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FIG. 5. Effects of B-CD or SMasc treatment of c:lh on HCV
infectivity. Huh-7 cells were either left untreated or treated with B-CD
at 0.1, 1, or 5§ mg/ml (A) or with SMase at 0.1, 1, or 10 U/ml (B) prior
to HCVec infection, Intracellular core levels were quantitated 72 h pi.
Data are means fram four independent experiments. Error bars, stan-
dard deviations.

proteins are important for their interaction (Fig. 4D). These
data suggest that subpopulations of HCV structural proteins
are associated with lipid rafts in cells generating the HCV
particles.

Moderate inhibition of HCV infection by B-CD or SMase
treatment of host cells, Tt has recently been reported that
cholesterol depletion or SM hydrolysis from the host cell mem-
brane decreases HCV infection, in part by decreasing the level
of CD81 on the cell surface (19, 53). The involvement of the
lipid environment of the host cell plasma membrane in HCV
infection was investigated in our HCVee infection system.
Prior to infection, Huh-7 cells were treated with B-CD or
SMase and then hed with the medium five times. Choles-
terol depletion from Huh-7 cells by B-CD at 1 or 5§ mg/ml
inhibited HCV core levels by 20 and 75%, respectively, com-
pared to levels in untreated cells (Fig. 5A). We also found that
hydrolysis of SM by SMasc at | or 10 U/ml on the cells,
respectively, led to moderate reduction of the viral infection,
by 20 or 55% of the infection level of the untreated control
(Fig. 5B). There was no influence on cell viability under the
conditions of these treatments (data not shown). These find-
ings, compared with the results in Fig. 1A and 2A, suggest that
the rafi-like environment on the plasma membrane likely
serves as a portal for HCV entry, but HCV virion-associated
cholesterol and sphingolipid more readily play more critical
roles in viral infection.

Inhibitors of the sphingolipid biosynthetic pathway sup-
press the production of HCVee, but not RNA replication, for a
JFH-1-derived replicon. In the course of studying the involve-
ment of lipid metabolism in the HCV life cycle, we observed
that inhibitors of the sphingolipid biosynthetic pathway, includ-
ing 1SP-1 and HPA-12, which specifically inhibit serine palmi-
toyltransferase (31) and ceramide trafficking from the ER to
the Golgi apparatus (55), influenced subgenomic replicons de-
rived from the HCV-N isolate (genotype 1b), but not those
derived from JFH-1. A dose-dependent decrease in HCV
RNA copy numbers among HCV-N replicon cells was ob-
served upon exposure to ISP-1 or HPA-12, as previously re-
ported (43, 52). In contrast, these compounds had little or no
eflect on viral RNA accumulation in JFH-1 replicon cells (Fig.
6A). Furthermore, these compounds did not affect luciferase

ROLE OF VIRION-ASSOCIATED LIPIDS IN HCV INFECTION 5721

activity in the lysates of Huh-7 cells transfected with an in
vitro-transeribed JFH-1 replicon RNA containing a luciferase
reporter gene (22) (data not shown). Figure 6B shows the
effects of 1SP-1 and HPA-12 on de novo sphingolipid biosyn-
thesis by replicon cells. No differences in the inhibitory effects
of cach compound were observed in replicon cells derived
from HCV-N versus JFH-1. When de novo synthesis of sphin-
golipids was examined by metabolic labeling with [**Clserine,
ISP-1 almost completely inhibited the production of both cer-
amide and SM, while HPA-12 greatly inhibited the synthesis of
SM but not ceramide. Levels of phosphatidylethanolamine and
phosphatidylserine, into which serine is incorporated by a
pathway distinct from that of sphingolipid biosynthesis, were
not influenced by these drugs. These results suggest that sup-
pression of HCV RNA replication by inhibitors of sphingolipid
biosynthesis might be dependent on the viral genotype or iso-
late,

This observation prompted us to investigate whether inhib-
itors of the sphingolipid biosynthetic pathway might have the
ability to prevent HCV virion production. Interestingly, when
Huh-7 eells producing JFH-1 HCVec were treated with ISP-1
or HPA-12 under conditions similar 1o those the replicon cells,
viral core levels in the culture supernatants were greatly re-
duced in a dose-dependent manner. For example, exposure to
10 uM ISP-1 or 1 pM HPA-12 reduced viral core protein levels
more than 85% from those for control cells (Fig. 6C). The 50%
inhibitory concentrations of both drugs were less than 0.1 pM,
50-fold less than those obtained for the RNA replication of the
HCV-N-replicon. Together, these results suggest that the
sphingolipid biosynthetic pathway plays an important role in
the production of HCV particles, but not in genome replica-
lion, in JFH-1-based HCVce.

DISCUSSION

In this study, we demonstrated the role of HCV virion-
associated cholesterol and sphingolipid in viral infectivity. Al-
though dependence on virion-associaled cholesterol for virus
entry has been shown for a number of viruses (4, 6, 28, 49), this
is the first study to demonstrate the importance of envelope
cholesterol in a virus belonging Lo the [amily Flavivindae. Fur-
thermore, to our knowledge, the functional role of virion mem-
brane-associated SM has not been examined in viruses. Our
previous studies using Chinese hamster ovary cell mutants
deficient in SM synthesis have demonstrated that reduction of
cellular SM levels enhances cellular cholesterol efflux in the
presence of B-CD (9, 12). Thus, it may be possible that SM
plays a role in the retention of cholesterol on HCV particles
due to interaction between cholesterol and SM. The finding
that B-CD or SMase treatment of HCVec markedly inhibited
virus internalization but not cell antachment (Fig. 3) suggests
that HCV brane iated chol ol and sphingolipid
are crucial for the interaction of viral glycoproteins with the
virus-receptor/coreceptor required for cell entry. Cholesterol
depletion or sphingolipid hydrolysis might induce a conforma-
tional change in the viral envelope, resulting in instability of
the virion structure. Since the cholesterol/phospholipid ratios
of membranes affect bilayer fluidity, the maturation of viral
envelopes with high chol \phospholipid ratios via associ-
ation with rafts may be Impcnanl for the stability of HCV
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FIG. 6. Anti-HCV effects of inhibitors of the sphingolipid biosynthetic pathway. Subgenomic replicon cells derived from HCV isolate N or
JFH-1, as well as HCVee-producing cells, were treated with TSP-1 (0.1, 1, or 10 pM), HPA-12 (0,1, 1, or 10 pM) or alpha interferon (IFN) (100
Ufml) for 72 h. HCV RNA titers in the replicon cells (A) and the HCV core protein content of the culture medium of infected cells (C) were
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absence or presence of ISP-1 (10 uM) and HPA-12 (10 uM) was monitored in duplicate by metabolic labeling with [*Clserine for 2 h at 37°C.

Cer, ceramide; PE, phosphatidylethanolamine; P'S, phosphatidylserine.

particles. Replenishing the viral membrane with cholesterol
following treatment with 5 mg/ml B-CD successfully restored
viral infectivity to the same level as that of untreated virus (Fig.
1). suggesting that reversible B-CD-induced changes in HCV
structure might critically influence viral infectivity. However,
we were unable to restore viral infectivity by replenishing cho-
lesterol after pretreatment of the virion with concentrations of
B-CD exceeding 10 mg/ml (data not shown). Under these
conditions, it is likely that large holes in the viral membrane
destroy the virus, a result that cannot be reversed by supplying
exogenous cholesterol.

How are cholesterol and sphingolipid involved in the HCV
virion during the process of virus maturation? Like most pos-
itive-stranded RNA viruses, HCV is thought to assemble at the
ER membrane. However, Miyanari et al. (32) reported that
lipid droplets are important for HCVee formation. These au-
thors have shown that the characteristics of lipid-droplet-asso-
ciated membranes in Huh-7 cells differ from those of ER
membranes. In the case of flaviviruses, for which the mecha-
nism of viral assembly and budding remains unclear (15), a few

studies have demonstrated budding at the plasma membrane
(13, 36, 37, 41), and it has been proposed that the site of
budding may be virus and cell type dependent (27). We dem-
onstrate here that subpopulations of HCV structural proteins
partition into cellular detergent-resistant, lipid-rafi-like mem-
brane fractions in HCVce-producing cells (Fig. 4) and that
inhibitors of the sphingolipid biosynthetic pathway block HCV
virion production (Fig. 6). Furthermore, a large proportion of
HCV E2 protein incorporated into HCVec is endoglycosidase
H resistant (data not shown). Thus, membrane compartments
containing cholesterol- and sphingolipid-rich microdomains
may be involved in HCV virion maturation. Another explana-
tion for the recruitment of these lipids 1o the HCV membrane
may be an association between the virus and very-low-density
lipoprotein (VLDL) or low-density lipoprotein. Recently,
Huang et al. (16) demonstrated a close link between HCV
production and VLDL assembly, suggesting that an HCV-
VLDL complex is generated and secreted from cells.

Recent reports have demonstrated that CDB1-mediated
HCV infection is partly dependent on cell membrane choles-
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terol (19) and SM (53). We further characterized the role of
lipid on the plasma membrane in viral infectivity and found
that cholesterol depletion by B-CD, as well as hydrolysis of SM
by SMase, moderately inhibits HCV infectivity (Fig. 5). These
results suggest that cholesterol and sphingolipid in the plasma
membrane environment may assist HCV entry, while HCV
virion-associated cholesterol and sphingolipid appear to play
critical roles in viral infection.

We previously demonstrated that HCV RNA and nonstruc-
tural proteins are present in DRM structures, likely in the
context of a lipid-raft structure, and that viral RNA is likely
synthesized at a raft membrane structure in cells containing the
genotype 1b HCV replicon (2, 10, 46). Here we observed that
ISP-1 and HPA-12 suppress HCVee production, but not viral
RNA replication, by the JFH-1 replicon (Fig. 6). Impairment
of particle assembly and maturation, rather than suppression
of genome replication, by these drugs may account for the
inhibition of HCV production in the JFH-1 system. Viral RNA
replication of the HCV-N replicon, however, was efficiently
inhibited by these compounds, as found in previous reports
(43). The virus strain specificity of the anti-HCV activity of
cyclosporine has recently been demonstrated: JFH-1 replica-
tion is less sensitive to cyclosporine than replication of geno-
type Ib strains. Furthermore, the requirement for interaction
with a cellular replication cofactor, cyclophilin B, differs among
HCV strains (18). It appears that ISP-1 and HPA-12 are [ur-
ther examples of diverse effects on HCV strain replication.

In summary, our data here demonstrate important roles of
cholesterol and sphingolipid in HCV infection and virion mat-
uration. Specifically, mature HCV particles are rich in choles-
terol. Depletion from HCV or hydrolysis of virion-associated
SM results in a loss of infectivity. Moreover, the addition of
exogenous cholesterol restores infectivity. In addition, choles-
terol and sphingolipid on the HCV membrane play key roles in
virus internalization, and portions of structural proteins are
localized at lipid-raft-like membrane structures within cells.
Finally, inhibitors of the sphingolipid biosynthetic pathway cf-
ficiently block virion production. These observations suggest
that agents capable of modifying virion-associated lipid con-
tent might function as antivirals by preventing and/or blocking
HCV infection and production.
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Introduction replication/assembly complex in host cells (Boulant et al, 2007;

Hepatitis € virus (HCV) is a major causative agent of chronic
hepatitis (Choo et al., 1989: Kuo et al., 1989). Persistent HCV infection,
which develops in at least 70% of infected patients. is strongly
correlated with the development of severe liver diseases such as
fibrosis, steatosis, cirrhosis, and hepatocellular carcinomas (HCC).
Since more than 170 million people in the world are currently infected
with HCV (Choo et al, 1989) and there is no treatment completely
effective in curing HCV, HCV infection is one of the most important
global public health issues. Understanding of the life cycle of HCV and
the mechanism by which HCV induces serious liver diseases is crucial
for the development of novel anti-HCV strategies.

