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my FEHRRIEAENDBAREZSHEEEZEINE L

REGUCOEREA  MESH RO RENSE () &

( o
2017 423 7 24 PG BEIIEEFERIEHRIBO ZEEIC L D,

AR 74 S H R - BREFSISSEAE 1L Hansch e (80 & & b, bkl Bafic, B8
TEMEDEAZ Y OFE 2 O P FRIMEE (B FAIME., BUKBME, SCRRMHEE) I X
S TERMITMNT T 2 & 9 E ERIREETE AR BI(QSAR)E & BRJE L | 1962 4 Nature 36, 1964
AT AV IMEFRFEITHER SNE Lz, KT 1964 F0 2 5 I3 2% < 51 S 4, Institute
of Scientific Information (Philadelphia)(Z J — T*“Citation Classics"(Z (XL TV E T,

Hansch AFZE557> & Jf (B S 7V 72k B Se A8 1R TRESETE MEARBEIREE = & 1975 FFITRRAL S,
F T R T A TR EOEE SO EMBM, HREFEE, SEEORITREDTE
AT E Lic, ZTOMBEERDY, 1995 F1C HEEIEMEFBEAM RS ~EFBEL, 5
(22002 FFICAE 2 (A ARFEFSMETEHEAERETS) L E L7

ZOEW, M2 E LTHAEZRDTRICHEB N LE L L 2 A, FEE 11 AICREN
WEL, £% 3 A 24 BTG CHilfe S vl HARKFSE 137 5 TR 29 FED T E %
THEINELE, ZZEEBOVHL LT ET, EREEDERRTERBEELERT D
L L BITRFEIZDRE DA A~HEIRIC B EREHP L LT ET,

(F=k PR
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/1] Perspective/Retrospective /////

LA v AMEESR RNase L & Z DOiEMEILEF 2-5A
FHMTERY b = %k

1. [FCBHI

A TNt RIERE R SREGERE (AIDS), C AR 72 Ekkx 7o 7 A L AEYE D
FATHHEERREE 2> TV D, 2O X5 RRERD S OB & LT, BERER & BRLE
RN D, BERERIET, FHEBWICLNFELRWRERTHY, £L LT TS B Mk

DPURZIEA O LT D PURAF R R ERIS TH Y | ZOBEREREFA L TY 7 F N
PR S TWD, — . HIRGIERIL, IEFFRA R RE RIS Th V e R o Ch 5, i
. HRRGERICY A NV RAEORIFIRZ BT 2% 5 & LT Toll #5274 K (TLR; Toll-like
receptor) & RIG-1#~Y #—¥ (RLH; RIG-I-like helicase) 23 [E & &, B R A RIET 52 &
Do TE T,

HRGEIC B W TEEREFZH > TVWLIONR TR 2 —T7=n (IFN) Tho, Mian
AW S e TR IFN iZ, MlERmIC BB L TV 5 IFN BRI G L 2-5A &G EklEE (OAS;
2!, 5'-oligoadenylate synthetase) 7" 127 A > % —E (PKR; protein kinase R) O3 % i
Y52 L T, MREHY A L RRREIZT 5, OAS X° PKR 1L, EFIITIK L~V THRIE L T
B, ITHIFN OFFEIZHEWEI L~ BT 5, 512 OAS X PKR X, iU A VA SE
ZHIEEZ T U A VA TR RNA 1T R AN Z — B (PRR; pattern recognition
receptor) THDHZ EBHLN LTS TN,

2.25A R TLEIX
OAS DRBFE T, 2-5A VAT AL Wb b4

NH,

RMEEIZINBEINZ DR N - TWD, OAS X, AR o o o > §
RNA (2 X 0 IEHEE S, TEHEL S 7 OAS I, ”°’Z;°’2;°’Z;°\©] N
L R
ATP 75)% 2v, 5!_21:;(7]::/:]:;(?‘}1/%/5\%7%‘—;«5 2!, HO ’ofg;o o NTON NH,
5-AY AT F =g (2:5A)  (2-5A trimer (1) N
OH 0. N
pPPS'A2'p5'A2p5'A B L TN 2-5A tetramer (2) : (1)n=0: 2-5A trimer ., 9 «NINL
] (2)n=1: 2-5A tetramer WO o \w
ppP5'A2'p5'A2'p5'A2'p5'A) A RkT 5 (Fig. 1), "
HO ©OH
2-5A 13, RIEM RNase L (Ribonuclease latent) Fig. 1 2-5A (1.2) D

e L, MEE k235595 2 &L T RNase L 2

TR b LI L 72 5, RNase L O " &KL &5

PE(RIZIZ, RNase L & 2-5A 3 1: 1 OFIGTHAET D5 EBRMHETH D, TEHEA RNase L 1L,
7 A VA=K RNA @ UpU, UpA ¥ % FIZREK L CUIE+2 2 & T, ¥ o "V HDOEGKRE
HET S,
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2.1 2-5A DO#EE L HEE
Kerr 512X > T1978HITA v X —T7 z v VALE L=~ v X LM HEE S 2-5ANFER X
N, TOENRHE LIS, B

DAY AX T LAF KR 3, 5-FRARY @ — iy

T AT IVEER CHERE L TV D DKL, V wu

2-5A 1% 2, 5'-7F AR VT AT LEEAS T Zg;ﬁﬁgﬂ;; — 2ttt [25AsmER (0AS) |

G LR B 2 A5, <9 % LA e f

Bl 40 2 1T 7 AL 12 3500 C % [mRwonm
254D 3 ik 1V U VB (1), 4Rk [2A mee IR
U UERE (2) 1X RIERED Z % PPP5'A2' p5'A2' p5'A2' p5'A (2) |m'7»r;bx1'ﬁﬁﬁ§ﬁ#§ |
7 EEMMEEEZ AT L3, 2 &K Fig 2. 2,54 YI7T=ILEE (2-5A) VAT L

U U UERR (ppp5'A2'p'5A) 13/ 10 fi%

SR T T2 &IN5, 2], S5 5KV VROV ERZRFT L& 2 A,
5- 1 U U URIR, 5- U VERRIE, A4 RNase LiGHEALEEEZ RS b DD, 5-F /) U VKT
IIEPEALBE DY 10000 {FE T L7218, 4], 1994 4£ Dong 512 & » T, b ME&s 7##1 2 % RNase L
PERLES U, B-RIAE 2 U UIBIETH 5 2-5A 3 K (p5'A2p5'A2'p5'A) A, %It 5 5-F
U U URIA (ppph'A2p5'A2p5'A) & IA%% D RNase LGV LREZ A5 Z LML MM SN
6], L2xL., 25A =27 & XiEhd 5K U Bk KIBE (A2p5A2p5A .,
A2'p5'A2'p5'A2'p5'A) 1%, 2-5A 5'-F / U UK (p5'A2'p5'A2'p5'A (5), pA2'p5'A2'p5'A2'p5'A)
LR LT, FNEH 100 5. 10 fFLL B RNase L iEMELRERNME T4 5(5,61 = & 7> 5, RNase
LIEMHARICIE 5Kt Y VDB MEATHD Z ENRINTND, TXTD 2,5 KRART AT
GG % 35 -HRARVEZAT MESICE AT 3-5A 8K (pppsA3p5sA3psA) Tix
RNase L & OfEGREZ R ST, EHICH-Kinb 1 DH, 2 2HZZNEN 3,5 KRAKRTT A
TOAEAICAES L2 3-5A FHEA (pppb'A3'p5s'A2'p5A, ppps’A2p5'A3'p5s’A) TiE 100 fELL E
RNase L & OFAHENME T4 5 LM S TW5D, ZOfEHIEL, RNase L 238, 2/, 5K AR YT
AT IVAER H ISR LG L TND 2 & &R LT\ 5H[7], 2-5A O O EEMEIL

Vv (DEEAN LT AFE 2-5A FHERO G DI BN E 2o TV D, 5-KHH & Hy) o

TT)vrEA )V TEER L 0 NH, NH,
7= (ppp5T12p5'A2p5'A) T ngL NH a9 al
NN HO NN N N/)

(¥, RNase L & OFFGIEMESRE  FON o HOW
<ET S, LaL 2 %R, 3% \J —~ /
BoOTT )o@ Lz 2-5A Ho on o o
W% 8 (K ( ppps'A2'p5I2'p5HA,
pPPP5'A2p5'A2p5T) Tik, KIRM Fig. 3 BEFi7 T/ FEARDIEE

