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TABLE 2 Amino acid sequence homologies of the polyproteins

Non-primate hepaciviruses

HI10-094 B10-022 NZPI AAK-2011 H3-011 AG-066
(1Q434007) (JQ434004) (JQ434001) (JF44991) (3Q434008) (JQ434003)
JPN3/JAPAN/2013 @
(AB&63589) 97.8 96.7 95.7 95.7 95.6 95.3
Non-primate hepaciviruses HCV .
GI1-073 F8-068 HCVla HCVI1b JFH1 GBV-B
(JQ434002) (JQ434005) (NC004102)  (AB779562)  (AB047639) (NC001655)
IPN3/JAPAN/2013 < < <
: 2
(AB863389) 94.9 94.1 46.3 45.6 44.5 28.9
Non-primate hepaciviruses
JPN3/JAPAN/2013 AAK-2011 GBV-B
(AB863589) (JF44991) (NC001655)
HCVia .
(NC004102) 46.1 46.0 333

@, percent identity.

trees of the NS3 (Fig. 3A) and NS5B regions (Fig. 3B) showed that
JPN3/JAPAN/2013 was included in the clade comprising the U.S.
strains NPHV-H10-094 (GenBank accession number JQ434007)
and B10-022 (GenBank accession number JQ434004).

Putative RNA secondary structures around the UTRs of
EHcV. The 5'-terminal region of JPN3/JAPAN/2013 was com-
pared with those of the EHCV genomes (Fig. 4A). The HCV inter-
nal ribosome entry site (IRES)-like structure was embedded in the
5" UTRs of NPHVs (5, 6). The 5'-UTR region was well conserved
among the EHcV strains and showed a mean diversity of approx-
imately 4% among the EHcV strains (Fig. 4A). The 3'-terminal
sequence downstream of the (A)-rich region in the EHcV genome
had not been reported because the (A)-rich region downstream of
the stop codon of EHcV interrupted the reaction in the ordinary
3'-RACE method (5, 6). In the present study, we determined the
nucleotide sequences downstream of the (A)-rich region from se-
rum sample 3 (JPN3/JAPAN/2013; GenBank accession number
AB863589), sample 5 (JPN5/JAPAN/2015; GenBank accession
number AB921150), and sample 1 (JPN1/JAPAN/2015; GenBank
accession number AB921151) by the modified 3'-RACE method
using poly(U) polymerase, although the region in serum sample 1
was incompletely amplified (Fig. 4B). The regions downstream of
the (A)-rich region were conserved between serum samples 3
and 5, whereas the (A)-rich regions varied among the three
strains (Fig. 4B).

The secondary structure of 5 UTR in strain JPN3/JAPAN/
2013 was predicted according to the method described previously
(8) (Fig. 4C). The stem-loops in the 5’ UTR were designated ac-
cording to the stem-loops of the HCV 5'-UTR structures (30).
Stem-loops (SLs) I, 11, I11a to IIIf, and the pseudoknot interaction
were predicted within the 5" UTR of strain JPN3/JAPAN/2013.
These structures were the same as that of the strain reported pre-
viously (9), although several nucleotide insertions and deletions

-were more predominant in the apical loop of subdomain IIIb than
in the other strains reported previously (Fig. 4A and C). Two seed
sites of the microRNA miR-122 (Fig. 4A and C) were found in the
5" UTR of strain JPN3/JAPAN/2013 at nucleotide residues 81 to
89 (UCCACAUUA) and 98 to 103 (CACUCC), which also corre-
sponded to the predicted miR-122 seed sites in the 5' UTRs of the
other EHcV strains (9). :
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The HCV 3’ UTR, which is generally 200 to 300 nucleotides in
length, consists of a short variable region, the poly(U/UC) stretch
sequence, and the 3’-X-tail region, in that order (31-33). Al-
though the EHcV 3’ UTR, which is composed of 138 nucleotides,
is shorter than the HCV 3’ UTR, the 3’ UTR of EHcV consists of
the (A)-rich sequence and 3'-X-tail region, in that order. The
(A)-rich sequence of EHcV may vary in length (Fig. 4B). We sub-
sequently predicted the secondary structure of the EHcV 3’ UTR.
Although the EHcV 3’ UTR, which is composed of 138 nucleo-
tides, is shorter than the HCV 3’ UTR, the 3 UTR includes three
predicted SL structures (Fig. 4C). Based on the SL structures in the

HCV 3’ X-tail, these SL structures in the EHcV 3" UTR were des-

ignated 3'SL I, 3’SL II, and 3'SL III, in that order from the 3’
terminus (Fig. 4C). Interestingly, the (A)-rich sequence was par-
tially incorporated into the 3'SL III, although the poly(U/UC)
stretch sequence in the HCV 3’ UTR is separated from any 3’SL
structures (31-33). Furthermore, the two SL structures in the 3’
side of the EHcV NS5B-coding region were predicted to corre-
spond to 5BSL3.2 and 5BSL3.3 in the NS5B-coding region of
HCV. HCV 5BSL3.2 was previously shown to interact with 3’SLII
to form the kissing-loop interaction, which is required for HCV
replication (33). The secondary structure prediction shown in Fig.
4C suggests that the kissing-loop interaction may be conserved
between 5BSL3.2 and the 3'SL II of the EHcV genome through
their complementary sequences. The long-range RNA-RNA in-
teraction between the apical loop of subdomain IIId in HCV IRES
and the bulge of 5BSL3.2 supports IRES-dependent translation
and viral RNA replication (34-36). In the case of the EHcV ge-
nome, the complement sequences were detected in the apical
loops of subdomain and the 5BSL3.2-like subdomain (Fig. 4C),
suggesting that the long-range RNA-RNA interaction may reside

in the EHcV genome. These results indicated that HCV-like RNA -

secondary structures may be conserved around both UTRs of the
EHcV genome. ’

Cleavage of the EHcV core protein by SPP. The C-terminal
transmembrane region of the HCV core protein was previously
shown to be cleaved by SPP following the cleavage of the core-E1
junction by signal peptidase (11, 28, 37). The core protein is
known to be released from the precursor polyprotein embedded
in the endoplasmic reticulum (ER) membrane, and it then moves
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FIG 3 Phylogenetic analysis of the EHcV gene. Neighbor-joining trees of the
nucleotide sequences from the NS3 (A) and NS5B (B) regions of the NPHV,
HCV, and GBV-B strains are shown (23). Trees were constructed by the max-
imum composite likelihood method calculated using the program MEGAS
(24). The percentage of replicate trees in which the associated taxa were clus-
tered together in the bootstrap test (1,000 replicates) is indicated next to the

~ branches. Analyses were carried out using 10 strains of EhcV, JPN3/JAPAN/ .

2013, A6-066 (GenBank accession no. JQ434003), B10-022 (GenBank acces-
sion no. JQ434004), F8-068 (GenBank accession no. JQ434005), G1-073
(GenBank accession no. JQ434002), G5-077 (GenBank accession no.
JQ434006), H3-011 (GenBank accession no. JQ434008), H10-094 (GenBank
accession no. JQ434007), NZP1 (GenBank accession no. JQ434001), and
AAK-2011 (canine hepacivirus; GenBank accession no. JE744991); 4 strains of
HCV, H77 (genotype 1a; GenBank accession no. NC004102), LyHCV (geno-
type 1b; GenBank accession no. AB779562), HC-J6CH (genotype 2a; GenBank
accession no. NC009823), and JFH1 (genotype 2a; GenBank accession no.
AB047639); 3 strains of bat hepacivirus, PDB-112 (GenBank accession no.