HCV is an RNA virus of the Flaviviridae family and possesses a single-
stranded, positive-sense RNA genome of ~9,6 kb (Bartenschlager and
Lohmann, 2000). The HCV RNA genome encodes a polyprotein of
~3000 amino acids that is processed by host and viral proteases into 10
individual components including 4 structural and 6 nonstructural
proteins (reviewed by Reed and Rice, 2000). HCV core protein is crucial
for virus particle production as the structural component of the viral
nucleocapsid and as a unit required for formation of the active HCV

* Corresponding author. Fax: +81 3 5285 1157,
E-muail address: fuka®nih.go.jp (M. Fukasawa).
' Present address; National Institute of Neuroscience, National Center of Neurology
and Psychiatry, Tokyo 187-8502, Japan.

0042-6822/$ - see front matter © 2008 Published by Elsevier Inc.
doi; 10.1016/j.virol 2008.10.009

Miyanari et al., 2007). In addition, the core protein plays pivotal roles
in the pathogenesis of HCV infection, as suggested by the finding that
transgenic mice expressing core protein in the liver tend to develop
liver steatosis with subsequent HCC (Moriya et al., 1998; Moriya et al,,
1997). A large number of studies have revealed that a variety of host
proteins interact with the core protein (Suzuki et al., 2007). Although
these interactions can markedly affect various biological functions in
host cells, it is not clearly known yet which interactions and molecules
play roles in HCV production or its pathogenicity. Recent exhaustive
gene-silencing analyses of host factors using RNAI demonstrated that
RNA helicase DDX3, one of the proteins that interacts with the core, is
required for HCV RNA replication as well as HCV production (Ariumi
et al,, 2007; Randall et al., 2007).

In host hepatic cells, HCV core protein is distributed preferentially
in the detergent-resistant fractions (Matto et al., 2004), and HCV
RNA replication also occurs on detergent-resistant membranes
(Aizaki et al., 2004; Shi et al,, 2003), suggesting that host factors in
the detergent-resistant fractions play roles in core protein functions.
In this study, we focused on HCV core protein and the detergent-
insoluble proteins of host cells, and performed comparative targeted
proteomic analysis of the detergent-insoluble proteins in HCV core-
expressing and non-expressing hepatic cells. We identified vimentin
as a protein the amount of which was reduced in core-expressing
cell lines, and demonstrated that cellular vimentin content affects
levels of HCV core protein through the proteasome-mediated protein
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degradation system. Since cellular vimentin levels ultimately affected
HCV production, vimentin may be a novel target for strategies of
anti-HCV treatment.

Results

Pr ic analysis of deterg ble fractions (DISFs) by
second-dimensional polyacrylamide gel electrophoresis
(2D-PAGE )/MALDI-QIT-TOF M5

DISFs and detergent-soluble fractions (DSFs) were prepared from
HCV core-expressing Uc39-6 and non-expressing Uc321 cells by a
sucrose density gradient ultracentrifugation method as described in
Materials and methods. Proteins in the DISFs and DSFs were analyzed
by immunablotting with antibodies to HCV core protein and various
organelle markers (Fig. 1A). A significant amount of HCV core protein
(~70%) was distributed in the DISF of Uc39-6 cells. Nuclear proteins

Y. Nitghara-Kasahara et ol / Virology 383 (2009) 319-327

such as laminA/C and laminB were concentrated only in the DISFs of
both types of cells, whereas other organelle proteins such as annexin Ii
(plasma membrane), fatty acid synthase (cytosol). prohibitin (mito-
chondria), and calnexin (endoplasmic reticulum) were detected in the
DSFs but not DISFs (Fig. 1A), suggesting that the DISFs in both types of
cells contain minor (~15%) discrete populations of cellular proteins.
Next, we performed 2D-PAGE analysis of the DISFs in Uc321 and Uc39-
6 cells. Proteins in the DISFs were separated by isoelectric focusing
(IEF) (pH 4-7) and 12% sodium dodecyl sulfate (SDS)-PAGE, and
visualized by SYPRO-Ruby staining (Fig. 1B). Intensity of each spot in
2-D images was compared between Uc321 and Uc39-6 cells. The most
difference in DISF proteins between Uc321 and Uc39-6 cells (the
Uc39-6/Uc321 ratios of intensity normalized with actin: 10.8-28.0)
was detected in the spots numbered as 1 in Fig. 1B (MW ~57 kDa,
pl~4.7), in which vimentin alone was identified by mass spectro-
metric analysis. We therefore focused on the relationship between
cellular vimentin and core protein in further investigations.

A Cell lysate  DSF DISF
o
I of? J?'
core
annexin |l
!atty acid synthase
lamin A/C
lamin B
prohibitin
calnexin
B
pl 4.0
MW b
(kDa)
94
67

su;‘

as d. (B) 2D-PAGE analysis of proteins in

Fig. 1. Immunoblot and 2D-PAGE m‘rysis of DISFs. (MTauloﬂIIyuwl’raumts;g of protein), DSFstso;gorpmmmundeB{Emulpmtdn}frmm-uprcuins Lic39-6 and
1 by i g o

non-expressing Uc321 cells were

ies to HCV core protein and various

DISFs of LUic321 and Uc39-6 cells. Proteins (150 pg) mnsepmnd by IEF(pH 4-7), followed by SDS-PAGE on a 12% gel. The gels were stained with SYPRO-Ruby. Major spots, identified
a5 cytoskeletal proteins, are marked: 1, vimentin: 2, cytokeratin 8; 3, cytokeratin 18; 4, actin. *: a non-specific spot.
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HCV core-expressing cell lines exhibited reduced vimentin content

To confirm the reduction of vimentin levels in DISFs of HCV core-
expressing Uc39-6 cells, immunoblot analysis was performed using
anti-vimentin antibody. Uc39-6 cells exhibited lower vimentin
contents not only in DISF but also the total cell lysate fraction
compared with control Uc321 cells (Fig. 2A). Similar resuits were
obtained in the cell lysate fraction of another independent clone of an
HCV core-expressing Huh?7 cell line, Uc39-2 (Fig. 2B). Furthermore, a
core-expressing hepatic HepG2 cell line, Hep39, also had lower
vimentin content than a control cell line, Hepswx (Fig. 2C). These
findings exclude the possibility that the reduction of vimentin levels
in core-expressing cell lines is a clone- or cell-specific event
Consistent with these findings, levels of vimentin mRNA in Uc39-2
and Uc39-6 cells were also lower than that in Uc321 cells (data not
shown). Taken together, these findings demonstrate marked reduction
of vimentin expression in HCV core-expressing cell lines.

Cellular vimentin content affects the protein level of HCV core protein

To investigate the relationship between HCV core protein and
vimentin, we examined the effect of cellular vimentin content on level
of HCV core protein. When the expression of vimentin or control
hypoxanthine guanine phosphoribosyltransferase 1 (HPRT) was

A

Cell lysate DISF

I

vimentin

i core

actin

B Cell lysate
s
vimentin

core

actin

C Cell lysate pISF
-
.

-

Flg. 2. Immunoblot analysis of vimentin in HCV core-expressing cell lines. Cell hysate
fractions and DISFs from various cell lines were analyzed by immunobloming with
antibodies to vimentin, HCV core protein, and f-actin as indicated: cell lysate fractions
and DISFs from Uc321 and Uc39-6 cells in (A), cell lysate fractions from Uc321, Uc39-2,
and Uc39-6 cells in (B), and cell lysate fractions and DISFs from Hepswx and Hep39 cells
in {C). Amounts of protein loaded were 18 g in (A} and (B). and 5 g in (C).

knocked down in Uc39-6 cells by siRNA treatment, the protein level
of HCV core protein in ‘vimentin-knocked-down cells was significantly
higher than those in siRNA-untreated and HPRT-knocked-down cells
(Fig. 3A). On the other hand, cellular mRNA levels of HCV core protein,
corrected for P-actin mRNA content, did not differ substantially
among these types of cells (Table 1). These findings revealed that post-
translational steps were involved in the increase of HCV core protein
level in vimentin-knocked-down cells. Next, we established a
vimentin-overexpressing Huh7 cell line, Huh7/vimentin, and com-
pared the level of the core protein in Huh7viientin cells with that in
control Huh7/hygro cells after transient expression of the core protein
with pcEF39neo vector. After 9-day culture with G418 selection, the
viabilities of the two types of cells were similar, though the level of
expression of the core protein in Huh7/vimentin was significantly
lower than that in Huh?7/hygro cells (Fig. 3B). These findings
demonstrated that level of HCV core protein was inversely correlated
with cellular vimentin content, and thus strongly suggested that it was
affected by cellular vimentin content.

We further attempted to verify these effects of vimentin using the
vimentin-null cell line 1HFS and the vimentin-expressing control cell
line 2CBS, derived from human adrenal carcinoma SW13 cells (Sarria
et al, 1990), When 1HF5 and 2CBS cells were transfected with the core
expression vector pcEF39neo and cultured with G418 selection, the
viabilities of the two types of cells were similar, though the level of
expression of the core protein in THFS cells was much higher than that
in 2CBS5 cells (Fig. 3C), consistent with the results in Figs. 3A, B. An
exogenously vimentin-expressing 1HF5 cell line carrying pcDNA3.1/
Hygro/vimentin, 1HFS/vimentin, and a control vimentin-null cell line
carrying pcDNA3.1/Hygro, 1HF5/hygro, were then established, and
transfected with the green fluorescent protein (GFP)-expressing
pcDNA31/EGFP vector, the core-coding pcEF39neo vector, or the
control pcFE321swxneo vector. After selection under G418 for 9 days,
the viabilities of these transfected cells were nearly the same, The
levels of expression of GFP were similar in 1HFS/hygro and 1HF5/
vimentin cells, while the core protein level in 1HF5/vimentin cells was
significantly lower than that in 1HFS/hygro cells (Fig. 3D), consistent
with the results in Fig. 3B.

These findings together indicate that cellular vimentin content
regulates the level of HCV core protein in post-translational fashion.

