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SRR Ol SRE RV € SRRk IV 2 N R T, Ra
T 1967 4 AR Ik 17 5 JR B8 vk =2 SO LA S T r
P IEIRTT DL /RSl R AR S e S = T
YEN BBl T 2Tkt AR S 51 & /Y, 3L S8k
T 31 NG Hop 7 ABETS . MR, TR B0 BE (Mar-
burg virus, MARV ) PUBEGY 3 (1) 13 F 2L 22 g 3 15
kIR M ——E R 44 o RINZAH), By /R £
I 7 B — B R HOE A R 8 U 2 R 3R B B (Rha-
doviridae)™ s 1976 4, 7EAEUNHIG PV L) R 18 PR A I
T X [R5 T W i, Herh— 3
AT HPHE 5 — 3 & AR TR R IR [ (B
FURED SN . G 5524 200 5 N 7328 155 11 9
NEN R T 2 ML A 15 SRR T AL
{ELIL 35 2 1 A7 7E W k25 S5 A5 2, 3k T e 2 i 44
RIRNEL, 24 TR IR T — SR Ui 20 9% 1 2% & b i /NinT
RO R RN B TR R AR 2 5 R T
o A A ——25 PR SR o B AL R AR
R RIERR B 0SS A R O A X
284 NFN318 NJEEGL  FET- #4715 3k 53% 1 88% ., Fifi

BT 1) &I, RO R IR B A E R AR
ML st AR RN BRI S TR A 3X 2 B
W B R 1) B B A TR 0 S 2R B R . R
IFHRVRAHLAR IR BL A, A 3 A A L R s T AL RE 5 |
RIS TR L A N e W 1 e B R TR 75
2007 AFEAS it A7 £ A PR R B 75 5 T I8 9 A 3 A A5
XE &, I FHT 149 Ny, 37 NSETV, BRILZ AL,
BRI R T R BT 1994 4, — (i \Fh2i %
TERHRRIHFU 38 B ARAR I 5220 Bl v fife ) — HAE 221 8
TP R R, o SRITT IR IR TR B AR R L 7
e ——h R 51 & N ZEBR Ik B s 7, T 1989 4R 1
5 [ 5 5 & P S S T A A 8 i A B, 24 IR AR AR
TEHE OB AR AR K BT, 2 05 R
FERRE PGt Z AR T, 201445, B BRAR 0 2 44
7% 514 (International Committee of Taxonomy of Viruses,
ICTV )4 —2 PG BE A LLIR v 7% 2 o % 4 PN S8 7 1
B RS A 2 R R, I A e S — Al 22
R ER—Z R R, %2R RS —4 M,
Lloviu 25 LY (Lloviu cuevavirus, LLOV)®(F 1),

W2 N e

Table 1 Taxonomy of filoviruses

H (Order) Bl (Family ) J& (Genus) 1 (Species) Wi (Virus)
FLB R BRI B L E AR
(Zaire ebolavirus) (Ebola virus, EBOV)
I HR IR R IFHREE
(Sudan ebolavirus) (Sudan virus,SUDV)
B )R AR R R B T
(Ebolavirus) (Reston ebolavirus) (Reston virus, RESTV)
BE AR IR R T BE AR T
R H LA IN R (Tai Forest ebolavirus) (Tai Forest virus, TAFV)
(Mononegavirales)  (Filoviridae) A A AR SR R A A A B
(Bundibugyo ebolavirus) (Bundibugyo virus, BDBV)
YN S
R EIRTE LR EEIR TR (Marburg virus ,MARV)
(M arburgvirus ) (M, arburg marburgvirus) RavnJies
(Ravn virus,RAVV)
R Lloviu 25 FURRE Lloviu /585

(Cuevavirus)

(Lloviu cuevavirus)

(Lloviu virus, LLOV)

