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Real-time PCR Z{£ > o VA L AR ERM ORI L FEMERREEROURNAZHEEEDISH

SMEMEE . E X

(BURBMEMRATA AMEEY Y — - TENRE)

mRES

MENARRREN A RELAEUEREED., GAZHERBEICHE TS HIV-1 p24 IEOREREZ S5
T EREDEREZFNEBWHEEEREEZ 1T > /- in-house real-time RT-PCR 7&IC & % HIV-1 RNA &
EBRERICEDE. NEED HIVA Y7441 JICRFIZIIL—T7%2&E 26 RODBE 71 )LD S RERFER
EEER U, p24 IEBRHEZELENHERR /U —Z Vv VREORER R, S, RNAEEFRICED
WTHEREINEHBRBRIED p24 ElF. INTOKRTIEIEF—ETH DI ENbh olce NS DEERE
FTEBAWEEREORERN S, REOBRBICEVWTERIN TLWIEEREEM T2 T—HES .
SEBZ U CHERERERBARKOERZEE I 5 2BV CRRBRY, BUERSEAZIOEMHE{E
HEARODEAZHEBETICERTH D ZEMNREI N

A. TREMN
REDOHVOREELRILTORIY —Zv 7%
BRRE, mMABEEETH2EFHRAEELN
BRARBRHAETH I ENEREEICD T
5Nh3, BUEREEF. MEEZRETESCE
IC&>T, EOAYN—Y 3 VHIORREDE DR
HEHBRHTZIENTE, V1Y NTHDOER
C®IL>TW2, EMEAEEOHEREARIE. ™
ROEOIYNN—Yay/R)LEEWE=1
KRAE & OPEBREFRMBABO LRI & > T
bhadh, INSONRRIVOERBHEEICDNT
EARBRRDZ LV, PEREFEMEBOENER
DRHEICKDONMEDRHEBREDEIC LB D
Moh s, ERECKREORSZTEREINTL
ZEEHREHEOREMHOREHRED. O3
YIN=VayRRILTRENHBREDHTULS
—HUBWEELH D, ¥—T TV EBEI N
et 754 7ICRF EOMBERHREREDILS D

EMRETERVWEFEOEERDH B, AAETIE

FUEHRKAEZROFNAZHEEEERICEV T, &K
ZOBOBREICEEGRREOBREREZSERT
D ORBEREDOERTEE., EREUCEBR
EOERMEICDOWTREU T2,

B. fiRAE

BEEDY 7517, ATEHBEOHEBRERITH
(CRF). Z)L—7 0 @ HIV-1 58tk (£3) %,
PHA Rt MRIEMEZMIE TEEL. EEED
AAREEDHEICR LTz SYBR Green iEIC &£
% in-house real-time RT-PCR /AT HIV-1 DEE
%{T> 1o 1x10° copies/mL H' 10pg/mL p24 £Ic
BT B &I LR HIV-1 % 1x10° copies/mL.
5x10° copies/mL. 1x10° copies/mL. 2.5x10°
copies/mL (C73% & S Basematrix 53 (SeraCare
Life Science)lc /X1 7 U e R AEZ/EE L,
{EFRRE T-80'CICTHREL 2o 1x10° copies/mL
D&k % . /N Tagman HIV-1 A — k Ver.2.0(O
VA FATFT/RATA4UR) LB RNAEE
FERHM S, in-house JEIC L% RNA EEER % E
I B EEDIT. 1x10° copies/mL DRE%E
Innotest HIV Antigen mAb (Innogenetics)% F5 L)
THE L. HIV-1 p24 FIRERZRZER (NIBSC
code 90/636) DFHERINZBWTIER L BRER
Nopasx8H U,
EAEEREZAWCREE. ELISA Z[RIBE T
231 VAI Y~ HIVAgG-Ab ULT UN1AZw
R) VAT /ANHNVAYTIIILN (&




—RIANIWATTIAT TS AT AT RX) A
L/ VO MICRETHBZIITATZA 2 HV
AgiAb (ELLEA) ZAWVWTITo T,

(REEA D)
32U,

C. MIEHER

HIV-1 2B F W TER U e R B R E LR
E#AED S5, 1x10° copies/ml ICFHEE L ok
%, J/VA Tagman HIV-1 F— b ver.2.0 THIE L
7= (M4), CRF08 _BC M 1 #H&(SPL8N) &R <
I ART D@D 1x10° copies/mL M5 0.5log DEE
IZ72 D in-house real-time RT-PCR D#ERICE
TWTHEBINIEAEO RNA 1 E—HHEY) T
HBIENRENT,

X 5T 1x10° copies/mL ICHREE L 1o AD p24 &
# |nnotest HIV Antigen mAb (Innogenetics) Tl
FURET B, 100pg/mL DFIRICAHEL TVS
ZENHERTERL (K5),

3EHEDERE (1x10° copies/mL. 5x10° copies/mL.
2.5x10° copies/mL) TR L e 5 OEBRAR
HE, 3BEOHIV AV -V 7HEZRWT
BIE U oo

Y1V RY 'Y= HIVAg-Ab ULT Tl WwWaho
BRH 1x10° copies/mL (=10pg p24/ml)E THEH
AEETH > (K6), J/NA Tagman HIV-1 7 —
Nver2.0 TPYSEZRULESPL81 THY A
TA VT A(COLNPeEWMEANRE S
(B6)e —AZLYHAT/ANHN A VTS
LI Tl 1EEAE DT 1x10° copies/mL
(=10pg p24/ml)E TR BIBETH > feh',
CRF07_BC D—Hk(SPL86)id T R TRIEHIE & 75
D.Y1¥ XY YU—> HIVAg-Ab ULT THEE R
L7= SPL81 6 C.O.L.AMEL . 1x10° copies/mL T
(FREMHE &R T,

T X751 HIVAg/Ab Tld. 1000pg/mL T 1 ¥
MEEMEHE & 4D 250pg/mL Tid /8 Tagman
HIV-1 A — Ver.2.0 TEfE & 7 - fc SPL81.
SPL76 (K4) ZBRVWTINRTEREHEE RS
(B7),