1.7 e

v isi

d in pr | degradation of core proteins in cells

HCV core proteins are known to be preferentially degraded by the
proteasome-dependent pathway (Suzuki et al,, 2001). To determine
whether cellular vimentin content affects proteasome-dependent
degradation of the core protein, we examined the effects of the
proteasome inhibitor MG132 on core protein levels in vimentin-
knocked-down cells. After Huh7 cells transfected with pCAG/Flag-core
(Huh7/Flag-core cells) had been treated with MG132 for 16 h, cellular
accumulation of core protein was analyzed by immunoblot (Fig. 4;
lanes 3 vs 4), which indicated substantial proteasomal degradation of
the core proteins in cultured cells, as described previously (Hope and
Mclauchlan, 2000; McLauchlan et al, 2002; Suzuki et al, 2001).
Huh7/Flag-core cells transfected with control and HPRT siRNA
duplexes exhibited similar increases in core protein levels by
treatment with MG132 (Fig. 4; lanes 5 vs 6, and 9 vs 10). On the
other hand, vimentin-knocked-down Huh7/Flag-core cells that were
transfected with vimentin siRNA duplexes exhibited higher content of
core protein (lane 7) than the other siRNA-treated cells (lanes 5 and 9),
and MG132 treatment resulted in no significant difference in core
protein levels in vimentin-knocked-down cells (lanes 7 and 8),
indicating that proteasomal degradation of core proteins was
markedly inhibited in the vimentin-knocked-down cells. These
observations strongly suggested that vimentin plays an important
role in the proteasome-mediated proteolytic pathway of the HCV core
protein.
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Fig. 3. Effects of cellular vimentin content on the level of expression of HCV core protein. Cellular level of expression of vimentin, HCV core protein, HPRT, [3-actin, and GFP were
analyzed by Immunoblotting of total cell lysates (40 yg of protein) from various cells using specific antibodies. (A) Uc39-6 cells were transfected twice with a 2-day Interval without
(=) or with vimentin or control HPRT $iRNA duplexes. Four days after the first transfection, cell lysates were collected and analyzed. (B) Huh7/hygro and Huh7 jvimentin cells were

transfected with the core protein-expression vector pcEF39neo, and selected under 1 mg/mi of G418 for 9 days. (C) The 2CBS (vi

in+) and 1HF5 (vi ) lines of W13 cells

were transfected with pcEF39neo, and selected under 1 mgiml of G418 for 3 week, followed by additional 2-week culture in normal culture medium. () THFS/hygro and 1HFS/
vimentin cells were transfected with pcDNA31/EGFP (GFP), pcFEI21swxneo (321), or pcEF38nea (39), and selected under 1 mg/ml of G418 for 9 days,

Under the various siRNA-treated conditions in Fig. 4, we also
examined the protein levels of p53, one of the endogeneous host
proteins the degradation of which is mainly regulated by proteasomal
system (Morimoto et al., 2008). The pattern of p53 protein levels was
very similar to that of core protein levels (Fig. 4), suggesting that the
vimentin-dependent proteasomal degradation is not specific for the
viral core protein. Vimentin-dependent proteasomal degradation
system might be generally important for the turnover of endogeneous
cellular proteins as well as the viral core protein,

Cellular vimentin contents affect HCV production

Since the level of expression of HCV core protein was affected by
cellular vimentin content, we examined whether HCV production was
also affected by cellular vimentin content. Infectious HCV (JFH1 strain)
particles were used for the following infection assays. HCV production
activity was determined by quantification of HCV core protein levels in
the infected cells and culture supernatants. We first tested the effect of
vimentin knockdown on HCV production. Examination of HCV-infected
Huh7 cells treated with vimentin siRNA revealed higher amounts of
HCV core protein in both cells and culture medium than examination of
non-treated and control HPRT siRMNA-treated cells (Fig. 5A). To examine
whether the core protein levels in the cell-cultured media reflect the
content of infectious HCV particles in them, Huh? cells were treated
with cell-cultured medium containing equal amounts (1.4 fmol) of the
care protein collected from each type of cell described in Fig. 5A, and
cellular levels of production of the core protein were determined by
immunoblot analysis. They were nearly the same among the cells
treated with each culture medium (Fig. 5B). These findings indicated
that reduction of vimentin expression in Huh7 cells leads to more active
HCV production and enhanced release to the supernatant.

We next examined the effects of vimentin overexpression on HCV
production. When vimentin-overexpressing Huh7/vimentin and con-
trol Huh7/hygro cells were infected with HCV particles, Huh7/
vimentin cells exhibited lower amounts of intracellular and extra-
cellular HCV core protein than Huh7/hygro cells (Fig. 5C). Consistent
with the results in Fig. 5A, these findings suggested that higher
expression of vimentin in host cells resulted in lower HCV production.

We also examined the effect of vimentin knockdown on HCV RNA
replication using a JFH1-subgenomic replicon (Fig. 5D). There were no
significant differences in replication activities between vimentin-
knocked-down cells and the other control cells. These findings
indicated that cellular level of vimentin has no effects on HCV non-
structural proteins which serve as a unit of RNA replication machinery
of HCV, Collectively, these results demonstrated that HCV production
activity but not HCV-RNA replication was inversely correlated with
cellular vimentin content.

Table 1
mRNA levels of HCV core protein and B-actin in vimentin-knocked-down Uc39-6 cells
siRNA
- HPRT vimentin
HCV core (= 10" copies]g total RNA) 29103 17101 30:02
[-actin (=107 copiesfug total RNA) 30101 14101 23100
HCV coreffi-actin® 1 13 13

Total RNA was isolated from Uc39-6 cells that had been treated twice with a 2-day
interval with HPRT sIRNA dupl with vi in SIRNA duplexes or without (=) either
of them, and cultured for 4 days. mRNA levels of HCV core protein and -actin (4 control
housekeeping gene) were determined by quantitative real-time PCR. Values are the
mean 15D for three determinations.

* Numb the relarive

of HCV core protein mRNA normalized to

B-actin level

- 343 -



Y. Nizahara-Kaschara et ol / Virology 383 (2009) 319-327 E k]

pCAG

pCAG/Flag-core

siANA ; T o

HPRT

vimentin control

MG132;

vimentin

HPRT

core

GAPDH

Fig. 4. Effects of the proteasome inhibitor MG132 on level of expression of HCV core protein in Huh7 cells. sIRNA duplexes of control, HPRT, or vimentin, together with the core
protein-expression vector pCAG/Flag-core, were transfected into Huh7 cells. After 2 days, transfection of these siRNAs was repeated. Cells were tunher cultured for 2 days and treated

with () or without (-] MG132 (50 uM) for 16 h. Equivalent amounts of cell lysates were

GAFDH.

Furthermore, expression of vimentin and HCV core protein in Huh7
cells after HCV infection was observed by immunofluorescence
microscopy (Fig. SE), and the Muorescent intensity of vimentin in
core-positive and core-negative Huh7 cells under HCV-infected
conditions was determined (Fig. 5F). HCV-infected cells stained with
the core-specific antibody always had lower vimentin content (Figs. 5E,
F). Mareover, as shown in Fig. 5F, HCV core-negative cells exhibited
more variable vimentin levels, whereas the core-positive cells had
vimentin levels within a narrow range. These observations, which
showed that a Huh7 cell population with lower vimentin content can
preferentially produce HCV, were consistent with the results shown in
Figs. 5A, C.

Finally, we examined the effects of MG132 on HCV core protein
levels in HCV-infected cells in which vimentin was knocked-down or
overexpressed. In the presence of MG132, non-treated and control
HPRT siRNA-treated cells showed the significant increase of cellular
HCV core protein levels, whereas vimentin-knocked-down cells did
not (Fig. 5G). These results were consistent with those using HCV
core-expressing cells (Fig. 4). HCV core content in vimentin-
overexpressing Huh7/vimentin cells was lower than that in control
Huh7/hygro cells, but after MG132 treatment Huh7/vimentin and
Huh7/hygro cells showed the similar HCV core protein levels (Fig.
5H). Taken together, these results demonstrated the significant
involvement of vimentin in proteasome-dependent degradation of
HCV core protein in HCV-infected cells (Figs. 5G, H), as well as in
HCV core-expressing cells (Fig. 4).

Discussion

By comparative proteomic analysis of the detergent-insoluble
proteins in HCV core-expressing and non-expressing Huh7 cell lines,
vimentin, an intermediate filament protein, was identified as the
protein with the most dramatic reduction in level in the detergent-
insoluble fraction of HCV core-expressing Uc39-6 cells (Figs. 1B and 2),
On the other hand, there were no significant differences in the
amounts of other major proteins including cytoskeletal compaonents
such as actin and cytokeratin 8/18 in the detergent-insoluble fractions
between the core-expressing and non-expressing cells (Fig. 1B). These
findings, together with similar results for other core-expressing cells
(Fig. 2), suggested the existence of a specific relationship between the
core protein and cellular vimentin. Consistent with these findings,

by i with antibodies to HPRT. core protein, p53, and

immunofluorescence microscopic analysis of core-expressing cells
(data not shown) and HCV-infected cells (Figs. 5E, F) showed that cells
with intrinsic lower amount of vimentin are more permissive for
higher HCV core protein content.

Knockdown of vimentin expression by siRNA treatment resulted in
anincrease in HCV core protein levels (Fig. 3A), while overexpression of
vimentin reduced core protein contents (Fig. 3B). Similar results were
obtained in the experiments using the vimentin-null cell line 1THF5
derived from SW13 cells (Figs. 3C and D). On the other hand, transient
knockdown and overexpression of the core proteins in Uc39-6 and
Huh7 cells, respectively, did not result in differences in cellular
vimentin content (data not shown). These findings indicated that
cellular vimentin level affects the level of expression of the core protein
but not vice versa. Although transient expression of the core protein did
not affect cellular vimentin content. why do various stable cell lines
expressing the core protein have lower vimentin level? Since it was
very hard to establish the cells stably expressing the core protein, we
speculate that only the minor cell population innately having lower
vimentin content was able to maintain the substantial core expression
levels and was therefore selected.

We next demonstrated that vimentin affects core protein levels in
post-translational fashion (Table 1) and is required for the proteaso-
mal degradation of core protein in core-expressing cells (Fig. 4) and
also in HCV-infected cells (Figs. 5G, H). Many studies with protea-
some inhibitors have shown that a major pathway of degradation of
core protein is mediated by the proteasomal system (Hope and
McLauchlan, 2000; McLauchlan et al., 2002; Moriishi et al., 2003;
Suzuki et al., 2001). PA28+, a REG family proteasome activator also
known as REG+ and Ki antigen, which is located in the nucleus, was
shown to play an important role in the proteasomal degradation of
the core protein (Moriishi et al., 2003). It was recently reported that
the ubiquitin ligase EGAP, which is distributed in the perinuclear
cytoplasm and colocalized with the core protein, is also involved in
ubiquitylation and degradation of core protein (Shirakura et al.
2007). Vimentin filaments extend from the nuclear membrane
toward the cell periphery. In addition, vimentin is known to
colocalize with ubiquitinated protein aggregates and form aggre-
somes when the capacity of the proteasome is exceeded (Johnston et
al, 1998). Pull-down assays against the core protein in core-
expressing Huh7 cells indicated that a minor portion of cellular
vimentin can interact with HCV core protein (data not shown), as
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Kang et al. had reported previously (Kang et al, 2005). Co-staining of
cellular vimentin and the core protein on immunofluorescence
microscopy also supported the existence of a minor but definite
association between them (data not shown). Based on these findings,
we speculate that vimentin plays a role in the transport of the core
protein to the nucleus, where it is then degraded, although further
biochemical studies will be needed to demonstrate this.

