Figure 3 | Acid PAGE analysis of products of flexizyme reaction with
microhelix RNA under various reaction conditions. Lane 1: a negative
control without any acid substrate; lanes 2-4: reactions in the presence

of activated 5-mercapto-norvaline-3,5-dinitrobenzyl ester (Mnv-DBE) with
various reaction times (2, 6 and 15 h); lanes 5-7: reactions in the presence
of activated 5-[(2-hydroxyethyl)dithio]-norvaline [Mnv(2-Me)-DBE] with
various reaction times (2, 6 and 15 h). Bands corresponding to flexizyme,
aminoacyl-microhelix RNA and free microhelix RNA were labeled in the
figure. Acylation yields were calculated on the basis of the band intensity
of aminoacyl-microhelix RNA (A) and free microhelix RNA (M), presented as
(A)/[(A)+(M)]. This experiment demonstrates that the optimal reaction time
for these acid substrates is 6 h.

orthogonality to all endogenous ARSs, regardless of implanting
anticodon sequences, and thus serves as our standard orthogonal
tRNAs for the reprogramming of elongation codons.

The methodology of genetic code reprogramming also allows us
to reprogram the initiation codon®. Our extensive studies using
a methionine-removed FIT system have shown that a wide vari-
ety of non-methionine initiators can be used to initiate transla-
tion'*Y7, The initiators include proteinogenic L-amino acids,
nonproteinogenic p-amino acids, N-acyl and N-peptidyl amino
acids, all of which could be the substrate for flexizymes. As the ini-
tiation reprogramming yields peptides with designated N-terminal
modifications, a wide array of applications such as N-terminal
fluorescent/biotin labeling or peptide cyclization can be readily
achieved (see ANTICIPATED RESULTS section). The initiator
tRNA used for reprogramming is tRNAME __ _ derived from E. coli
initiator tRNA with a single mutation of C1G and no base modi-
fications (see ref. 29). It should be noted that this tRNAME_
is charged with Met, followed by formylation by endogenous
enzymes, unlike the elongator tRNAAS"EZNNN. However, omitting Met
is sufficient enough to deplete the background initiation by fMet.

DNA templates for translation. The template DNA for translation
requires the following elements in the 5 to 3’ order: a T7 promoter,
a GGG triplet (enhancer of transcription efficiency), an epsilon
sequence (an AU-rich bacterial translation enhancer element origi-
nally found in the nontranslated region of the T7 phage gene)®,
a Shine-Dalgano sequence (a purine-rich sequence that functions
as a ribosomal binding site), a start codon (ATG), a peptide coding
sequence, a stop codon (TAA or TGA) and an additional 6- to
10-bp sequence downstream of the stop codon (Fig. 1). The
template DNA can be synthesized by two-step or three-step PCR
as described in reference 29. If necessary, plasmid DNA can also be
used as a template instead of the PCR product. It should be noted
that when plasmid DNA is used a T7 terminator sequence should be
placed at a downstream region of the stop codon. As the FIT system
includes T7 RNA polymerase, i.e., a transcription-translation-
coupled system, the DNA template is i1 situ transcribed into mRNA
that is translated to the designated peptide.

Preparation of the FIT system and expression of nonstandard
peptides. The translation system used in the FIT system consists
of the essential components®*? used for translation and transcrip-
tion (e.g., ribosomes, initiation factors, elongation factors, release
factors, tRNAs, amino acids, ARSs, T7 RNA polymerase, NTPs
and template DNA). Purified E. coli total tRNA, some proteins
(e.g., creatine kinase and myokinase) and low-molecular-weight
compounds can be obtained from commercial sources. Other
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Lanes 1 2 3 4 5 6 7
Amino acid substrate - Mnv-DBE Mnv(2-Me)-DBE
Reaction time (h) - 2 6 15 2 6 15

[Ty
Llflexizyme (dFX) >

Yield (%) [¢] 21 37 38 9 43 46

individual protein factors are generally overexpressed in E. coli,
with appropriate tags such as polyhistidine, and purified by affin-
ity chromatography according to standard methodologies®*.
However, tags are not essential for the reconstitution of the FIT
system; therefore, a tag can be removed by an appropriate pro-
tease when a specific digestion site is embedded in the linker region
between the tag and protein factors.

To facilitate the reconstitution of various FIT systems, three solu-
tions are prepared separately; one—the TS solution—is composed
of total tRNAs and small molecules, including buffer, nucleotide
triphosphates and amino acids; the second—the RP solution—
contains ribosomes and essential protein factors; the third—the
ARS solution—consists of ARSs. Expression of the desired non-
standard peptide containing nonproteinogenic amino acids is done
using a translation system consisting of the mixture of the TS, RP
and ARS solutions, wherein the designated amino acids and/or
ARSs are simply excluded and desired Xaa-tRNAs are supplied.
Note that these three solutions are customized to match the com-
ponents, depending on the design of the reprogrammed genetic
code; for instance, methionyl-tRNA formyltransferase (MTF) and
its formyl-donor substrate (10-formyl-5,6,7,8-tetrahydrofolic acid)
can be removed for N-terminal modifications, or certain enzymes
(e.g., peptide deformylase and methionine aminopeptidase) can
be added to remove the N-formyl-methionine from the expressed
peptide in situ. Note that the translation mixture of the FIT system
also contains flexizymes along with Xaa-tRNAs. Xaa-tRNA syn-
thesized by flexizyme is prepared by simple ethanol precipitation
and no further purification is required. The optimal concentration
of Xaa-tRNAs in the translation mixture varies depending on the
type of Xaa, but 50~100 uM of each Xaa-tRNA is generally used in
our laboratory. If the expression level monitored by radiolabeled
peptides migrated in tricine-SDS-PAGE turned out to be unsatis-
factory, a further increase in the concentration of Xaa-tRNA would
improve the yield of product peptides. We have confirmed that a
total concentration up to 600-uM Xaa-tRNAs does not disturb
the translation when aa-tRNAs are well desalted by the procedure
described in this protocol.

