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Relationship of HSP70 to Temperature-Dependency of Influenza Viral Infection
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The influenza virus copies its genomic RNA in the nuclei of host cells, but the viral particles are formed at the plas-
ma membrane. Thus the export of a new genome from the nucleus into the cytoplasm is essential for viral production.
Several viral proteins, such as nucleoprotein (NP), RNA polymerases, and matrix protein 1 (M1), synthesized in the
cytoplasm are imported into the nucleus and form a viral ribonucleoprotein complex (VRNP) with new genomic RNA.
vRNP is then exported into the cytoplasm from the nucleus. It was found unexpectedly that the production of influenza
virus was suppressed in Madin—Darby canine kidney cells at 41°C, although viral proteins were synthesized, because
nuclear export of vRNP is blocked by the dissociation of M1 from vRNP. It was also suggested that a certain protein (s)
synthesized only at 41°C inhibited the association of M1 with vRNP. The potential of heat—shock protein 70 (HSP70) as
a candidate obstructive protein was investigated. Induction of HSP70 by prostaglandin A1 (PGA1) at 37°C caused the
suppression of virus production. The nuclear export of viral proteins was inhibited by PGA1, and M1 was not associated
with VRNP, indicating that HSP70 prevents M1 from binding to vVRNP. An immunoprecipitation assay showed that
HSP70 was bound to vRNP, suggesting that the interaction of HSP70 with vRNP is the reason for the dissociation of
MIl.
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L, T5ICi3#&s 3y /7 EHE 70 (heat shock
protein 70; HSP70) O F A 41°C TO A )L A pEAE
WHIEEICERZICEAETSZ L2 RLAEDTH
5.9 KFHTIE, 41°CTOA >IN Tl
APEEINHIERE & & B2, FOMNTEE THS NI
725 7= M1 O#%#| & HSP70 & O REEIC D W THERL
5.

2. 4TI HTA )L ROEE & RRGETEH
B

AINVIToHFIAIVA (AFV) 3AINV Iy
AV AFHZJE T S RNA B 1 )L 2 Tdh 5
(Fig. 1(A)). DA )V AR T DEFIT 80—120 nm,
TA AT ) LE 8 RITHHEIL 27 A F A8 RNA
T (Fig. 1(B)), 10 EEHOU A I AKRENE
(NP, PA, PBI, PB2, HA, NA, M1, M2, NSI, NS2)
ZI1—R9%. IFVIZERNEIDHNnDIE, 0
KD ICEMLE TN DNA LD AELER RNA THS L
WHEEL TWa72TH5S. 7/ L RNAI NP

(nucleoprotein) & 3D RNA R A5 —FH 7
2= k (PA, PBl, PB2) &%i4 L vRNP (viral
ribonucleoprotein complex) & IEEN 2 8 Sk %2 B
K95 (Fig. 1(B)). vRNP 2471 )L X #iEI
i EEIC kI 2 I —HEET, ZAUTIIREE
HE Td® % HA (hemagglutinin) & NA (neu-
raminidase) 2YA/NA ZARITEESH TS, HAIC
1315 fl, NAZIZOMOMBEND D 5 DA
BORICE > TIUAMINADEINIE S, £z, Ml
(matrix protein 1) (X7 A )V AL ZHITH LT A
IVARLT DIRREZHERF L T 5.

BB BT 2 IFV OREGBGE/N Y — 13
MTHD (Fig. 1(C)). IFVIIETMLICE, 12
AT % E1EEMAEOM A E I VRNP Z2 i3 %,
B E N7z vVRNP ZENABITL, Izl
LTENTOUAIVAYT J LA RNADER NS & &
BIZ, VNI ARREAEZI— K9 % mRNA 73
RE3IN5. B IN/ZT 1)L A mRNA [Tl iaE