HCV core protein is distributed mainly in the ER and lipid droplets in
host cells (Barba et al,, 1997), and the ER membrane associating the lipid
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droplets with core protein has been recognized as a site important for
HCV production, particularly HCV RNA replication and virus particle
assembly (Boulant et al., 2007; Miyanari et al, 2007). Vimentin is also
closely associated with lipid droplets (Brasaemle et al,, 2004; Lieber and
Evans, 1996; Schweitzer and Evans, 1998). Thus, in addition to its
degradative modulation of core protein, vimentin might also affect the
function of lipid droplets and consequently inhibit HCV production. The
effects of vimentin knock-down and overexpression on HCV production
were actually stranger at the extracellular core protein level (secretion
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of the virus) than at the intracellular core protein level (Figs. 5A, C),
suggesting additional activity of vimentin in the processes of HCV
particle release.

Since the level of expression of vimentin in carcinomas is
correlated with parameters of malignant potential such as tumor
grade and tumor invasion, vimentin has been used as a marker of
malignant tumors (Bannasch et al., 1982). It has indeed been reported
that some HCV-infected patients with hepatocellular carcinoma
exhibited up-regulation of vimentin expression in tumor tissue (Kim
et al., 2003) although further statistical studies are required to clearly
demonstrate this. Tanaka et al. noted that in livers of HCV-infected
patients with hepatocelllular carcinoma the virus existed predomi-
nantly in non-cancerous tissue, at levels 10- to 100-fold higher than in
cancerous tissue (Tanaka et al, 2004). These observations in human
liver samples suggest that the reduction in HCV levels in hepatic
tumor can be explained by the increase of vimentin expression in
tumor, consistent with our findings for cultured cells.

In this study we demonstrated that cellular vimentin expression
enhanced the proteasomal degradation of core protein and eventually
restricted HCV production. Vimentin itself and sites of vimentin/core
interaction may thus be novel targets of treatment using anti-HCV
strategies.

Materials and methods
Antibodies

Mouse monoclonal antibodies to annexin Il, fatty acid synthase,
calnexin, lamin A/C, and GFP were purchased from BD Transduction
Laboratories. Mouse monoclonal antibodies to HCV core protein,
prohibitin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were from Anogen, Lab Vision, and Abcam, respectively. Rabbit
polyclonal antibodies to vimentin, lamin B1, p53, and HPRT were
from Santa Cruz Biotechnology Inc., while those to actin were from
Biomedical Technologies Inc.

Plasmids

The mammalian expression vector of HCV core protein, pcEF39neo
(Ruggieri et al,, 1997), and the empty vector pcEF321swxneo (Harada
et al, 1995) were described previously. The mammalian expression
vector of Flag-tagged HCV core protein, pCAG[Flag-core, and the
empty vector, pCAG, were described previously (Moriishi et al., 2003).
For construction of a mammalian expression vector of vimentin,
pcDNA3.1 [Hygro/vimentin, vimentin fragment was amplified by PCR
using the reverse-transcribed cDNAs of Huh7 cells as a template. The
PCR primer pairs used were 5'-GCCATGTCCACCAGGTCCGTGTCC-3" and
5 TTATTATTCAAGGTCATCGTGATG-3". The PCR products were inserted
into the EcoRV site of pBluescript SKII(+). pBluescript SK(+)/vimentin
was digested with Hind 111 and Xba I, and the vimentin fragment was
inserted into pcDNA3.1/Hygro (Invitrogen), which had been digested

with Hind 1ll and Xba L. For construction of pcDNA3.1/EGFP, EGFP
fragment was prepared by digestion of pEGFP-N1 (Clontech Labora-
tories, Inc,) with Nhe | and Hind Il and inserted into pcDNA3.1/Hygro,
which had been digested with Nhe | and Hind IIL The subgenomic
replicon constructs, pSGR-JFH1/Luc (wild type) and pSGR-JFH1 [Luc-
GND (GND mutation in the NS5B sequence). with the firefly luciferase
reporter gene were described previously (Kato et al., 2005),

Cell lines

All hepatic cells used in this study were plated on collagen-coated
dishes (Asahi Techno Glass, Japan). Human hepatic Huh7 and Huh7.5.1
cells were grown in normal culture medium [Dulbecco’s modified
Eagle's medium (DMEM) (KOJIN BIO, Japan) supplemented with 10%
fetal bovine serum (FBS), 100 Ufm! Penicillin G, and 100 mg/ml
streptomycin sulfate] containing 0.1 mM non-essential amino acids
(GIBCO) under a 5% CO, atmosphere at 37 “C. We used human hepatic
cell lines constitutively expressing HCV core protein, including Hep39
from HepG2 cells (Harada et al,, 1995; Ruggieri et al., 1997) and Uc39-2
and Uc39-6 from Huh?7 cells (Fukasawa et al, 2006; Sato et al., 2006).
Huh7 and HepG2 cell lines carrying the empty vector, Hepswx and
Uc321, respectively, were used as a mock control. All of these stable
transfectants were maintained in normal culture medium containing
1 mg/ml G418 (Sigma). The human adrenal carcinoma cell line SW13,
the subtypes 2CB5 and 1HF5 of which do or do not express vimentin,
respectively (Sarria et al, 1990), was maintained in normal culture
medium. When the pcDNA3.1/EGFP vector was transfected into 2CB5
and THFS cells, the percentage of GFP-positive cells was 56.3% and
53.6%, respectively, 2 days after transfection (n=3), indicating that there
was no difference in the transfection efficiency between these cells. To
establish vimentin-overexpressing cells, pcDNA3.1/Hygro/vimentin
was transfected into 1HFS and Huh7 cells using FUuGENE 6 transfection
regent (Roche). The vimentin-overexpressing Huh7 and 1HFS cells
were selected under hygromycin for 2 weeks and cloned to obtain
Huh7/vimentin cells and 1HF5/vimentin cells, respectively. Huh7 and
1HF5 cells carrying the empty vector pcDNA/Hygro were also
established, as Huh7/hygro cells and 1HF5/hygro cells, respectively.

Preparation of DISFs

Confluent monolayers of Uc321 and Uc39 cells in four culture
dishes (150 mm inner diameter) were harvested by trypsinization,
and 1.5x107 cells of each were pelleted by centrifugation (218 xg for
5 min at 4 "C). After washing with PBS three times, each cell pellet was
resuspended in 1 ml of lysis buffer [10 mM HEPES-HCI, pH 7.5, 10 mM
NaCl, 140 mM KCl, 0.5 mM DTT, 0.5% Triton X-100 (Pierce
Biotechnology), 10 mM NaF, Complete™ EDTA-free (Roche)] (ie. a
20% cell suspension). The cell suspension was lysed with a ball-
bearing homogenizer (Hope et al, 2002). The soluble fraction
(designated the detergent-soluble fraction, DSF) containing ~85% of
the total cellular proteins was collected by centrifugation of the cell

Fig. 5. HOV production in vimentin-knockdown and vi "

1g Huh7 cells. (A) Huh? cells (5= 10 cells) in 48-well plates were incubated with or without HCV particies

(including 8.0 fmol of core protein) for 6 h, and then trumdmlceudtha)—dwlnm without (=) of with siRNA duplexes of HPRT or vimentin. After 7-day culture, the amounts of
Hﬁ'mpmuinpcrc:llhtﬂh[ﬁﬁutfﬂhar]admhmmdmm[m:nybar}mm n=3,(B) Culture medium was collected at day 6 in the infection experiment
described above in (A). The concentration of HCV core protein in these samples of medium was adj munmunﬂunﬂ:rmhmﬂummhmh*mdmmmbof
mrdlu:nmamin;Llwdmmmhhl&nlMMMTMimmlnka yzed by the | bl g of cell lysates with antibodies to
HCV core protein and p-actin. (C) 1g Huh7 fvi tin and control Huh7/hygro cells infected with HCV were h ilhtr?-d.ly bation. The of
HCV core pmrdnper:ﬂlInc:lls[lmrrayIar}andndmmdlum(ﬁnk;rwbar}mdﬁemm&{D]Huh?ulb‘ t the HCV subgs ic replicon a luciferase
gene were fi h (=) or with siRNA di of HPRT or After 2.5-day culture, luciferase activity in cell extracts was determined. n=3. (E)
lmunnﬂmmmmlmkanﬁwﬁvf"ﬂhhmdmwuﬁsmm«mnmm HOV, Huh? cells were cultured for 6 days. HOV core protein (green) and vimentin (red)
mrtr.hend.cm:wdwithspeciﬂcanm.iﬁ.Nudt!tblue}mmlmdmmmm:mmmemmamWMImmmttultﬁpmd
snmi.nthnulsM(ﬂmmm%kwwmwdlminpand&ﬂme ,... in and core-negative Huh? cells was determined by line
profile analysis. n=40. Statistical significance of differences in fl of vi b and core-negative cells was evaluated using Student’s ¢ test,
shawing p<107", (cmtn(nwuh?nmmimmmmnwmmmmuummmmz-mmwmum{ ) or with siRNA duplexes of HPET or vimentin.
After 4 5-day culture, cells were treated with (+) or without (- ~) MG 132 (50 M) for 16 h. In each culture condition, the ratio of HCV core protein leve! in the MC132-treated cells to that
in MG132-untreated cells was determined. n=13. (H) Huh7/vimentin and Huh7/hygro cells infected with HOV were cultured for 4 days and treated with (+) or without (~) MG132
(50 M) for 16 h. The amounts of cellular core protein per cell were determined. n=3.
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lysate performed rwice at 218 =g for 5 min at 4 *C. The insoluble pellet
was suspended in 2 ml of lysis buffer containing 1.62 M sucrose and
then centrifuged at 10,000 g for 1 h at 4 *C. The pellet was
resuspended in 1 ml of lysis buffer containing 1.0 M sucrose and
layered over 2 ml of lysis buffer containing 2.0 M sucrose. After
centrifugation at 50,000 =g for 2 h at 4 °C, the precipitated fraction
containing ~15% of total cellular proteins was collected and
resuspended in lysis buffer containing 0.25 M sucrose at a concentra-
tion of 3 mg protein/ml (designated the detergent-insoluble fraction,
DISF). Each fraction was stored at -B0 “C until use. The protein
concentrations in these preparations were determined with BCA
protein assay reagents (Pierce Biotechnology) using BSA as a standard.

2D-PAGE/MALDI-QIT-TOF MS analysis

The DISF (0.15 mg protein) of each cell line was cleaned using a
PlusOne™ 2-D Clean Up kit (GE Healthcare) and resuspended in
rehydration solution containing 9 M urea, 4% CHAPS, 65 mM
dithioerythritol, and 0.5% ampholyte. The first-dimensional IEF was
performed with an Immobiline Dry Strip pH 4-7 according to the
manufacturer’s instruction (GE Healthcare). The second-dimensional
electrophoresis was carried out on 12% SDS-polyacrylamide gel, and
the gel was stained with SYPRO-Ruby (Bio-Rad). Spot detection and
comparison in 2D images were accomplished with PDQuest™ 2-D
analysis software ver. 7.3 (Bio-Rad). The protein bands were excised
from the gel and subjected to in-gel trypsin digestion. The tryptic
peptide mixtures were analyzed by MALDI-QIT-TOF MS (AXIMA-QIT,
Shimazu Biotech, Japan) as described previously (Sato et al., 2006;
Shevchenko et al., 1996). Mascot software (Matrix Science) was used
for protein identification.