Analysis and evaluation of expressed peptides in the FIT
system. Peptides expressed using the FIT system can be analyzed
in various ways. For quantitative analysis, peptides are expressed
in the presence of an appropriate radioisotope-labeled amino acid,
and the samples taken from the translation mixture are directly
analyzed by tricine-SDS-PAGE®. The radioactivity of the peptide
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band is quantified in comparison with known amounts of a radio-
isotope-labeled amino acid, which reliably estimates the quantity of
peptide expressed. Desalting of the translation product using a solid-
phase extraction (SPE) column followed by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectro-
metry is sufficient to qualitatively analyze the peptide identity**¥.
Peptide synthesis using the FIT system is readily coupled
with various functional assay protocols'®*. The FIT translation

mixture containing the expressed nonstandard peptides can be
directly added to a variety of assay formats (e.g., biochemical assays,
cell assays) without further purification to evaluate their bioactiv-
ity or inhibitory activity, as it does not contain organic solvents or
chemical reagents that can affect the assay method. This feature
allows parallel synthesis of various peptides and rapid screening
from the resulting library to discover a new class of nonstandard
peptides with the desired bioactivity.

MATERIALS

REAGENTS

« HEPES (Dojindo Laboratories, cat. no. 342-01375)

- Potassium hydroxide (Nacalai tesque, cat. no. 28616-45) ¥ CAUTION It is
corrosive and an irritant. Wear gloves and protective glasses.

+ Magnesium chloride hexahydrate (Nacalai tesque, cat. no. 20909-55)

* DMSO-d, (Cambridge Isotope Laboratories, cat. no. DLM-10TB)

+ Sodium acetate buffer solution (3 mol 1!, pH 5.2; Nacalai tesque,
cat. no. 31138-31)

» Ethanol (Nacalai tesque, cat. no. 14713-95) ¥ CAUTION It is flammable.

» Formamide (Wako Pure Chemical Industries, cat. no. 068-00426)

+ 3',3”,5",5”-tetrabromophenolsulfonphthalein sodium salt (BPB; Sigma,
cat. no. B-8026)

« Acrylamide/Bis mixed solution (19:1, 40% (wt/vol)); nuclease and protease
tested (Nacalai tesque, cat. no. 00857-55) ¥ CAUTION It may cause nervous
system damage and is a suspected carcinogen. Wear gloves.

» Urea (Nacalai tesque, cat. no. 35905-64)

» Ammonium peroxodisulfate (APS; Wako Pure Chemical Industries,
cat. no. 016-08021) ¥ CAUTION It is a strong oxidizer and an irritant.

* N,N,N’,N’-Tetramethylethylenediamine (TEMED; Nacalai tesque,
cat. no. 33401-72) ¥ CAUTION It is flammable and an irritant.

« Tris(hydroxymethyl)aminomethane (Tris), nuclease and protease tested
(Nacalai tesque, cat. no. 35434-34)

« Boric acid (Nacalai tesque, cat. no. 05215-05)

+ 0.5 mol/I-EDTA solution (pH 8.0) (Nacalai tesque, cat. no. 14347-21)

+ Ethidium bromide solution {10 mg ml~'; Nacalai tesque, cat. no. 14631-94)
¥ CAUTION It is a mutagen and an irritant. Wear gloves.

+ L-{+)-Isoleucine (Ile, Nacalai tesque, cat. no. 20330-02)

* 1-( —)-Phenylalanine (Nacalai tesque, cat. no. 26910-22)

« L-Glutamic acid (Nacalai tesque, cat. no. 16911-22)

+ L-Aspartic acid (Nacalai tesque, cat. no. 03503-72)

+ L-Arginine (Nacalai tesque, cat. no. 03321-52)

« -Lysine monohydrochloride (Nacalai tesque, cat. no. 20809-52)

+ L-Tryptophan (Nacalai tesque, cat. no. 35607-32)

+ L-Leucine (Nacalai tesque, cat. no. 20327-62)

+ L-Asparagine monohydrate (Nacalai tesque, cat. no. 03427-82)

+ L.-Methionine (Nacalai tesque, cat. no. 21719-02)

+ L-Glutamine (Nacalai tesque, cat. no. 16919-42)

« L-Valine (Nacalai tesque, cat. no. 36108-42)

+ L-Cysteine (Nacalai tesque, cat. no. 10309-12)

+ L-Histidine monohydrochloride monohydrate (Nacalai tesque,
cat. no. 18119-62)

+ L-Threonine (Nacalai tesque, cat. no. 33820-82)

« L-oi-Alanine (Nacalai tesque, cat. no. 01115-22)

* Glycine (Nacalai tesque, cat. no. 17109-22)

+ L-(—)-Proline (Nacalai tesque, cat. no. 29001-42)

+ L-Serine (Nacalai tesque, cat. no. 30608-72)

+ L-Tyrosine (Nacalai tesque, cat. no. 35709-02)

+ Adenosine 5'-triphosphate disodium salt n-hydrate (Wako Pure Chemical
Industries, cat. no. 133-00725)

« CTP sodium salt (Jena Bioscience, cat. no. NU-1011)

+ GTP sodium salt (Jena Bioscience, cat. no. NU-1012)

« UTP sodium salt (Jena Bioscience, cat. no. NU-1013)

» Potassium acetate (Nacalai tesque, cat. no. 28405-05)

* Magnesium acetate tetrahydrate (Nacalai tesque, cat. no. 20821-85)

» Creatine phosphate (Roche, cat. no. 621722)

» Folinic acid calcium salt, pentahydrate (Acros Organics, cat. no. 23031)
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+ Spermidine (Nacalai tesque, cat. no. 32108-04) ¥ CAUTION It is corrosive.