H 1976 4515 R & B, R TR0 1 gl 0 J8 €5 kA R i
LRZAEAN T AR R &8 _E2s B K JokE I BRI EE
Pageit , 2e 00 40 4], A it i SR IR 2R 1
24y 22 Y, o BB (kg N B i 3 i B0 A 8
U, HET R IR 25%~88%, WLl UL N B % K Jw AN

T A R BE T 5, 2014—2016 4F H RN 5
BRI E SRR —K . BRERXPGIE=E LA
. FERA & AR L L) A0, AR E K 5 e H AR
FNFEPIINIR I SR 5] , At 3 B0 A 0905 161 1 [ 5
G IR PYBE S E e E A LR E R,
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W IE S A — K 0] 2] 14000 nm B9 22408 (&4 1
(a)), HIp 5 3R DR , 52 g "R,

AR T 2 A MERR R, R h 3 1Y AR A
[ 72 , 2924 80 nm , ZH U3 157 B (B AN S5 R A %% (141 1
(b)) o RIERLNG T 3% 15 B — 4N 0 1 B iy o
JBC A7 % RNA #5717, 9 75 4% 25 1 NP FI VP30 Hil 2895 7
RNA JE IR Z AR A ST, HARZ9H 50 nm. AT
B 2S B9 N ELAR 28 20 nm, B2 200 5 nm, 220K
s BRI B A2 R R R T 1 3 20 BT R e i R
(Envelope) , #%AX7¢ 5 1 9 5 2 [R] Ay [w] 5l 4 [543 9
FE T JZ (Matrix protein) , FH & 8 1 VP40, VP24 44 7%
SR 0 N SRR AR TGS A 5 R R R A
B YERE TIREERL TS5 B e Bk o SRR BE K
WA W LEHMVP3S EAAMMREGIE &K, HT

(a) BMHDHTEE LG

(b) SRR T4 S SR

1 BRI SOHA5 R AR
Fig. 1 Electron microscope picture, structure and

genome of Ebola virus
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2 U T8, S 802 IR el B rh S D SR 5
P A NI 28 T 3 AN AS TR B 1 RNA 3% 5%
ARG 3 FIAS R KN FE B 1

LR TR 7 A ), GP L TR Y 32 P2 W Ol sGP
(souble GP) , & — L4y 364 N FERR AR FL AR L5 4

BEEE . [RI, 7E RNA R4 % o GP EER i f v
A —E LT mRNA 1Y ZE 7 A RIS A% H R
A HI S A LA A AR S o] T A% 50 1AL,
TR A 676 124 SRR GRS 11 (Glycopro-
tein, GP) o X —F% 5t iR i Pt 25 — @ MR 1Z B
FRHNAEA T 24 BRI AL H R A, T Bl 1 HE
o] R RS Bl 2 000, TR IK &4 297 DA BERR IR BL Y /)N
T R] VMR 1 ssGP(small souble GP)

PR 1 HE AR T 70 A1 46 KA = 22 14 nm
FIBSRE, i GPEE IR . GP 2K PR R R f Ak R
TE WRE — B4 B 2 11, PR I G 2 00 1 3 200 A A 131
AR S B A5 E EEAVEH . 2008 45, 36 E R
% Erica Ollmann Saphire e AT 114 AT BAGH 3 i A2
BU#HT IR PR R GP AL A 45 4 H = ZEr 5 50
M S PR FRATTR AT, SR 75 1 oKL 45 44 eh 34
GP 2 A PR GEA B, LA T AR "R . B> GPERFE
FrA R I, GPLAIGP2(E2) . GP1 AN T
PR IR EE RS 3, Ho N R & A — Bz iR gl & XK, i A
X RS YEFTOE TR RERS 45 & I 32 1K
SR, )R, T A SR A e X A 32 AN Y
MNfz o SR AR RE IS A2 1 U 09 T A 4 il
AU, A AN [F] 2 Y 240 A 1 28 450 A B e T 4
e A B AR R 45 & 1 Z AR F o GP2 AL T
TR BYBRARER 53, H P BB B — B K Z B A4 B
AR IR, TR BE R IR G i P A PR A E