Immunoblot analysis

The proteins were separated by electrophoresis in precast NuPAGE
10% or 12% Bis-Tris gels (Invitrogen), and then transferred to a
polyvinylidene difluoride membrane. The membranes were blocked
overnight at 4 °C or for 60 min at room temperature in Tris-buffered
saline containing 0.1% Tween 20 and 5% skim milk. The blots were
probed with the first antibodies at 1:1000 dilution for 60 min at room
temperature and then incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (Bio-Rad) or HRP-conjugated goat
anti-mouse IgG (GE Healthcare) at 1:2000 dilution for 45 min.
Detection of immunoreactive proteins was performed using an ECL
systemn (GE Healthcare).

Quantitative real-time PCR analysis

Cellular total RNAs were prepared with an RNeasy kit (Qiagen). The
total RNA fraction (1 pg) was processed directly to ¢cDNA using a
Transcriptor First Strand cDNA Synthesis Kit (Roche). Of the total 20
cDNA solution, an aliguot of 0.5-2 pl was used for each real-time PCR
assay. The PCR primers used for HCV core protein were: forward, 5'-
AGGAAGACTTCCGAGCG-3', and reverse, 5'-GCGTGACAGGAGCCATC-3',
The PCR primers for actin were obtained from the LightCycler™-Primer
Set (Roche). Quantitative real-time PCR was carried out in a LightCycler
(Roche) using LightCycler-FastStart DNA Master SYBR Green | (Roche ).

Transfection of siRNA

Subconfluent cells cultured in a 48-well plate were transfected
twice at a 2- or 3-day interval with 30 nM of vimentin-specific, HPRT-
specific, or negative control (Invitrogen) siRNA duplexes using
Lipofectamine RNAIMAX (Invitrogen) following the manufacturer’s
instructions. The siRNA target sequences were as follows: vimentin
(sense). 5'-ACCTTGAACGCAAAGTGGAATCTTT-3'; HPRT-S1 (sense), 5'-
AAGCCAGACUUUGUUGGAUUUGAAA-3'.

Infection of Huh? cells with HCV

Infectious HCV (JFH1 strain) particles were produced in Huh7.5.1
cells as described previously (Wakita et al., 2005). Culture supernatant
containing infectious HCV particles was collected and stored at -80 °C
until use. Subconfluent naive Huh7, Huh7/hygro, or Huh7/vimentin
cells in 24-well or 48-well plates were exposed to normal culture
medium containing HCV particles (1.4-8 fmol core protein/well,
corresponding o moi=0.0175-0.1) for 6 h at 37 °C. Cells were then
washed and maintained in 500 l (24-well) 'or 250 ul (48-well) of
normal culture medium for 6-7 days at 37 °C. To determine HCV
production activity, the amounts of HCV core protein in the culture
medium and cell lysates were quantified with an enzyme-linked
immunosorbent assay (ELISA) (Ortho® HCV antigen ELISA test, Ortho-
Clinical Diagnostics, Japan).

Assay for activity of HCV genomic RNA replication

The RNAs (30 pg) transcribed from pSGR-JFH1/Luc and pSGR-JFH1/
Luc-GND (Kato et al., 2005) were transfected into Huh7 cells (1.6x10%
cells) by electroporation. Transfected cells in normal culture medium
were immediately seeded into 48-well plates ar 9.0% 10* cells/well.
Four hours after transfection, siRNAs were also transfected into these
cells. After incubation for 2.5 days, cells were harvested and the
luciferase activity in cell lysates was determined with the Luciferase
Assay System (Promega). Since the luciferase activities of the JFH1/Luc
replicon were ~400-fold higher than those of the JFH1/Luc-GND
mutant replicon, background luciferase activity, which is independent
of replication activity, was very low in our experimental conditions.

Immunofluorescence micrascopy

Cells cultured on glass cover slips (in 24-well plates) were fixed
in 1% formaldehyde-PBS for 1 h at 4 °C, permeabilized in PBS
containing 0.1% Triton X-100 for 5 min, and washed twice with PBS.
The cell monolayers were incubated with rabbit anti-vimentin
antibodies (1:100) and mouse anti-HCV core protein antibodies (1:
100) for 60 min at room temperature. After washing with PBS, the
cells were incubated with Alexad88-conjugated anti-mouse IgG,
Alexa594-conjugated anti-rabbit IgG, and DAPI (4, 6'-diamidino-2-
phenylindole) (Invitrogen) for 60 min at 4 °C. Coverslips were
washed with PBS and mounted on glass slides. Immunofluorescence
was visualized and quantitated with a confocal laser-scanning
microscope (Axiovert 100M, Carl Zeiss) equipped with a LSM510
system (Carl Zeiss).

Acknowledgments

Huh-7.5.1 cells and Huh-7 cells were kindly provided by F. V.
Chisari {Scripps Research Institute),

This work was supported in part by grants-in-aid from the Ministry
of Health, Labor, and Welfare of Japan, and by grants-in-aid from the
Ministry of Education, Culture, Sports, Science, and Technology of

Japan.
References

MHkL H-. L!t K] Sung. vM., !:hllm, H, Lai, MM, 2004. Characterization of the
s C virus RNA cornplu associated with lipid rafts. Virology 324

{2), 450-461,

Ariumi, Y, Kuroki, M., Abe, K, Dansako, H., lkeda, M., Wakita, T., Kato, N 2007. DDX3
DEAD-box RNA helicase is required for hepatitis C virus RNA replication. J. Virol. 81
(24). 13922-13926.

Bannasch, P, Zerban, H., Mayer, [, 1982 The cytoskeleton in tumor cells. Pathol. Res.
Pract. 175 (2-3), 196-211.

Barba, G., Harper, F_ Harada, T.. Kohara, M.. Goulinet. §.. Matsuura, Y, Eder, G.. Schaff, Z,
Chapman, M ], Miyamura, T, Brechot, C_ 1997. Hepatitis C virus core protein shows
a cytoplasmic localization and associates to cellular lipid storage droplets. Proc.
Matl. Acad. Sci. U. 5. A. 94 (4). 1200-1205.

- 347 -



Y. Nirahara-Kasahara et al / Virology 383 (2009) 319-327 327

hlager, R.. Lok V.. 2000. Replication of hepatitis € virus. J. Gen. Viral. 81

(Pt 7). 1631-1648,
Boulant, S. Targett-Adams, P, Mclauchlan, |, 2007, Disrupting the association of
hepatitis C virus core protein with lipid correlates with a loss in production

of infectious virus. | Gen. Virol. 88 (Pt 8), 2204-2213.

Brasaemle, DL, Dolios, G., Shapiro, L, Wang, R, 2004. Proteomic analysis of proteins
associated with lipid droplets of basal and lipolytically stimulated 3T3-11
adipocytes. |. Biol. Chem. 279 (45), 46835-46842.

Choo, QL Kuo, G., Weiner, AJ., Overby, LR, Bradley, D.W., Houghton, M., 1989. Isolation
of a cDNA clone derived from a blood-borne non-A. non-B viral hepatitis genome,
Science 244 (4902), 359-362.

Fukasawa, M_, Tanaka. Y., Sato, S_ Ono, Y., Nitat hara. Y., Suzuki, T.. N T.
Hanada, K., Nishijima, M., 2006. Enhancement of de novo fatty acid hhsynthms in
hepatic cell line Huh7 expressing hepatitis C virus core protein. Biol. Pharm, Bull. 29
(9), 1958-1961.

Harada, T. Kim. DW. Sagawa. K. Suzuln. 'r Takahashi, K., Saito, L, Matsuura, Y.,

T.. 1895, Charac blished human h cell line
mrulm.rmdy expressing ncm-smxtlml insofh € virus by transf
of viral cDNA. J. Gen. Virol. 76 (Pt 5].1215 1221

Hope, RG. McLauchlan, | 2000, Sequence motifs required for lipid droplet association
and protein stability are unique to the hepatitis C virus core protein. . Gen. Virol. 81
(Pt 8), 1913-1925.

Hope, RG, Murphy, D}, McLauchlan, |, 2002 The domains required to direct core
proteins of hepatitis C virus and GB virus-B to lipid droplets share common features
with plant oleosin proteins . Biol. Chem. 277 (6). 4261-4270,

Johnston, JA, Ward, CL, Kopito, RR. 1998. Aggr a cellular
misfolded proteins. L. Cell Biol 143 (7). 1883-1898.

Kang. SM. Shin, MJ. Kim. LH.. Oh, |.W. 2005, Proteomic profiling of cellular proteins
interacting with the hepatitis C virus core protein, Proteomics 5 (8), 2227-2237.

Kato, T, Date, T, Miyamoto, M., Sugivama, M., Tanaka, ¥, Orito, E, Ohno, T, Sugihara, K,
Hasegawa, |, Fujiwara, K. Ito, K., Ozasa, A, Mizokami, M., Wakita, T, 2005
Detection of anti-hepatitis C virus effects of interfe

to

PA2Bgamma-dependent nuclear jon and degradation of C virus
core protein. J. ViroL 77 (19), 10237-10249.

Morimoto, T, Fl#ha.M..szan Sumpvn\‘ Takaya, T.. Wada, H. Shimatsu, A.

Kita, T, K. 2008, A of p300 and p53 by doxorubicin
involves ubiquitin pathways. Circ. ). 71(9}, lSﬂs—lle
Maoniya, K. Yotsuyanagi. H. Shintani, Y. Fujie. H., Ishibashi, K Y. Mi T

Koike, K., 1997. Hepatitis C virus core protein induces hepatic steatosis in transgenic
mice. . Gen. Virol, nlﬂﬂ-ﬁn 1531

Moriya, K. Fujie. H. Shi L agi, H. T T. Ishibashi. K A
Kimura, 5., Miyamura, T. Koike, L 1998, The core protein of hepatitis C virus
induces hepatocellular carcinoma in transgenic mice. Nat. Med. 4 (9). 1065- 1067,

Randall, G, Panis. M. Cooper, |0, Tellinghuisen, T.L. Sukhodolets, KE., Pleffer, 5.
Landthaler, M., Landgral, P Kan, 5. Lindenbach, B.[)., Chien, M., Weir, DB, Russa, .
Ju. J.. Brownstein, M, Sheridan, L Scmder C, Zavolan, M., Tuschl, T, Rice, CM,
2007. Cellular cof; € virus infection and replication. Proc.
Matl Acad. 5¢i. U. 5. A. 104 (31), 12884- 12889,

Reed, K.E_ Rice, C M., 2000. Overview of hepatitis C virus genome structure, polyprotein
processing. and protein properties. Cuﬂ.Top. Microbiol, Immunol. 242, SS—M.

Ruggieri, A. Harada, T.. A ) A T. 1997 to Fas
apoptosis by hepatitis € virus core pmm Vimltxy 229( 'I). 68-76

Sarria, AJ. Nordeen, S.K. Evans, RM., 1990, R of vimentin cDNA in
cells in the presence and absence of a preexisting vimentin filament network. ). Cell
Bial. 111 (2), 553-565,

Satu.S..Fuhsm M. Yamakawa, Y, N-uwrrw.T Suzuld, T, Shoji, L, Aizaki, H,

'y T.. Nishijima, M., 2006. P profiling of lipid droplet proteins in
hep cell lines ing hepatitis C virus core protein. ). Biochem. (Tokyo)
139 (5), 921-930.