« E. coli total tRNA (Roche, cat. no. 109550)

« Creatine kinase (Roche, cat. no. 736988)

+ Myokinase (Sigma, cat. no. M5520)

+ Acetonitrile (Nacalai tesque, cat. no. 00405-23) ¥ CAUTION It is flammable
and an irritant.

» Acetic acid (Kanto chemical, cat. no. 01021-00) ¥ CAUTION It is corrosive
and an irritant.

+ o-Cyano-4-hydroxy-cinnamic acid (Bruker Daltonics, cat. no. 201344)

* RNase-free water (generated by an ultrapure water system)

EQUIPMENT

+ Ultrapure water system (Sartorius, arium 611UV)

+ Vortex mixer (TM-2000, Iwaki)

» Heat block (Nissin, ND-MO1)

+ Refrigerated microcentrifuge (TOMY, MX-305)

+ Mini-gel apparatus (Bio-Rad, Mini-PROTEAN 3)

« Power supply for electrophoresis (Bio-Rad, PowerPac Basic)

+ Fluorescent gel scanner (FLA-5100, Fuji)

+ Low binding tubes (0.6 ml; BM Bio, BM4006)

« Air incubator (Isuzu Seisakusho, FR-115S)

* MALDI-TOF mass spectrometer (Bruker Daltonics, Autoflex IT)

+ SPE C-tip (Nikkyo Technos)

+ Injection syringe (10 ml; Terumo)

+ Benchtop centrifuge (Nikkyo Technos)

REAGENT SETUP

HEPES-KOH buffer (500 mM; pH 7.5) Mix 4.77 g of HEPES and 2.5 ml of

2 M KOH, then add water up to 35 ml. Dilute a small portion of the solution

to prepare a 50 mM HEPES solution, and measure the pH at 4 °C.Add 2 M

KOH into the original HEPES solution until the pH of the diluted solution at

4 °C reaches 7.5. After pH adjustment, add water up to 40 ml into the original

HEPES solution. Store it in aliquots at —20 °C (stable for years).

Flexizymes Prepare flexizyme RNAs by the conventional in vitro transcrip-

tion method™ according to procedures described in reference 29.

Microhelix RNA Prepare it by the conventional in vitro transcription

method according to procedures described in reference 29.

Acid substrate (25 mM) in DMSO-d, Synthesize acid substrate activated

with an appropriate active group for flexizyme reaction in two steps from

N-Boc-protected amino acids according to the previously reported method>!°7,

To a solid of acid substrate, add DMSO-d, to prepare a 200 mM stock solution.

Store it at —20 °C (it is generally stable for 1 year). To make a 25 mM working

solution, mix 10 ul of 200 mM stock solution with 70 ul of DMSO-d,.

The 25 mM working solution can be stored in aliquots at ~20 °C

(they are generally stable for 1 year). In case the quality of acid substrate

stock solution needs to be checked, measure its NMR spectrum.

Sodium acetate (0.3 M, pH 5.2) Mix 4 ml of 3 M sodium acetate (pH 5.2) and

36 ml of water. Can be stored at room temperature (25 °C) for at least 6 months.

Ethanol containing 0.1 M sodium acetate (pH 5.2) Mix 1.33 ml of 3M

sodium acetate (pH 5.2), 28 ml of 70% (vol/vol) ethanol and 10.67 ml of

water. Can be stored at room temperature for at least 6 months.

Acid PAGE loading buffer Mix 50 pl of 3 M sodium acetate (pH 5.2), 20 pl of

0.5 M EDTA (pH 8.0), 930 pul of formamide and 8 pl of 2% (wt/vol) BPB. Can

be stored at room temperature for at least a year.

APS (10% (wt/vol)) To 1 gof APS add water up to 10 ml. Can be stored at 4 °C

for at least 3 months.
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Acid-acrylamide gel solution (20% (wt/vol)) Mix 1.8 g of urea, 83 plof 3M
sodium acetate (pH 5.2) and 2.5 ml of 40% (wt/vol) acrylamide/bisacrylamide
(19:1) solution, and add RNase-free water up to 5 ml. Mix gently until urea
dissolves completely. Add 50 pl of 10% (wt/vol) APS and 4 pl of TEMED to
the solution right before pouring into a mini-gel equipment. Prepare freshly
before use.

5x TBE Mix 53.91 g of Tris, 27.51 g of boric acid, and 20 ml of 0.5 M EDTA
(pH 8.0), then add water up to 1 liter. Can be stored at room temperature for

3 months.

1x TBE Mix 800 ml of water and 200 ml of 5x TBE. Can be stored at room
temperature for at least 6 months.

Ethidium bromide solution for gel staining Mix 10 ml of 1x TBE and 0.5 pl
of 10 mg ml~! ethidium bromide. Prepare fresh before use.

tRNAs used for flexizyme reactions Prepare required tRNAs by the
conventional in vitro transcription method according to procedures described
in reference 29.

Template DNA for translation Preparea DNA duplex coding a desirable peptide
as described in reference 29.

Ethanol (70% (vol/vol)) Mix 12 ml of water and 28 ml of ethanol. Can be stored
at room temperature for at least 6 months.