K2 RIERR I E H GP AR
Fig. 2 Structural schematic of Ebola virus

envelope protein GP
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P ZEATREL (] 3)M

K3 SRR L R
Fig. 3 Life cycle of Ebola virus
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Rk o> el SR EAE T GPEE ERHE >
R 45 5 45 G 19 75 2o 508 1 W O 49 o B R L fiE
Jo BRI T FEAFFREEG R B C- BB R (AN DC-
SIGN Hl L-SIGN) M FR 32 1A o A5 BRI Z A1, T 4
P BR A A 35 H K5 47 (T-cell immunoglobulin
and mucin domain molecules, TIM ) B4 i =L 15 5l 5 2
HER | () W TR 5k 22 &R 53 T (phophatidylserine, PtdSer,
PS ) A 45 S P 110 15 500l 65 15 1L T 7 A 110) 25 o 4 5
TREE AR S EAMIAYRE S, S RIS, HoAhfE
BN PS (152 1R 53T, W1 Tyro3 FAZ IR Gas6/Axl %l
REA U R R BE IR,

K B i 3 4 L 3R T, Y TR0 B i i 3 A i
(R ML RV E T A 30 1 SR M P LG A 3R T

B FUR 8 R A 1 AN AR TR
IR © , EHONBEE A BT840 0 5T b 58 iUE 1Y
At i RE . SR, B B DG A2 2 00 I N AR i
Jif & (Late endosome/ Late lysosome, LE/LY) ', LE/LY
TR PR SO 1K pH B Y 2H 28R 1 it B A
ZUE MG Lo L ZUE P iU R R 0 25 38 1 GP 2R
1, {75 BRUBUTE GP1 3% N R Y A2 AR 25 4 X I % 5
K, FATHRILIS 1) GP 25 11 30 25 GP 25 1 (cleaved
GP, GPcl)™, T J5 BB R 75 U2 4070
GERB N ATV I R AT 5 20 M 5 H: S 1 A2 i A
HOFE AT R XA (A REAE 2011 4F 2 /i, — B N F
FEN T

2011479 1, 2 5 [l & 2R AE (Nature ) I3 1) 1 #83C
B AR IE IR RO RE TS R4 AR, — R TEA
RSN Z A R e PR IR N AR IR Y
4y F——C # J¢ & Jt 55 & [ 1 (Niemann Pick Cl1,
NPC1)®#l, NPC12—F C B2 S VT G HE 1, 73
i T4 NIV P Y LE/LY 551, fEfig 5 ¢ L e ST
SO 73— AMSEEE F NPC2 LRIV, o JIEL T 11
WA R L s fE . NPCTHINPC2 B 1 Tk
PGS ] SBR[ B AR 20> TAE N AR Th R R
H, 51 R — R EBEIER Y R s e ——C e
2 PCyfig™. NPC1 oy T —Fh 13 KBS I 11, RN AT
PRI NI I3 AN RS N 5 B85 A S5 R 388 C 254 SN
1254938 (151 4) . James Cunningham £ Thijn R. Brum-
melkamp A1 BAAHFSE & B, B NPC1 3Rk BokLfE G 345
AL R EBURANE RS, U AR w1 R R R X
AN R ERYLBE T . W) , Kartik Chandran JA]BA3E—
AR B, AE NPCT Y 34 N S5 A 3o, 4 #4388 C
(NPC1-C) BEfS 5 B 15 B B0 ZSHE A 11 GPel 2=
e tEgs &=, AN EYIRE NPC1-C 1Y 781 22 5+ (1
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Fig. 4 Structural schematic of NPC1
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NPC1 53F )7 51 22 5 0 R 1R 056 5 AR B8 77 119 52 Ml B
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5 BB, XS R R R IR RO U —
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N EREES