2-5A LRIHEDREARRNEZAT D Z

ERHo TG, D 300 2-5A FHEMKRO T TIX, ppp5A2p5'A2p5T 23 KKK 2-5A L [F]

inosine (1) 1-deazaadenosine (c'A) cordycepin (3'-dA)
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HEORAREE AT 573, RNase L {EMALAEIE 10000 555325, 1 FEOT T/ v > FRiZ
N7 2/ FiZ RNase L & OFEEIC. 3FR DT T / v 1% RNase L OJEMHEILICEE TH 5[8,9]
TENRENTWVWAFig. 3,4, EBIC1IBZROT T /v a2 1-FT7H 7T ) v (AN EH L
72 2-5A FHEIR(p5'(ctA)2'p5'A2'p5'A) T b [AAKIZ RNase L&A HE/ DK F 10123 R STV 5,
2-5A DOFEFMAKBEIEOBEEMEICOVWTHHRESINTWD, 3-TAF LT 7T/ v (3dA;
cordycepin) %z VT, 5-RKulins 1%
B OFEER 8- /KB 2 bR2s L7z 2-5A #FE (K
(ppp5'(3'dA)2'p5'A2'p5'A) Tlk, Kk
2-5A L 1ZIF[A% D RNase LS G126
4500, RNase L OIEVELEEIT 3 51K
T4%, LU, 2%H O 3- /KR %
BrZs L7758 K (ppp5'A2'p5'(3'dA)2'p5'A)

anti
< |RNase L binding |

anti

Tl AEADETL 5001000 FEOE 6 on|
K72 RNase L IEHALEEDIE FABZE S h , e L actaion |
Twa[11l,

LA 5. RNase L Off&121E 5 Fig. 4 2-5A(5) O E MR

KIGDOT T = VBRI R THDH Z &

TSI 5-RKuE 2 U VRIE, 3O EDT T /v X VAT R, 2,5 RARYZ AT )L
fier. BRI 6 2FBDOT T /oD KB, 5- Kb 3FEHOT 7 = U HENEET
bbH T ENRHBMNE o TS (Fig. 4),

—7J7, P.F. Torrence 5125V 87 axt75 /v (breA) #EA L7 2-5A B ARNEHEERK
Eh, ZOHT 8T RETT /vy BN BRENOEZXT 3 FAOMBEIZEAI N
pppApAp(brsA) 1278\ RNase L iFPELRENS R HENTWD, X7 LAY REHWIZHZET
TT ) 8P NF—IR B A AT D & syn BB T H 2 Lix k< mb T D,
3EHDOTT /UM syntilEE & VoK L Z ERNEHEIEOMRICE G LTnWbs D EE
b,

FIZ T, Fex3ET 25AD I FHOTT ) v anti-form syn-form
N synBiE% b % = &G RNase L 2 TGHEL L . iy t% R = CHy or Br
N 5 = /N //K = Y
TWEMNE I MEFHTFEEZ RO CHRRT S 2 HOW TR How

LTz, Thbh, Mx B EEZT T ) v o on o

8 MLV 2 ALIZHEALT, b MBI FHEEZ Figh 7T/20manti-BREL synBLE
RNaseL # HIW\T Z i1 b OIEMEALEE 2 FE4h L 72,

FORER, 2-5A trimer £/ U VR (5: pApApA) DILVELREZR FEMEICLEEST D &, 2 LIC R
FIHAE A L7z pApA(br2A) (6) TiX 0.17 fi5, A F /L% E A L7z pApA(me2A) (7) Tl 0.21 %
DOIEMALREDIR T 2R LT, 2 (i ~OEBILOENIXE DT T /> D anti-Fl)E % BT
HEZBZONDN, WTHMOFEERTHIEEILEBOBBE RO bz, —FH, 77 /> 8 fif
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ICRFI AF LI AE A L7z pApA(brsA) (4) Tl 33 1%, pApA(mesA) (3) Tik 3.5 D iEMERE
DR ZER LT Z & D, synTREORENIH 65T RNase L OJEMEILEEZ BT 5 Z & %

TR L7z,
L2L, Table 1 IZRT L HICATFNLELD L
-l F L A RFVE TR UESEAL

72 2-5A #HE (K (pApAletsA) (8). pApA(meOsA) (9),

pApA(buO8A) (10)) Tik, RNase L & OfE&ICkE
L2 XTI O RIENALERE DG ST

LNz, TR, BRLEO/EICHE LA X%
AT LHRBOATFNVEL 8 (ICEB LT T /v
V& 3FERICAHT D 2-5A FHEIL(3, 4)7° RNase L
R <JEML T 5 Z &l o7z [12-14], F2, 2

Table 1. 2-5ABEEKIC kB MG TF##x

RNase LiEtHE
2-5A ECs5? (nM) Relative activity
pApApA (5) 6.6 1.0
pApAp (br2A) (6) 40.0 0.17
pApAp (me?A) (7) 31.0 0.21
PAPpAD (bréA) (4) 0.2 33.0
pApAp (me?A) (3) 1.9 35
pApAp (et?A) (8) 16.0 0.41
pApAp (meO?A) (9) 1.0 0.6
pApAb (buO?A) (10) 23.0 0.28

NS 2-5A FEKIIX 7 LT —FMEL R L2 &b, 53k 2-5A DERL~DREEEZE X -

GEITENTALFEMTAIC R D LB X DRI,

2.2 £ FRNase L i & #ke
B rRNaseLiZ. 741 7 X VB0 672 5% 84

kDa D% /X7 Th D HFLIAMILIZIR < FBL
LTwW%, RNase L%, K7 oxVJ v
— F FAA (ANK), 707 A % F—PHE N A
AU, CRMYRX I LT —BRAAL D 3 D
DRAL VMBS TWVD, NKIi7T %Y >
JE—h AL U, 8 05D54, 1 ODES
727 %) ) E— hMRI~NRYMNDH 725 T

%5, RT &L RIITTZTVYv, UV, ALF=
MESIN DD (Fig. 6), Fx OWFE7 L—TFT
V. X RS S S AT 2 BRI KM & T3
BWL7-t MEB T2 RNase L Z1/Eak L7z,
Z OGN EE A MR D 7223, 2004 FFIZIEFIKR
oW E REE S & oHEZE T, RNase L
DO NEu7 o)V E—hRAAL L 2-5A
& DEERD X B EiT (Fig. 7) 125
L. ANK & 2-5A OfEaHXZH oML
[12-14], 2-5A 1. ANK ® 2 FH 5 4 FHD

Ire1p homology

P-loop motifs T 1
Ankyrin repeats [ ] Z'g"g% ke domai
r—Lpﬁ 23456789 inase-like domain

[ UL I [
2-5A binding 2-5A binding  Dimerization Nuclease
Lys392 Trp632
Asp661
Arg667
His672

\ | | | | | | 741
1 100 200 300 400 500 600 700

Amino acid number

Fig. 6 RNase L (Di&ik & 14he

N Terstacking
Arg 155 i interactions Phe 126 Glu131
NN
e MY P
salt bridges 4,0\\/ == hydrogen bonds
S &
s o. 2 N .0
= Po </N\‘/kN,«” \\/\Tyr 135
= o ) Jf
AL
%’ (}/” Vo S
atheix M ° o pwcines
(res. 159-164) oy \N/\N/J
OH o N