KC796077), PDB-445 (GenBank accession no. KC796091), and PDB-829 '

(GenBank accession no. KC796074); 3 strains of rodent hepacivirus, RMU10-
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mainly to lipid droplets (LDs) (13, 14). Although SPP-dependent
cleavage and LD translocation of the capsid protein are features
common to HCV and GBV-B (13), it currently remains unknown
whether the EHcV core protein shows these properties. The EHcV
core protein shared 49.5% amino acid homology with the HCV
core protein (genotype 1b) (Fig. 5A) and exhibited a hydropho-
bic/hydrophilic pattern similar to that of the HCV core protein
(Fig. 5B). The EHcV core protein was predicted to be composed of
domains 1, 2, and 3 relative to the HCV core protein. The trans-
membrane region of the EHcV core protein was predicted to span
from Asn'”” to Val'”® by TMHMM2.0 (http://www.cbs.dtu.dk
/services/ TMHMM/). The transmembrane region of the EHcV
core protein was 65% identical to that of the HCV core proteins
(Fig. 5A). The C-terminal residue of the mature HCV core protein
was found to be Phe'”” in human and insect cell lines (17, 38). Our
previous findings suggest that Ile”® and Phe'”” of the HCV core
protein may be responsible for SPP-dependent cleavage, because
the replacement of Ile'’® and Phe'”” with Ala and Leu, respec-
tively, abrogated intramembrane cleavage by SPP and impaired
virus production (17, 28, 39). Weihofen et al. reported that SPP
cleaved a peptide bond of the alpha-helix-breaking structure in a
transmembrane region of the membrane protein (40). The re-
placement of Ile'”® and Phe'”” with Ala and Leu, respectively, in
the HCV core protein converted the beta-sheet structure (alpha-
helix-breaking structure) to an alpha-helix structure in the trans-
membrane region, as reported previously (28) (Fig. 6A and B).
Ile'” and Phe'®' of the EHCV core protein, which correspond to
1le'”® and Phe'”’, respectively, of the HCV core protein, reside in
the alpha-helix-breaking structure of the transmembrane region
(Pig. 6A and B). In contrast, the replacement of Ile'** and Phe!**
with Ala and Leu, respectively, in the EHcV core protein were
predicted to convert the beta-sheet to an alpha-helix structure ina
manner similar to that for the HCV core protein (Fig. 6A and B).
To investigate the involvement of SPP in the maturation of the
EHcV core protein, we expressed EHcVe or HCVcin 293FT cells
with an SPP or SPP mutant. These core proteins were expected to
be resistant to signal peptidase-dependent processing because the
C-terminal residue Ala of both core proteins was replaced with
Arg, resulting in the detection of an immature core protein by the
anti-HA antibody (Fig. 6A) (28). The core proteins with molecu-
lar masses of 23 kDa and 28 kDa were detected mainly with the
anti-FLAG antibody in 293FT cells expressing HCVc and HCVc-
mt, respectively (Fig. 6C, lanes 2 and 3); however, the 23-kDa
band was not detected with the anti-HA antibody (Fig. 6C, lane 2).
When EHc Ve was expressed in 293FT cells, it was detected at a
molecular mass of 27 kDa with the anti-FLAG antibody, but not
with the anti-HA antibody (Fig. 6C, lane 4). In contrast, EHcV-
mt, in which the 190th and 191st residues were Ala and Leu in-
stead of Ile and Phe, respectively, was detected mainly at a molec-
ular mass of 30 kDa with the anti-FLAG and anti-HA antibodies
(Fig. 6C, lane 5). A loss-of-function SPP mutant (SPP-D219A) in
which the 219th residue was Ala instead of Asp was shown to have
a dominantly negative effect on SPP-dependent cleavage of the

3382 (GenBank accession no. KC411777), NLR-AP-70 (GenBank accession
no.KC411784), and SAR-46 (GenBank accession no. KC411807); and another
primate hepacivirus, GBV-B (GenBank accession no. NC001655). The Japa-
nese strain JPN3/JAPAN/2013 (GenBank accession no. AB863589) is under-
lined.
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1 |
A AB863589: UAUGCACGGU GCGUUGUCAG CGUUUUGCGC UUGCAUGCGC UACACGCGUC GUCCAACGCG GAGGGAUUCU UCCACAUUAC CAUGUGUCAC
JQ434007: |- -~ ~GCACGGU GCGUUGUCAG CGUUUUGCGC UUGCAUGCGC UACACGCGUC GUCCAACGCG GAGGGAU--U UUCACAUUAC CAUGUGUCAC
JQ434003: CUCCGUGC UUGGCACGGU GCGUUGUCAG CGUUUUGCGC CUGCAUGCGC UACACGCGUC GUCCAACGCG G-GGGAG--U UCCACACUAC CAUGUGUCAC
JQ434008: CUCCGUGC UAGGCACGGU GCGUUGUCAG CGUAUUGCGC UUGCAUGCGC UCCACGCGUC GUCCAACGCG GAGGGAA--U UUCACAUUAC CAUGUGUCAC
JQ434005: CUCCGUGC UUGGCACGGU GCGUUGUCAG CGUGUUGCGC UUGCAUGCGC UCUACGCGUC GUCCAACGCG GAGGGAA--U UUCACAUUAC CAUGUGUCAC
JQ434002: CUCCGUGC UAGGCACGGU GCGUUGUCAG CGUAUUGCGC UUGCAUGCGC UCCACGCGUC GUCCAACGCG GAGGGAA- -C UUCACAUUAC CAUGUGUCAC
B I R R R R R R e O R T T
101

ABB863589: UCCCCCUAUG GAGGGUUCCA CCCCGCCCAC ACGGAAAUAG GUUAACCAUA CCUAUAGUAC GGGUGAGCGG GUCCUCCUAG
JQ434007: UCCLCCUAUG GAGGGUUCCA CCCCGCCUAC ACGGAAAUGG GUUBACCAUA CCCAUAGUAC GGGUGAGCGG GUCCUCCUAG
JQ434003: UCCLCCCUAUG GAGGGUUCCA CCCCGCUUAC ACGGAAAUGG GUUAACCACA CCCAUAGUAC GGGUAUGCGG GUCCUCCUAG G
JQA434008: UCCLCCUGUG GAGGAACCCA -CCCGUUUAC ACGGAMAAUGG GUUAACCAUA CCCAAAGUAC GGGUACUCGG GUCCUCCCAG
JQ434005: UCCCCCUAUG GAGGGAUCCA -CCCGUCUAC ACGGAMAACGG GUUAACCAUA CUCUGAGUAC GGGUAUUCGG GUCCUCCUAG