RNA polymerase

Fig. 1. Structure and Proliferation Pattern of Influenza Virus
(A) Electron microphotograph of the virus, (B) Structure model of the virus, (C) Infectious pattern of the virus.
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K73 st N ZE (budding) %, ZDXDIT,
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EEMaE E TS 729, BNTHERL - vVRNP
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Fig. 2. Production of Influenza Virus at 37°C or 41°C

VRNP 8 ED LD ITBHANBITT 2 DONITONTIE
FEAERIINHEATE ST, FELWHEII o
Tz,

3. 41'C TO IFV FEAREHE

4 X & k& i3k MDCK (Madin—Darby canine
kidney) fifidz IFV (A/Aichi/2/68/H3N2) T
U STCTHET S &, BRI EN S B
BRI AINAEADNED 5N S (Fig. 2(A)). &
SICHEBZRITDEVAMIIVAEELERBOHEME LD
12, AL G R D K¢ T b S A 2 R R
(cytopathic effect; CPE) N Z 0D, et 24 I5rE
HIZIZZE E A ETRXTOMBIMNZEN: UEEID S F
B9 % (Fig. 2(B-a), Fig. 2(B-b) D IEEFM L &
). &AM, IFV &Rl % 37°C Tid7s <
41°C TR 5 &, CPE X 37°C L[HEIBEICA S NS
bbb n T (Fig. 2(B-c), Fig. 2(B—-d) 3 41°C
D IERGMAL), DA )V ZFEEMIF RIS X
N5 (Fig.2(A). ZOZ&Mm5, 41°CIZBNT
B ZERIIENLT B D DD, HEHEEN E Z
MOBRTHIESN T A IV AEERTESRNEE A
5z ?

41°C T A1) A HEE AR & DB CTHE S
N0, WS DNOWRIZER LU TRXTHZ.
FITUAMINAKRREEAHEOSKR TH 208, ZHiT
41°C TH 37°C LRRRICERIND Z L& RE T O
w METHEGELZ. T I TRIZ, GlkEn/izo1)b
AEHE OMINEN T D28 2 M HEO R EETHL
SBRLEEZABNRIENGMoTz. 41°CT

(A) MDCK cells were infected with influenza virus and incubated at 37°C (QO) or 41°C (@) . After the infection, culture fluids were harvested when indicated
and viral production was assayed in hemagglutination units (HAu/ml). Viral production at 41°C was almost undetectable. (B) Phase—contrast micrographs of in-
fected (a, ¢) or uninfected (b, d) cells cultured at 37°C (a, b) or 41°C (¢, d) for 24 hr. The cytopathic effect of the infection was observed even at 41°C (c) . Bar, 50

um.
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WBUAINVZAEHEDS B NP LML 2 E, ENNE
fTLb DN NEEINRNDTH S, 37°C
DREGSIIZIZ BT NP MR G4 2 B E I
WEBEIC & kS 1UE EMIfE O NIC A % (Fig. 3
(@), ZKH). 41ICIZBVWTHIZEXTOIAILA
EHEHO#BHREICEFITIR s (Fig. 3(b), &
FI). 37°C TIRZD0HINGS OEHEIZESCHITHK
NABATT D728, L% 4 IRe i) B DARR IR 2 4
NREINBLDI2/e5 (Fig. 3(c,e,8). &£25
7, 41°C TIIREREEZ SIRHIEICB N TH I NS D
EHEIIENICE ZOHT, BANIBITLho
7z (Fig.3(d, f,h), KH). ZoO#%RENS, 41°C
TIRYAINVAEHEIZER S NENNBITT5H0D
D, ZOHDOENBITRENHIES NS0T 1))
AFEENHI S ND & Z 2.

Fig. 3. Intracellular Distribution of Virus—Specific Protein,
NP
Infected MDCK cells were incubated at 37°C (a, c, €, g) or 41°C (b, d, f,
h) for 2hr (a, b), 4 hr (¢, d), 6 hr (e, f), or 8 hr (g, h). The cells were in-
directly immunofluorescently stained using monoclonal antibody against
NP. At 41°C, NP continued to be detected predominantly in the nucleus even
after 8-hr incubation (h). Bar, 25 um.