o
! Asn 65

6 0 N N/

> s )
salt bridges .0~F=0 N\;[N o

0 Nt 0
Lys89 K/D\ N water
e o o
s o
T\
Trp 60

Fig.7 ANK & 2-5A OfE&E#=

ToFV I E—FRAS IR LAEBBESBZBHDOD R AL VOBICHEAINTWS a-~
v 7 A (al-helix) #&73, 2-5A D 5'- KV VAL EFHAE/EHA L TW\Wb, ANK D 60 FHD -
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Y7 h7 572 (Trp60), 126 EHDO 7 ==/17 7= (Phel26) oo A% vx7HHAIEH
T, 89 FADY Y (Lys89) & 155 FHOT LX=1 (Arglhb) ITHEMAIEM T, 65 &
HOT Z/87 X2 (Asn65), 68 FH D/ /L4 I (Gln68) | 131 HHD 7 L& I i (Glul3l)
L 135/ B DOF 1 (Tyrl3h) 1T /KFEAEA T.2-5A EFHENEMA L TV 5, #5712 Trp60 & Phel26.
Lys89 & Argls5, Glul3l 2Z& % ¥ 5 &, RNase L OiFME LEE 2K D, S HIT, 2-5A ©
5K H 8F\EHDOTT /UM synfillEE E > TnBZ &, TEENL 9FBBHOT X v
U E—h KAA 2 RNase L ORISR EMEICEE R 54535 Z LR &N7-[15-17],
RNase LOYRX 7 LT —F KA A 0% CRlicH 25 (Fig 6), O Efiiciz7ae s A >~
XT—BHERAAL U RHDIN, 207074 X T —BHERAL D 392 FHOY V2TV
F=UZEHT S (K392R) &, RNA O RIEMEIZGS T 5, 7mT7 A v F—BR AL~
& ATP - ADP & OF5ATEMEIME T4 % & RNase L O " BEAKERENBL T 5700, £720F
BN EREESCHEBMEICBE X510, TuT A X BB RNAL O RERR
RNase RAA UV OfEIEHEOKR T2 L0 EFZx N5, £/-, 632 BHO RNV T 77 v
(Trp632), 661 HFEHDT AT X W (Asp661), 667 HFHDOT /LT =" (Arg667) L 672
ZFHOE AF T (His672) 1$FE RNA O fEICB G L, 712 HHOFr Y (Tyr712) &
716 ZHD 7 ==/L7 7 =" (Phe716) [3&H RNA OfEH L NRICEE TH D Z LB 5
LlpoTWn 5,

2-5A & N-Ki7 % U U B — b RAA U OEEE X B E i OfE %, £ E Tl
I Tz RNase L OIEMHEALCREAIC 0B 72 2-5A OIS 2R 2 EAHT 5 H DO TH
72, & 512 RNase L ~OEN R YA BB AR Z W=7 2 IROFEREMHT X FTH 72 RNase
LG OB ) CHRERMR & 22 ERHFIN S, T4, 2K RNase L O X #fG5h
HEEMRAT IR LTz & OMENS] b oz, ZoMICET 23MITAPE-EEEIZLD
Cutting Edge #&E|Z L CTHHX 7V, ZO X HIZ 2-5A 1215 RNase L & DOfEA - IHMELS
RNA Bo5I 55 LA EINT 72 £ 7372 0 0 5503 X S AT 2 F O 7 HEE A2 R A & 3 o
TEIER, A% S bR MR & AEE~DIS IR R 2N %,

3. 8-Methyladenosine EAIC & 55
B RE1L : Syn-B2E (X RNase L & D #E
A% M1t

Tl ~7= L 91z, 2-5A & RNase L @
N-RIEA R ANK & 0 X B i & i
B, 2-BA D 5K D 3FEDT T ¥
NE o synmTREEER £ o TWD I ENH BN
27272 [11],

Tex BB LEZ3FEROT T /D8
PLIZ A F NI T v B A B AL 2-5A

Fig.8 2-5AM3IBEDT T/ > oId synBE TiEMLL
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FERTIZ,. ZO3FBBOT T/ Vo DMERMI synTilFER & 5 Z L T, RKART2-5A L D RNase
LD BYA FEORAETEENHEML, MHELEEZMR S &EE 32 & T, RNase LIZx7 51E

PELREA R L= bt B2 b D [12],
KA 254 € /7 U v B
(p5'A2'p5'A2'p5'A2'p5'A) R°F D E

NH, NH, NH, NH,

N N NS NS
<\) <I) <N\N/) R%N\N/)

BIX, FAFeT XA NEMEGRIEIC Ho— o o o9 o

£ » DNA /RNA HE A Z AWTE YT WS e W& S
(1)R=H

BICERTE S, fix D 2-BA FHERD (12)R = CH3

RNase L {EVELREZ AT L7551, 5'-
Kt U CEBBEA KRB LEFLEERTH D
2-5A 2T 4 BIK (A2’p5’A2'p5’A2’p5'A)
(11)1%, P48 Y RNase L i LEE
Sm&Temrolz, Lonl, PRICKLTAFEHBOT T /2 8L AFNVELEA L 8 AF
NT T ) v ER 2-5A 2 T E R (A2p5A2'p5A2p5 (metA))  (12)1F. KM 2-5A

(p5'A2'p5'A2'p5'A2'p5'A) X ViR RNase LiEMALAEZ < L7z, #5812 23& > RNase L
IEVELREZ R T~ DIx, RIRAY 2-5A & 1387 DI FIET 2720 L B 2 foviz, FHER
12 Tk, 8L A FAKIZ KV 2-RIgDT T ) ¥ I D synFlENMERI /D2 LT, 2D 2
Ko7 T /D ANK EORAICHR BB HET 2D EE R, Thbb, 2-Ki7T 7T /¥
YEANK O B YA b EDOBTHMSFHAEERANELD, S5 5Kl R AR Y = 2T ViES
B2 ANK O P A MIHES T %5 Z & T, RNase LiEMALIC RN A EL kA5 &2 L
b DL LIZ[19], 2B X HMNIEL WA HIX, 2-RIEEE 8 (i~ (b #EHiIL, ANK
KT 5 2BAFERTNLDO Y 7 M EFHELT D 2 EARB SNz, MZ T, - RIGERAL~DLEE
filc kv X7 L7 —EilittEom Eb RiAEh- 2 &b, RIREL 2-5A L 0 Z5E7e 2-5A HE K
RO FREMER H D H D EB 2 LTz, R 5RO E N Y A KHE LT RNase
LIGMEALREZR A L7 2 LI, IRVEMEOBRIC X 2 BE 23 A B U7z 2-5A FHE KO AR S 72
DOLHRTH D,

2-5A =17 {K(A2'p5'A2'p5'A2'p5'A) (11) o " \, s

75 RNase L IEVE(LRES 2 < R ST 8 fir A " Cr f) f) . f)
Tk (A2'p5'A2'p5'A2p5'(mesA)) (12) ¢ & u o o u o o u

D3, R 2-5A X U &\ RNase L iEPE(b ey G e LTI svar o S way &

B &~ L =2 2 & »» b

p5'A2'p5'A2'p5' (mesA) FR A\ O 5- K2 Fig. 10 Doxifluridine-conjugated 2-5A analog (13)
Bx b GWEBEANTHZLERAREEE

Abhlc, 22T, YIIVUVREZAT LI VI ProB8 AZRFTLEE Z A,
U2'p5'A2'p5'A2'p5'(mesA) (X858 RNase L iGtE(LAEZ R L7, —FH. £ 3,5-fEH BT
&% Ud'p5s'A2'p5'A2'p5 (medA) 1T IEMALEEZ RS o7, ZOfERIL, RNase L & O

Fig.9 4 ZHBI(Z 8-methyladenosine Z&EA 2-5A (12) (&
BUVEHIEERZRT,
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AT p5'A2'p5'A2'p5’ (meBA) ER4 B HT 27213 TR <, MAIEMLICEERE S Lan e &
Aol 5K VP UEEEORABEABVEETCHL I LN TRB SN, £ T,
p5'A2'p5'A2'p5' (mesA)NL D 5-KIIZHL AR A AT 5 doxifluridine Z3E A L7z 2,51
B2 aT D47 Y v Rk A8)&& Lz, ZDO A7V » RE (13)I121%, doxifluridine
DB AAENEE 2-BA ¥ AT DT XD ERBIE S AT L ORI KX DHRDRD TSN D, FE
B NA 70w RIE (13)1%. p5FA2p5'A2p5'A2p5'A (ECs0=12.9nM) £ 0 £ 30 {5 (ECs0=
0.45 nM) & O 7= RNase LiGHE(LREZ R & & $12, HeLa Mo 0H £/~ L7-[20],
HeLa fHfaFANHITE X, Doxifluridine B L 0 IXE TV H DD, £ < HeLa AlfaE5EH)
HIIEMEZ A L7220 2-5A (p5A2'p5'A2'p5'A2'p5'A) & LE_TIE D MITHRWFIA AiEM 2R LT,