Schweitzer, S.C., Evans, RM., 1998, Vi and lipid Sub-cell. Biochem.

31, 437-462.
Shevchenko, A. Wilm. M., Vorm, O. Jensen, O.N., Podtelejnikov, AV, Neubauer, G.
ko, A, Mortensen, F, Mirm. M. 1996 A strategy for identifying gel-

replicon system. J. Clin. Microbiol. 43 {11), 5679-5684.

Kirn, W_ Oe Lim, 5, Kim, | S, Ryu, YH., Byeon, LY. Kim, H]. Kim, Y.L, Heo, | 5. Park, YM.
Jung. G., 2003, Comparison of
virus-associated hepatocellular carcinoma. Clin. Cancer Res. 9 (15), 5493-5500.

and ribavirin by a it in t by MS alone. Biochem. Soc. Trans, 24 (3),
$93-896.

Shi, ST. Lee. KJ. Aizaki, H.. Hwang. 58. Lu, M.M. 2003, Hepatitis C virus RNA

hepatitis B virus- and hepatitis C replication occurs on 2 d that with

caveolin-2. |. Virol 77 (7). 4160-4168.

Kuo. G.. Choo. QL. Alter, HJ. Gitnick, G.L., Redeker, AG.. Purcell, RH. Miy T
Dienstag, |1, Alter, M.J., Stevens, CE., et al, 1989. An assay for circulating

Shirakura, M., Murakami K Ichimura, T. Sumld.ﬂ-.shima]l'l Fukuda, K., Abe, K., Sato, 5.,
¥., Nishi Y. Wakita, T.

10 a major etiologic virus of human non-A, non-B hepartitis. Science 244 (4902),
362-364.

Lieber, J.G., Evans, R.M., 1996. Di of the in b diate filament system
during adipose conversion of 3T3-L1 cells inhibits lipid droplet accumulation. |. Cell.
Sci. 109 (Pr 13), 3047-3038.

Matto, M..Nce CM., Aroeti, B Glenn, | 5., 2004. Hepatitis C virus core protein associates

with b distinct from classical plasma membrane
rafts. ). Virol, 78 (21),12047-12053,

Melauchlan, |, Lemberg, MK, Hope, G, Martoglio, B, 2002. Intramembrane proteolysis
promaotes trafficking of hepatitis C virus core protein to lipid droplets. EMBO . 21
(15}, 3980-3988.

Miyanari, Y. Asuzawa, K. Usuda, N, Watashi, K., Hishiki. T. Zayas. M.. Bartenschlager. R.
Wakita, T. Hijikata, M., Shimotohno, K., 2007. The lipid droplet is an important

for hepatitis C virus production, Nat. Cell Biol. 9 (9), 1089-1097,

Mariishi, K. Okabayashi, T., Nakai, K..Mnnu K., Koike, K. Murata, 5., Chiba. T. Tanaka, K..

Suzuki, R, Suruki, T, Miyamura, T, Matsuura, Y., 2003, F

M,
Suzui.LT Howley, P.M.‘M]pmwa.‘! S?lluL L, 2007. P.W ubiquitin ligase mediates
and of C virus core protein. |, Virol. 81 (3),

11'M-II35

Suzuki, R. Tamura, K. L . Ishii, K. Matsuura, Y. Miyamura, T. Suzuki, T. 2001,

Ubiquitin-mediated degradation of hepatitis C virus core profein is regulated by
ng at its carboxyl terminus. Virology 280 (2], 301-309.

Suzuki, T. Ishii, K. Aizaki, H. Wakita, T.. 2007, Heparitis C viral life cycle. Adv. Drug Deliv.
Rev. 59 (12), 1200-1212.

Tanaka, T. Inouve, K. Hayashi, Y. Abe, A. Tsukiyama-Kohara, K. Nuriya. H.. Aoki. Y.
Kawaguchi, R, Kubota, K., Yoshiba, M., Koike, M., Tanaka, 5. Kohara, M. 2004,
Virological significance of low-level hepatitis B virus infection in patients with
hepatitis C virus associated liver disease, meml.mznn-

wakita, T, Pimr.hmann.r Kato, T, Date, T, Miyamoto, M, Zhao, Z, Murthy, K,

h, HG., A I.L hlager, B, Liang. T,].. 2005.
Production nf infectious hepatitis C virus in rissue culture from a cloned viral
Nat. Med. 11 (7), 791-796.

- 348 —



Chemistry & Biology

Messenger RNA-Programmed Incorporation
of Multiple N-Methyl-Amino Acids
into Linear and Cyclic Peptides

Takashi Kawakami,' Hiroshi Murakami,? and Hiroaki Suga’

A

Departmant of Chemistry and Biotechnology, Graduate School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan
iRessarch Center for Advanced Sciance and Technology, The University of Tokyo, Tokyo 153-0884, Japan

*Correspondence: u-tokyo.ac.jp
DO 10,1016/, chembiol.2007.12.008

SUMMARY

Natural peptide products often contain N-methylated
backbones, and such a modification plays a crucial
role in making natural peptides peptidase resistant
and membrane permeable. Here, we demonstrate
the ribosomal synthesis of N-methyl-peptides by
means of genetic code reprogramming. Two key
technologies, a ribozyme-based de novo tRNA acyla-
tion (flexizyme) system and an E. coli reconstituted
cell-free translation (PURE) system, were used in or-
der to reassign arbitrarily chosen codons to N*-meth-
ylated amino acids (*®aa), Using this combination, we
determined the general structural requirement of “ac-
cessible” M®aa and demonstrated their multiple in-
corporations into the nascent peptide chain accord-
ing to the assignments made on mRNA, giving linear
and cyclic N-methyl-peptides in high purities. This
platform technology offers a convenient tool for the
construction of N-methyl-peptide libraries, poten-
tially leading to the discovery of therapeutic peptides.

INTRODUCTION

Matural peptide products isolated from various organisms often
contain N-methylated backbones (Bilich and Zocher, 1990;
Hombogen and Zocher, 2005). Such a modification of peptide
backbone alters the properties of the peptide bond, which con-
ters their conformational rigidity (Sagan el al., 2004), This modifi-
cation contributes to improvements in the biological properties of
natural peptides, such as target affinity, proteolytic stability, and/
or membrane permeability. Thus, N*-methylated amino acids
(Meaa) are invaluable components for the synthesis of peptide
libraries in screening for peptides with suitable drug-fike proper-
ties for potential therapeutic use. The backbone N-methylation of
these peptides are generally executed by one or more of anzymes
In the multienzyme clustars, called nonribosomal peptide synthe-
tases (NRPSs) (Billich and Zocher, 1880; Hombogen and Zocher,
2005; Sieber and Marahiel, 2005; Walsh et al., 2001). This type of
peptide synthasis machinery is known to be template indepen-
dent, in contrast to the mANA templale-dependent ribosomal
machinery. Unfortunately, their complexity demands an enor-
mous effort to manipulale the systems, theraby making it difficult

to generate desired peptide libraries (Baltz, 2006; Fischbach and
Walsh, 2006, Hahn and Stachelhaus, 2006).

On the other hand, the translation machinery expresses pep-
tides in an mANA template-dependent manner, which makes
this system exceptionally versatile and useful for the synthesis
of peptides or proteins. Unlike NRPSs, the ordinary translation
system strictly incorporates 20 proteinogenic amino acids into
the nascent paptide chain. However, an appropriate manipulation
of the translation apparatus enables us to incorporate nonprotei-
nogenic amino acids into peptides (Hendrickson et al., 2004,
Hohsaka and Sisido, 2002; Link et al., 2003; Wang and Schultz,
2004). A classical example is that when a nonproteinogenic amino
acid is charged omoanoﬂhogonallHNAgmmsubwriptbme
sequence indicates the anticodon), this ami y-IRNAG A
(aa-tANAcy,) Is able to suppress UAG amber stop codon on
mRNA; thereby, the amino acid can be incorporated into the
nascent peptide at the designated site (Bain et al., 1989, Noren
et al., 1989). Despite encouraging results from a number of suc-
cessful examples for the incorporation of nonproteinogenic amino
acids with various nonnatural side chains, it has been known that
some "*aa are incorporated into a peptide chain with good or mod-
est efficiencies, and some are not at all (Bain et al., 1891; Chung
et al., 1993; Elman et al., 1892; Gimore et al., 1998; Karginov
el al, 1997, Mendel et al., 1995; Murakami et al., 2006; Short
et al., 2000). To the best of our knowledge in the literature, only
threa ““aa, "*Gly, “"Ala, and “*Phe, have been succassfully incor-
porated into the nascent peptide chain by means of amber sup-
pression. Moreover, neither incorporation of multiple “®aa nor a
single ™aa with amino acids bearing noncanonical side chains
has been thus far reported.

More recently, a new concept of genetic code reprogramming
was Introduced by Forster et al. and applied to the incorporation
of nonproteinogenic amino ack:ls into peptides (Forster et al
2003). Genetic code reprog g involves the ig
of codons from proteinogenic amino acids to nonpmteinogaric
ones via multiple sense suppressions. Thus, this methodology
enables us to simultaneously incorporate muitiple nonproteino-
genic amino acids into peptides, which represents a major ad-
vantage over the aforementioned amber suppression method
(Forster et al., 2003; Josephson et al, 2005; Murakami et al.,
2006; Ohta et al., 2007; Ohuchi et al., 2007; Tan et al., 2005),

In the context of **aa using the sense suppressions, there were
three axamples in the literature (Frankel et al., 2003; Merryman
and Green, 2004; Tan at al., 2004), Merryman and Green have
reported that aa-tRNAs prepared by cognate aminoactyl-tRNA
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Figure 1. M ANA-P d ,“’ of
»mmﬁ-mumw" tic Code Reprog
msmuomrﬂw-mmm(“mu;m
Tyme system, Flexizyme recognizes leaving group (LG: high-
fighted in pink) on the estar bond of N*-mathyl-amino acid (““*aa)
substrate and conserved tvee bases on the 3'-tarminus of
tRNA, which aliows for the amincacylation of dasired 1RNA with
any ““aa. N*-methyl groups are highlighted in yellow.

(B) Ribosomal synthesis of N-methyl-peptide. “*aa-tANAs bear-
ing various combinations of ““aa and anticodon are added to
the wiPURE protein sy is using binant ele-
ments) system for mRNA-prog d I tion of “*aa
into paptides. The wPURE system is an E. :oﬂ'rwormlmud
Mutmwhmmmumm
achds and ami tRANA synthases) are withdrawn from the or-
mmmmnmrmmwmmu
various “*aa.