E. coli ribosome Purify ribosome from the E. coli A19 strain by following a
method reported previously®”. Can be stored at —80 °C for at least 1 year.
Proteins involved in the translation system of the FIT system Express the
proteins required for reconstitution of the translation system in E. coli and
purify them according to standard His-tag or other appropriate
methodologies®*. The purified components involved in the translation
system are as follows: E. coli ribosome, IF1, IF2, IF3, EF-G, EF-Tu, EF-Ts, RF2,
RF3, RRE, AlaRS, ArgRS, AsnRS, AspRS, CysRS, GluRS, GInRS, GlyRS, HisRS,
1leRS, LeuRS, LysRS, MetRS, PheRS, ProRS, SerRS, ThrRS, TrpRS, TyrRS,
ValRS, MTE, T7 RNA polymerase, inorganic pyrophosphatase and nucleotide
diphosphate kinase. Can be stored at —80 °C for at least 1 year.
10-formyl-5,6,7,8-tetrahydrofolic acid solution Synthesize 10-formyl-5,
6,7,8-tetrahydrofolic acid from folinic acid according to the previously
reported method®. In the FIT system in which the initiation reprogramming is
performed, this molecule as well as MTF can be excluded for simplicity.

TS solution (10x) This solution is prepared using 500 mM HEPES-KOH

(pH 7.6), 1 M potassium acetate, 120 mM magnesium acetate, 20 mM ATP,

PROCEDURE
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20 mM GTP, 10 mM CTP, 10 mM UTP, 200 mM creatine phosphate, 1 mM
10-formyl-5,6,7,8-tetrahydrofolic acid, 20 mM spermidine, 10 mM DTT and
15-mg ml~! E. coli total tRNA. Use and store in low binding tubes in aliquots
at —20 °C. Can be stored at — 80 °C for at least 6 months.

RP solution (10x) This solution comprises 3 mM magnesium acetate,

12 uM E. coli ribosome, 6 UM MTF, 27 uM IF1, 4 pM IF2, 15 uM IF3, 2.6 uM
EF-G, 100 UM EF-Tu, 6.6 uM EF-Ts, 2.5 uM RF2, 1.7 uM RF3, 5 uM RRE,

40 pug ml~! creatine kinase, 30 ug ml~! myokinase, 1 WM inorganic pyrophos-
phatase, 1 uM nucleotide diphosphate kinase and 1 uM T7 RNA polymerase.
Use and store in low-binding tubes in aliquots at ~80 °C. Can be stored

at —80 °C for at least 6 months.

ARS solution (10x) Mix the necessary ARSs for the objective genetic code
reprogramming with the following concentrations: 7.3 uM AlaRS, 0.3 uM
ArgRS, 3.8 uM AsnRS, 1.3 pM AspRS, 0.2 uM CysRS, 0.6 pM GInRS, 2.3 uM
GlIuRS, 0.9 uM GlyRS, 0.2 uM HisRS, 4.0 uM I1eRS, 0.4 uM LeuRS, 1.1 pM
LysRS, 0.3 pM MetRS, 6.8 uM PheRS, 1.6 pM ProRS, 0.4 uM SerRS, 0.9 uM
ThrRS, 0.3 pM TrpRS, 0.2 uM TyrRS and 0.2 puM ValRS. Can be stored at

—80 °C for at least 6 months.

Amino acid solutions (5mM each) Mix proteinogenic amino acids, except
for the ones to be replaced with nonproteinogenic amino acids in the objective
reprogrammed genetic code, to prepare a 5 mM stock solution. Can be stored
at —20 °C for at least 6 months.

SPE solution A Mix 800 pl of acetonitrile, 195 pl of water and 5 pl of acetic
acid. Store at room temperature. Can be stored at room temperature for at
least 1 month.

SPE solution B Mix 40 pl of acetonitrile, 955 pl of water and 5 pl of acetic
acid. Store at room temperature. Can be stored at room temperature for at
least 1 month.

Matrix solution for MALDI-TOF MS Prepare 50% saturated a-cyano-4-
hydroxy-cinnamic acid solution in SPE solution A. Prepare this solution
freshly for each experiment.

EQUIPMENT SETUP

Acid-polyacrylamide gel electrophoresis Assemble gel plates (Bio-Rad,
Mini-PROTEAN 3) and pour acid-acrylamide gel solution (20% (wt/vol))
into the gel plates. Store at room temperature until the gel solidifies. Use

50 mM Sodium acetate (pH 5.2) as a running buffer. Prepare gels freshly for
each experiment.

Optimization of conditions for flexizyme reaction @ TIMING 6 h
1| Mix 1 pl of 500 mM HEPES-KOH buffer (pH 7.5), 1 pl of 250 pM flexizyme of choice (see below) and 1 ul of 250 uM

microhelix RNA with 3 pl of RNase-free water.

A CRITICAL STEP An appropriate flexizyme should be used depending on the side chain and active group of acid substrates
(see Experimental design and Table 1). Use of buffers at higher pH, such as HEPES-KOH (pH 8.0) and Bicine-KOH (pH 9.0),
may improve the yield of acylation in some cases.

A CRITICAL STEP All of the following steps should be carried out in an RNase-free manner. Use RNase-free tubes, pipettes,
pipette tips and water. Wear gloves at all times.

2] Heat the sample at 95 °C for 2 min, then slowly cool it at room temperature over 5 min.

3] Add 2 pl of 3 M MgCl, into the sample, then incubate it at room temperature for 5 min followed by incubation on ice
for 3 min.

4| Add 2 pl of 25 mM acid substrate in DMSO-d, into the sample and mix well.
5] Incubate the acylation reaction mixtures on ice for several hours.
4 CRITICAL STEP The ideal reaction time strongly varies depending on acid substrates. Perform several reactions with

various reaction times to find the optimal reaction time (see Experimental design and Table 1).