5. BhbYIc

HIIE siRNA X° miRNA 7' RNA [E3 L L CHERAZB TV D28, 2-5A 3 ABIEM 2 4 5
${ RNA OEBRIT L EZ biLD, BIE, BMEFRZEBT 572012 DDS H#IF0 B R E LW iR
WD N, Fx ORIZFRBIIEER 2-5A 7072 AW B OBRFICENR D 2 L %2 1
L TARAE KDY 720,

o i

e B LA B IR # & LC ST S & LI b e it (B - Bk ey
AR NSRRI (R TR (005 OMEERLET, 1, &
HBFESE TR & U723 AT D7 BB L %, X A B XEARAT 2 85 0 38 < J24 LT F &1y
E Ui WA (R AIR) (VRS L £, AROERIC SHAE ¥ L1
B TERFEOR () LEIHEIE R N MIFHERIL RIS B AL L LT &7,

2EXH
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/I//] Cutting Edge /////

RNase L 2B 2EBEREHILEEMALZERLL
W& A FER I
BRI g HY (B

1. XL HIZ ()

A ¥ —7=xul (IFN, interferon) 1%, HLV A NV AVERA, PUEGIER 72 S8k 2 7o A%
REYA RO A L LTRSMBNTED [1]. TOFRE [2]. B FEIIRE [3,4]. SLIAHEE
ﬁﬁﬁ [S1EWVWHOMBD TEERAT v 7BHRAFEFICL > TR LZET O TND Z & HFFE

(A3 %, IFN D3N b O BRI S5 2 & T, JAK/STAT ## L FEEN D & 7 F /W niE

% % I L ISGs (interferon-stimulated genes) O X 9 72k % 7‘&1_41:%@%575‘/3 Pk S5 (K1),
IFN DIERIZEEL LTISGIZEsTa—RINDZ RV EICFELNTEY, —fHilz255 &,
PKR (double-stranded RNA-activated protein kinase) , 2-50AS (2’,5’-linked oligoadenylate synthetase)
B L O Mx proteins £ (ZBH T 2P B < BE ST D (1],

.. dsRNA ¢

Tf* actlvatlon =
‘J!,';V’_ r \‘P{ [}

%g 2-50AS ’-PDE
ATP w=—p 2. 5A—> ATP+2AMP

JAK / STAT

1 RNase L
ISGs| (monomer)

Degradation Inhibition of Inhibition of
] - H H —’ - - -
of viral mMRNA protein synthesis viral replication
te, v
apoptosis ‘& K3
Cell death

M1 A F—T7=n LV FEEIND 2-5A VAT A,
X & DO W5 : IFN, interferon (PDB ID: 1AU1); ISGs, interferon-stimulated genes; OAS,
oliogoadenylate synthetase (PDB ID: 41G8); PDE, phosphodiesterase (PDB ID: 4YE2); RNase
L, ribonuclease L (PDB ID: 40AU); 2-5A, 2°,5’-linked oligoadenylate
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o 9o o
O_E_o_u_o_e_ /=N
O O O O N~ NH;
5 ) 1
2 NN
HO O
"0-P- =N
& L_O_N L _NH,
5’ , 1
22 NN
HO O
0-P-0 =N
& L_O_N _NH,
5 i ¢
sz N
HO OH ~

X 2.2-5A (2°,5-linked oligoadenylate) D&,

IFN X2 ANV AERHO—2L LT, [2-5A AT L] EMEEND VAV AHRK RNA O
IR A SN TWD (K1) [6,7] 2-5A AT AT, LLFORNTY A /L AH K RNA %
L., oA LV AERZRET S, (1) 7A/L AHR A RNA (dsRNA) 23 ISG FEEY D —
STHD 2-50AS =KL 2, (i) &ML Sz 2-50AS 28 ATP 725 2-5A (2°,5°-linked
oligoadenylate, ¥ 2) Z&RKT 25, (iii) 2-50AS IZA S 72 2-5A BARTEWRE ) ~v~—& LT
f#1E4 % RNase L (ribonuclease L, L | latent ® L) @ 2 B&{L L iEMHELZ2FHE ST S, (iv) 2-5A
DOFEBIT L VIEMEL S 72 RNase L2237 A L AR RNA 29I L. 7 A4 LV 2 DB A RET 5,

25A VAT LADAOHIEKFE LT, 25A @ 25-#E520W 3 5 2°,5-PDE
(2°,5’-phosphodiesterase) DFTEHHE AL TV D [8], & HIT, T, 2-5A ¥ A7 AIZ KL %D RNA
R ZE T 5720, HDFED T A VALY 2,5 -PDE WNMFET D Z ERHEINTWS [9,10],

IFN FHEAE 7 4 )L ARG TIH D 2-5A 3 2T KM T HHFZIIIER IC LI I > TWDH A3,
AFa T, 2-5A LW )R THiZR (DNA °RNA R CIEH OB TR LN D 35 R AR YT A
THUREETIERLS, 2,5-FRARTZ AT AR EEH/T5H) EEBIZE D RNase L DAL &
) L= — T IRy TSR 2 B U 7o EE A RO EIC BT 5 VEE B I L DD A & T
DRI LI Lz,

2. EFRNaseLONFKmZUFUVIE—FFASMVOBREERFT (X)

t K RNase L 1%, &K 741 7 2 BRI DR B aligtE S L X7 TH Y . N KJI B IE
WZOEEIKLT XV U E—R ALY (ANK), 7074 3 —BHEBP A A, CEK
BV ARXIZ LT =B RAAL 0D RAAL U E > TS (K 3), AALFROERRN D,
2-5A M ANK IZHEGT B Z & T2 B L ETEMHALNELT D Z ERNRB I TV [11, Lo,
RNase L O ST S HREE L CIXF CEX RV LT ORI LTV,

(i) 7o, HE(K RNase L X ARIHMER 2 D7),

(i) 2-5A IZ RNase L O EDHNLITHFEST D D,
(iii) 7eH. 2-5A OFEAIZL D RNase L 28 2 EK{LT 2 D,
(iv) 728, 2 &MR(Ld 5 Z & T, RNase L (ZIEMERL L 7225 DD,

T ZTER L, R RETEHROILHEIE A, Tl A EodFEFZEICEY ., v b
RNase L O X #ib s ST 288 L7z, 19984 10 HDOZ L TH 5,

Ankyrin repeat  Kinase-like RNase
(2-5A binding) domain domain

N[ 2z 4.6 7[8 C
T T T T
1 200 . 400 600 741
1 333
Crystallization construct
B 3. & RNaseL D —&RHEE LD N X1 VEE,
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21 EFRNaseL D X @SB E®EN

Tuves MEEYW), B 2R RNase LIZBI L, 2-5A fF7E T8 L OFEFTE FICH T 55 dh
fbxR ATz, AT e LT, P THLIHRELEN D KBE TRE ST K
RNase L, ¥k # Th HA0HEAEND 2-5A O 5°-— U gk (K 21%, 5°-= U UEEK) it
WLTCWEEW, 1T HFEEFRITHER LA EanEo 2o 7272), B F42K RNaseL
DG L EWITLTE FRNase LONEKERT o F U U E— R RAA > (ANK) Ofsg iz g
EF LT, T —PHEE FA A LRNase KA A L0 H ANK 25 L72BEH T, AERNiCE
WTRZEN OB RNase LIEMALEEER A T2 2-5SA FHEURIZH LWX A TOH T A VAEK L FRD
52 T2 O FR2-5SAFHERD BB EANATOITND E VI IFFEE R H Y [12],ANK & 2-5A
EDEAEERONEEEERIZT THRIFE L WHIBLETII AR A T RO DLEBEZ DD
T b, ANKIZE L Ti, 1999 4E 10 HI1T1E 2-5A FEEL TERIRAE SR N5 S =28, BAF 72 AT
T—RAE/DLLIFTERPoT, TO%K, BESELHEEOE S BUH Y 7 OfEEfrE (N
KHDHVILCER) R EICEAT2RITHERRZHE VIR L, ANK (FEREEE 1~333) & 2-5A LO#HE
RO BERMERAZED Z LRI L [13]. Fu =2 MBI BHI 5 DR H 25F%E L 7= 2003
FL AP L 9L ZONRHEEZ 1.8 A fRie CikE L. (M4), T <ICmezHEE LIF
WS ODDOFEAFEIZERB LN, Wit 2RO 2 BFREET > 72 5 KREGIZR DTN - - -
VO R TR A IES S, 2004 HEEIZ EMBO J~HETH Z L3 TE 2 [14],