< Hwngamud genatic code table for tha MRNA-pro-

ynthasls of N-methyl-peptides. Codons that are reas-
signed to various ““aa are shown in color letters. Inftistion coden
[AUIG) highlighted in gray i reassigned from Met 1o N"<{a-chloroa-
cetyl)-Pha (**“Pha) for the ribosomal synthesis of cyclic N-methyl-
peptides.

er»ocor»0cE>0CcO»>0C

synthetases (aaRSs) were converted to aa-tANAs by the three-
step procedura, whers the a-amino group was alkylated by
consecutive reductive 1 with 2-nitrot Idehyde

formaldehyde, and then the 2-nitrobenzyl group was depro-
tected by UV Iradiation (Memyman and Green, 2004). These
Meaa-tRNAs derived from 20 proteinogenic amino acids were
surveyed for the synthesis of a dipeptide, Met-**aa, where
thin-layer chromatographic electrophoresis was mainly used
to discemn the product of {Met-"aa from fMet (also possibly
fMet-aa) and to determine the incorporation efficiency of each
Mega in a semiquantitative manner, In the second example, Tan
and Comish et al. prepared M*Ala-tRNA™"®5,; and M°Phe-
tRNA%E ., - by the chemoenzymatic aminoacylation procedure
(Hecht et al.,, 1878; Robertson et al., 1881) and performed their
single incorporation Into a tripeptide (fMet-Xaa-Glu, where Xaa
represents “®aa) upon the sense suppression of the Val codon
(GUU) (Tan et al., 2004). Significantly, this work determined the in-
corporation efficiencies of these two “*aa into the peptide chain
in a quantitative manner and also confirmed the product peptide
by liquid chromatography based on its retention time by compar-
ison with that of the corresponding synthetic authentic sample.
Both examples above showed only a single incorporation of

Maaa into a di- or tripeptide backbone, and therefore
the concept of genetic code reprogramming has not
yet been fully explored for the synthesis of N-methyl-
peptides.

In the third example, Frankel and Roberts et al. have
shown polymerization of “*Phe assigned to in repeti-
tion of two, five, or ten residues In an In vitro display
system (Frankel et al., 2003). This work rapresants,
to our knowledge, the first demc jon of consecu-
tive incorporations of a single type of **aa into a pep-
tide stretch by using sense suppression. However,
because the polymerization of *Phe was only evi-
denced by observing the proteasa resistance of the
respective peptide, it still remains unknown to what
deg of the o jon of natural amino acids in the
poly-"*Phe chain occurred. In fact, the full-length peptide bear-
ing multiple “*Phe was susceptible to proteasa to soma extent,
suggesting that competing incorporations of likely Val or possi-
bly other proteinogenic amino acids occurred as Frankel et al.
discussed in their report (Frankel et al., 2003). Taken together, al-
though the above thres examples clearty documented that the
sense-suppression method could be used for the incorporation
of Maa, the proof-of-concept study on the genelic code reprog-
ramming, i.e., performing multiple incorporations of two or more
ditferent “®aa with high fidelity control, remains to be demon-
strated.

Wae report here incorporation of multiple **aa into the peptide
backbone with a nearly perfect control of sequences and lengths
by using the concept of genetic code reprogramming. To repro-
gram the genetic code, we used two technologies, flexizyme and
PURE (protein synthesis using recombinant elements) systems.
Flaxizyme system Is a ribozyme-based de novo tRNA acylation
system that is able to charge virtually any amino acids onto de-
sired tANAs with any body and anticodon sequences (Figure 1A)
(Kourouklis et al., 2005; Murakami et al., 2003a, 2003b, 2006;
Ohuchi &t al., 2007; Saito et al, 2001). PURE system is a
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A  mRNA AUG CGU ACC CGU (flag) UAA
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Figure 2. Single h P i of N*-Methylated Amino Acids
{A) Sequences of mANA and peptide. Flag in parenthesas indicates the RNA saquence coding the Flag paptide (DYKDDDDK).
(B) Tricina-S5DS-PAGE analysis of the exp des labaled with [*'Cl-Asp detectad by autoradiography. Lane 1, the wild-type paptide axpressad in tha

mwmwmmnmmmwmz & nagative control using wPURE system in the presence of unchargsd IRNA*™®'o.  lanes 3-25, ax-
prassion of the peptide containing a single “*aa in the presance of designated “*aa-tRNA™™ ., prepared by the flexizyme system. Each expression level
relative to wild-type was determinad by a mean score of triplicates. The amino acids giving over 30% and 10% expression levels relative (o the wild-type are
highlighted in cyan and orange, respactivaly.
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reconstituted Escherichia coli cell-free translation system in
which transeription and translation are coupled (Shimizu et al.,
2001). The most important feature of this translation apparatus
Is that soma companents, such as amino acids and amino-
acyl-tRNA synthases (aaRSs), can be withdrawn from the trans-
lation elements (Figure 1B). By means of such a withdrawn PURE
system, named wPURE, we are able to vacant certain codons at
our will. Combining these two systems enables us to readily
reassign the vacant codons to "*aa and express peplides as de-
signed on mRANA sequences according to the newly designated
genetic table (Figure 1C).

In this report, we initially screenad N"-methylated proteino-
genic and nonproteinogenic amino acids to evaluate the effi-
ciency of their single incorporation into a peptide backbone.
Then, we investigated the mRNA-programmed synthesis of pep-
tides containing multiple “**aa, achieving the compositions of
continuous stretches of up to ten M°aa residues. Finally, we in-
vestigated the synthesis of cyclic N-methyl-peptides closed by
a physiologically stable thicether bond, showing its potential
for the generation of in vivo compatible peptide libraries thera-
peutically targeting various protains,

RESULTS

Single Incorporations of N*-Methylated Amino Acids

To investigate the Incorporation of muﬂph Meaa into a peptide
backbona, various N*-methylated pr genic and nonprotel-
nogenic amino acids charged onto a tRNA by the flexizyme sys-
tem were comprehensively evaluated for the efficiency of their
single incorporation into a peptide backbone. As was dlanwsaod

earller, Memmyman and Green performed a similar exp

such aa-tRNAs prepared in similar ranges of quality (Val-, lle-,
and Asn-1RNASs in 13%-30% yield) could still be used for the in-
corporation into the nascent peptide chain with satisfactory yields
(30%~70%) (Murakami et al., 2006). Thus, we pursued to survey
all #a5-tRNAs for the single incorporation into the model peptide.

The wPURE system used in our survey was composed of a lim-
Ited member of amino acids and aaRSs. We designed an open-
reading frame (ORF) in mRNA (Figure 2A) that expresses a shon

peptide consisting of fMet-Arg-"*aa-Arg followed by a Flag pep-
tide (DYKDDDDK; D, Asp; Y, Tyr; K, Lys). We selected a Thr
codon (ACC) to assign aamdanmrngmalmm""‘
(Ohta et al., 2007) for its suppression. When the model peptide
wuupruudmmaptmufmd\argedm“”“mm
wPURE system, no product band appeared on tricine-SDS-
PAGE (Figure 2B, lane 2), suggesting that tRNA**"®' o, could
act as an orthogonal 1RANA Inert against the endogenous aaRSs
added to the wPURE system,

We next tested the single incorporation of *°aa charged onto
IRNAME! ., into the model paptide sequence. Eight out of
18 M2aa derived from proteinogenic amino acids were incorpo-
rated into the peptide with more than 30% efficiencies relative
to wild-type expression (Figure 2B, lanes 1 versus mm high-
lighted in cyan). The incorporation of the designated “*aa was
also confirmed by MALDI-TOF analysis, giving the expected mo-
lecular mass as a sole peak in all cases (Figure 2C). Moreover,
MeThr, “*Gin, and *Trp were modestly incorporated yet gave
the single desired product (Figures 2B and 2C, those highlighted
in orange). We called these “°aa molecules that could be incor-
porated into the peptide chain with more than 10% efficiencies
as “accessible” ™%aa. Interestingly, all of these “accessible”
Meaa similar structural features of their side chains; either

with a dipeptide synthesis format (Merryman and Green, 2004).
In contrast, we here incorporated “*aa into a 12-mer model pep-
tide, thus involving the incorporation of “®aa into a specific site
followed by elongation and termination of peptide synthesis as
a format of normal peptide synthesis (Figure 2A, more details
are discussed below).

For this study, we chose 23 **aa substrates, 18 of which were
dertved from proteinogenic amino acids, and 4 of which were de-
rived from nonprotainogenic amino acids (Figure S1, see the Sup-
plemental Data available with this article online). The flexizyme-
catalyzed aminoacylation efficiency for each “®aa was verified
by our standard protocol (Figure S2), showing that the majority
of “*aa could be charged onto tRNA with over 30% yields. Three
amino acids, *Val, ™lle, and M°Asn, showed less than 30%
yields. In the former two amino acids, their steric hindrance re-
sulted from the combination of the f-branched side chain and
the A*-methyl-amino group presumably made these particular
substrates much less reactive to flexizyme compared with other
Meaa. In the case of ™ Asn, based on our past experience working
on Asn-tRNA, its tRNA-adduct might be labile due to the intramo-
lecular attack of the amide side chain (Lee and Suga, 2001;
Murakami et al., 2006); thereby the yield might appear to be low
in PAGE analysis. However, we have previously observed that

aromatic side chains (M*Phe, "*Tyr, “*His, and “*Trp) or non-
charged and nonbulky side chains (*Gly, *ala, “*Ser, "*Cys,
Mepat, “*Thr, and “*Glin).

It should be noted that our results were mostly consistent with
Merryman's observations, with some contradictions (Merryman
and Green, 2004). In their experiments, ™*Val, “?lle, and “*Leu
were ranked in the “efficient,” or what we referred to as the "ac-
cessible,” **aa group. However, our experiments showed that
Meval, “*ie, and "*Leu were grouped as rather “inaccessible"
Maaa for incorporation (Figure 2B, lanes 5-7). The difference be-
tween the in vitro-transcribed tRNA**"£" and the native cognate
{RNAs that Merryman et al, used as M®aa-carriers may have an
sffect on their incorporation efficiencies (Dale and Uhlenbeck,
2005; LaRiviere at al., 2001). However, it should be noted that
in the Merryman's TLC electrophoresis assay, the mability of
these branched aliphatic “*aa were indistinguishable from that
of the cognate natural ones. Therefore, itwnsnntclear!ydaﬁnad
if the observed product spol originated from fMet- Meaa or
Met-aa. Because the reductive alkylation of some aa-tRNAs to
generals “*aa-tRANAs possibly left a small amount of unreacted
aa-tRNAs as Marmryman et al, discussed (Merryman and Green,
2004), it could not be ruled out that such aa-tRNA contamitants
competed out ™*aa-tRNAs for incorporation into the nascent

mmmmmawﬂwwuwmmw“mmmmmmumum

charged speces, [M+HJ"" ane shown in each spectrum. In the spectrum of paplide with ““Fni, an
peak corresponds 1o N*-methyl-p-nitroso-Phe (Caled., = 167472, Obsd, = 1675.45) g

MS analysis (Ho and Chow, 1086).

was since the
of NO; to NO during the MALDI-TOF-
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A m41:AUG ACC CUC ACC UUC (Kkflag) UAA  pooar e paccessive Incorparations of Mu
wid-] : fMet Thr Leu Thr Phe KK-Flag Stop (A s of mMANA templates (m4--), tetra-
MeP4-l : MMet “Yme “*Phe ™*Yme “Ser KK-Flag Stop N-methy-peptides (“*P4-1-IV), and the conrol wik-

type peplide (wi4-),. The kk-fiag in parentheses indi-

mé-lI1 : AUG ACC CUC UUC CuUC (kkflag) UAA cales the ANA sequenca coding a KK-Flag peptide

Wp4.[1 : Met “Yme “Phe “Ser ™Phe KK-Flag Stop  (KKDYKDDODDK). Arabic number denoles the number

of N-methylaled peptide bonds. The codons and amino

mé4-Ill : AUG CUC ACC UUC UUC (kk-flag) UAA  acids are colored g 10 the reprogr d ge-
Mep4.IIl : fMet “Phe “Yme “'Ser “Ser KK-Flag Stop  metic cods table n Figure IC.

