits, Psma2, Psma6 and
Psmc4 in Nrfl-deficient cerebellar tissue was not suppressed. The
expression of these genes was slightly increased compared to that
found in age-matched control mice (Nrfl flox/flox mice). In addi-
tion, neither the proteasome subunit protein expression levels nor
the proteasomal activity, including the chymotrypsin, trypsin and
caspase-like activities, were altered (Fig. 2B and C). We then per-
formed immunostaining experiments to semi-quantitatively
examine the protein levels of Psma2 in Purkinje cells (Fig. 2D).
This excluded the possibility that a reduction in proteasome func-
tion and expression could be masked in whole cerebellum samples
because Nrfl is mainly expressed in cerebellar Purkinje cells [6].
Similarly, no significant reduction in the Psma2 protein levels was
found in Nrfl-deficient Purkinje cells. Finally, western blot analyses
of p62 and LC3 demonstrated that autophagy as an alternative
proteostasis system was unaltered when compared to cerebellar
tissue of control mice (Fig. 2E). Collectively, we concluded that the
neurodegeneration observed in Nrfl NKO mice is not due to pro-
teasome dysfunction. The exact cause underlying the divergent
results observed between our mice and those of Chan's group mice
remains unknown. Our differing results may be due, in part, to the
different Nrfl deletion strategies employed by both groups. Our
group used Nestin-Cre transgenic mice, while they utilized CamK2-
Cre transgenic mice [5]. Alternatively, it is also possible that only
early stage (before P7) Nrfl NKO mice suffer from proteasomal
dysregulation, which subsequently triggers neurodegeneration.

3.3. Reduced gene expression of deubiquitinating enzymes in Nrf1-
deficient cerebellar tissue

To identify the Nrfl target gene(s) in which reduction exerts
neurodegeneration, we carried out microarray analysis using
cerebellar tissue from Nrfl-deficient mice (P7) that had not yet
demonstrated an abnormal phenotype (Fig. 3). The expression of
1705 genes were reduced as a result of Nrf1 deletion. Among them,
1198 genes possess the Nrfl-recognition ARE sequence within 2-
kbp upstream and downstream regions from the transcriptional
start site (Fig. 3A). Gene ontology analysis indicated that these
genes possess biological functions related to mitotic nuclear divi-
sion, microtubule cytoskeleton organization, mitotic cell cycle and
protein deubiquitination (Fig. 3B and C). Because polyubiquitinated
proteins accumulate in Nrfl NKO mice, we focused our attention on
the protein deubiquitination genes. Indeed, the microarray data
demonstrated that the expression levels of a variety of genes
encoding deubiquitinating enzymes (DUBs) were reduced due to
the deletion of the Nrfl gene (data not shown). A marked reduction
in DUB expression was also confirmed by qRT-PCR in cerebellar
tissue from Nrfl NKO mice at both P7 and P18 (Fig. 3D). Further
bioinformatics analysis strengthened the physiological relevance
between Nrfl and DUBs, because the AREs of these DUB genes are
mostly conserved within the regulatory region of several species
(Table S2). Our findings demonstrate that Nrfl may play a role in
regulating DUB genes in the cerebellum.

3.4. Nrfl governs neural homeostasis by regulating Usp9x gene
expression

Next, we investigated the biological relationship between Nrfl
and Usp9x, because USP9X dysfunction has been noted in Lewy
Body Disease and Parkinson's disease [9,10]. Interestingly, similar
to Nrfl, the Usp9x gene is abundantly expressed in the cerebellar
Purkinje cells of mice [6,9,10,13]. The ChIP-seq data from the UCSC
database suggest that the ARE of Usp9x gene is functional because
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Nrf2, a Nrfl-related factor, and its heterodimerizing partner MafK transient expression of Nrfl markedly activated the expression of

have both been shown to recognize this ARE sequence in mouse a luciferase reporter containing the 2-kbp upstream region of the
erythroleukemia CH12 cells and MEL cells (Fig. 4A). Luciferase Usp9x gene in mouse neuroblastoma Neuro2A cells. Finally, we
reporter analysis was used to demonstrate that Nrfl directly ac- confirmed that siRNA-mediated Nrfl knockdown reduces the

tivates the Usp9x gene expression through the ARE (Fig. 4B). The expression of the Usp9x gene in Neuro2A cells (Fig. 4C).