X 4. ANK2-5A HEEDO Y EEE (PDBID: 1IWDY), VE— L9 (H3BR) X, &7
L AZF—HF—1LTWi,

22 £ b ANKDI{E#EE L 2-5A B HE

Fex DG R ERRAT IO I L7 RANK O3 2 R 527 b (1~333) 1E, 9| IR L7 > %
V2o E— MEEEZEZD LD TH T2 NREMITOfRER Y BE— 9 OETHEEZHERT D
ZEMNTET, ANK D CERKEDIET 4 AA—F— LTz, X4 I1RT LD ICFx 32
FELZANKIZ MY LT U F U U E— MEENLAY, VE—F4 LU E— K SOMIC
FRANY v 7 ZANFLEL TV, 2-5A1F Y E— R 22006 4 OFPHICK S LTV, ANKIZX 5
2-5A FRRREEAEICBI L, SERREEMENT 21T O £ TlE. ANK O 2-5A #EAEALIC X O FE A &
VRIBTRALND LR VBREERBT AT ODEEBR Y 7 AL —BNEETDHOTILR N
MNEFTRAIFEHBL LTV, L L, ANK O4 FREIZEHE R EEMN 27 7 A X —I3FEET . ANK
WEAZ X THEER & AFBR-EOMBEDEIZL Y, 2-5A OEFMZTHTFRHE L Tz
(5), Friz, U E— R 412X 5 5-Kiis AMP (2-5A 1%, 2\5-fE5E 12X 5 5°-AMP @ 3 &k & A
RED) OB E Y E— k21K D 2K AMP OFNIEE ThH o7, F/-, TNETICE
FEIN TV B EFE 2-5A FHEROESEEEMRB T — & [12]1H. 2-5A @ 5-Kii & 2°-K it AMP 23
WIHBHE TH W Z O ~OFREHE A XIEMEZ (K T S 2528, e AMP S~ B HEHSE A
IXE T EEREL FIT SN EWIFEREZR L TE Y | SAHEEMATORER & —F LT, 2-5A
RS L O 2-5A OREETEMEFERI OFEMIC B L Cik, JRE [14, 1512 2T i2 & 2w,

12
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K 5. ANK 2 & 5 2-5A i8##+# (PDBID: 1IWDY),

. EFEDERE (¥)

t N ANK & 2-5A & OEEERO N EERE % 2004 £ L CLIFE, Fx it M4 K RNase L
DFEERE/RDL I ENTETICNE, bHEAAME L TW o obid TidZa <, 4, b
SeED LI RS OREH kAR RNase L OfEb b 5 WITIRICIRAE T O MR I HL Y £
ATz, RO Z L7225, RNase L (ZBET 298D HERE TH D Cleveland Clinic, Lerner
Research Institute @ Robert Silverman {Ei+ D 7' /L — 7§ T 4 & FEEIC 2 RNase L O SR G R
HEHELTW=EoTh s,

Fii=72EBR & L, UPR (unfolded protein response) (ZMHEDXF—FETH D Irel (F—F
RA A ATz %D C KANZ RNase KA A %4 L., RNase L @ C K & FFE{ELD kinase/RNase
EWD RAAL R ZE RO 7)) OSLARREE N TR 2R [16]% 2510772 Alexei
Korennykh 1#+4:73 Princeton K= TT7 R & x . 2K RNase L O ARHEEMITICS AL TE T,

31RNaseL [ ANKZN LT 2E&KILT S

2012 4£ 10 A, ko> Korennykh 110> 27 /L— 73 I A BRI W ER LA 5 FE LT [17], Trel
(kinase/RNase) (ZBIT AWML TEE 72/ U T EFE L, £ HDIZLE RNase L 5 KX TN ANK
B3 DS U 72 BERERRAT FEBR 21TV 2-5A OFEAIC L D ANK BT 2 BifMb+ 52 L2 A
HU7Z, LL ZOFERIT, EE 52035 L7- ANKR2-SA BERITE ) ~— L LTHEET L LN
O fE AR [14] (X 4) I1E—BL72v, ANK/2-5A AR S O 2B P2,2,2, THEFREL
MFDOZFEILI ThoTeZ 0D fERmP Oy ¥ 7 E2ZE L TH EE SO ANK/2-5A
BAKIZE D 2 BEBRIZSVER, T T, H5I1T 2-5A HFEFBXOHEFETITBNT
ANK Db, X ST 21T o712, TORE, 2-5SABN ANK O U B — k 2~4 [ZfEAT 5 &
W I TR A OFERR L —EF LTV, 50 ANK 1X 2-5A OFEEICE D 2 BfRfbdT 252 &N
REB & 7e (X 6), Fex OREIE L 6 OIED KX 72E WX ANK DY E— F 9 OETH 5,
Forx OfEECTT 4 AL —F—LTWEU E— k9N 5 ofE i 2 BMLICBS 52 &0
mrENTZ (®6), M6 HIIARTEIC, 2 BEORTEELTHE ) —HDOp DY E—F 9
(R) IZJBT 2 Arg310° & Tyr312°7% 2-5A & OFEEICE G L, 2 BIKOLERIZEH G L Tz, &6
PP BB HERR NG 6, 2D D 2 BRICB T 2 EEMENRE I N, 2B, Fx O
&L O ORIEIZET D 2-5A OFEERRILEBRFRZ L~V TS (RMSD =032 A) THY .,
Arg310° & OHAAEMTER L T2-5AD2- RV R—AD/Xy B ) o TIRER D720 Th o7,
Z DFSC [17]15 5 Korennykh i+ 7' )L — 7128\ T4 RNase L O KEIEHL R E L ORERESF
M EBRANDTOMESLIINLTWAZ L, 20D Irel (kinase/RNase) #FZEIZBEd 5 o Zf
T OITFEFITMADRHEFMTTH L Z ELBEVIE iz, Fex RIS 5 642K RNase L
DNABRKEERITICER D LA TS Z EIEHLMNTH Y, 2D F F TlE, 2K RNase L O LK
T L — A TR BICAT 5D TIERWN? | LW BNEZNE 525, REIICEET LI
ZOLEX I FE LRV BICHED LD ER ST LEST,

13
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X 6. 22/ 2 BHEEHER Lz ANK2SA BEEDOSE#E (PDBID:4G8L), — 5 D
45F (RI~R9) IZHBALZ258A (B &) D 2-KELbH5—FDHFDY B— |
9 (R, RY) BNHEEATAIZ LIV 2EERZEEHLL TV,

3.2 £2F RNaseL Qi A ERIT

ANK/2-5A D5ER7 2 BIKEROME 1715 1 72720 2014 45, DWIZER
RNase L ONTARHEIED IFfE S 7= [18, 191, —fFIEL. RNase L IZBH T 2D EERE TH 5
Silverman f#+=0 7 /L — 712 Xk 5 7 ¥ Hi k4K RNase L O SRS TH Y [18]. b 5 — 1%,
Irel (kinase/RNase) W5EIZEIT 5 /) U U ZHF 3% Korennykh LD 7/ —712 k5 Mk
25 RNase L O SAAHEEAT CTH D [19], WiH OEEIXIZIFRZ%ETH Y, LLT, Korennykh &+
DI N—TICL D FHEERE RNase L O#EEICE LIEN T 5,

X 7. &£F RNase L O . {&k#¥E (PDBID: 40AV, FmEX (£) & L@l (), EH
MizBW\WT, IEND NEKE7oFV U E—KRKAL Y (ANK, B~FFA).
¥ —BHEE KA A D N-lobe (F) X C-lobe (FHfk~FE ). CKHi RNase K
A A (RNase, L P~K), ANK IZit 2-5A UK, 2 F—FHEHE AL I
X ATP B, RNase K A A 121X RNA WA (p5°U3’p) AFEALTWS,

14
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4] RNase LI, ANK/2-5A #HEWK [17]04E&E 0O THEINZE Y . ANK [A 7% head-to-tail
T25A 2N L T2 BEZER L, RWTHFF—E F A A 78 back-to-back (ATP & & EBALD K
SHAD THEME L, C KD RNase N A A > 7 face-to-face (fEEAZLARA) THEf L T\ (K7), 2
BIRKIZBIFAFF—E FAA & RNase RAA ONERBRIZ, Irel OBFA [16]1& F%ETH -
72 2B THIT L7 RNase L IZB LRI TR Z 4 OGO H T, (i) 1XF 4 O [14]. (i) 1
Korennykh {815 OAFSE [1TNC K VA I TW R, BRI THD () & (v) BT 5
B A, 4 RNase L OfESEIEMNT OFERN O LT O < ZRIZH BT o T2,