D. &
BaBYTEAT - CRF - 7)L—TD HIV-1 5B
VAR ERMCEET BHEE LT SYBR
Green iEIC & % in-house real-time RT-PCR /&%
WS Ufco CORETHERU FRRERESR
@D RNA JE—# & p24 MIBEREIEY T
HBEE. HIV-1 RNABIRERSE T1J/8X
Tagman HIV-1 A — b ver.2.0; & HIV-1 p24 HT/R
HEER Tinnotest HIV Antigen mAby (€ & %38l
EDERMISHEREINE (4. ®5),
ZDHETIAINRABZRZ 2 HIV-1 FURRHR
ERBEREEE ST, HV RV U -2V HEE
DMERHEEDREZ 1T o I,
2EEDELISAZRIEBETDHVAIY—ZV
THETHELEEZ SR, IVTFAT /AN HV
AVFTZILI T, 2 DDHE(SPL86, SPL81)D
BREBECESDENHFSNE (B6). WITh
@ CRF HEETH 2 HEICEH 1 5 EER HIV-1
TR THD, SHRISICHRAKZIEY L TOEE
Mo EEBbhd,

TRT7S5A Y HIVAgAb ZES IZRIETIE. Y7
94 ZICRFIZ I —7%Bbd . REHAEOHIRE
HRENELISAZEEE T2 2 DDOHED 1/100
BETHDLZENELSHICHE - o, REEE,
ELISA PbR2ELBEATEEZFRIBETEHE
MR 7Y —Z > JHE & AR ICERER
BRHERE> TWBHDD, FOREWEHOKEE
BEICREERIINIZIHRENH D, SEIOERIZ
FNEERMTEZT—F EEo T

E. &

KA ICHWTEIIZL e HIV-1 FIRIR HRE SR
FARAEEELEF. & D RATHRNEEERBIRGE
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Subtype A Subtype D CRFO1_AE CRF07 BC
SPL2 SPL32 SPL41 SPL64
SPL7’ SPL40 SPL44 SPL86
SPL8 SPL48

Subtype B Subtype F CRF02_AG CRF08_BC
SPL11 SPL72 SPL53 SPL69
SPL17 SPL73 SPL59 SPL81
SPL18 SPL60 SPL85

Subtype C Subtype G Group O
SPL27 SPL74 SPL76
SPL61
SPL62

HIV-1 copy number (/ml) [l
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4 :1x10°copies/mL & ?D 3/C X Tagman 7 —
NVer20(A¥a - ¥A4FIT /AT 1Ak
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25x10°6 5x10°5 1x10°5 1000 | 250 | 50
Subtype A Subtype A
SPL2 165 182 79 109 28 29 SPL2 T
84 85 6.7 67 26 26 ] g
SPL7 15.1 16.1 68 74 27 21 T -
8.1 8.4 60 6.1 22 22
SPL8 164 178 85 100 33 25
80 83 57 60 21 22 :‘;T;V:'e B —
Subtype B SPL17 +
SPL1T 179 188 98 18 50 44 SPL18 +
7.8 8.1 53 53 21 22
SPL17 177 189 9.9 1.7 40 37 Subtype C
8.1 83 64 64 25 24 SPL27 ¥ ==
SPL18 177 185 8.9 1.3 40 34 SPLET T =
8.1 85 65 6.4 26 25 SPLOZ T =
Subtype C
SPL27 164 17.9 78 86 30 2.7 Subtype D ,
83 83 65 66 25 26 SPL32 + =
SPL6T 17.9 193 98 113 42 38 SPL40 + =
79 84 14 74 34 35
SPL62 170 185 109 109 42 37 Subtype F
82 82 5.7 5.8 2.1 20 SPL72 + =i
SPL73 + |i=iE
Subtype D
SPL32 18.1 180 109 106 38 33 Subtype G
84 83 63 64 24 24 SPL74 T T =
SPL40 153 153 73 75 25 21
8.1 82 58 58 2.1 22 Y
Subtype F SPL41 + =
SPL72 183 183 1.3 1.2 41 32 SPL44 + =
80 82 49 5.0 17 1.7 SPL48 + = b
SPL73 175 174 97 96 32 25
76 76 36 36 12 12 CRF02.AG
SPL53 + =
Subtype G SPL59 + =
SPL74 183 183 114 111 38 39 SPLG0 T =1 =
80 80 46 47 17 17
CRFOILAE CRF07.BC
SPL4T 194 178 129 118 47 37 SPL64 + =
84 84 6.7 6.6 25 24 SPL86 + =
SPL44 167 168 85 80 28 24
8.0 8.1 5.4 5.3 20 18 CRF08.BC
SPL48 208 208 133 149 47 49 SPL69 +
111 11.2 6.8 6.6 20 2.1 SPL81 +
SPL85 +
CRF02.AG
SPL53 183 183 89 102 2.7 26 Grow ©
107 108 6.0 58 19 19 P76 i R e
SPL59 190 195 103 104 33 32 . —
1.1 108 6.9 6.7 21 22 SPLTT il o
SPL60 19.2 196 104 108 35 29
105 107 59 6.0 19 19 o _
P K7 : iEnARRRH ICHE TTX7571Y>
= 3B ==
spLos O o HIV Ag/Aby Z AW ERBBREDRIE
SPL8E 08 09| o5 05 04 - 04
15 115 9.0 88 34 32
CRF08.BC
SPL69 16.4 17.3 7.0 73 20 19
11.3 114 77 16 27 25
SPL81 5.7 54 15 16 06 06
11.6 116 113 11.6 9.1 93
SPL85 148 149 57 52 16 15
1.3 114 76 79 27 26
Group O
SPL76 204 19.1 154 146 57 59
15 115 71 75 25 24
EBIHAT /R HNY AT TSN 1AV ES: 43742)
FER: DT RY—2 HIV Ag-Ab ULT (RS 4E0091)
~OFRECOLEN T LLEZBELHET S
BEEHR LA OE T L—TRLE,
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T A )L R D ERIEE RIS HFRFREERWHO)DE
MBLKIZEENLICE T D FEFIRZE = (Expert
Committee on Biological Standardization : ECBS)
CEWTRKENICHES N, EE. BLUE
¥ E % (& £ IC National Institute for Biological
Standards and Control (NIBSC. I %Y X). Paul-
Ehrlich-Institut (PEI. K- ). Food and Drug
Administration (FDA. 7 X YU M iT>TW3,
ECBS Ic%iz 5. L 3 #ENSET S WHO
Collaboration Centers meeting TI3EHE B D1
EM T, Scientific Working Group on the Stan
dardisation of Genome Amplification Techniques
(SOGAT) Tl iEHRZ (CBIT 2 RENABRNA
ENB, AAKRTIE. WHO BRREREROEEICH
TERTOBERZNEL. ZOEFAZEET S
ExBERNE Ulce Eico BRMNICH T 245288
EEROREEEEAHICOVWTERNEEZT>