6] Add 40 pl of 0.3 M sodium acetate (pH 5.2) and 100 pl of ethanol into the reaction mixtures to quench the acylation
reaction.
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7| Centrifuge the samples at 15,0009 for 15 min at 25 °C. Thereafter, remove the supernatant completely.

8| Add 4 pl of 10 mM sodium acetate (pH 5.2) to the tubes and dissolve the RNA pellets quickly.
A CRITICAL STEP Acyl-tRNAs may be unstable; accordingly, dissolve the RNA pellet right before applying to an acid-
polyacrylamide gel. After adding 10 mM sodium acetate (pH 5.2), perform the following steps promptly. ‘

9| Add 12 pl of acid PAGE loading buffer to the samples and mix well.
10| Apply 2 pl each of the resulting samples onto an acid-polyacrylamide gel and run it at 120 V for 2.5 h.
11| Wash the gel with 50 ml of 1x TBE by gently shaking for 10 min.

12| Stain the gel with 10 ml of ethidium bromide gel-staining solution by gently shaking for 10 min.
! CAUTION Ethidium bromide may be a mutagen. The used gel-staining solution and washing solution in the following steps
should be disposed of in a proper manner.

13| Wash the gel briefly with 50 ml of RNase-free water.
14| Wash the gel with 50 ml of 1x TBE by gently shaking for 5 min.

15| Scan the gel image with a fluorescent gel scanner.
7 TROUBLESHOOTING

16| Quantify the bands corresponding to free and acylated microhelix RNA to determine the yield of acylation (see Fig. 3 for
an example of acid PAGE analysis).
7 TROUBLESHOOTING

Acylation of tRNAs by flexizyme @ TIMING 3-30h

17| Mix 2 pl of 500 mM HEPES-KOH buffer (pH 7.5), 2 ul of 250 puM flexizyme of choice (see below) and 2 pl of 250 puM
tRNA of choice (see & CRITICAL STEP below) with 6 ul of RNase-free water.

A CRITICAL STEP An appropriate flexizyme should be chosen depending on the side chain and active group of acid
substrates (see Experimental design and Table 1). The body sequence and anticodon of the tRNA should be chosen for
appropriately reprogramming the codon.

18| Repeat Steps 2-5 using double the volumes specified in those steps in all cases.

A CRITICAL STEP Proper reaction time strongly varies depending on acid substrates. We recommend optimizing the reaction
conditions by using microhelix RNA and acid PAGE analysis (see Steps 1-16), and then use the optimal conditions for the
synthesis of desired acyl-tRNA.

19| Repeat Steps 6 and 7 using double the volumes specified in those steps in all cases.

20| Add 50 ul of 70% (vol/vol) ethanol containing 0.1 M sodium acetate (pH 5.2) to the tube and vortex the tube well to
break the RNA pellet into pieces.

A CRITICAL STEP Ethanol precipitation and the following washing steps (Steps 20-24) should be carried out at around room
temperature, not at a lower temperature, to avoid undesirable precipitation of salts.

A CRITICAL STEP The washing steps (Steps 20-24) are crucial for the following translation reaction. Carryover of magnesium
and sodium ions would decrease the efficiency of translation reaction.

21| Centrifuge the sample at 15,0009 for 5 min at 25 °C. Thereafter, remove the supernatant completely.

22| Repeat Steps 20 and 21 one more time.

23| Add 50 pl of 70% (vol/vol) ethanol to the tube.

24| Centrifuge the sample at 15,000g for 3 min at 25 °C.
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25| Open the tube lid and cover it with tissues, then dry the RNA at room temperature for 5 min.
B PAUSE POINT Dried acyl-tRNA pellets can be stored at —80 °C for 1 d. Some of them may be stored for weeks, depending
on the structure of amino acids.

Translation of peptides using reprogrammed genetic code & TIMING 2 h
26| Set up the translation reaction (5 ul) as follows:

Component Amount per reaction
TS solution (10x) 0.5 ul

RP solution (10x) 0.5 ut

ARS solution (10x) 0.5 ul

5 mM each amino acids solution 0.5 ul

DNA template (see ref. 29) 0.2 pmol

Acyl-tRNAs synthesized by flexizyme (from Step 25) 500 pmol each in 1 pl of 1 mM sodium acetate (pH 5.2)

RNase-free water to 5 ul

27| Incubate the reaction mixture at 37 °C for 1h.

A CRITICAL STEP Do not add the proteinogenic amino acids the codons of which are reprogrammed by nonproteinogenic
acyl-tRNAs.

A CRITICAL STEP Resuspend the acyl-tRNAs in 1 pl of 1 mM sodium acetate (pH 5.2) just before mixing them with

the translation reaction mixture, because they are unstable and easily hydrolyzed in solution (especially under alkaline
conditions).

Analysis of the resulting peptides by MALDI-TOF mass spectrometry & TIMING 1 h

28] Add 15 pl of SPE solution A to the SPE C-tip column for preconditioning. The solution should be loaded from the top of
the tip using a pipette. Spin the C-tip for 15 s using a benchtop centrifuge.

A CRITICAL STEP Be careful not to let the acetonitrile vaporize during manipulation of solution A.

29| Add 15 pl of SPE solution B to the C-tip column. Spin the C-tip for 15 s by benchtop centrifuge.
A CRITICAL STEP Move on to the next step immediately while the resin is still wet.

30| Add the translation reaction mixture from Step 27 to the C-tip. Spin the C-tip for 15 s with a benchtop centrifuge.

31| Add 15 pl of SPE solution B to wash the column. Spin the C-tip for 15 s with a benchtop centrifuge.
A CRITICAL STEP Wash the wall of the tip well by pipetting.