RNase L [T, JEE L7225 A RNA O v U U U ML AR RAICERB L, T 3-HBEEX 7 L
FF RO YKz YW 5 2 EnmobN TS (..-U-p-N-p-//-N-...) [20], RNA /i & DEAH
IR ORE S NS KA FEERN S, 2 BRL L7Z RNase L O— 5 OH 7 == ;D RNase
R A A 2 OIFEHERALIZ BT His672 =° Phe647 M ELE RNA O 7 U O U FL A F BAGICFRRR L .
by —HFOY T 2=y s OIEVEENL T His672 Ml & LTl kDX 7 L AT Ko 3Kl
THEHERNA 22U Z LA LMNE o7 (M8), ZDZ &iX, RNase L3 T U & U MR FLkE
FLH) RNase IEPEA BT H72D1201%, 2 BIRMMENRSLETH D Z EEZHPTITRL TS, /- T,
(i) 72, HLEIK RNase L I ARIEMAL 72D h, (iv) 7o, 2 BI&{L3 5 Z & T, RNase L [ZIHPER
EIRDDM, LWV 2 ODFEN 2-5A F1E FIZH T 52K RNase L O SLAMEEMATIC X 0 I fif
mENTZOTHD [19],

RNase L iEHALICHIT 53T —PHEE R A A o O&FE L LTk, FF—EHEEL R A A 12 ATP
DHEATHZ L THRFT—PHE R AL L RNase R A A O EBFRIEE S, 2 9D RNase
RAA VB HIAIRIIZ RNase TEEA I TX 5 B2 6T\ 5 [18], 4 RNase L IZBHT 54
TEIEPEA B OFEMICEE LTIk, R EBRT — X DR SN TWHHEME S LWREW®R S [18, 19]1%
Nl YAVl el el A

X 8. 2 F RNaseL ® RNase KA1~ (PDBID:40AV IZ k37 U P U HEAKRREMNEE
RBEE, —FoV T2y FOBEHEMTEERNAOY U P UHEREEZREL. b
HS5—FDY T2y OFBEHREMTKDOXZ VEAF RO 3-Kigzxtik+5 (/- 1%
BIWr &AL %2 & J ), RNase FA A ViZiZfERILICA W RNA Ot (p5°’U3’p) 34
ALTW3,

4. BHYIz (#)

ARTIE, Btk AV X7 LAF R TH D 2-5A DFESIZ L D RNase L OIEMELE W H 2=
— 7 T AR & H AR LTS A O E O R 2 4B Lz (X 9), RNase L OiEME(L
BEORFEEZ O T N—TI2F CTHPAT DIZIEIEL R 572500, 2-5A OFEAEEXOME

15
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B2 XV RNase L IZBIT A& AW FHIFR O O Z W=Dk~ THh s Z Lidhh b
WHEETHY, REAEZMOA N7 EFITHE L WEW L BIGICH SR OEMKILH 5,
farlz, Fex OFEFEFIZIBNT, ANK2-5SA EEERIT 2 BREZEAETICHERERE L TFEEL T
WD THA D D2 FEiT Fox OfE LS Tld ANK/2-5A EAEORE SRR 2 BEFRE L /-
e, VE— b8 LU E— b 9 OEMFEIRICFET D Cys293 & Cys301 & OFIZTHIH ¥ S-S
FEAEMAELTCLES TV, 2R, VE—FIDRELWMEEEZ LD ZENTET, T4 A4 —
X— 1L T2 &I TE RN o72DTh %, Korennykh it 51X DREICK X, 1~3
H &9 LAY E R CRE SR 9 2 S FIcB W T2 ERL L 72 ANK/2-5A B AR DR ERE
WS LTV 5D [17],

Q_-BP'

(g

(1) EMBO J. 2004

ANKODOR2~R4IZ
2-5ANEEE T 5,

(2) Cell Rep. 2012 (3) Mol. Cell 2014
2-5AEEEIZkY Science 2014
ROZFTL T, 2B REICED
ANKA2ER1ET B, EEC AR,

B 9.2-5A (1C & 5 RNase L DIEMELIBHEMRAMEOLEE, (1) EHFELITL DR 4],
(2) Korennykh LD 7 Vv — 712 X B E [17], 3) Silverman =D 7 Vv — 712 & 3 &
B [18]3 *Z Korennykh D 7 v — iz XL B ERE [19],

WL ODD T A VAL 2-5A AT LI LD RNA 4 fifEEE A IC 2°,5°-PDE Z 5> T\ 5 Z L8
EFRERE SN TWDA 9, 10]. ZSITIEMEHALIC His-X-Ser/Thr £EF—7% 2 2FT 5
2H-phosphodiesterase family (ZJ& L. 43 5 23R 7 L O SRR ESEAE & & 412 2005 4FI2H
HL7- e MME K 2’3 -cyclicnucleotide phosphodiesterase (CNPase) [21]DEME K A A > D
AL AER T 3 —NT 4 T Lo TS T EFIERICHBEGE, Fox X RNase L ([ZB4 5
WF52 & CNPase [ZBH4 A 222 W4T L T TV 72728, CNPase & L DOEEHE N 2-5A AT LT
BELTWD LT PHERLLTW o7, 5%, ZODOBRICELEEELT-V,

5 280 B DRSS D4y T, U R Y — A7 E OB KB T AR O ST E AT I
e, O ERTE TIIMmO CHREEE ZE 2 b Tz b GPCR ICRESN DL 7 B DAT
RHEERRIT 3 2 L LT BN TV D, Ko T, Z OB FAER 2 I XREIC T 0 < &
W LOWBATE T RES TS Ty RAE—V v ) THDLEWIHIREZT D HBRE NG L
N, LI, AR TR LIZL Y~ VT RAL U Z R B0 I MO T R L
TIEEECTOMMMERRETH 5720, 2EBEITRMEALRLORELIEIN TS, BOA
TR TIL, ¥ U X7 B OREREERITONICS [T —F—T v ] BELEEEINT
W5 EEFIIEC TS,

o

AFETHMALZE FRNase LONEKT F U U B — R RA A OfGE S EMRTIL, IR K
FLEmoIdHEEREAE (B - BT ERFTFRBEEE) . THEA2EE (B B RFE S
HEHFZ) . RS ReA (Bl - 7 ORISR O & OIS L D . BRI
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ERO RTINS A (B« BBFIRFIR A B BdZ) OMREICB W T, B MEE B4 (8-
FURFHLEEEAN) L OWANT X 0TI DT, dbdeE & PRI, BRAE S PIEAE R
ELEENE LN RN o7 e 2 NETBYIAZ Ll PHEEALEZELICLDE B
ANK/2-5A EAEIRORE A& T 2 SFD . B TFMEEEZETCCRFIVWE L, B ADELET
O BN R — ~ & THREICES EH# - LET,

BRI Cod 2 =2/t A (IFN- B OSNLARREEMATICE D, 1994 I v 2 ¥ A4 VESE) 1
IFN #5383 RNase L ([Z KABBRA FF7- v, HFMRICEB S VT D, RNase L O A & fig AT
\ZHERL L TNV 2 L C R S WE Lz, W ZHEICOA B EHEVZ L ET,

AR TR LT2EH O OWFSEIE, BIFESERMFSE A, % 22327 3000 72 =7 b, FHFEFF
EEk, ERGLAAEMAI M e kA, BB ER IR AR e R4 1) 1R E R Bh Ak
B T Ze 2 E OB 22 £ LT,
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(School of Engineering, The University of Tokyo)

1. Introduction

G protein-coupled receptors (GPCRs) are the
largest family of membrane proteins and mediate
many cellular responses’. As GPCRs are related to
many diseases, they are often focused as targets for
drug design. All GPCRs have seven-transmembrane
domains, in which ligand binding sites exist’.