B. i
SoGAT - 2™ Joint Blood Virology and Clinical
Diagnostics Meeting ANDHE. WHO ECBS ICig

HENEBREEORENS. WHO EEER -5
BR. EEsSR/ARILOEK. BHOEBRIRIC
DWTEHHBERBERT> k. RINEAZHERES
(Directive 98/79/EC). £ LU 2012 FicHE 1A
BEROBEIRZEIC, BMNCH T2 EKNZHAE
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(REEADERE)
B4V,
C. fIRER
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2014 £ WHO ECBS lcBW\W T, 71 L A E
IHIEERE U TE 3 R HBs MMRERIZER.
1R HCV a7 MEREEREERMNHIE S N,
FOMDEERELT, B1RMNFEY TTIAIH
BERIZEER. £ 1 KAV T Y7 AMSERE%E
EMEIEE NI, B 3 X HBs MEEREER.
£ 1R HCV A7 NMREBREERICOWTIEETL
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EZ L LT, Herpes Simplex virus 1/2-DNA
BT R DOFRIER D ERR S N (3R 4)o

25 5 X HCV-RNA EFERAERIC D W T, 2015
F£0 ECBS TOHIEZBRICEFEEIED S
nNTW2, 20D 1)L AKEICEIL T JCV.
BKV. HHV6A. HHV6B., $LV'7F /D1 ILA
DOEPMEER, HIV-1 BIERY 751 7IXxIL,
HEV ¥z /94 7KL DEFHETRTH %,
JoV EEEROBERMM. HCV ERERERDE
HFHEV ¥z /YA 7IRKILDEFHRICDWTIE
HEEETFMT S OEBHEBHTIFHAS
Nico ¥ HTLV AN RIV(BRE - BEERER)
HEHAED 2 OEBFEEBAERDHIB S N,

2. HCV-RNA EffREMLD 2 EM
ERERCBITI2LREUIFEBEBZ>TWVND
HCV-RNA EMZEERICDOWT, &EE. KRE®
K. JLHCV Fiik, pH BEHI(HEPES). HRiE8z/%
REA(N L/\NO—X)DEED NIBSC [CBWNWT
BmE Nz, WIhOBERICEWTHEHmOEER
RIETIERDH 5N Y. HCV-RNA EMZEERODOR
EEZETIETWEZEREEHEBALEGI -
(2014 %D SoGAT [CHWT NIBSC #BE LD
BE), ULHhLELNS, EEEDDBRLLB-TE
el EDLEEROBEFHERICASZ I & REO
w N TREBEMEMNET CEEFL T, TERR
BEHSANATIL - A0 Y a—Fvy TERICEE
FHIENRES
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Short Self-Interacting N-Terminal Region of Rubella Virus Capsid
Protein Is Essential for Cooperative Actions of Capsid and
Nonstructural p150 Proteins

Masafumi Sakata, Noriyuki Otsuki, Kiyoko Okamoto, Masaki Anraku, Misato Nagai, Makoto Takeda, Yoshio Mori
Department of Virology 3, National institute of Infectious Diseases, Tokyo, Japan

ABSTRACT

Nucleocapsid formation is a primary function of the rubella virus capsid protein, which also promotes viral RNA synthesis via
an unknown mechanism. The present study demonstrates that in infected cells, the capsid protein is associated with the non-
structural p150 protein via the short self-interacting N-terminal region of the capsid protein. Mutational analyses indicated that
hydrophobic amino acids in this N-terminal region are essential for its N-terminal self-interaction, which is critical for the cap-
sid-p150 association. An analysis based on a subgenomic replicon system demonstrated that the self-interacting N-terminal re-
gion of the capsid protein plays a key role in promoting viral gene expression. Analyses using a virus-like particle (VLP) system
also showed that the self-interacting N-terminal region of the capsid protein is not essential for VLP production but is critical for
VLP infectivity. These results demonstrate that the close cooperative actions of the capsid protein and p150 require the short
self-interacting N-terminal region of the capsid protein during the life cycle of the rubella virus.

IMPORTANCE

The capsid protein of rubella virus promotes viral RNA replication via an unknown mechanism. This protein interacts with the
nonstructural protein p150, but the importance of this interaction is unclear. In this study, we demonstrate that the short N-ter-
minal region of the capsid protein forms a homo-oligomer that is critical for the capsid-p150 interaction. These interactions are

required for the viral-gene-expression-promoting activity of the capsid protein, allowing efficient viral growth. These findings
provide information about the mechanisms underlying the regulation of rubella virus RNA replication via the cooperative ac-

tions of the capsid protein and p150.