PP A B A B R AM Y, 06 A
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AT ZE & Z R NPCL, I FBUR IR A A 1 R 0 &R
WE? XAk ) ) B BH , 1T DK 3% R0 2 AR 15
T 200 6 ) T O b S IR AE TR AT R A, 7 AR B R
o7 975 T Al B R S R LA, b SR TR 75 1Y 24 1
THE LB AR

e A UM 201 1 AR TH B BOT TRk A~ X E i B
SRR, R, AT R 4 A 2 T BERR AT GPel 5
NPC1 43T E A2 , ELULHKE P  E A ARt At
o M 7K 28 1 5 ) — A 45 4 0 b S B
K, BB A 3PP XGRS AR g LR R
T = A AL, AT R B TR &
PR RITBHE =2 1T A 198 3 () AR08, PR R L B R S 48
SRMITE R H B G5 fg b vh , JUHXT T0r F i BN iR
1T, W A 12 AR 2 X Tk R A i o 16
W B ) R F SRR I AT T 8 2 P R
1802 REAR AT F R PER DOTEIRAS , LR, 2 B4 1
HE ST HERRAE— R, TR U (1 T b AR, X G IR A 21 it
R b2 B RS 3 X AR 5 A AR XS A S A
T, T AR 2 A o8 S A 1) =45 2 AT A
Mrh 2 A TR (ELS) .

e A B B SE e AR AN RaA Al T SR R 1Y
WO ABERE 1 GPel M2 NPC1-C 45 My s 2 1, I i 26
T 25 B F 3R (surface plasmon resonance, SPR) £ A
W7 GPel MINPC1-CAHHEAE 3N J122 280, SPREL
P Mr R0, fE RS (pH 7.4) ,NPC1-C 2 1 fE
455 GPel, H 25 [A] (1) 2R AL 855 , 2928 158 wmol/L
(1 6) o 33— 195 B 5 i 32 32 AR ] 1) 2% i K OF
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Fig. 5 Flow chart of the crystal structure
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Fig. 6 Binding affinity between NPC1-C and GPecl in

neutral environment

8 TE A T H A 22 A B 0 1) e B0 1 7 (W MERS-
CoV F1SARS-CoV ) 54 H ZZAAK[8] 2 4 nmol/L i ) 7%
7. TEIRSLRAESE T, m A B S BT RS 51
KILNPCL 5 GPel 455 FETE pH MO , RIARAS T
PEIRSE 100 wmol/L ZE 47 1R SE A1 T, 8 AR ME IR 85
H (pH6) ZE AT HETHIT 504, 294 2 wmol/L™",

T, e A AT BRI T35 1 5 i A2 B, X GPel 55
NPC1-C & G AT 45 SO gty 7259
B A PR = g (B 7 (a) ), W TR LR T
P AN Rl BB i EARERE . X S ES I A &
B, GPel 1152 AR Z5 A7 55 2 B K R IR Y 1 —
K A [F4RAR . NPC1-C F1) FHH 5+ b iy 24>
2 B BREE R (loop1 Flloop2) | A /K Z KL BR (P424
Y423 . F503 . F504 1 Y506) i A GPel (A5 K M4, 1F
R B RLAR AL —B (1 7(h) ) o GPel FY B 7K V14
& FE R V79, P80, T83, W86, G87.F88, L111,E112,
1113.V141.G145 . P146 .C147 . A152 A1 1170 ¥4 1% , 1M 1]
Fii b BE (R S R R K114 .G118.S142 . G143 il T144 M| #4
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BT —HOEK X, 245 NCP1-C 4541}, GPel AU K
[UTH 5 NPC1-C Y loop 1 Flloop 2 | Hyi5E 7K Z FFRIE 1k,
— R BB AAH FAE T 5 TR, GPel B /K [MIAE R 1Y)
/K DX S 5 W P AH FAE AR E Toop 1 BIZS A o