The relationships between proteins including
GPCRs and their ligands are called compound-protein
interaction (CPI)3. CPI is an important concept for
drug design. However, systematic understanding of
CPI based on experiments is nearly impossible
because the number of compounds is too large’ to
examine CPI exhaustively, and there are many orphan
GPCRs from which no knowledge cannot be obtained.
Therefore, prediction of CPI using statistical model is
performed3’5’6. In statistical prediction, a prediction
model is constructed with known activity data. Then a
compound-protein pair with unknown activity is input
and predicted activity value is output.

However, there are some difficulties when the
prediction of CPI is used in drug design. First, since a
prediction model is difficult to solve inversely, it is
hard to obtain structures from desirable output value.
Second, in drug design, activity against multiple

proteins must be considered for preventing side effects.

Modeling CPI alone does not help drug design.

In this study, we make drug design more efficient
by visualization of both chemical space and protein
space. The activity profile in chemical space is
obtained by visualization of chemical space or
descriptor space of chemical structures. Then, efficient
search of chemical structures will be achieved by
deciding the target point or the area in chemical space
based on activity value.

Furthermore, the activity profile of any proteins
against compounds can be obtained by visualization of
protein space or descriptor space of proteins. Activity
of orphan proteins also can be predicted if their
descriptors can be calculated. Then, visualization of
protein space enables drug design to consider side
effects.

Visualization of chemical space and protein space
will improve drug design. However, there is no
method for the simultaneous visualization. In this
study, we develop new method for the visualization of
both chemical space and protein space considering
CPI, and propose efficient drug design.
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2. Method

For visualization of chemical space and protein
space, we propose multi-input counterpropagation
neural network (MICPNN), an extension method of
self-organizing map (SOM) and counterpropagation
neural network (CPNN). We also develop the method
of conducting drug design using MICPNN.
2.1 Self-organizing map

Self-organizing map (SOM)7, a kind of neural
network, is an unsupervised dimension-reduction
method for mapping high-dimensional data to
low-dimensional map. On SOM, samples which are
similar in descriptor space are projected to area close
to each other.
2.2 Counterpropagation neural network

Counterpropagation neural network (CPNN)8 is a
supervised dimension-reduction method developed
from SOM. In CPNN, two maps whose size are the
same, called input map and output map, are trained
simultaneously. Input map is the same as SOM, and
output map expresses the profile of objective variables
on input map. When CPNN is used for activity
modeling (descriptors of compounds are explanatory
variables and activity values of compounds are
objective variables), a map of chemical space and a
map of activity profile are obtained at the same time.
2.3 Multi-input counterpropagation neural network

The aim of this research is visualization of the
feature of activity against both chemical space and
protein space. We extend CPNN to multi-inputs and
single-output system. The proposed method is named
multi-input  counterpropagation neural network
(MICPNN). The concept of MICPNN is shown in Fig.
1. MICPNN has two input maps, chemical map and
protein map. Chemical map and protein map are
SOMs projected from descriptor space of compounds
and that of proteins respectively. Activity data exists
between compounds and proteins. After chemical map
and protein map are trained, activity map,
corresponding to output map in CPNN, is trained.
Activity map has four dimensions. Two dimensions
correspond to chemical map and the other two
dimensions correspond to protein map. In Fig. 1, axes
in activity map correspond to axes in chemical map
and protein map whose colors are the same as those of
activity map. Chemical map and chemical map-side of
activity map correspond input map and output map in
CPNN, respectively. Protein map and protein
map-side of activity map correspond in the same way.



Activity map

Chemical map
A

‘ Chemical descriptors H Activity value H Protein descriptors ‘
Fig. 1 Concept of MICPNN

The algorithm of training activity map is shown as
follows:
I.  Project a compound-protein pair to a coordinate
on chemical map and a coordinate on protein
map.

II. Combine two coordinates into the coordinate of
activity map.
III. Update activity map around the coordinate by the

corresponding activity value.
One step means [, II and Il for all samples. The
step is repeated many times to express the
characteristics of the dataset.

By using constructed MICPNN model, activity
profile of chemical space against any protein can be
obtained as a two-dimensional map. When descriptors
of a protein are input to MICPNN model, the
coordinate of the protein on protein map is decided.
Then, protein map-side of activity map is assigned,
and remaining chemical map-side of activity map is
obtained as two-dimensional activity profile of
chemical space against input protein. Activity profile
can be output for any protein including orphan protein
whose descriptors are available. In the same way,
activity profile of protein space against any chemical
structure can be obtained, and we can examine
whether a focusing chemical structure has desirable
activity or not.

2.4 Convergence judging

When we use SOM, CPNN and MICPNN, the
number of learning steps is important parameter to
extract the features of data appropriately. Too many
learning steps often cause overfitting. In this study, we
prepare dataset for updating maps (training pairs), and
dataset for wvalidating maps (validation pairs).
Learning of maps (chemical map, protein map, and
activity map) is stopped when evaluation index of
maps becomes extreme value after 200 steps.
Accuracy rate and root mean squared error (RMSE)
between original data and inversely projected data are
used as evaluation indexes of chemical map and
protein map, respectively. Accuracy rate is percentage
of matching descriptors between original data and
inversely projected data. RMSE (root mean squared

29

SAR News No.32 (Apr. 2017)

error) is normalized error between original data and
inversely projected data., R® is used as evaluation
index of activity map. R’ is coefficient of
determination between actual activity and estimated
activity.
2.2 Drug design

The way to search chemical structures with
desirable activities using MICPNN is shown as
follows:
A) Construct MICPNN model
compound-protein pairs.
Input descriptor values of a target protein to
MICPNN model, and obtain activity profile of
chemical map.
Determine the selected coordinates of chemical
map from the condition of activity.
Execute B) and C) for each target protein, and
determine the objective coordinates as a product
set of the each selected coordinate when we
consider two or more target proteins.
Obtain chemical descriptors from objective
coordinates of chemical map.
Search chemical structures from chemical
descriptors, by the screening of chemical
database or chemical structure generation.

using  known

B)

0

D)

E)

F)

3. Results & Discussion

To verify the effectiveness of the proposed method
we conducted a case study of activity modeling and
chemical structure search.

3.1 Dataset

We performed MICPNN analysis for GPCR class A
family. CPI dataset was retrieved from GPCRSARfari
in ChEMBL database’, and 48926 compound-protein
pairs with their affinity values (Ki, the inhibition
constant) including 124 proteins and 29211
compounds are obtained. 20000 pairs were randomly
chosen, and they were split into 10000 training pairs
and 10000 validation pairs.

As chemical descriptors, Extended Connectivity
Fingerprint (ECFP)10 calculated by Dragon 7" were
used. Fingerprints with missing values were excluded.
Fingerprints were deleted if 80 percent of their values
are the same in training compounds. One of two
fingerprints whose correlation coefficient was greater
than 0.8 was excluded. Then, 152 fingerprints
remained.

The protein descriptors were calculated with
ProtDCal'>. We used sequences only in binding
pockets of proteins retrieved from GPCRdb'*"*. The
reduction of descriptors was performed in the same
way as chemical descriptors, and 49 descriptors
remained.

pKi (- log Ki) was used as output value.

3.2 Parameter settings

Size of chemical map and that of protein map were

100X 100 and 15 X 15 respectively. Learning rate was



0.5. Neighborhood function was triangle. Initial
weight of chemical map and protein map were
determined based on the loading vector of principal
components analysis (PCA).

3.3 Activity modeling

The result of activity modeling is shown in Table 1
and Table 2. RMSE in Table 2 is normalized error
between actual activity and estimated activity.

As shown in Table 1, mapping accuracy were high
for both training pairs and validation pairs. MICPNN
could reduce dimensions of chemical space and
protein space, preserving most of information.
However, in Table 2 RMSE of validation pairs was
higher than training pairs. Prediction accuracy of
validation pairs decreased compared to training data.
Since the size of dataset was small, MICPNN model
could not learn the characteristics of activity
appropriately and overfited training pairs.