"% ubella virus (RV) is the sole member of the genus Rubivirus in
¢ Uthe family Togaviridae. RV is an enveloped, single-stranded,
positive-sense RNA virus with a genome of approximately 10 kb.
The genome acts as an mRNA and contains three untranslated
regions and two open reading frames (ORFs). The ORF at the 5’
end encodes two nonstructural proteins (NSPs), p150 and p90,
which function in viral RNA replication. The other ORF, at the 3’
end, encodes three structural proteins (SPs), capsid, E2, and El,
which are integral components of the virion (1). NSP p150 con-
tains several domains that are conserved among other RNA vi-
ruses (2, 3). A putative methyltransferase domain and a protease
domain are located at the amino (N) and carboxyl (C) termini,
respectively (2, 4, 5). There are also two domains of unknown
function, Y and X, between the methyltransferase and protease
domains. The putative methyltransferase domain is considered to
play arole in capping viral RNA (4). The protease domain cleaves
the precursor polyprotein p200 into p150 and p90, and this step is
critical in the regulation of viral RNA replication (6~8). NSP p90
has two functional domains, helicase and RNA-dependent RNA
polymerase (RdRp) domains, in the N- and C-terminal regions,
respectively (6, 7). p150 and p90 are believed to form the replica-
tion complex with the viral genome and play crucial roles in viral
RNA replication (8-10). The SPs are synthesized as a precursor
polyprotein, which is cleaved into the capsid, E2, and E1 proteins
by a host-cell signal peptidase in the lumen of the endoplasmic
reticulum. Previous studies have suggested that the capsid protein
interacts initially with the viral genomic RNA and is then assem-
bled into the virion with an envelope derived from the host cell
membrane containing the E2 and El glycoproteins, mainly in the
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Golgi complex (11-14). Nucleocapsid formation is a primary
function of the capsid protein, but the protein also promotes viral
RNA synthesis via an unknown mechanism(s) (15-18). It has also
been reported that the capsid protein promotes virus production
via its interaction with several host factors (19-21). Previous stud-
ies (17, 22, 44, 45) have shown that the capsid and p150 proteins
interact with each other and colocalize in cells (17, 22) and that the
expression of the capsid protein compensates for the functional
disability of p150 (17, 44, 45). These observations suggest a coop-
erative action between the capsid and p150 proteins. In this study,
our data indicate that the capsid protein associates with p150 via
the short self-interacting N-terminal region of the capsid protein
and that this region is essential for the close cooperative actions of
the capsid and p150 proteins.

MATERIALS AND METHODS

Cells and viruses. Vero and 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) and antibiotics (100 U/ml penicillin and 100 U/ml streptomycin).
BHK cells were maintained in DMEM supplemented with 5% FBS and
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antibiotics. RK13 cells were maintained in DMEM supplemented with 8%
bovine serum (BS) and antibiotics. BHK cells carrying an RV subgenomic
replicon (HS Rep), BHK-HS-Rep cells, were maintained in DMEM con-
taining 10% FBS, 2.5 pg/ml puromycin (Life Technologies, Carlsbad,
CA), and antibiotics. The Vero, 2937, BHK, and RK13 cells were main-
tained at 37°C, whereas the BHK-HS-Rep cells were maintained at 35°C.
The RV strain RVi/Hiroshima.JPN/01.03[1]] was isolated in Japan in
2003 from a clinical specimen, through three passages in RK13 cells. Re-
combinant viruses derived from this strain were propagated after one or
two passages in BHK cells.

Antibodies. The following mouse monoclonal antibodies were used:
anti-RV capsid protein (Abcam, Cambridge, United Kingdom), anti-RV
E2 (Viral Antigens, Memphis, TN), anti-RV E1 (U.S. Biologicals, Salem,
MA), anti-FLAG M2 (Sigma, St. Louis, MO), and anti-GAPDH (MBL,
Aichi, Japan). A rabbit anti-RV p150 polyclonal antibody (22) was a kind
gift from T. Ahola (Institute of Biotechnology, University of Helsinki,
Helsinki, Finland). Goat anti-RV virion, rabbit anti-AG1, and rabbit anti-
Myec polyclonal antibodies were purchased from Acris Antibodies GmbH
(San Diego, CA), Santa Cruz Biotechnology (Santa Cruz, CA), and MBL,
respectively. A rabbit anti-RV p90 polyclonal antibody was produced by
immunizing a rabbit with the p90 helicase domain (amino acids 1334 to
1586) expressed in Escherichia coli.

Plasmid constructs. An infectious genomic ¢cDNA of the RVi/
Hiroshima.JPN/01.03[1]] strain was constructed by connecting overlap-
ping reverse transcription (RT)-PCR-amplified products, as described
previously (55, 56), with some modifications. The cDNA was inserted into
the Spel and EcoRlI sites of a modified pUC18 vector, in which the HindIII
site in the multicloning site was replaced with an Spel site. To insert an SP6
promoter immediately upstream from the 5’ end of the genomic cDNA,
the 5'-terminal fragment of the RV genome (nucleotides [nt] 1 to 1919)
was amplified by RT-PCR using the following primer pair: forward
primer Spel-HS(+)1-26 (5'-gcttactagtATTTAGGTGACACTATAGCAA
TGGGAGCTAACGGACCTCGCTTA-3") and reverse primer RV(—)
1899-919 (5'-atccguattcGCACGACACGGACAAAAGCC-3’) (the Spel
and EcoRI sequences are shown in lowercase italicized letters, the SP6
promoter sequence is underlined, and nucleotides that are added for effi-
cient enzymatic digestions are indicated in lowercase roman letters). They
were swapped using the Spel and SnaBI restriction enzymes. To insert a
poly(A) sequence immediately downstream from the 3’ end of the
genomic cDNA, the 3’-terminal fragment of the RV genome (nt 8258 to
9762) was amplified by RT-PCR using the following primer pair: forward
primer HS(+)8258-80 (5’ -agtcaagcttatgGAGGAGGCTTTCACCTACCT
CTG-3"}) and reverse primer HS(—)9738-dt20 (5'-ctaggaattcT,,CTATG
CAGCAACAGGTGCGGGAATC-3") (HindIII and EcoRI sequences are
shown in lowercase italicized letters). They were swapped using the Sbfl
and HindIII restriction enzymes. The resulting plasmid was designated
“pHS.”