K7 RO A sz R oSS n s
Fig. 7 Detail structure of NPC1 bound to the primed EBOV GP

FEXT GPel 454 NPC1-C 1 J& P Z5F AR b 0017 He g
SHTIG , B AE B\ & 1 GPel 72454 NPC1 J5 HiZs A7
LG A, b2 DA EENW G AN T 5
NPC1-C 8 H B 45 A 5 4k, 6145 B7-B8 A ol HRTiE
W (K 8(a)). H454 NPCLAFFHRiM GPLEFAH L , 25
A NPC1-CJ5 ,GPel i B7-B8 I I) T 7 &A= T i ks, i
ol BEHER A R sh ., Bl ol BRBER N FS 3N, B3-al
B ERB M EA T BN . NEIRRZE,
TEZE A NPC1-C |, GP #5111 B 4% ff1 I LR NT3 5
GP 2 1 Bt & ik (internal fusion loop, IFL) A i & KL iR

K8 %5y NPC1-CHiJa GPel & IR G451k
Fig. 8 Conformational changes in the GPcl upon

enzymatic cleavage and NPC1-C engagement

A4 AR ELAE FH AT LG T F5 K510 A @l & K T i &
Jik 8 42 X 45 (Heptad repeated 1,HR1) 4% 3L/ R559
Z Bl e HE S (81 8(b) ) o T4S& NPC1-CJ5 , i T
GPel B9 B 5 i ) - #53) , S EUNT3 A REH-5 K510 A H.
YER . Je2 N7T3 SR 5 , KS10 47 1E B fof A A 5 1) 1
AL = A [ A A T F ey 6 1Y R R R559, AT
S H A RAHEF (B18(c)) o AR5 A SR X
AN BETR 2 (8] 1) H A I 4 S BOM 7 i 7R I 45 4 0T
(IFLATHR 1) s 7 , B2 2E GP 8 5972844 A TFL
AR, IR 2R R TR a5 LE/LY MRS

R I 48 JIEE 5 7 Rl 5 2B B A IR 1Y
PR B R Rl 2 th e AR S, Hi
L 2RI 0 JES5 7 5 1 2 400 B i A Bl 5 B A ML R 7T
LA 48 A S 5[5 7 (Human im-
munodeficiency virus, HIV ) MG I A E F AT 0940
i 3% 1T S 5 B RN | DA PR 4G9 92595 5 18 (Herpes sim-
plex virus—1, HSV-1) ACE 24 E AN TR E
T R A AR | DB R 3 (Dengue virus, DENV) 1€
R TCHEE Z AR T 1 N A 1A A (I pH D) JI5E 5 A5
RURN DA 2 24 1R 1 4 MRS 3R TR R A2 AR = 1Y
AR A (I pH(ED Rl SR (4 9) .

i Jon
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P
ST ()]
b -4
-

Type | : BANERA
I3 O 4R R 2 T

AN T -
il £ 44 P
5 '}Q{'
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) 2 R R T 2 SR

I P
P SR

K9 5FiaEZ AL & AR A U LT
Fig. 9 Five kinds of binding and fusion trigger

mechanisms between viruses and receptors

HLASRUE, HIV R & & A4 T 18 i e , i H
B R gp120-gpdl /F . gpl20 45415 LA
F T 1) Z AR CD4 43 F F1 37 & CXCR4 8¢ CCR5 7 1,
53 gp120-gpd 1 KA G AR Ak, AR (0 B 5 1 K A=
HSV-1 PR & A F1a a4l , (15 HIV A
] A2, HSV—1 114 B il 6 phy 22 b 2 S 2 11 2L [R5
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HSV-1 1 5 i 22 25 1 oB 1 gC 578 T2 40 i 2 i &
F2RME L B RR O R B pilvad 555325 G0 2
ZE B2 40 e 1 o B A A 2 AR ) @B L gD A gH/gl
A A Z A EAE SRS SR A R, 5 10
I 2 B EEAN ], DENV B B 10 IS a5 & 28 F
FARA IFE N AR R RSS2 T R — RS
1 (DENV 19 E 85 [, 380w 28 19 HA 2 1) /v & 598
Ao VB EE HA B 1R 2 30 5 200 i 2 1 e R 37 A
A5 7 W IR 1 R AR A , B S 2 N A R stk A
YN I BN AR . FEN AR HA B RR PR PR BE 15
AR, TSR T Rl G i R A . 5 T B AN (]
()52, DENV X i 32 20 i 2 1 9 I B ol B 2 28 i
DC-SIGN/L-SIGN Flfi fR £, WE 28 3 3B o F A4 5+
S5 58, R JOE 9 3% B AR A R 1 e b a2
I & FLRSE R & & AR,