CCCCCCCG GCAGGUCGAG
CCCCCCCG GCAGGUCGAG
CCCCCCCGE GCAGGUCGAG
CCCCCCCG GCAGGUCGAG
CCCCCCCG GCAGGUCGAG

JQ434002: UCCLCCCUAUG GGGUAUUCGE CCCCCCCG GCAGGUCGAG
I R R T i T T T T T T T o
201 ila lilg
ABB63589: GGAGCUGAAA UUCGUG%C CGUGAGUACA CGGA| ACCUUCGGAG ; [ GGCGUGCCCC ACGAAGGAAG
JQ434007: GGAGCUGAAA UUCGUG C CGUGAGUACA CGGH GGCUUGAACG UCAUA-CGUG ACCUUCGGAG PAA [> GGCGUGCCOL ACGAAGGAAG
JQ434003: GGAGCUGGAA UUCGUG. CGUGAGUACA CGAM GGCUUGAACG UCUU----0UG ACCUUCGGAG 3 GGCGUGCCCC ACGAAGGAAG
JQ434008: GGAGCUGGAA UUCGUGAAUC CGUGAGUACA CGGA GGCUUGARACG UCUUUURAUG ACCUUCGGAG F (3 GGCGUGCCCC ACGAAGGAAG
JQ434005: GGAGCUGGAA UUCGUGAAUC CGUGAGUACA CGGA GGCUUGAACG UCUUA- - -GG ACCUUCGGAG G GGCGUGCCCL ACGAAGGAAG
JQ434002: GGAGCUGGAA UUCGUGAAUC UGUGAGUACA CGGA C_GGCUUGAACG ACCUUCGAAG _GGCGUGCCTK

ACGAAGGAAG

3 tild e e
AB863589: GCEGGGGCGG UGUUGGGCCG CCGCCCCCPU UAUCCCACGG UCUGAUAGGA CUUGCGAG GGUACCUGCC GGUCUCGUAG ACCAUAGGAC
JQ434007: GCRGGGEGCGG UGUUGGGCCGE CCGCCCCCUU UAUCCCACGG UCUGAUAGGA CUUGCGAG GGUACCUGCC GGUCUCGUAG ACCAUAGGAC
JQ434003: GCEGGGGCEE UGUUGGGCCG CCGCCCCCIIU UAUCCCACGG UCUGAUAGGA UGCUUGCGAG GGUACCUGCC GGUCUCGUAG ACCAUAGGAC
JR434008: GCRGGGGCGGE UGUUGGGCCE CCGCCCCCUU UAUCCCACGG UCUGAUAGGA UGCUUGCGAG GGCACCUGCC GGUCUCGUAG ACCAUAGGAC
G
G

JQ434005: GCEGGGGCGG UGUUGGGCCG CCGCCCCCLU AGUCCCACGG UCUGAUAGGA UGCUUGCGAG GGCACCUGCC GGUCUCGUAG ACCAUAGGAC
J0434002: GCEGGGGCGGE UGUUGGGCCGE CCGCCCCCILU UGUCCCACGE UCUGAUAGGA UGCUUGCGAG GGUACCUGCC GGUCUCGUAG ACCAUAGGAC

**- . D P A A Tee e LI IR R .

9141 .
B AB863589: CUGCCGAUCG UUGCUGGGAG GUGGAUUCCU CUUCUUCUCU UGCUUCCUUU ACUGGCUGCA AUUCUUUACU UCAAUAA
AB921150: CUUCCGGUCG UUGCCGGGAA GUGGAUACCU CUUCUGCUUU UGUUGCCUCU CUUGGCUGCA AUUCUUUAUU UCAAUA
AB921151: CUUCCGGUCG UUGCCGGGAG GUGGAUACCU CUCUUGUUUU UGUUACCUCU UUUGGCUGCA AUUCUUUACU UUAA

92'2—5 T NS5B coding region - -
ABB63589: AAAAAAG--- ---AAAAUAA UUA---AAAU UCUUUAGACU UCCUUUCCCC UUCCCCUUUU UCCCGUUUAG GUUACUUCCU AUGGAAGAAC AGGAGGGUGE
AB921150: AAARAAA--- ---AARAUAA UUA---AA-- ----UAGUUU UCCUUUCCCU UUUCCCCUUU UCCCUUU--G GUUACUUCCU AUGGAAGAAC AGGAGGGUGG
AB921151: AAAAAAACCA AUCAAAA--- ----UAAUAA GAUAAAUUAA UCAGUUUCCC CUUUCCUCCC CCUC=---=- =~-cm-s-cs csrsmooccn coccoannnn
(A)-rich region 9355 3’ X-tait

9316
AB863589: GUGUAUGGGA GCCCUGUUUG GCCCCUAUGE GGCCAAGUUG
AB921150: GUG-ACGGGA GCCCUGUCCU GCCCCUAUGE GGCAGCUUUA
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FIG 4 RNA structure analysis of the 5 and 3’ ends of EHcV. (A) Alignment of the 5 UTRs of the EHcV strains. Asterisks and black lines indicate variable residues and
miRNA-targeting regions, respectively. SL structures are enclosed in rectangles. GenBank numbers are listed in the legend to Fig. 3. (B) Alignment of the 3’ UTRs of the
EHCcV strains. The 3'-terminal sequences with GenBank numbers AB921150 and AB921151 were determined using serum samples 5 and 1, respectively, and were aligned
with that of JPN3/JAPAN/2013 (GenBank accession no. AB863589). (C) The secondary structures of the 5' UTR, NS5B-coding region, and 3’ UTR were predicted on
the basis of minimum free energy predictions. The stem loops in the 5" UTR (left) were designated according to the stem loops of the HCV 5'-UTR structures (30). A gray
line, double line, and single line indicate a pseudoknot structure, miR-122-target region, and complementary sequence, respectively. The stem loops in the NS5B-coding
region and 3’ UTR (right) were designated to correspond to the stem loops embedded in the HCV 3'-terminal region (32, 33). The NS5B-coding region, (A)-rich region,
and 3'-X-tail sequence are indicated under the schematic structure. Start and stop codons are enclosed by rectangles. i
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Domain 1
EHCV 1: HGNKSKNQKP QPORGERNRV chsxscwv FPSGAVLVGG RYIPPPKKAI RGPRRGLVOA PKSSERTAPR
* * ok * o de * LRI ok * & hhkk Kk W kWA &k
HCV 1b  1: M-~-STN--P KPQRKTKRN- ~TNRRPQDVK FPGGGQIVGG VY-LLP--~R RGPRLGVRAT RKTSERSQPR
Domain 1
EHCY 71: KRRQPPPQID ssmu(wpxr WGDKGYBPWP- YVDPVLOWGA WGSSPGAYRT RWGPRDPRHR SRNLGRVIDT
ek ok ok * *okoh Ak * ok * L3 * Kbk hkk A hkkkk  kokokok
HCV 1b 60: GRRQPIP--- ~KARRPEGRA WAQPGYPWPL YGNEGLGWAG WLLSPRGSRP SHGPTDPRRR SRNLGKVIDT
Domain 2 Domain 3
EHcV  140: LTCGVADLAG YVPVLGAPAG ALCRGAAHLY RFVEDGANFT TGNIPGMGFS IFLLALFS-A VSFGEASVVR
khhkk KAk Kk K & khkk k * Kk kK *okk ok *hok ko KR K AANAA & * * Kk
HCV 1b 126: LTCGFADLMG YIPLVGAPLG GAARALAHGY RVLEDGUNYA TGNLPGCSFS IFLLALLSCL TIPASAYEVR

B .

s Domain 1 _ Domain 2 ‘Damain 3
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EHcV core protein
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+

HCV 1b core protein

-5

T ¥ T
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FIG5 Amino acid alignment and hydrophobicity of EHcV and HCV core proteins. (A) Alignment of the core proteins of EHcV (JPN3/JAPAN/2013) and HCV
genotypelb (Conl; GenBank accession number AJ238799). Asterisks indicate identical amino acid residues. Bars indicate gaps to achieve maximum amino acid
matching. The black and white arrowheads indicate the predicted cleavage site of the core protein of HCV by SPP and signal peptidase, respectively. The EHcV
core protein was composed of three domains, domain 1 (a black line, residues 2 to 132), domain 2 (a broken black line, residues 133 to 187), and domain 3 (a gray
line, residues 188 to 204), relative to those of the HCV core protein (42). (B) Hydrophobicity plots of the EHcV and HCV core proteins were prepared by the
method of Kyte and Doolittle (26). The horizontal and vertical axes represent amino acid position and hydrophobicity, respectively.