Table 1 Mapping accuracy of MICPNN model

Chemical map Protein map

Accuracy rate RMSE
Training pairs 0.9782 0.1056
Validation pairs 0.9349 0.1080

Table 2 Prediction accuracy of MICPNN model
)

R RMSE
Training pairs 0.8016 0.5681
Validation pairs 0.4123 0.9835

3.4 Chemical structure search

We set histamine receptor H1 (HRHl)15 as a target
protein for chemical structure search. HRH1 belongs
to GPCR class A family and exists in an organism
such as smooth muscle, vascular endothelial cells, and
central nervous system. Histamine contracts smooth
muscles via HRH1, and a large amount of release of
histamine causes symptoms such as abnormality of
airway function and atopic dermatitis'®. HRH1
antagonists are used for drugs such as anti-allergy
drugs, bronchodilators, and anti - nausea drugs.
Furthermore, most of first-generation HRHI1
antagonists have affinity to muscarinic acet;flcholine
receptors, and cause anticholinergic effects'’ such as
dizziness and dry mouth'®. We searched compounds
which have high activity value against HRH1 and low
activity value against muscarinic acetylcholine
receptors. Muscarinic acetylcholine receptor ml
(CHRM1) was selected as a representative.

Activity profiles on chemical map against HRHI
and CHRMI1 are shown as heatmaps in Fig. 2 and Fig.
3. Colors on heatmaps mean pKi value. We set the
threshold of pKi as greater than 8.0 against HRH1 and
smaller than 5.0 against CHRM1. Then 15 coordinates
in chemical map which met both two conditions were
obtained. Target values of ECFP were obtained from
the coordinates. Then, compounds whose fingerprints
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matched the targets were calculated from 131450
compounds in GPCRSARfari which were not used in
MICPNN modeling. Examples of top 10 compounds
are shown in Fig. 4.
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Fig. 2 Activity profile against HRH1. The black point
(3, 39) and the white point (8, 50) indicate the

coordinates of chlorpheniramine and ketotifen
fumarate, respectively.
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Fig. 3 Activity profile against CHRM1. The black
point (3, 39) and the white point (8, 50) indicate the
coordinates of chlorpheniramine and ketotifen
fumarate, respectively.
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For validating this chemical structure search, two
known HRHI1 antagonists were input to MICPNN
model. One antagonist was chlorpheniramine (see Fig.
5), one of the first-generation HRH1 antagonists and
known to have affinity to muscarinic acetylcholine
receptorslg. When chlorpheniramine was input to
MICPNN model, the destination coordinate of
chemical map was the point (3, 39) on chemical maps
in Fig. 2 and Fig. 3. The predicted pKi are 7.87
against HRH1 and 6.26 against CHRM1. This means
that chlorpheniramine exists in relatively high activity
area both against HRH1 and CHRM1. The observed
pKi is present only against HRH1 in GPCRSARfari,
and the value is 8.15, which is similar to predicted
pKi.

4

Fig. 5 Structure of chlorpheniramine

The other antagonist was ketotifen fumarate (see
Fig. 6), one of the second-generation HRHI1
antagonists. The destination coordinate of ketotifen
fumarate was (8, 50) on chemical maps in Fig. 2 and
Fig. 3. The predicted pKi are 8.09 against HRH1 and
5.62 against CHRMI1. Unlike chlorpheniramine,
ketotifen fumarate exists in high activity area against
HRH1 and in relatively low activity area against
CHRMI1. The observed pKi is present only against
HRH1 in GPCRSARfari, and the value is 9.46, which
is also higher than 8.0 as predicted pKi.

CHs

Fig. 6 Structure of ketotifen fumarate

It was confirmed that compounds were mapped to
locations that reflect the features of each activity.
MICPNN model could visualize chemical space
considering of CPI.
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4. Conclusion

To visualize both chemical space and protein space,
we proposed MICPNN which is the modification of
CPNN to multi-inputs and single-output system.
Precise dimension reduction and activity modeling
were achieved through our case study. Efficient
chemical structure search can be realized since
MICPNN model derives chemical descriptors easily
from desired activity conditions. Structure generation
method® can be also utilized to obtain desirable
chemical structures although chemical structures were
searched from compound database in this case study.
Effective drug design will be achieved by using
MICPNN.
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FMO calculation and PLS regression
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Kitasato University)

1. Introduction

The fragment molecular orbital (FMO) method' is a
fragment-based approach to calculate the electronic
structure of huge molecular systems quantum
mechanically. The biggest advantage of the FMO
method in drug discovery is its ability to calculate
interaction energies between a ligand and each amino
acid residue of a protein-ligand complex. Since in our
3D-QSAR approach, the interaction energies are
directly used as explanatory variables to construct
PLS regression model, the final model can not only
predict bioactivity of ligands quantitatively but also
the important residues which should be focused to
develop or search potent ligands from the PLS
regression coefficients. Recently, the way to calculate
fragment binding energies by including deformation
and desolvation contribution to the interaction
energies in the framework of FMO method?®. In this
study, we applied our 3D-QSAR approach to CDK2
inhibitors to extract information about important
residues. Depending on what values are used as
explanatory variables, two PLS models are created
and compared, one using the interaction energies
between a ligand (L) and /-th amino acid fragment,

AE,izmr, and the other using the binding energies of
I-th amino acid fragment and a ligand (L) {AE}’i“d,
AE )

2. Method
2.1 FMO calculation

The FMO calculations of 16 ligand/CDK2 complex
structures (Fig. 1) were performed at the level of
FMO2-RHF/D/PCM<1>/STO-3G and the interaction

energies AE;ZT“ were obtained. The total energy of

isolated CDK2 protein and isolated 16 ligands (Fig. 2)
were also calculated at the corresponding level of
theory and then the binding energies

{AE™, AE}™} were obtained in accordance with
the paper by Fedorov and Kitaura®. Here, the AE;}™

is a sum of AE;Z““ and the energy change of I-th
amino acid fragment upon ligand binding. The
AE]Zi"d is the energy difference of ligand upon

binding. The sum of EIAE;)i"d and AE}™ is
the binding energy between the ligand to the

protein. All geometries were prepared by energy
minimization using MM-GBSA theory (VSGB
solvation model with OPLS3 force field) implemented
in Prime (Schrodinger, LLC). The initial 16
ligand/CDK2 complex structures were downloaded
from the PDB database.

2.2 PLS regression’

For the 16 inhibitors (Fig. 2), inhibition constant Ki
are known. Two PLS models for predicting
experimental pKi (= - logi0Ki) were created:

[modelA] uses AE;Z““ as explanatory variables and

[modelB] uses {AE™,AE;}™} as explanatory

variables. Of the 16 inhibitors, 3 inhibitor {5, 10, 16}
were chosen as the test set and the others were chosen
as the training set to construct the PLS models. For the
both models, the number of PLS components were
determined to be 3, by maximizing the predictive

power (R’

test

value) of the model against the test set.

Fig. 1 One example of ligand/CDK?2 complex
structure: inhibitor 1/CDK2 (PDBID: 2XMY)

1 2 3 4
5 6 7. 8
9 .1.0. 11 12
13l i "15. 16 [

Fig. 2 Structures of inhibitors
3. Results & Discussion
The result of PLS regression is shown in Fig. 3.



Both models give good prediction of experimental pKi.

The R’

s, values for the modelA and the modelB are

0.90 and 0.94, respectively. There is no big difference
in the predictive power between the two approaches.

modelA @

o
—

o

pKi(pred)

10

modelB

pKi(pred)

6 7 8
pKi(exp)
Fig. 3 Result of PLS regression

Fig 4. shows the PLS regression coefficients from
the two models. In the modelA, important residues
that contribute to pKi seem to be Glu81 and Lys89.
In the modelB, however, the important residue is
predicted to be His84 and contribution from ligand
itself found to be not ignorable. In our complex
structures, all inhibitors have a hydrogen bond
between a ligand and the main chain carbonyl group
of Leu83, which is treated as His84 fragment in the
FMO calculation like Fig. 5. This interaction is highly
conserved for most CDK2 inhibitors and regarded to
be necessary interaction as CDK2 inhibitors. Thus, the
result that His84 fragment is the most important
fragment is more reasonable.

The binding energies of modelB include
deformation and desolvation contributions. By taking
into account those contributions, importance of longer
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side chain or charged residues such as Lys, Arg, Asp,
Glu appear to be lowered (Fig. 4). As a result,
contributions of neutral residues such as His84 are
highlighted.

008

0.06

modelA

Fig. 5 Interaction of inhibitor 1

4. Conclusion

Both models yielded good performance in
predicting experimental bioactivity, however, there
were differences in the important residues extracted.
The model using the binding energies provided more
acceptable result: the interaction with His84 fragment
contributes well to the potency of CDK?2 inhibitors.

5. Reference
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