32| Repeat Step 31.

33| Add 1 pl of MALDI matrix solution, and elute the peptide from the C-tip by pressing the liquid using an air-filled 10-ml
plastic syringe. The solution can be directly deposited onto the MALDI target plate.

A CRITICAL STEP Use freshly prepared matrix solution.

34| Dry the peptide-matrix mixture at room temperature. Let the target plate stand until the crystallization of matrix is
complete.

35| Measure the MALDI-TOF mass spectrum®.
7 TROUBLESHOOTING

NATURE PROTOCOLS | VOL.6 NO.6 | 2011 | 787
- 536 -



| PROTOCOL

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 2.

TABLE 2 | Troubleshooting table.

Step Problem Possible reason Solution

15 Smearing of bands Contamination with RNase Be careful not to contaminate reagents and reaction mixture with
RNase. Wear gloves when performing experiments. Prepare all
reagents freshly when RNase contamination is suspected

16 Low acylation yield An inappropriate choice of flex- Choose an appropriate combination of flexizyme and active group
izyme matched with the specific for the objective acid, as described in Experimental design
active group was used

Very slow acylation In some acid substrates, particularly those with a-N-acyl or bulky
side chains, a long incubation time (up to 72 h) may be required

Low solubility of acid substrate Increase the final concentration of DMSO up to 40%.
Alternatively, change the leaving group of substrate to ABT in
combination with aFx

Low reactivity of acid substrate Increase the pH of flexizyme reaction from 7.5 up to 9.5. If the
yield of Xaa-tRNA is still low, increase the concentration of acid
substrate from the generic concentration (5 mM) to 25 or 40 mM.
These changes in conditions occasionally improve the poor yield

35 Low signal of the Inhibition of translation reac- Wash acyl-tRNA pellet well according to the procedures described
translation products tion by salts carried over from the  in Steps 24-28
acylation reaction to the transla-

tion system
Misincorporation Contamination of a trace amount Further purify the translation factors or ARSs to reduce the trace
of undesirable pro- of amino acid(s) present in the amount of cognate amino acids as much as possible. If the mis-
teinogenic amino translation factors or ARSs incorporation still occurs, use other codons for reassignment of
acid(s) into the repro- non-proteinogenic amino acids

grammed codon(s)

@ TIMING

Steps 1-16, Optimization of conditions for flexizyme reaction: 6h (hands-on time: 2 h)
Steps 17-25, Preparation of acyl-tRNA by flexizyme: 3-30 h (hands-on time: 1 h)
Steps 26 and 27, Translation of peptides using reprogrammed genetic code: 2 h

Steps 28-35, Analysis of the resulting peptides by MALDI-TOF mass spectrometry: 1 h

ANTICIPATED RESULTS

Expression results of a representative cyclic N-methyl peptide and a cyclic peptoid-peptide hybrid are illustrated in Figure 4.
For the cyclic N-methyl peptide synthesis, we demonstrated the reprogramming of the AUG initiation codon and three sense
codons in elongation, introducing “<Phe and three a-N-methyl amino acids (*Ala, "Tyr and "Gly), respectively. Translations
were performed according to the reprogrammed genetic code using the four corresponding Xaa-tRNAs, where "¢Ala,

¥eTyr and MGly were coded by UCC, CAC and CGC, respectively (Fig. 4a,c). For synthesis of the cyclic-peptoid-peptide hybrid,
o-N-chloroacetyl D-phenylalanine (“*D-Phe) and o-N-alkyl glycines (N-methyl-glycine; N-n-propyl-glycine, PGly; N-n-butyl-
glycine, ®Gly) were incorporated instead of “Phe and o-N-methyl amino acids, respectively, using the same DNA template
but a different reprogrammed genetic code (Fig. 4b,c). The resulting N-terminal chloroacetamide group forms a thioether
bond intramolecularly with the sulfhydryl group of the cysteine residue in the peptide chain, and yields a cyclic peptide
(Fig. 4d,e). A single peak of the desired product should be observed in MALDI-TOF mass spectrum as shown in Figure 4f,g.
Sodium and potassium adducts of the peptide may be detected, if the washing of SPE resin is not enough. Although protein
and RNA components derived from the translation system cannot be removed by SPE purification, their peaks are generally
not found in MALDI-TOF MS because of the difference of the mass range.
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Figure 4 | Typical results of cyclic N-alkyl peptide syntheses by genetic

code reprogramming. (a,b) Reprogrammed genetic code tables used for
cyclic N-methyl peptide synthesis (a) and cyclic peptoid-peptide hybrid
synthesis (b). Nonproteinogenic amino acids assigned in the reprogrammed
codons are shown in colored letters. (c) Sequences of mRNA template and
linear peptide/peptoid translation products. The KK-Flag in parenthesis
indicates the RNA sequence encoding a KK-Flag peptide (KK-DYKDDDDK).
(d,e) Schematic structures of cyclic N-methyl-peptide (d) and cyclic peptoid-
peptide hybrid (e) synthesized by the FIT system via spontaneous post-
translational cyclization. (f,g) MALDI-TOF mass spectra of cyclic N-methyl-
peptide (f) and cyclic peptoid-peptide hybrid (g). The calculated mass (Calc.)
and observed mass (Obsd.) for proton-adduct jons ([M+H]*) are shown in
each spectrum.