HCV core protein and to be coprecipitated with the immature
core protein (28). HCVc had a molecular mass of 23 kDa in the
presence of wild-type SPP (SPP-wt) and was detected with the
anti-FLAG antibody, but not with the anti-HA antibody (Fig. 6D,
lane 2), suggesting that the 23-kDa protein band may be a mature
core protein. HCVc mainly had a molecular mass of 28 kDa in the
presence of SPP-D219A and was detected with the anti-FLAG and
anti-HA antibodies (Fig. 6D, lane 3), which corresponds to the
mobility of HCVc-mt (Fig. 6D, lane 4). These results suggest that
SPP-D219A may abrogate the intramembrane cleavage of HCVc.
In a manner similar to that for the HCV core protein, EHcVc was
detected mainly at a molecular mass of 27 kDa in the presence of
SPP-wt with the anti-FLAG antibody, but not with the anti-HA
antibody (Fig. 6D, lane 6). EHcVc was detected mainly at a mo-
lecular mass of 30 kDa in the presence of SPP-D219A with anti-
FLAG and anti-HA antibodies (Fig. 6D, lane 7), corresponding to
the mobility of EHcVe-mt (Fig. 6D, lane 8). When SPP-D219A

was coexpressed with either HCVc or EHcVc, immature HCVc
" and EHcVc were coprecipitated with SPP-D219A (Fig. 6E, lanes 3
and 5). These results suggest that the EHcV core protein may be
cleaved by SPP and that Ile'® and Phe'®! of the EHCV core protein
are critical for SPP-dependent cleavage.

The intracellular localization of the hepacivirus core protein.
The HCV core protein is known to be localized mainly on the
surface of LDs and is partially fractionated in the detergent-resis-
tant membrane (DRM) close to the budding sites on the ER (13;
14, 16, 17). The core protein is considered to encompass the viral
genome on the ER membrane, followed by budding into the lu-
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men side (13, 14, 16, 17). To examine the intracellular localization
of the EHcV core protein, we expressed HCVc or EHcVc in the
Huh70K1 cell line and stained the core proteins with the anti-
FLAG antibody after staining LDs. Consistent with the findings of
previous studies (14, 41, 42), HCVc was localized mainly on LDs
(Fig. 7, row 3), whereas HCV-mt was not (Fig. 7, row 4). In a
manner similar to that for the HCV core protein, EHcVc was
localized mainly on LDs (Fig. 7, top row), whereas EHcVe-mt was
not (Fig. 7, second row). These results suggest that the EHcV core
protein may be localized mainly on LDs after SPP-dependent
cleavage.

The DRM is defined as the cholesterol/sphingolipid-rich mi-
crodomain, which is resistant to nonionic detergents such as Tri-
ton X-100, considered to be a characteristic of lipid rafts. HCV was
previously shown to be propagated in lipid raft-like compart-
ments, including the membranous web (43-45). Furthermore, the
HCV core protein is known to be associated with lipid raft-like
compartments as well as LDs (16, 17,41, 42). Therefore, we deter-
mined whether the EHcV core protein could be detected in the
DRM fractions. EHcVe or EHcVe-mt was expressed in 293FT
cells. The resulting cells were lysed on ice in the presence or ab-
sence of 1% Triton X-100. The DRM fractions were separated
from the soluble proteins by a flotation assay with a stepwise den-
sity gradient in the presence or absence of Triton X-100. Serial
fractions were collected after ultracentrifugation and were then
subjected to Western blot analysis after being concentrated.
EHcVce and EHcVe-mt were fractionated broadly from fractions
of samples 3 to 11 without Triton X-100, and the fraction from
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FIG 6 Intramembrane processing of the EHcV core protein by SPP. (A) The plasmids encoding HCVc, HCVc-mt, EHcVc, and EHcVe-mt are shown as a
schematic diagram. Their C-terminal regions (171 to 190, HCV core protein; 185 to 203, EHcV core protein) were aligned. The C-terminal Ala of each core
protein was replaced with Arg (R) to prevent signal peptidase-dependent cleavage for the detection of the SPP-uncleaved core protein with the anti-HA antibody.
Bars indicate the amino acids that were the same as those of the wild-type residues. (B) The secondary protein structures in the C-terminal transmembrane
regions of the HCV and EHcV core proteins and mutants were predicted by the method of Garnier et al. (25). Arrows indicate putative SPP cleavage sites. (C)
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immunoblotted with the anti-FLAG antibody.

sample 8 contained the largest amount of the core protein (Fig. 8,
left panels). The distributions of the core proteins were roughly
consistent with that of calreticulin, a marker protein of the ER
membrane. When the cells expressing EHcVc were lysed in the
presence of Triton X-100, a large amount of the core protein was
localized in fractions 9 to 11 (Fig. 8, top three panels on the right).
These fractions were enriched in calreticulin, corresponding to the
detergent-soluble fractions (Fig. 8, fractions 7 to 11, top three
panels on the right). However, EHcVc was partially detected in
fractions 3 to 6 together with caveolin-1, a marker protein of the
lipid raft (Fig. 8, fractions 3 to 6, top three panels on the right),
suggesting that the EHcV core protein may have been partially
distributed in the DRM fractions. In contrast, EHcVc-mt was lo-
calized in the detefgent-soluble fractions (Fig. 8, fractions 9 to 11,
bottom three panels on the right), but not in the DRM fractions

13362 jvi.asm.org

(Fig. 8, fractions 3 to 6, bottom three panels on the right), in the
presence of Triton X-100. EHcVe-mt was resistant to SPP-depen-
dent processing, as described above (Fig. 6). These results suggest
that the EHcV core protein may have been partially localized in
the DRM and also that SPP-dependent processing may be re-
quired for DRM localization of the EHcV core protein.