A Cerebellum B Cortex
Ubiquitin Calbindin Merge Ubiquitin NeuN Merge

Ubiquitin DAPI Merge Ubiquitin DAPI Merge

c K48-linked Ub Ubiquitin Merge

K48-linked Ub DAPI Merge

Control

Nrf1 NKO

Nrf1 NKO

Control

Nrf1 NKO

Nrf1 NKO

Fig. 1. Nrfl-deficient Purkinje cells and cortex neurons accumulate K48-linked polyubiquitinated proteins. A, B) Imnmunofluorescence staining of polyubiquitinated proteins in
the cerebellar Purkinje cells and cortex neurons of the Nrfl NKO mice (P18). Purkinje cells and cortex neurons were stained with anti-Calbindin and anti-NeuN antibodies,
respectively. Bottom panels are magnified images of white squares in the upper panels. Nuclei were stained with DAPL. Scale bars represent 25 um, 50 um (left and right of upper
panels, respectively) and 10 pm (bottom panels). C) K48-linked polyubiquitinated proteins in the cerebellum were visualized by immunofluorescence staining using anti-K48Ub
antibodies. Bottom panels are magnified images of the white squares in the upper panels. Nuclei were stained with DAPI. Scale bars represent 50 pm (upper panels) and 10 pm
(bottom panels).
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Fig. 3. Nrf1-dependent induction of DUB genes in the cerebellum. A) A Venn diagram showing the overlap of gene expression reduced by Nrf1 deletion and genes containing the
species-conserved ARE sequence in 2-kbp upstream and downstream regions from the transcriptional start site. B) A table of the gene ontology analysis using PANTHER significantly
enriched with genes downregulated in the cerebellum of Nrf1 NKO mice. C) Gene Set Enrichment Analysis (GSEA) histograms for the gene sets involved in protein deubiquitination.
The nominal P values is 0.0028, and the normalized enrichment score is 1.61. D) The mRNA expression levels of the deubiquitinating enzyme genes in the cerebellum of Nrf1 NKO or
control mice were determined by qRT-PCR (P7 and P18). Values were normalized with Gapdh and presented as the means + SD (P7; n = 3, P18; n = 4, *, P < 0.05).

Accordingly, Nrfl may govern neural homeostasis by regulating
Usp9x gene expression.

Our findings are consistent with a series of previous reports.
USP9X knock down induces the formation of toxic a-synuclein in-
clusions in SH-SY5Y cells upon proteolytic inhibition [10]. Reduced
Usp9x expression has been proposed to cause spinal muscular at-
rophy due to impaired motor neuron survival [14]. The ataxia

mouse model, which exhibits severe tremors and premature death,
is deficient in Usp14 [15]. Moreover, several USPs have also been
found to regulate neural activities [7,8,16—18]. Thus, the loss of Nrfl
may lead to the imbalance of the ubiquitination status of neural
proteins, causing the accumulation of polyubiqutinated proteins
and, thus, the neurodegeneration observed in our study.

Fig. 2. Proteasome expression and activity are not reduced in Nrfi-deficient cerebellar tissue. A) Quantitative-RT-PCR (qRT-PCR) analysis showing relative mRNA expression of
Psma2, Psma6 and Psmc4 in the cerebellum of Nrfl NKO mice (P18, n = 4). B) Western blotting demonstrating the unaltered proteasome subunit proteins in the cerebellum of Nrf1
NKO mice (P18, n = 3). C) Proteasomal chymotrypsin, trypsin and caspase-like activity were not altered in Nrfi-deficient cerebellar tissue. D) No significant reduction in Psma2
protein levels was found in Purkinje cells by immunohistochemical staining using anti-Psma2 and anti-Calbindin antibodies. The scale bar represents 50 um. E) The p62 protein
expression and LC3-II/I ratio as autophagic markers were also not altered in Nrfl NKO cerebellar tissue in western blot analysis (P18, n = 3).
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Fig. 4. Nrf1 governs Usp9x gene expression. (A) ChIP-seq data using the UCSC genome browser reveals species-conserved ARE sequences (red; dots stand for similar amino acids)
in the Usp9x gene promoter region, which is recognized by Nrf2 and small Maf proteins. (B) Transient overexpression of Nrfl activated the expression of the Usp9x-ARE luciferase
reporter. Luciferase activity was normalized according to the Renilla luciferase activity of the internal control, pRL-TK, and presented as the means + SD (n = 3; * P < 0.05). (C)
siRNA-mediated Nrfl knockdown reduces the gene expression of Usp9x in Neuro2A cells. The reduced mRNA levels were determined by qRT-PCR.
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