(B) Tricine-SDS-PAGE analysis of the peptides ex-

mé-IV : AUG UGG CAC UGG CGC (kk-flag) UAA pressed from md-l labeled with ['‘Cl-Asp detscted by

Mepg Iy .'C]f‘" Me, autorachography. Lane 1, the wild-type peptids ax-

. - 'T]'r ..c,‘ Gl’ KK-FW swp jpressad in the ordinary PURE system; lanes 2-4, naga-

B tive controls in the presence of two of ““aa-tRNA*=%"

lanes 1 2 3 4 5 s m..:? 5 in the presence of all three

W . {C) MALDI-TOF-MS spectra of “*P4-iV. The calcu-

"‘Yme-lfl%‘e' - e i B mmM!mmem
Meph g IRNAATE! -+
MeSer- Aon-E1 + o+ - 4

tRNAZS -

. [ 2 were preferable for the incorporation into the
peptide backbone. This information is invalu-
able for us to select appropriate **aa and de-

C s 600+ sign specific compositions of N-methylated

Mep4g Mep4.II peptides or peptide libraries while avoiding
- i pos the risk of potential failure in the synthesis.
E Calc. = 2072.95 Calc. = 2042 94
1000 { Obsd. =2073.07 1000 { Obsd, = 2043.43 Four 8 ive Incorporati
of Multiple N”"-Methylated Amino Acids
0 - « o Wae next attempted the consecutive incorpo-
1500 2000 2500 1500 2000 2500  rations of muitiple “*aa into the peptide back-
/s ma bone via genetic code reprogramming. Five
bl - 2000 = Meaa derived from proteinogenic amino acids
? 200 P4-111 s P4-1IV (*Ser, ™*Phe, M Tyr, M*Cys, *Gly) and one
z Calc. = 1962.91 Cale. =1910.80 derived from a nonproteinogenic amino acid
E 100 {Obsd. = 1583.54 1000 Obsd, = 1910.13 (“*Yme) were selected and assigned arbi-
trarily lo six codons as shown in Figure 1C.
| e - « 0 . . The flexizyme system was utilized to charge
1500 2000 2500 1500 2000 2500 the respective “aa on tRNA*"®' bearing
m/z m/ the anticodon that reads the assigned codon.

peptide chain, In contrast, in our studies, because the flexizyme
system ensures the purity of each “"aa-tRNA, i.e., no contami-
nation of aa-tANA as confirmed by MALDI-TOF analysis (Fig-
ure 2C), we are able to avoid such issues and judge fts intrinsic
incorporation efficiency more reliably and quantitatively. To this
end, we propose that **Vval, “*lle, and ™°Leu are inaccessible
substrates due to the combination of bulkiness in the branched
side chain and the N*-methylated «-amino group.

Four M*aa derived from nonproteinogenic amino acids (Fig-
ure S1) were also incorporated into the corresponding peptide
chain (Figure 2B, lanes 21-25), each of which the MALDI-TOF
data was consistent with the expected molecular mass (Fig-
ure 2C). Again, the same trend for the Incorporation efficiency
seemed to apply to these nonproteinogenic M*aa, where the
aromatic onas were Incorporated more efficiently than the
aliphatic ones. All data taken together, we concluded that ™*
having "aromatic” or “nonbulky and noncharged” side chains

We also designed four mRNA templates con-
taining ORFs (Figure 3A, m4-1-V) that express the correspond-
ing peptides comprised of three different ““aa in four successive
residues (Figure 3A, M*P4-1-1V). The C terminus of the respecth
peptides was also designad to contain a modified Flag sequance
D(K-Fha = KKDYKDDDDK; D, Asp; Y, Tyr; K, Lys) to facilitate its

lation as well as ioni upon MALDI-TOF analysis.

We first used md-1 to monitor the expression level of ™*P4.|
by tricine-SDS-PAGE with a series of appropriate controls (Fig-
ure 3B). M*P4-| was expressed only when all designated
Meaa-tRNAM™E'g ware present in the wPURE system (lanes 2-5),
suggesting that no competing background expression of undes-
ignated peptides occurred. The expression level of **P4-l was an
approximately 20% relative to that of wild-type (wi4-l) expressed
in the ordinary PURE system (lanes 1 5). Despite the mod-
est axpression level of “*P4-1, MALDI-TOF analysis of the Flag-
purified “*P4-l gave a single peak with the expected molecular
mass, indicating that the assigned codons on mRNA were
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comectly read by these ““aa-tRNA**"'s and the designated
tetra-N-methyl-peptide was expressed.

Likewise, “*P4-ll-V peptides were expressed at levels ap-
proximately 15%-20% of the corresponding wild-type peptides
{data not shown). Again, MALDI-TOF data of M*P4-1IHV peptides
were consislent with the expected mass (Figure 3C). Thus, all
mRNA ORFs testad in this study could be correctly translated
to the tetra-N-methyl-peptides according to the assigned co-
dons with high fidelities. This study represents, to our knowi-
edge, the first prool-of-concept experiment for the ribosomal
synthesis of N-methyl-peptides containing multiple kinds of
M*aa by the genetic code reprogramming.

Expr of Longer N-Methyl-Peptid

The achieved high fidelity control in the ribosomal synthesis of
the tetra-N-methyl-peptides encouraged us to attempt the ex-
pression of longer N-methyl-peptides. We designed four mRNA
templates that express N-methyl-peptides containing five, six,
eight, or ten consecutive N-methyl-peptide bonds (Figure 4A)
(ms/M*Ps, m6/M*Pe, ma/ *PB, m10/*P10, respectively). These
peptides consisted of three “aa in a repetition of the sequence
Meyme, M*Phe, and "°Ser for the corresponding length. To com-
pare tha expression level of these N-methyl-peptides, the re-
spective wild-type peptides (wi5-10) were also expressed by
using the ordinary PURE system.

All mMRNA templates successfully expressed the peptides in
the presence of the corresponding " aa-tANA**"*'s in wPURE
system (Figure 4B, gel figure). The absclute expression level for
each N-methyl-peptide, determined by its radicisotope intensity
originating from the incorporation of five ['*C]-Asp residues in
the Flag peptide, gradually dec d with increasing peptid
length (Figure 48, upper graph). However, since wild-type also
exhibited an Inverse-correlation between expression level and
peptide length, the relative expression levels of N-mathyl-pep-
tides to the corresponding wild-types remained in a similar range
(109%~-20%), suggesting that the relative expression level was in-
dependent of length (Figure 4B, lower graph). Despite their mod-
est yields, the respective N-methyl-peptide had a single peak
with the expected molecular mass in MALDI-TOF analysis, indi-
cating that all peptides were expressed with high fidelities ac-
cording to the corresponding mRNA templates assigned with
the reprogrammed genetic code (Figura 4C),

In conclusion, our work has clearly demonstrated up to ten
successive incorporations of “°za into the peptide backbone
via genetic code reprogramming with high fidelity control of
both the peptide sequence and length. This technology offers
a new means for the sequence-controlled synthesis of peptides
containing multiple N-methyl-modifications on their backbone.

Syntheslis of Cyclic N-Methylated Peptides

Closed by a Thioether Bond

With the above methed in our hands, we next applied it to the
synthesis of cyclic peptides closed by a physiologically stable
thicether bond. The foundation of this peptide ring-closing
method has been established during the course of our studies
on initiation reprogramming (Goto et al., 2008). Briefly, we pre-
pared a wPURE system where Met was depleted so that the ini-
tiation codon became vacant. This vacant initiation codon was
then filled with initiator tRNA™®!.,,, charged with an arbitrarily

chosen proteinogenic or nonproteinogenic amino acid by the
flexizyme system, so that the translation starts from this newly
assigned initiator amino acid. When N°-(a-chloroacetyl}-amino
acid (N"-ClAc-aa) and Cys were assigned to the initiation and
elongation codons, respectively, the expressed full-length linear
peptide spontaneously cyclized via an intramolecular nucleo-
philic attack of the sulfhydryl group of the Cys side chain to the
N-terminal a-carbon of ClAc group, resulting in the formation
of a thicether bond, This technology has enabled us to synthe-
size various cyclic peptides with any sequences and ring sizes.
We here attempted to combine initiation reprogramming with
elongation reprogramming using “"aa, to enable us to devise
a flexible and reliable methodology for the mRNA-programmed
synthesis of cyclic N-methyl-peptides.

We designed three mANA templates that express peptides
containing multiple N-methylated peptide bonds (Figure 5A,
mc-Hi). Six M°aa (M°Ala, M*Yme, M*Tyr, “°Gly, ¥*Ser, **Phe)
and six proteinogenic amino acids (Phe, Lys, Tyr, Pro, Asp, Cys)
were chosen as the components of the cyclic N-methyl-peptides
in this study (Figures 5A and 58, “°cP-Hll), The respective pep-
tides “°cP-HIl have two, three, and four N-methylated paptide
bonds, respectively, implanted by the newly assigned “*aa in
the codon table shown in Figure 1C. It should also be noted that
Mecp.| and MecP-Il contain Pro as a proteinogenic component
that also gives an additional secondary amide bond, These pep-
tides were expressed In the presence of initiator tRNA™<'c,y,
charged with A°-ClAc-Phe and the comesponding “*aa-tRNAs
in the above wPURE system. The MALDI-TOF analysis of the
Flag-purified “°cP-Hll showed that all peptides were spontane-
ously cyclized via a thioether bond upon completion of transia-
tion, giving only the programmed cyclic N-methyl-peptides (Fig-
ure 5C), This study indicates that this technology is applicable to
a wide array of cyclic peptides with multiple N-methyl-peptide
bonds.

DISCUSSION

In the first stage of our proof-of-concept studies, we evaluated
19 M*aa derived from proteinogenic amino acids and 4 ““aa
derived from nonproteinogenic amino acids, to determine the
accessible “*aa. This study has led that the rib ne is ac-
cessible to ¥*aa with aromatic or nonbulky and noncharged side
chains for the incorporation into the growing peptide. Most likely
the N*-methyl group added a steric bulkiness to the already
bulky structure of certain amino acids, thereby reducing their in-
corporation levels. It is not yet clear what is the most important
filter for the selection of accessible or inaccessible “*aa, but el-
thar EF-Tu or ribosome (or possibly both) is very likely the deter-
minant(s) for their selection (Dale and Uhlenbeck, 2005). There-
fore, it is of importance in future experiments to define the
selection filter and engineer it to Increase the lolerance toward
inaccessible “*aa (Dedkova et al,, 2003, 2008).

In this study, we depleted both aaRSs and cognate amino
acids from the translation components in order to create vacant
codon boxes for *aa assignments. In previous studies, the ge-
netic code reprogramming for nonproteinogenic amino acids
bearing nonstandard side chains could be achieved by using
a PURE systam in which only proteinogenic amino acids, not
aaRSs, were withdrawn (Murakami et al., 2006). We found,
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