2 41°C TRUA IV ZAEHENEINABITTE
BNDM, ZORKEZEERD L, IFVEEREHED
EABITICES T 50 DM OER 2K L THZ.
IFV ®7% /7 s RNA 378 EfilEOZN THEE I N
NP % RNA R A T —€ &G (VRNP) % 2 Bk
L THID TENANDOBITNAHEL/25.9 £ 2T,
VRNP O ZE 71 0O — )V 5 A Bl i DE T X
THRZEZA, 41°CTH VRNP 3k IS Z &
MWoinolz. BENTER I /2 vVRNP 13 D% THE
FHI DA % H{A CRM1 (chromosome region
maintenance 1) ZFH|H L TENABITTEZIZ &
N5, 41°C TIETE EM AL O ik R BAR DY IE R
ICHEREL T rfREtE B E 2 o e, CRMIIZEH
B OIS FTS 2~ F )L NES (nuclear export signal)

R LTEHSODT, NESZ2ET 53 EEAE
ERENANFEMIEAL, 02 41°C THENABT
ﬁéﬂﬁﬁbtt’a IERITEABITL, fEEM
fel DRI ERIC B BE DN L 2R L 72
VRNP DSV ETT ;%%?é%olo@égmﬁ
TELTRIAINAHEOES T B EHE ML 36 5.
M1 BHEOEITEEHE TH DI H0ND 5T Ml
B TEREINZDE, WoEABANEDNITE
19%. £/, M1 RETAILATIL VRNP OESt
BATO A S 170D 2 & DRI O NI 5T M1
itk z BEMIE AT % & VRNP O 441 #mié
N5 L EMNS ML 7 vRNP D17 IR
B9 ENRBINTVS, UL, MINED
£ D12 VRNP OEANEITICEE ST 5 ONIEEFEAR
BHOEETho7z. TI T, 41°C TD vRNP D
NBATRHEIC M1 3B 5.9 5 O atd <, £9
M1 & vRNP D& 2 RPERREIE TR TR, 37
°C THi#E L 2P 2 5 vRNP % 5 NP Hifk T
RIFRERR, %E 7 0y FL M1 73 vVRNP & 3L91
THMINRIEZEZ A, MILONY RkaiEn, £
BRI RGN T M1 & VRNP 235 & L TWnws &
Epino /e (Fig. 4, lane 2, REH). —75, 41°C
D&Y TREARIC ML & VRNP Ofs & 2 7z
& ZA, M1IZ VvRNP &3p€9, 41°C Tid Ml
NVRNP EfE& LaWnwZ EAHBL 7= (Fig. 4,
lane3). ZDZ EM5, 41°C Tid M1 A3 vRNP |2
EETEW\W=d VRNP OABITAHEEINS
EEZo5NE. DED, M1 EDfEEH vVRNP D%
ARBITHREICHRHEATH D I ENHSNITRD,
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Fig. 4. Interaction of M1 with vVRNP in Infected Cells

Infected cells were incubated at 37°C or 41°C for 4 hr and total protein
was extracted. VRNP was immunoprecipitated by anti-NP antibody and im-
munoblotted using anti-influenza virus serum. Lane 1: markers of viral pro-
teins, lane 2: precipitates from infected cells incubated at 37°C, lane 3:
precipitates from infected cells incubated at 41°C. M1 was not coim-
munoprecipitated with vRNP at 41°C.