To estimate the amount of the produced peptide, a FIT
translation system in which one of the amino acids is
replaced with the radioisotope-labeled equivalent (e.g.,
replacing Asp with [*C]) can be used for the expression
of radioisotope-labeled peptides followed by quantitative
analysis by tricine-SDS-PAGE. A typical yield of translation
products using the FIT system is in the range of 5-250 pmol
in a 5-pl translation. However, it can vary depending on the
type and number of nonproteinogenic amino acids intro-
duced into the peptide.
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Synthesis of the Backbone Cyclic Peptide Sunflower Trypsin Inhibitor-1
Promoted by the Induced Peptidyl-tRNA Drop-off**
Taek Jin Kang,* Yuuki Hayashi, and Hiroaki Suga*

Ribosomes occasionally stall on mRNA in the middle of
translation and one of the mechanisms to rescue the ribosome
involves the drop-off of peptidyl-tRNA from the P site of the
stalled ribosome.!"! Although peptidyl-tRNA drop-off can, in
principle, occur at any position during the translational
elongations,m the slower rate of the termination step relative
to the elongation step can result in the stalling of the ribosome
at the last sense codon, which ultimately leads to increased
rate of peptidyl-tRNA drop-off.”! This process presents the
possibility for the peptidyl-tRNA drop-off event to be
artificially induced under the appropriate conditions. Buck-
ingham and co-workers indeed showed that specific peptidyl-
tRNA species could be released from the P site of ribosomes
that were paused at the last codon of the A site."! Specifically,
when an mRNA template coding for fMet-Phe-Leu (fMet =
formylated methionine; fM) having a UAA stop codon was
translated in an in vitro system, which lacked release factors,
fMet-Phe-Leu-tRNA™" was released from the ribosome. Also
the same fMet-Phe-Leu-tRNA™" drop-off event was
observed when an mRNA coding for fMet-Phe-Leu-Ile was
translated in an invitro translation system lacking Ile-
tRNA™. This observation demonstrates that the peptidyl-
tRNA drop-off can be artificially induced by an appropriate
manipulation of the translation conditions. Although the
outcome of the above strategy is the termination of the
translation, we postulated that this experimental strategy
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could be extended by exploiting the unique ester bond in the
resulting peptidyl-tRNA. In the course of our studies on
reprogramming the genetic code, we have also realized that
peptidyl-tRNA drop-off might be induced by the use of a
specially reconstituted translation system, from which one of
the proteinogenic amino acids is omitted to generate a
“vacant codon”. Significantly, this approach would allow
designation of the site of ribosome stalling, and therefore
control peptidyl-tRNA drop-off in a site-specific manner.
Herein we report proof-of-concept experiments in which
specific peptidyl-tRNA drop-off is brought about by creating
a vacant codon. In particular, the drop-off of Pep-Cys-Pro-
tRNAP™ (Pep = peptide) results in a series of steps leading to
the conversion of the Cterminus of the peptide into a
thioester structure, which is key to the formation of a
backbone-cyclic peptide.

A general scheme for the preparation of backbone cyclic
peptides using peptidyl-tRNA drop-off is given in Figure 1. In
the typical translation system, the ribosome encounters the
His CAC codon, for instance His-tRNA™*,,;, and the peptide
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Figure 1. Ribosomal expression of backbone cyclic peptides through
the programmed peptidyl-tRNA drop-off. a) Induced peptidyl-tRNA
drop-off at the predetermined site. In this example a codon for His
(CAC) is used as a vacant codon for the site of peptidyl-tRNA drop-off.
b) Intramolecular rearrangements occurring in the released peptidyl-
tRNA.
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chain is elongated by incorporating His to yield the full-length
peptide 1 (Figure 1a). We postulated that if His were omitted
from the translation components, the ribosome would stall at
this vacant His codon and induce the peptidyl-tRNA drop-off
(Figure 1a). If this vacant codon was placed right after the
Cys-Pro sequence, the ribosome would stall at the Pro codon
of the A site, thus resulting in the release of Pep-Cys-Pro-
tRNAP®,q (2, Figure 1). Importantly, it can be envisioned
that the ester bond in Pro-(3'-O)-adenosyl76 of Pep-Cys-Pro-
tRNAF™s is analogous to that in Pro-glycolic acid (F°G)
that was generated by the codon reassignment of CAC to #°G,
as we reported recently”) Therefore we can expect an
intramolecular rearrangement in which an non-enzymatic
acyl shift from the nitrogen atom to the sulfur atom affords
the diketopiperadine thioester (dkp thioester; 3) with the
concomitant release of tRNA™ s (Figure 1b). This trans-
formation would be driven by the formation of the ring in dkp
and would compete with the hydrolysis of the Pro-
tRNAP,;; ester bond to give 6 (Figure1b). The
dkp thioester formation could promote an additional intra-
molecular rearrangement involving the thiol group of another
Cys to afford the macrothiolactone 4 (Figure 1b). Moreover,
if the free N terminus of the amino group of this Cys was
generated by the enzymatic removal of fMet, an acyl shift
from the sulfur atom to the nitrogen atom would generate the
backbone cyclic peptide 5 (Figure 1b). Notably, this sequence
recycles tRNAP .. instead of sequestering it as peptidyl-
tRNA, and synthesizes backbone cyclic peptides without the
use of a nonproteinogenic #°G.