7 300 e X 3 0 B 32 AR 25 5 ML %) o) B LA B
A ATL A 118 0 2 A AT BACKS 52 TR0 25 1) B B
Al i R LSS R < Al A & AR 0 2 A0 M A A
SRR v e o | A A R N S SN R G g v N e
Fro X5 LIRS I SZ RS A R AL A R
HLHIERASTR] , PR e SR — i (55 5 i) 4 555
BN AR (E9)

5 4#ig

MAEG, N B SCHMN 6 T 8 1%
WA R o AR, S BB B R 98 B AR e
o8 R E 5 AR A A AR EIE T X — W e AT %
2013 4F 1 BENH I O A R EBEZ B R HOR R K
Bt et rE, 20174E5 B, B EHR 5 O S
A T i) 1 ISR R R R . R 5 4 e 5
BB I8 AR, S H AT JCHEHE LT i b R
Fr 5 B R 2 W R F B BIR . 7F 2014—2016
PENE S KA, PRI 25 ) ZMapp™ T TG ARy
NIBMERGR , IR — R IRITRCR™ . SR, R 1
P R BT 7 AT 55 R A S S0 5080 R A 5080 46
UEHAZ G RN Rk o e b, R IR 5 BT vk
USAFHE T 22, B B B AR 1 A 7= e — N R 2
A 25 TR AR, B AT A 7= 5 AN RE 5 6 2 Pk
VX 58 B IENE TG oK o TR I Bl T AR B R 24 )
(RIBET TR 22 30 7 JE B

ARHFSE EDULHE /R T BRI RLRE 245 & e E 40

ZARI - FHLE e R T AATRR FERL 5 AL
il TR A RIS PR IR 2 25 W (R i T TR 4t
TEERIERE . TR 2RI AT AR GPel 5 NPC1-C &
B YA BT RN & RE A BB — 3 45 & 1 i) i 5
MR AR BN TAE B2 IS 250, iR
K iR bR i Rtk i R = o &,
FATARAE FE 53 1 5 i 5 9 A A R 3 P A 454
B B 5 B FRAT T4k 2 FLSOR AL, hy o 28 5 9 TS 4
HETEE I,
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Abstract Belonging to Filoviridae family, Ebola virus is a type of enveloped virus that can cause Ebola hemorrhagic fever in humans and
primates. Because of its high mortality rate, Ebola virus now is listed as the most virulent pathogens by the World Health Organization.
Since it was first found in 1976, Ebola virus has killed tens of thousands of people in Africa, brought great threat to human life and caused
enormous economic losses. Therefore, prevention and control of Ebola virus have always been an important part of scientific researches.
However, the understanding of Ebola virus is very limited especially in the cell surface receptors and the membrane fusion mechanism,
which has hindered antiviral drug design and development. In this paper, we summarize Ebola virus in terms of taxonomy, morphology, viral
proteins and viral life cycle, and highlight the achievements made by George Fu Gao’s group in the study of molecular basis of Ebola virus
entry into host cells. They include the determination of the crystal structures of NPC1-C and its complex with GPcl, which clarifies the
recognition mechanism of Ebola virus and its host cell receptor at atomic level. Furthermore, their results reveal the molecular basis of GPcl/
NPC1 interactions, thereby shedding light on the mechanism of Ebola virus membrane fusion, which will guide further development of small
antiviral molecules and peptides for prevention and/or treatment of Ebola virus infection.
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