DISCUSSION

The results of the present study indicate that EHcV infects Japa-
nese-born domestic horses. Previous studies suggested that EHcV
infected mainly horses and rarely dogs (5, 7-9). Our results dem-
onstrate that EHcV commonly infects Japanese-born domestic
horses (35.6% PCR positive and 22.6% seropositive). Several
groups reported a prevalence of less than 10% PCR positivity in
horses raised in the United States, the United Kingdom, and Ger-
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HCVe:

HCVe-mt:

FIG 7 Intracellular localization of hepacivirus core proteins. HCVc, HCVe-
mt, EHcVc, or EHcVe-mt was expressed in the Huh70K1 cell line. The result-
ing cells were stained with Bodipy 558/568 (red) and then fixed with 4% para-
formaldehyde at 24 h posttransfection, permeabilized, and subjected to
indirect immunofluorescence staining. Each core protein was detected using
mouse anti-FLAG antibodies and then Alexa 488-conjugated anti-mouse IgG
(green). Cell nuclei were stained with DAPI after fixation (blue).

many (5, 7-9). Although the infection route of EHcV remains
unknown, horses that were previously imported to Japan may be
highly infected with EHcV. The serological prevalence in the pres-
entstudy appeared to be lower than that reported previously (8). A
" specific signal of the viral protein may be selected by Western
blotting, used herein, rather than by the luciferase immunopre-
cipitation system, as reported previously (8), since the serum of
each horse reacted to different proteins irrespective of the EHcV
core protein (Fig. 2). The predicted full sequence of the EHcV
strain amplified from serum sample 3 had high homology to those
of the previously reported strains (Table 2). The polyproteins of
previous strains had approximately 95% amino acid homology to
one another irrespective of the area in which the horses originated,

Triton X-100 untreated

HCV-Like Characteristics of Equine Hepacivirus

suggesting that these strains may belong to the same virological
species. The parents of horse number 3 were born in Japan, while
its grandparents were imported from the United States and Can-
ada. Unfortunately, the sera of the parents and grandparents were
not obtained in the present study. The EHcV strains obtained
from Japanese-born horses may have originated from the United
States or Canada. Another possibility is that one species of EHcV
may have recently been distributed worldwide.

The primary and secondary structures of both UTRs are con-
served among HCV strains and are essential for replication and
translation. Four major stem-loop (SL) motifs have been detected
in the 5" UTR of the HCV genome, three SL structures of which
are known to be required for IRES activity (46). Domain IIId plays
a crucial role in anchoring of the 40S ribosome for IRES activity
(47). Domain IIIb and the four-way helical junction of domains
IIIa, I1Ib, and Illc bind eukaryotic initiation factor 3 (elF3) and
form a ternary complex, thereby forming the 48S preinitiation
complex on HCV RNA (48). Moreover, domain I1 is known to be
required to enhance elF5-mediated GTP hydrolysis and the re-
lease of e[F2 from the 48S complex (48). These equivalent motifs
were observed in the predicted secondary structures of the 5' UTR
of the reported EHcV strains (49), as well as in strain JPN3/
JAPAN/2013 in the present study (Fig. 4C). A recent study dem-
onstrated that the EHcV 5" UTR exhibited IRES-dependent trans-
lation activity (50); however, further studies are needed to fully
understand the IRES activity of the EHcV 5'UTR.

SL motifs embedded in the NS5B-coding region and UTRs of
the HCV genome are known to be associated with viral replica-
tion. Several studies found that the mutational disruption of the
complement sequence between 5BSL3.2 and 3'SL2 inhibited HCV
RNA replication (33, 51). Additionally, the apical loop of domain
I1d in the HCV 5" UTR was shown to interact with the bulge of
5BSL3.2, supporting IRES-dependent translation and viral RNA
replication (34-36). The RNA secondary structures of the 3’ UTR
in the EHcV genome remained unknown due to limited informa-
tion on its nucleotide sequence. 3’ RACE using poly(U) polymer-
ase was employed in the present study because the ordinary
3'-RACE reaction using poly(A) polymerase was stopped at the
(A)-rich region of the EHcV 3’ UTR. The nucleotide sequence of
the EHcV 3" UTR was determined, and its RNA secondary struc-
ture was then predicted (Fig. 4B and C). The results of the present

Triton X-100 treated
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FIG 8 The EHcV core protein partially migrated to the DRM fraction after SPP-dependent processing. 293FT cells expressing either EHcVe or EHcVe-mt were
homogenized with or without 1% Triton X-100 and then subjected to a flotation assay. Proteins in each fraction were concentrated with cold acetone and then
subjected to Western blotting using the anti-FLAG, anti-calreticulin, or anti-caveolin-1 antibody.
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study revealed that the 3' UTR of the EHcV genome consists of the
(A)-rich sequence and relatively shorter 3’-X-tail sequence. The
three SL structures of the EHcV 3’ UTR were similar to those of
the HCV 3" UTR but were markedly different from the 3’ UTRs of
GBV-B and rodent hepaciviruses. Drexler et al. described the
structural characteristics of the 5" and 3’ UTRs in rodent hepaci-
virus as well as phylogenetic information, liver tropism, and the
pathogenicity of the virus (5). The SL motifs embedded in the 3
X-tails of rodent hepacivirus and GBV-B varied. The structures of
the 3’ UTRs appeared to correspond to the phylogenetic relation-
ship of the hepaciviruses (5). Figure 4C shows that there were two
stem-loop structures within the NS5B-coding region of EHcV
corresponding to 5BSL3.2 and 5BSL3.3 of HCV RNA. Comple-
mentary regions were observed between the 5BSL3.2-like domain
and 3'SL2, as well as between the 5BSL3.2-like domain and do-
main II1d of the EHcV genome (Fig. 4B and C). The kissing-loop
and long-range RNA-RNA interactions may be structurally con-
served between EHcV and HCV. Functional analyses of the cis-
acting elements of the EHcV genome will contribute to the estab-
lishment of an EHcV infection system.

The mature HCV core protein was previously shown to be
generated from the viral precursor polyprotein by signal peptidase
followed by SPP-dependent processing of the transmembrane re-
gion (52). The core proteins of HCV and GBV-B are known to be
. cleaved by SPP (12, 37). The transmembrane regions of both the

HCV and EHcV core proteins were found to be structurally con-
served, based on their amino acid sequences and hydrophobicity
plots (Fig. 5A and B and Fig. 6B). The replacement of Ile'*® and
Phe'®! with Ala and Leu, respectively, in the EHcV core protein
abrogated the intramembrane processing of the EHcV core pro-
tein (Fig. 6C). The loss-of-function mutant of SPP inhibited in-
tramembrane processing of the EHcV core protein (Fig. 6D). Fur-
thermore, the loss-of-function mutant of SPP specifically
- interacted with an uncleaved form of the EHcV core protein (Fig.
6E). These results indicate that the transmembrane region of the
EHcV core protein may have been cleaved by SPP. The mature
HCV core protein is known to be translocated into LDs and par-
tially on lipid raft-like membranes. Previous studies reported that
the HCV core protein on the LDs may be recruited near the rep-
lication complex in the membranous web, which consists of cho-
lesterol- and sphingolipid-rich lipid components (43-45). Viral
assembly was shown to occur on the ER membrane close to LDs
and the membranous web (14). In addition to the HCV core pro-
tein, the nonstructural proteins and viral RNA of HCV were de-
tected in the DRM fractions. The HCV RNA polymerase NS58
was previously reported to interact with sphingomyelin (53). Fur-
thermore, a serine palmitoyltransferase inhibitor suppressed
HCV replication by disrupting the replication complex (53, 54).
These findings indicate that the DRM is provided as a scaffold for
the formation of the HCV replication complex (45, 54). In the
present study, we showed that the mature EHcV core protein was
localized mainly on LDs and partially on the DRM (Fig. 7 and 8).
A mutational analysis of the EHcV core protein indicated that
SPP-dependent cleavage may be required for the localization of
the EHcV core protein on LDs and the DRM in a manner similar
to that for the HCV core protein. In addition, the assembly mech-
anism of EHcV may be similar to that of HCV.