To generate a plasmid encoding the cDNA from an infectious clone
with an in-frame insertion encoding the green fluorescent protein hu-
manized monomer Azami Green 1 (AG1) between amino acid positions
717 and 718 within a hypervariable region of p150, a HindIII restriction
enzyme site was introduced by PCR-mediated site-specific mutagenesis
between nt positions 2192 and 2193 of the genomic cDNA. The AGI gene
flanked by HindIII sites was then amplified by PCR and cloned into the
HindIII site introduced into the p150 gene. The resulting plasmid, encod-
ing an infectious cDNA with the p150 gene fused to the AGI gene (p150/
AG1), was designated “pHS-p150/AGL.” A series of infectious clones,
each with a single mutation in the capsid protein, was generated based on
pHS-p150/AG1 using PCR-mediated site-specific mutagenesis.

A plasmid encoding the cDNA for a subgenomic replicon of the RVi/
Hiroshima.JPN/01.03[1]] strain, pHS-Rep-P2R, was constructed by re-
placing the structural polyprotein gene with a reporter gene encoding a
fusion protein of puromycin N-acetyl-transferase, foot-and-mouth dis-
ease virus 2A self-cleavage domain, and Renilla luciferase, in that order
(designated the “P2R reporter”). pHS-Rep-GND-P2R, encoding the
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cDNA for a replication-defective form of the subgenomic replicon, was
constructed by introducing a D1967N point mutation into the RdRp cat-
alytic GDD motif. A plasmid encoding the cDNA for another subgenomic
replicon, pHS Rep, was constructed by replacing the structural polypro-
tein gene with a puromycin N-acetyl-transferase gene.

Expression plasmids encoding either p150, the capsid protein, the
E2-E1 polyprotein, or the precursor SPs (capsid, E2, and E1) were gener-
ated based on the pcDNA3.1+ vector (Life Technologies). The AGI gene
was inserted into the p150 gene in the region corresponding to amino acid
positions 717 and 718 (p150/AG1) or at the N terminus (A°'p150). The
expression construct for the full-length capsid protein was designated
“C_300.” Constructs containing N- or C-terminal deletions are indicated
with subscript numbers. A three-tandem-FLAG epitope (3FLAG) or a
three-tandem-Myc epitope (3Myc) sequence was inserted into the capsid
protein gene at the 5 terminus (FLAG/mYe) and the 3’ terminus was
tagged with the mCherry gene (C™). Plasmids encoding a series of mu-
tant capsid proteins with deletions or amino acid substitutions were pre-
pared with PCR-based mutagenesis. These mutations were also intro-
duced into the capsid protein gene within the plasmids encoding the
precursor SP. All the nucleotide sequences of the inserts were confirmed
with DNA sequencing before use.

Recovery of cloned viruses from infectious cDNA clones. The full-
length viral genomic or subgenomic replicon RNAs were synthesized
from the plasmids encoding the cDNAs by in vitro RNA transcription with
the mMESSAGE mMACHINE SP6 transcription kit (Life Technologies),
according to the manufacturer’s instructions. The quality of the synthe-
sized viral RNAs was confirmed by electrophoresis, and the amounts of
RNAs were calculated spectrophotometrically. BHK cells were transfected
with the synthesized RNAs using DMRIE-C transfection reagent (Life
Technologies), and the culture media were replaced with fresh media at 4,
5, and 6 days posttransfection (dpt). To prepare master stocks of the
clones of RVi/Hiroshima.JPN/01.03[1]] (rHS) and its recombinant (+HS-
p150/AG1), derived from pHS and pHS-p150/AG1, respectively, the cul-
ture supernatants were harvested at 7 dpt. To analyze the growth kinetics
of the RVs after RNA transfection, aliquots of the culture media were
harvested every 24 h until 120 h posttransfection (hpt).

Growth kinetics of rHS and rHS-p150/AG1. Monolayers of RK13 cells
in six-well plates were inoculated with rHS or rHS-p150/AG1 at a multiplicity
of infection (MOI) of 0.1. After incubation for 1 h at room temperature, the
cells were washed twice with 1 ml of Dulbecco’s phosphate-buffered saline
(PBS) (Life Technologies) and cultured with 2 ml of minimal essential me-
dium (MEM) containing 8% BS and antibiotics. The cells were incubated at
35°C in a humidified incubator containing 5% CQ,, and aliquots of the cul-
ture media were collected every 24 h until 120 h postinoculation (hpi). The
infectious titers in the media were determined by plaque assay, as described
previously (55, 56), and are expressed in PFU.

Fluorescent focus-forming assay (FFA). Monolayers of Vero cells in
24-well plates were inoculated with 0.1 ml of samples serially diluted 10-
fold and incubated for 1 h at room temperature. The cells were then
cultured with 0.5 ml of MEM containing 2% FBS, 0.07% sodium bicar-
bonate, 0.5% agarose, and antibiotics. After incubation for 7 days at 35°C,
the cells were fixed with PBS containing 4% formalin. The foci of cells
expressing AG1 were counted under a fluorescence microscope, and the
infectious titers are expressed in fluorescent focus-forming units (FFU).