VRNP OABITIZEBT D M1 OFERE 2 18 BEIZH)
OCHEHTEZDTHS. Y

4. 41°C (ZF5|T2 IFV FEELPHE & HSPT0

41°C T M1 & vVRNP DOt NHE S N2 FHIK %
AT 2 e T, 37°C OEKLMEANTERI NS
T AV AR RE FE 2 O R, EREE 4
‘C Iz EF, 37°C T—ERK I N/ MI-VRNP &
RIN4IC TR ESBHOMREILEZ A, 37C
T X 72 M1-vRNP #&51K13 41°C TOHET
fREEST 2 Z &Mooz, &AM, ZOFERRT
AIC 1T EIREZ EIF 2BICER G KRESTH
5 cycloheximide Z B &R HIZIRINT 5 &, 41°C T
H M1 VRNP NS fRBEL RN Z & 28D .Y 2
DT EIF, 41°C TEHERI NS NDOEHED M1
~VRNP O AHEFICEGT2 2 L2 RET 2D
DTH5. DFED, cycloheximide fF{£ FTIZZ D
WA EICES T 2EAEOGEIMGHI NS 20
41°C T® MI-VRNP [ OFEE N RFF S 15 SRR
T&E/.

ZOXOHEHEENEZFRET S I LT IFV
DR IEFEHRE 2 BT 21X 0 Tha<, T DR
il 2% 2% FTHEETHD. —RICHEERES
FRIEREEE, HilZCERNBEINSEAEE
LT&> g v 7EHBE (heat-shock protein; HSP)

WhH%, I T, HSPHOHP TRIZHMTZHD
MEGIHEZEICE 9% &5 2, MDCK fifld%-1 X
DO THILT 5 HSP FHTEIC AT 5B D %M
#KL7/=&Z A, HSP27 & HSP70 AN e 12208 5
7z. 13719 IFV Yl i1z 31 % il HSP O I & 4y
i 2 7= 5, HSP27 13 37°C I BN T HEEITH
BHLUEIZOmMLTED, /=, 41CIIERRER
FFTHFHEHEBOEMIIFIEAER SN D .
—7J5, HSP7013 37°C TIF E A EFRB LIz,
ZTORMEIZAICTELLHEMLEZ 5I1241°C
THILL 7= HSP70 13 S VB /IME D AIZRITET %
ZEbmyhof. LEN->T, HSP2T XD %
HSP70 7% M1-vRNP [ O & HE T 59 % v hE
PENE N EE Z, HSPT0 O¥HBlE 41°C TOI 1)L
APEEMG & OBEMICIER L TS 5 ITRIT 2D
7z,

Prostaglandin A1 (PGA1) |3 1RIZHB T HSP70
DR ZHET 2. 179 22T, IFV &Y MDCK
fife 2 37°C T PGAIL JLEE L HSP70 @ 3 Bl #3E %
a8k, TAINAFEENOEEEZRFN L. TD
R, 371°CIzb b 59 PGAL LB XD w1 )L
APEANHIHI X, HSP70 ORI A1 )L ZPEE
BHEICEAEG TS5 I EAURBEINZ. 51, PGAl
2K BT A1)V AFEEMGIFEREE 41°C D IKSLH e D
el AkTho/. Thbb, PGALIZKD
HSP70 O3Bl % 37°C Ti#HE L /=B EMEIicB N T
B, UAIAKREAEIZERICERIN, NP
M1 IZENANEITT 20, ZTOHROENEITIZEER
INY, TNS5OEHEITIENICE E DT vRNP
DOENSITHHEINSD Z &, X512 M1 73 vRNP
IHREB LIRWZ EHRELRIE TR TE L. I
5 DOfESEIE, HSP70 A3 M1-vRNP D4t & % &
THEHE THDIEEWSRBTEHDTH >
7=

BFT v RO THS HSPT0 1ZOEHE &4
AT oM EET S, T I THSPI0IZX% MI-
VRNP M OfE G IHEMREZ S 5 ICHITT 2 —8RE L
C, VRNP & HSP70 23 tH BAFEH 9 % wRE1: 2 M &t
U7z, 41°C THE#E U 72 S S> PGAT LBRIT &
0 37°C T HSP70 D3 ¥ 2558 U /o Bl & v]
wAL#e, 31 NP itk % T vRNP 2 GyZ ik L
PLHSPTO ik THIE T O FLAEEZ A, WTH
DA H HSP70 75 vVRNP & 313 % #f I 2 15,
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Fig. 5. Interaction of HSP70 with vRNP
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