In conclusion, the results of the present study show that EHcV
shares common features with the HCV genomic structure and the
biological properties of the capsid protein. In vivo and ex vivo
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infection systems for EHcV have not yet been successfully estab-
lished. SCID mice carrying chimeric human livers are currently
employed as a small animal model for iz vivo infection with HCV
(55) but are not suitable for studies on immunity and pathogenic-
ity due to an immunodeficiency. Chimpanzees are not yet avail-
able for in vivo HCV research. Further studies on the mechanisms
underlying EHcV infection will contribute to the development of
an in vivo surrogate model system for studying HCV immunity
and pathogenicity.
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Abstract: The helicase portion of the hepatitis C virus nonstructural protein 3 (NS3) is
considered one of the most validated targets for developing direct acting antiviral agents.
We isolated polybrominated diphenyl ether (PBDE) 1 from a marine sponge as an NS3
helicase inhibitor. In this study, we evaluated the inhibitory effects of PBDE (1) on the
essential activities of NS3 protein such as RNA helicase, ATPase, and RNA binding
activities. The structure-activity relationship analysis of PBDE (1) against the HCV
ATPase revealed that the biphenyl ring, bromine, and phenolic hydroxyl group on the
benzene backbone might be a basic scaffold for the inhibitory potency.

Keywords: hepatitis C virus; NS3 RNA helicase; marine sponge; polybrominated
diphenyl ether ‘ '

1. Introduction

Hepatitis C virus (HCV) is one of the major causative agents for hepatitis C, which has caused an
epidemic of liver fibrosis, cirrhosis, and hepatocellular carcinoma [1]. HCV infects more than
150 million people worldwide, and over 350,000 people die from HCV-related liver diseases each
year [2]. The virus is undetectable for long periods of time, even decades, and replicates slowly
without major complications. Therefore, most infected people are unaware they carry the virus. HCV
is only transmitted via blood and blood products, while sexual and mother-to-child transmission is
much less likely than for HIV infection [2].

The recently approved new treatment regimen for HCV infection is the combination of pegylated
interferon and ribavirin with either telaprevir or boceprevir for genotype 1 infected patients. However,
the emergence of viral resistance to the drugs as well as side effects, such as anemia, neutropenia,
dysgeusia, rash, and anorectal discomfort, are the main concerns [3—6]. Despite intensive studies for
the development of new antiviral drugs, HCV is still a major threat to human health. Therefore, there is
an urgent need to develop new antiviral drugs with fewer side effects and the highest antiviral efficacy.

HCV is a single-stranded, positivegsenyse RNA virus in the Flaviviridae family [1,7]. Seven
genotypes and more than 50 subtypes of HCV have been described [8]. The viral genome is 9.6 kb in
length and contains one main open reading frame encoding an approximately 3,000 amino acid single
polyprotein, flanked by a 5'-non-translated region (NTR) and a 3'-NTR. Once translation initiated by
an internal ribosome entry site present at the 5'-NTR, host and viral proteases cleave the product into
10 individual viral mature proteins [9]. The structural proteins (envelope glycoproteins; E1 and E2) are
responsible for receptor binding, thereby facilitating viral entry into the hepatocyte. The core protein
(C) forms the viral nucleocapsid [10]. The nonstructural proteins p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B are involved in viral replication and packaging of the HCV genome. NS3 is a
multifunctional protein that plays an important role in the viral life cycle. It has a serine protease
(N'S3/4A) activity at the N-terminal to cleave all downstream junctions, and helicase activity at the
C-terminal to separate double-stranded RNA in a reaction fueled by ATP hydrolysis during replication
of viral genomic RNA [11,12]. Although the precise role of the helicase activity in the viral life cycle
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is not well understood, a fully functional helicase is essential for HCV RNA replication. The helicase
portion of NS3 is thus a valid target for the development of direct acting antiviral therapy.

The development of antiviral agents for the treatment of HCV infection has been focused on small
molecule inhibitors of HCV infection that can act directly on viral targets or other host target proteins
critical to HCV replication. The first two approved direct acting antiviral agents, telaprevir and
boceprevir, are inhibitors of the NS3/4A protease activity [13]. However, very few compounds that
inhibit the NS3 helicase function have been reported, and to the best of our knowledge, no helicase
inhibitors have entered clinical trials. Thus there is still a great need in HCV research to develop novel
NS3 helicase inhibitors. '

The aim of this project was to identify a possible NS3 helicase inhibitor from marine natural
products. In this study, we successfully obtained from marine sponge and identified hydroxylated
* polybrominated diphenyl ether OH-PBDE-47 (1), as a helicase inhibitor through a high-throughput
screening method based on fluorescence resonance energy transfer (FRET). We also evaluated several
commercially available compounds that are structurally related to PBDE (1) for the study of structure-
activity relationships.
 PBDEs have been found to exhibit antibacterial, antifungal, and antimicroalgal activities [14-19].
They inhibit a wide range of enzymes that are relevant to anticancer drug discovery such as inosine
monophosphate dehydrogenase, guanosine monophosphate synthetase, and 15-lipbxygenase [20].
PBDEs have also been shown to exhibit inhibitory activities against the assembly of microtubule
protein, the maturation of starfish oocytes [21]and Tie2 kinase [22]. In this research, we found a novel
activity of PBDE in the specific inhibition of HCV NS3 helicase activity.

2. Results and Discussion

To screen potential NS3 helicase inhibitors from extracts of marine organisms, we used a high-
throughput fluorescence helicase assay based on FRET [23]. Out of 41 extracts isolated (Table 1),
PBDE (1) (Figure 1) exhibited the strongest inhibition (37%) of NS3 helicase activity.

Table 1. Inh1b1tory effects of extracts from marine organisms on hepatms C virus (HCV)
nonstructur: al protein 3 (NS3) helicase act1v1ty

Sample FRET Possibly Contained

D (%) Molecule Species Location
1 PM-35-1 85 ; misakinolide - sponge (Theonella sp.) TOk?E?;;S;and’
2 PM-35-2 94 sp0§ge (Theonella sp.) TOki)Sl}:iﬁ\iS;and;'
i Tokashiki Island
3 M6 » ’ _ (Eui(l);gcgzznsp.) ’ a(l)skin;v\faan ’
+opMse ' Graw) Okt
s PMS3T1 93 briarane diterpenes g"rg"l}frz’fgl{ZZ;‘f’éella Tokzsgﬂgijf;and,‘ |
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4009