Indirect immunofluorescence assay (IIFA). Vero cells were inoculated
with rHS or rHS-p150/AG1 at an MOI of 1.0 or transfected with plasmids
expressing p150 and the capsid proteins using TransIT-LT1 transfection re-
agent (Mirus, Madison, WI). After incubation, the cells were fixed with 4%
paraformaldehyde in PBS and permeabilized with 0.5% Triton X-100 in PBS.
They were then stained with the appropriate primary antibody and then with
the appropriate secondary antibody conjugated to Alexa Fluor 488 or 594
(Life Technologies). Nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPL; Lonza Cologne GmbH, Walkersville, MD). The stained cells
were observed with an FV1000D spectral type confocal laser-scanning micro-
scope (Olympus, Tokyo, Japan).
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Coimmunoprecipitation assay (co-IPA). 293T cells were cotrans-
fected using Lipofectamine LTX (Life Technologies) with several combi-
nations of expression plasmids: a series of "-A5C constructs and #5'p150
and a series of FFAS/™<C . ™€ constructs. After incubation for 48 h, the
cells were treated with immunoprecipitation lysis buffer (125 mM Tris-
HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 5% glycerol), and the cell debris
was removed by centrifugation at 15,000 X g for 5 min at 4°C. Aliquots
(5.0% or 10.0% of the total volume) of the cell lysates were used as the
“input” samples, and the remaining samples were pretreated with mouse
IgG-agarose (Sigma) for 60 min at 4°C. The pretreated samples were im-
munoprecipitated with anti-FLAG M2 affinity gel (Sigma) for 2 h at 4°C.
After five washes with Tris-HCl-buffered saline (TBS) containing 0.5%
Tween 20 (TBS-T), the protein complexes bound to the agarose gel were
dissolved by boiling the gel with sodium dodecyl sulfate (SDS) sample
buffer for 5 min. The samples were then analyzed with immunoblotting.

Immunoblotting. The polypeptides in the samples were separated
with SDS-polyacrylamide gel electrophoresis and electroblotted onto
polyvinylidene difluoride membranes. After the membranes were blocked
with SuperBlock blocking buffer (Thermo Fisher Scientific, Rockford,
IL), they were incubated overnight at 4°C with primary antibodies diluted
in TBS-T or the immune-enhancer solution Can Get Signal (Toyobo,
Osaka, Japan). The membranes were then washed three times with TBS-T
and incubated with horseradish peroxidase-conjugated secondary anti-
body diluted with TBS-T or Can Get Signal for 2 h at room temperature.
After being washed, the membranes were treated with SuperSignal West
Dura extended-duration substrate (Thermo Fisher Scientific) or Super-
Signal West Femto maximum-sensitivity substrate (Thermo Fisher Scien-
tific), and the chemiluminescent signals on the membranes were detected
with an LAS-3000 Luminescent image analyzer (GE Healthcare, Bucking-
hamshire, United Kingdom).

Reporter assay of the viral-gene-expression-promoting activity of
the capsid protein. Full-length capsid protein mRNA or a series of
mutant mRNAs were synthesized from plasmids encoding the corre-
sponding cDNAs with in vitro RNA transcription, using the mMESSAGE
mMACHINE T7 kit (Life Technologies). The quality of the synthesized
RNAs was confirmed with electrophoresis, and the amounts of the RNAs
were measured spectrophotometrically. BHK cells were transfected with
the subgenomic replicon RNA (HS-Rep-P2R or HS-Rep-GND-P2R), to-
gether with each capsid protein mRNA. The transfected BHK cells were
collected at 72 hpt, and their Renilla luciferase activities were measured
with the Renilla luciferase assay system (Promega, Madison, WI). The
expression levels of the capsid protein in the Renilla luciferase assay sam-
ples were detected by immunoblotting with anti-RV virion and anti-
GAPDH antibodies.

Analysis of VLPs generated by transfection of RV subgenomic rep-
licon cells with SP constructs. BHK cells were transfected with in vitro-
synthesized RNA encoding the subgenomic replicon HS Rep. A stable cell
line carrying the subgenomic replicon, BHK-HS-Rep cells, was estab-
lished by selection with 2.5 pg/ml puromycin. The cells were transfected
with a series of plasmids expressing the SP constructs using Lipofectamine
LTX (Life Technologies). The culture media were replaced with fresh
media at 24 hpt and harvested after incubation for another 24 h. The titers
of the infectious viruslike particles (VLPs) in the media were analyzed
with FFA. To analyze the physical properties of the VLPs, the media were
harvested and centrifuged at 10,000 X g for 10 min at 4°C. The superna-
tants were layered onto 15% (wt/vol) sucrose cushions and centrifuged in
an SW28 rotor (Beckman) at 113,000 X g for 2 h at 4°C to produce VLP
pellets (23, 24). The VLP pellets were suspended in PBS overnight to
quantify VLP production. For further analysis, the resolved wild-type (wt)
and L12A VLPswere fractionated by ultracentrifugation through a 10% to
40% sucrose density gradient in an SW41 rotor (Beckman) at 145,000 X g
for 2 h (25, 26). The fractions (1 ml each) were collected from the top of
the gradient. The proteins were concentrated from 700 .l of each fraction
with trichloroacetic acid precipitation and analyzed by immunoblotting
with an anti-RV virion antibody. Viral RNA was purified from 200 pl of
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each fraction using a High Pure viral RNA kit (Roche Applied Science,
Indianapolis, IN), and the copy number of the genomic RNA was mea-
sured with reverse transcription-quantitative PCR (qRT-PCR). In the
qRT-PCR, part of the p90 gene was amplified using RealTime Ready RNA
virus master (Roche Applied Science), the primer set HS gPCR(+)6107
(5"-ATGCACCAGGCGATCAAG-3") and HS gPCR(~)6158 (5'-GGCC
ACCTGCTGTTCTTC-3'), and Universal ProbeLibrary (UPL) probe 160
(Roche Applied Science) in a LightCycler 480 system (Roche Applied
Science), according to the manufacturer’s instructions. The copy number
of each genomic RNA was calculated by standardization to an in vitro-
synthesized full-length genomic RNA.

Nucleotide sequence accession number. The whole genomic se-
quence of the RVi/Hiroshima.JPN/01.03[1]] strain was determined and
submitted to the DDBJ/EMBL/GenBank database under accession num-
ber AB860305.