Sample FRET Possibly Contained Species Location
D (%)° Molecule P
6 PMAT2 115 gorgonian gunceella Tokash’iki Island,
Jragilis) Okinawa
. . gorgonian (/sis Tokashiki Island,
. -38- 2 ristanol
7  PM-38-1 9 hippuristano hippuris) Okinawa
, gorgonian (/sis Tokashiki Island,
-38-2 112
8 PM-38 hippuris) Okinawa
9 PM-39-2 94 sponge (Petrosia sp.) Tokash.ﬂq Island,
Okinawa
Dysidi i
10 SR-1-1 37 PBDE sponge (Dysidea Yonaguni Island,
, granulosa) Okinawa
11 SR-2-2 92 sponge (Jaspis sp.) Yonaguni Island,
‘ pong P 5P Okinawa
12 SR-3-1 75 etrosynol/petrosynone  sponge (Petrosia sp.) Yonaguni Island,
P ynowp Y - Spong P- Okinawa
. sponge Yonaguni Island,
-4-1 68 t loph
13 Sk sirongytophotines (Strongylophora sp.) Okinawa
sponge Yonaguni Island,
14 R-4-2 6
S 8 (Strongylophora sp.) Okinawa
ft 1 (Clavulari Y il
15 SR-6-1 98 “ sesquiterpenes sott cord SI(J-) avutaria Onggkll_lnn ;V;lland,
soft coral :
Yonaguni Island,
-8- P th i
16 SR-8-1 98 (Parerythropodium Okinawa
sp.)
Yonaguni Island, Yonaguni Island,
1 SR-8-2 84 . .
7 Okinawa Okinawa
18 SR-10-1 112 polyketide peroxides  sponge (Plakorsissp) Cragumi Island,
: Okinawa
19 SR-11-1 65 sponge (unidentified) ~  onaguniIsland,
: Okinawa
20 SR-122 135 sponge (unidentified) onaguni Island,
: , Okinawa
sponge . :
21 SR-132 109 (Pseudoceratina Yonaguni Island,
Okinawa
purpurea) :
27 SR-14-1 64 swinholide sponge .(T he?nella Yonagl%m Island,
‘ swinhoei) Okinawa
23 SR-15-1 61 sponge (unidentified) ~  onogunt Istand,
Pong Okinawa
. . Yonaguni Island,
24 SR-16-1 92 dentified
sponge (unidentified) Okinawa
Y i Island
25 SR-17-2 87 sponge (unidentified) onaggm sland,
' Okinawa
Yonaguni Island
26  SR-19-2 131 Hyrti . ’
| sponge (Hyrtios sp.) Okinawa
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Table 1. Cont.

Sample FRET  Possibly Contained

No. D (%) * Molecule | Species Location
27 SR-21-1 155 xestospongin sponge (Xestospongia sp.) Yon?)gklgﬁ;lsalland,
28 SR-21-2 156 sponge (Xestospongia sp.) Yonaguni Island,
. , o pong Pongia Sp- Okinawa
29 SR-23-1 73 avarol sponge (Dysidea arenaria) Yonaguni Island,
] ponge (= ' Okinawa
30 SR232 82 sponge (Dysidea arenaria) ~ * onaguni Island,
ponge Ly Okinawa
. . ' Yonaguni Island
24- iy . . ’
31 SR-24-1 123 isocyanosesquiterpenes sponge (Theonella sp.) Okinawa
- . . Yonaguni Island,
32 SR-26-2 | 102 | : sponge (unidentified) Okinawa
: Yonaguni Island,
33  SR-27-1 188 ‘ sponge (Leucetta sp.) Okinawa
Yonaguni Island,
34  SR-27-2 171 sponge (Leucetta sp.) Okinawa
35 SR-28-1 107 sponge (unidentified) Yonaguni Island,
S ) Pong : Okinawa
: ‘ : ‘ Yonaguni Island,
36 SR-29-2 145 ' sponge (Aaptos sp.) Okinawa
37 SR-30-2 215 agelasine sponge (Agelas sp.)  Yonaguni Island,
£ ponge (48 P- Okinawa
. . gorgonian Yonaguni Island,
38 SR-31-1 100 hippuristanol | (Isis hippuris) ’ Okinawa
' o Yonaguni Island,
39  SR-33-2 88 sponge (unidentified) Okinawa
’ zoanthus Yonaguni Island,
40 SR34-1 125 (Palythoa sp.) Okinawa
. ‘ zoanthus Yonaguni Island,
41 SR-34-2 124 palytoxin (Palythoa sp.) Okinawa

# NS3 activity in the presence of marine organisms extract is expressed as a percentage of the control in the
absence of extract (100%). :

Figure 1. Cliemical structure of PBDE (1).
Br QO@" Br
Br Br

1

NS3 helicase hydrolyzes ATP as an energy source to drive the unwinding of dsRNA or dsDNA.
Therefore, we measured the inhibitory effects of PBDE (1) on the ATPase activity of the helicase
portion of NS3. A radioisotope labeling ATPase assay showed that PBDE (1) inhibited the hydrolytic
release of inorganic phosphate from ATP with an ICsg of 80 uM (Figure 2A,B).
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Figure 2. PBDE (1) inhibits NS3 ATPase activity. (A) Radioisotope labeling ATPase
assay with NS3 (300 nM) and various concentrations of PBDE. Lane 1 shows the negative
control reaction. Lanes 2-3 show the reaction mixture containing only NS3 and DMSO.
Lanes 4-17 show hydrolytic reactions with NS3 (300 nM) in the presence of PBDE as
indicated. (B) Graphical representation of the inhibition results. The relative ATPase
activity for control reactions was considered as 100%. The average values are presented
with error bars from duplicate assays.

A B
£ 150
14 32pj %" 195 }
2 i
@ 100 ¢
2 A
spatP § 5
)
< 50
3 . >
¢ EE PR R RBE 8088 eoign 2,
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To examine the specificity of PBDE (1) for the inhibition of ATPase activity, we evaluated the ATP
hydrolytic effect on bacterial alkaline phosphatase. PBDE (1) exhibited no inhibition (Figure 3),
indicating that the inhibitory activity of PBDE (1) is specific to NS3.

Figure 3. Effect of PBDE (1) on the ATPase activity of bacterial alkaline phosphatase. The
assay was conducted in the absence (DMSO) or presence of PBDE (1) (at the highest
concentration tested, 200 pM). The data are expressed as the mean of three replicates with
error bars representing standard deviation.

pu—y
[
(3]

i

75 4

50 ~

Relative ATPase activity (%)

o

DMSO PBDE

The binding of NS3 to ssRNA is required to initiate the unwinding activity of dsRNA during viral
replication. We employed a gel mobility shift assay to characterize the inhibition of NS3 binding to
RNA. PBDE (1) inhibited RNA binding of NS3 in a dose-dependent manner with an ICsy of 68 pM
(Figure 4A,B). Previous reports indicate that poly(U) RNA enhances the ATPase activity of NS3 [24].
Because PBDE (1) inhibits the RNA binding ability of NS3, we speculated that inhibition of NS3
ATPase activity by PBDE (1) could be mediated through the inhibition of poly(U) RNA binding.
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'Therefore, we next performed ATPase assays including poly(U) RNA to determine the effects of
poly(U) with PBDE (1) near to its ICso concentration. We found that PBDE (1) was significantly active in
both the presence and absence of poly(U) (Figure 5A,B), suggesting that poly(U) has no effect on the
ATPase inhibition mediated by PBDE (1). These results are consistent with our previous data (Figure 2B).

Figure 4. PBDE (1) inhibits NS3 RNA binding. (A) Gel mobility shift assay to
characterize the inhibition of NS3 binding to [y->’P] labeled ssRNA. RNA only control
(lane 1), 300 nM BSA instead of NS3 control (lane 2), NS3 protein (300 nM) and DMSO
control (lane 3), and NS3 protein with increasing concentrations of PBDE (1) (lanes 4-8).
(B) Graphical representation of the RNA binding inhibition shown in panel A.
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Figure 5. Effect of poly(U) RNA on NS3 ATPase activity. (A) ATPase assay with ;
hydrolytic reaction buffer containing NS3 (600 nM), 1 mM [y-*P] ATP, poly(U) RNA and
PBDE (0.1 mM) as indicated. (B) Graphical representation of data presented in (A). The
solid and white bars represent NS3 and poly(U) ATPase reactions performed with DMSO

~ and PBDE (1), respectively. The assay was performed in triplicate and data are presented as
mean + standard deviation. * p > 0.05 and ** p > 0.01 from Student #-test. '
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Figure 5. Cont.
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To clarify the structure-activity relationships of PBDE for inhibition of the ATPase activity of the
NS3 protein, commercially available and natural phenol derivatives were examined (Table 2). We first
investigated whether the hydroxyl group of PBDE (1) is required for ATPase activity. Substituting a
methoxy group [25] (i.e., PBDE methyl ether 2) and a hydrogen (i.e., deoxy PBDE 17), for a phenolic
hydroxyl group in PBDE led to a complete loss of the inhibitory activity. These findings indicated that
the phenolic hydroxyl group has important effects on the‘inhibitory activity. Triclosan (4), which is
structurally very close to PBDE, showed moderate levels of inhibition, indicating that bromine
substituents on benzene rings can be replaced by chlorine substituents.

Table 2. Inhibition of the ATPase activity of the NS3 protein by PBDE (1) and its
structurally related compounds. “

Cdmpound No. Chemical Structure NS3 ATPase Inhibition
(PBDE/related compounds) 1Cso (UM)
1 . - HO 80
ér-—Q—O@—Br V
Br Br
2 , MeQ >200
' ) on@-ar
. Br Br . )
3 Br,  OH Br ' 94
Br HO Br
4 ' HO 150
i

5 >200
) ‘ HO@’Br '
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Table 2. Cont.

Compound No. Chemical Structure NS3 ATPase Inhibition
(PBDE/related compounds) 1Cs0 (UM)
6 Br Br 120
HOOH
Br ) Br .
7 >200
8 54
9 - 94
10 Br >200
SoN
Br
11 R FR F >200
F FF . F
12 ' >200
L,
OH
CLL,
13 O Br >200
(L,
.u
‘ Br
14 o o >200
HOL~¢ P o™~ '
OO
Br Br
15 OH Cl 54
(g
cl c”
- 16 B >200
| L0
17 >200
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Next, we took into consideration the size of the structural motif [biphenyl (compounds 3,7,11,15)
compared to phenyl (compound 5) and fused ring (compound 10)]. Interestingly, the inhibitory
activity of bromophene 3, a biphenyl derivative possessing bromine and phenolic hydroxyl groups,
remained at the same level as that of PBDE (1). While o-hydroxybiphenyl 7 showed loss of the
inhibitory activity, hydroxyl-pentachlorobiphenyl 15 displayed the most potent inhibitory activity of
all the analogs in this study. Notably, an additional halogen substituent on the benzene ring led to a
nearly two-fold increase in activity over bromophene 3.

Furthermore, hydroxynonafluorobiphenyl 11 was also inactive. These findings suggested that both

halogen, such as bromine and chlorine, and phenolic hydroxyl groups on benzene rings would be |

crucial for the inhibition of the ATPase activity of the NS3 protein. Unfortunately, tribromophenol 5
and dibromonaphthalenol 10 did not exhibit the inhibitory activity, indicating that the molecular frame
could affect the activity level. Tetrahalobisphenols A, (compounds 6 and 9), showed the same level of
inhibition as that of bromophene 3. Replacement of methoxy groups in tetrabromobisphenol A (6) with
2-hydroxyethoxy groups, i.e., the bisphenol A hydroxyethyl ether 14, brought about loss of activity.
Dibromobinaphthol 8, a dimer of bromonaphthalenol 10, displayed the most potent activity, whereas
isomeric bromobinaphthol 12 and tetrahydrobromobinaphthol 13 showed no activity. These findings
indicated that the distance between halogen and phenolic hydroxyl groups has important effects on the
inhibitory activity. 4-Bromophenyl-2,6-diphenylphenol 16 did not show inhibitory activity likely
because of the steric hindrance around the phenolic hydroxyl group. .

The log P is a measure of the lipophilicity of an organic compound, and can be defined as the ratio
of the concentration of the unionized compound at equilibrium between organic and aqueous phases.
Studies have shown that many biological phenomena can be correlated with this parameter, such that
structure-activity relationships may be deduced. The relationship between the ICsy and log P of PBDE
and its structurally related compounds 1-17 is shown in Figure 6. Biphenyl ethers 1 and 4, biphenyls 3 .
and 15, tetrahalobisphenols A 6 and 9, and binaphthol 8 with a log P of over approximately 5 were
located at the upper left, indicating the inhibitory activity. The inhibitory potency of halogenated phenols
on the ATPase might increase with growing lipophilicity. Therefore, we have identified PBDE (1) and

related compounds, hydroxypentachlorobiphenyl and dibromobinaphthol, as potent inhibitors of the
HCV ATPase.

Figure 6. The relationships between Log P and ICs, values of the compounds.
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Finally, we examined the effects of PBDE (1) on HCV replication. As shown in Figure 7, PBDE (1)

suppressed HCV replication in a dose-dependent manner (ECsp = 3.3 uM) without cytotoxic effect
(CCsp> 5 pM).

Figure 7. Effect of PBDE (1) on viral repﬁcation. The subgenomic replicon RNA of
genotype 1b N strain was incubated in medium containing various concentrations of PBDE
(1) or DMSO. Luciferase and cytotoxicity assays were carried out as described in
Experimental section. Error bars indicate standard deviation. The data represent three
independent experiments.
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3. Experimental

3.1. Chemicals and Reagents

The y-**P-ATP isotope was purchased from Muromachi Yakuhin (Tokyo, Japan). Oligonucleotides
were synthesized by Gene Design Inc. (Osaka, Japan). Bacterial alkaline phosphatase (BAPC75) was
purchased from Takara Bio (Otsu, Japan). 6-hydroxy-2,2',4,4'-tetrabromodiphenyl ether (PBDE, 1)
was isolated from a marine sponge, and compound 2 was obtained by methylation of compound 1
with trimethylsilyldiazomethane. Bromophene 3, triclosan (4), 2,4,6-tribromophenol (5),
3,3',5,5'-tetrabromobisphenol A (6), O-hydroxybiphenyl (7), 1,6-dibromo-2-naphthol (10), and
4,4'-isopropylidenebis[2-(2,6—dibromophen0xy)ethanol] (14) were purchased from Wako Pure
Chemical (Osaka, Japan). Poly(U) RNA, 2,3,5,6-tetrafluoro-4-(pentafluorophenyl)phenol (11),
(R)-(+)-3-3'-dibromo-1,1"-bi-2-naphthol (12), (R)-(+)-3,3'-dibromo-5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-
2,2'-naphthalenediol (13), and 4-(4-bromophenyl)-2,6-diphenylphenol (16) were obtained from
_ Sigma-Aldrich (St. Louis, MO, USA). (R)-(—)-6,6"-dibromo-1,1'-bi-2-naphthol (8) and tetrachlorobisphenol
A (9) were purchased from TCI (Tokyo, Japan). 2-Hydroxy-2',3'4",5,5'-pentachlorobiphenyl (15) and
2,2'4,4'-tetrabromodiphenyl ether (17) were obtained from AccuStandard (New Haven, CT, USA).

3.2. Extraction of PBDE

The specimens used in this study were collected from marine organisms near Okinawa Islands,
Japan (Table 1). Extractions were performed three times with either ethanol or acetone, and the
_ethyl-soluble portions (PM/SR-*-1) were obtained after concentration and partition. The aqueous layer
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