RESULTS

Capsid protein colocalizes with p150 in RV-infected cells. Re-
combinant RVs, rHS, and rHS-p150/AG1, expressing p150 fused
to the green fluorescent protein AG1, were generated (Fig. 1A).
AG1 was inserted between amino acid positions 717 and 718
within a hypervariable region of p150, which permits the insertion
of extra peptides or deletions (44, 45, 57). As expected, the cellular
distribution pattern of p150/AG1 was similar to that of the origi-
nal p150 (Fig. 1B), and the growth kinetics of rHS-p150/AG1 were
similar to those of the parental rHS (Fig. 1C). Vero cells were
infected with rHS-p150/AG1 and analyzed with indirect immu-
nofluorescence and confocal microscopy (IICM). At 36 hpi, p150/
AG1 was distributed in the cytoplasm and at the cell border (Fig.
1D). The signals for p150/AG1 at the cell border were merged with
those of the lipid membrane stained with the lipophilic dye Dil
(data not shown). These data suggest that p150/AG1 localized at
the plasma membrane. At 72 hpi, the majority of p150/AG1 was
distributed in filamentous structures in the cytoplasm (Fig. 1D),
as described previously for the original p150 (9, 22, 47). Almost all
the p150/AG1 in these distributions clearly overlapped the distri-
bution of the capsid protein (Fig. 1D). At 36 hpi, ~50% of cells
showed clear p150/AG1 signals at the plasma membrane, whereas
at 72 hpi, ~60% of cells showed signals in the filamentous struc-
tures (Fig. 1E). The viral glycoproteins E2 and E1 rarely colocal-
ized with p150/AGI at either 36 or 72 hpi (data not shown).

The N-terminal 30-amino-acid region of the capsid protein
(C,_30) is responsible for its association with p150. The capacity
of the capsid protein to interact with p150 was analyzed with co-
IPA. Expression plasmids encoding the full-length capsid protein
(Cy_s00) Or a series of truncated forms of the capsid protein
(Cs1-300 Cr01-300 C151-3000 C1-1500 Cio1000 Crsor and Cy_0) were
prepared (Fig. 2A and B). Csy_590» C101_300» ad Cy57_300 have trun-
cations at the N terminus, and C,_; 54, C,_;00» C;_s0, and C,_s, have
truncations at the C terminus. A 3FLAG tag was added to the N
terminus of all the capsid proteins (Fig. 2A and B). 3FLAG-tagged
Cy_s000 Cs1-3000 Cro1-300» a1d Cy51_s00 were designated "4°C, 4,
FLAGC, 000 TCClo1_sor and TACSC1s;s00s respectwely A red
fluorescent protein, mCherry, was added to the C terminus of
3FLAG-tagged C1~3oo’ C1 1500 Ci-1000 C1_s0» and Cy_3y, and desig-

FLAG mC mC  FLAG mC FLAG mC
nated Cisg" 1-150 > Ci100 Ciso™

and T4GC,_;,™C, respectively (Fig. 2B). Coimmunoprecipita-
tion assay of the proteins expressed from these plasmids
showed that F“ASC, ;. interacted with N-terminally AG1-tag-
ged p150 (AS'p150), whereas neither “4°Cy, 500 4CC o1 3000
nor FASC . so, interacted with AS'p150 (Fig. 2C and D).
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FIG 1 Preparation of an infectious clone of RV expressing p150 fused to the green fluorescent protein AG1. (A) Schematic diagrams of the genomes of the
original virus (rHS) and the genetically modified RV encoding p150 fused to the green fluorescent protein AG1 (rHS-p150/AG1). AGI was inserted in frame into
the hypervariable region of the p150 gene. (B) Distributions of p150 in Vero cells infected with rHS (left) or rHS-p150/AG1 (right) at 96 hpi. Native p150 was
detected with ITFA using an anti-p150 antibody, and p150/AG1 was detected by its AG1 fluorescence. (C) Growth kinetics of the two infectious clones in RK13
cells. The cells were inoculated with each virus at an MOI of 0.1, and the viral titers in the media, harvested at the indicated times, were determined with plaque
assays. The averages from three independent experiments are presented. Error bars indicate standard deviations. (D) Distributions of the capsid protein (red) and
p150/AGI (green) in Vero cells infected with rHS-p150/AG1. Vero cells infected with rHS-p150/AG1 at an MOI of 1.0 were fixed at the indicated times and
analyzed with IFAs using anti-AG1 and anti-capsid antibodies. Nuclei were stained with DAPI (blue). (E) Proportions of each distribution pattern of p150/AG1
in panel D. The distributions of p150/AG1 were categorized into three patterns in the cells positive for both p150/AG1 and the capsid protein: at the plasma

membrane (PM), at filamentous structures (F), and diffusely in the cytoplasm (CP) (total number of counted cells [11] = 106 at 36 hpi; n = 98 at 72 hpi).
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, and
all coimmunoprecipitated with #“'p150. These re-
sults indicate that C,_s, is responsible for the interaction of the
capsid protein with p150.

Self-interacting capacity of C,_5, is essential for the capsid-
p150 interaction. Perera et al. (26) reported that the N-terminal
region of the capsid protein of Sindbis virus, which belongs to the
same family (Togaviridae) as RV, contains a coiled-coil motif.
C,_30 of RV is also predicted by the COILS program (http://www
.ch.embnet.org/software/COILS_form.html) to contain a coiled-
coil motif at amino acid positions 8 to 29. A series of point muta-
tions (M9A, E10A, L12A, L16A, and L23A) were introduced into
FLAGG ,o™C and 3Myc-tagged C,_3,™C (™°C,_3,™ ) (Fig. 3A). In
these mutant peptides, the amino acid residue at position 9, 10,
12, 16, or 23 was replaced with an alanine. Mutation 20P21 is a
single amino acid insertion, not a substitution, in which a proline
residue was inserted between amino acid positions 20 and 21.
Coimmunoprecipitation assay showed the self-interacting capac-
ity of C,_s, because ™°C, 5™ coimmunoprecipitated with
FLAGG, _,™C (Fig. 3B). The amount of coimmunoprecipitated
MYEC, 3™ was greatly reduced by mutations L12A, L16A, and
20P21 (Fig. 3B). M9A and L23A moderately reduced the amounts
of coimmunoprecipitated ™C,_s,™ (Fig. 3B). In contrast, E10A
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had little effect on the amount of ™°C,_s,™ coimmunoprecipi-
tated (Fig. 3B). These data demonstrate that hydrophobic residues
at amino acid positions 9, 12, 16, and 23 of C,_, are important for
the self-interaction of C,_5,. These residues form a hydrophobic
interface in the predicted coiled-coil structure. Our data also sug-
gest that the formation of the secondary structure of C,_,, is crit-
ical for its self-interaction, because a single amino acid insertion
(20P21) severely affected its self-interaction.

The p150-interacting capacity of "-*“C,_,,™ and its mutant
constructs (F“4CC,_,,™-20P21, -M9A, -E10A, -L12A, -L16A, and
-L23A) was analyzed with co-IPA. The mutations that severely
or moderately affected the self-interacting capacity of C,_;,
(M9A, L12A, L16A, L23A, and 20P21) greatly reduced the
amounts of “S!p150 that precipitated with F-4SC,_,;™< (Fig.
3C). In contrast, the amount of ““*p150 that precipitated with
FLAGC, 5,™C was not affected by E10A, which had no effect on
the self-interaction of C,_s, (Fig. 3C). These data show that the
self-interacting capacity of C,_, is closely associated with its
capacity to interact with p150. The p150-interacting capacity of
FLAGC, 400 and its mutant constructs (F*SCs,_500 and
FLAGE  00-20P21, -M9A, -E10A, -L12A, -L16A, and -123A)
was also analyzed with co-IPA. Consistent with the data for
FLAGC, ,,™C and its mutant constructs, *S'p150 coimmuno-
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FIG 2 The short N-terminal region of the capsid protein is important for its interaction with p150. (A) A schematic diagram of the whole capsid protein and its
N-terminal truncated mutants used in coimmunoprecipitation assays. The first and last amino acid positions of the truncated capsid proteins are indicated as
subscript numbers. In the capsid protein, the genomic RNA-binding domain (RNA BD) and the signal peptide sequence for the E2 protein (E2 SS) are mapped
at amino acids 28 to 56 and 278 to 298, respectively (13, 48). A 3FLAG tag (filled triangle) was fused at the N terminus. (B) A schematic diagram of the whole
capsid protein and its C-terminally truncated mutants used in coimmunoprecipiation assays. mCherry protein was fused at the C terminus. (C) Coimmuno-
precipitation assays of the whole capsid protein or the series of N-terminally truncated mutants with “*“'p150. 293T cells were cotransfected with plasmids
expressing the series of the capsid proteins and ~S'p150. The proteins were precipitated on agarose beads conjugated with an anti-FLAG antibody, and the input
samples were analyzed by immunoblotting with an anti-AG1 antibody (for *“'p150) or an anti-FLAG antibody (for the capsid proteins). The asterisk indicates
the mass of the IgG light chain. The panel shows data representative of results from three independent experiments. (D) Coimmunoprecipitation assay of the
whole capsid protein or a series of C-terminal mutants with ““'p150. Coimmunoprecipitation assay and immunoblotting were performed as described in the
legend to panel C. The asterisk indicates the mass of the IgG heavy chain. The panel shows data representative of results from three independent experiments.

mids expressing the individual capsid proteins (C,_s0, F-*SC1_s005
FLAGC, | o> and FHAGC, 0-20P21, -MOA, -E10A, -L124, -L16A,
and -L23A) singly or together with a plasmid expressing p150/
AGL. As reported previously (9), filamentous structures were ob-
served even when p150/AG1 was expressed alone (Fig. 3E, top
right). C,_so was diffusely distributed in the cytoplasm when ex-
pressed alone (Fig. 3E, top left) but was redistributed to the fila-
mentous structures together with p150/AG1 when they were co-
expressed (Fig. 3E, lower panels). The distribution pattern of
FLAGC, 100 was similar to that of C,_so (Fig. 3E, lower panels).
However, the mutant capsid proteins with no or reduced p150-
interacting capacity ("*9Cs,_300 and FA9C,_;,-20P21, -MO9A,
-E10A, -L12A, -L16A, and -L23A) were diffusely distributed in the
cytoplasm, independently of the filamentous structures of p150/

precipitated poorly with ™4SCy,_s00 and F“4SC,_;o, containing
mutations M9A, L12A, L16A, L23A, or 20P21 (F4CC,_5-M9A,
-L12A, -L16A, -L23A, or -20P21, respectively), whereas ““'p150
precipitated efficiently with F“4°C,_,o, containing the mutation
E10A (F4SC,_;00-E10A) (Fig. 3D). The COILS program also pre-
dicted two potential coiled-coil domains in p150, in amino acid
regions 438 to 453 and 946 to 959. The p150 protein may use these
regions to interact with the capsid protein. However, a truncated
form of p150 (p150,_,55), lacking both potential coiled-coil do-
mains, retained the ability to interact with the capsid protein (data
not shown).

To obtain further evidence of the capsid-p150 interaction, the
intracellular distribution patterns of the capsid protein and p150
were analyzed with IICM. Vero cells were transfected with plas-
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FIG 3 The 30 N-terminal amino acids in the capsid protein have a self-interacting capacity that correlates with the capsid-p150 interaction. (A) Schematic
diagram of proline insertion and alanine substitution mutants in the N-terminal region of the capsid protein. A single insertion or substitution was introduced
into C_3,™° tagged with either 3Myc or 3FLAG at the N terminus. (B) Coimmunoprecipitation assay of a series of "-2%/™<C,_, ™ mutants. 293T cells were
cotransfected with plasmids expressing a series of *A¢C,_, ™€ constructs (FXACC,_, ™ or FLASC, _,™C.20P21, -MYA, -E10A, -L12A, -L16A, or L23A) or
plasmids expressing ™°C,_,,™ containing the same mutations as "“*“C,_;,™. The precipitates bound to agarose beads conjugated with an anti-FLAG antibody
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