To experimentally prove the above concept, we designed
an mRNA template that encoded a 20-mer peptide sequence,
in which the 14-mer peptide sequence of sunflower trypsin
inhibitor-1 (SFTI-1)!¥ was embedded from position 2-15
(Figure 2a). Codons encoding Cys16-Prol7, His18 (a vacant
codon), and Lys19-Lys20 were placed after those encoding
SFTI-1. We designed and carried out four reactions to prove
the mechanism proposed in Figure 1. When the DNA
template was subjected to sequential transcription and trans-
lation in the typical translation system, the full-length peptide
fMetl1-Lys20 (7) was expressed (Figure 2b and c). When the
same DNA template was decoded under reducing conditions
and in the absence of His a new single peak appeared
(Figure 2d). The m/z value obtained for a singly charged
peptide species was consistent with the calculated value of
fMetl-Argl5 minus a water molecule, suggesting that the
peak corresponds to macrothiolactone 8 (Figures 2b and d).
Importantly, we observed a very minor peak for the hydro-
lyzed side-product 9 (Figure 2d), suggesting that the rear-
rangement of 10 into 8 via the corresponding dkp thioester
was rapid enough to out compete the ester hydrolysis. To
establish whether the macrothiolactonization was derived
from the released Pep(1-15)-Cys16-Prol7-tRNAP ;. (10;
Figure 2b), we attempted to enzymatically hydrolyze the
ester bond between Prol7 and tRNA5.s in 10 by using
peptidyl-tRNA hydrolase (PTH) in the translation system.”
When PTH was present in the translation mixture, a new
single peak corresponding to the molecular mass of the linear
peptide fMetl1-Prol7 (9) was observed (Figures2b and e).
This data supports the idea that the peptidyl-tRNA drop-off
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Figure 2. A proof-of-concept study expressing sunflower trypsin inhib-
itor 1 (SFTI-1) by the induced peptidyl-tRNA drop-off. a) The sequence
of mMRNA used for the synthesis of SFTI-1. The two internal Cys
residues shown in blank circles form the disulfide bond in SFTI-1,
whereas Cys and Pro residues in gray circles form the dkp thioester.
b) Structure of the key peptide intermediate or the product expressed
in this study. c—f) MALDI/TOF analysis of the peptides. For 7, 9, and
11 the molecular masses were calculated based on the structure
containing a disulfide bond, and the arrow head indicates a set of
peaks corresponding to the respective peptide with the m/z value
shown in each spectrum. The peaks representing peptides with the
reduced form of the disulfide bond, that is, the two free thiols of the
Cys2 and Cys10 residues are indicated by .

was induced at the designated His codon, and that the
released product 10 rearranged into 8 via the dkp thioester
intermediate.

In a final reaction, two enzymes, peptide deformylase
(PDF) and methionine aminopeptidase (MAP), were
included in the translation system lacking a His to promote
not only the rearrangement into 8 but also simultaneous
removal of fMetl to expose the N-terminal amino group on
Cys2. This system should promote the rearrangement to form
the bond resulting in the backbone cyclic peptide. Pleasingly,
a new single peak was detected in the mass analysis, and the
molecular mass of the purified peptide was in good agreement
with the expected mass of the backbone cyclic SFTI-1 11
(Figures 2b and f). Overall, peptidyl-tRNA drop-off and the
subsequent series of intramolecular rearrangements took
place in one pot in 1 hour to give approximately 3.3 pgmL™
(22 nmolmL™!) of the cyclic SFTI-1 11 in the reaction
solution (see Figure S1 and S2 in the Supporting Information
for the quantification and the activity assay, respectively).
Notably, SFTI-1 can exist as a bicyclic peptide (11(ox) versus
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Figure 3. Formation of the disulfide bond in cyclic SFTI-1 by prolong-
ing the translation reaction time. 11(ox) and 11(red) indicate oxidized
and reduced cyclic SFTI-1, respectively.

11(red); see Figure 3) containing a single disulfide bond. Even
though the translation reaction was carried out under
reducing conditions using dithiothreitol to promote the
series of intramolecular rearrangements from 10 to 11
(Figure 2b), prolonging the reaction time from 1 hour
(generic conditions for expression of peptides) to 3 hours
was sufficient for the air oxidation of the two Cys side chains
to occur to give the disulfide bond (Figure 3). Thus, the simple
induced peptidyl-tRNA drop-off methodology enabled us to
express 11(ox) in a one-pot reaction.

We next investigated whether changing the codon
assigned to Prol7 or the vacant codon assigned to amino
acid 18 would influence the efficiency of the peptidyl-tRNA
drop-off event. We found that all four codons, CCN (N=A,
U, G, C), coding for Pro gave qualitatively the same result
albeit with a higher yield when using CCC rather than the
other three codons (see Figure S3 in the Supporting Informa-
tion). Substitution of the His codon with the Val or Trp codon
as a vacant codon also yielded 11(ox) (see Figure S4 in the
Supporting Information).

We have achieved the synthesis of a cyclic peptide by the
combination of peptidyl-tRNA drop-off and the spontaneous
dkp thioester rearrangement. Although we have previously
achieved the same outcome with a site-specific installation of
HOG after the Cys-Pro sequence® the peptidyl-tRNA drop-off
methodology is simpler and does not require substitution of
an amino acid with an o-hydroxy acid. The chemical concept
presented here is also applicable to other experimental setups,

such as the expression of proteins using an in vitro system that
lacks release factors. Studies along this line are underway in
our laboratory.

Experimental Section

Experimental details are described in the Supporting Information.
Generally, a 2.5 pL scale translation reaction was conducted, using the
reconstituted protein synthesis system developed and described
previously™ with 40 nm of DNA template and 1 mM dithiothreitol
at 37°C for 1 hour in the presence or absence of His. In the case of the
synthesis of cyclic SFTI-1, the reaction was conducted for 3 h at 37°C
with 1 um PDF and 3 pm MAP. The peptide was purified and desalted
using a C18 ZipTip (Millipore) column and eluted with a solution of
acetonitrile/water (1:1) containing 0.1% of trifluoroacetic acid that
was saturated with o-cyano-4-hydroxycinnamic acid (CHCA, Bruker
Daltonics). MALDI-TOF mass analysis was performed using an
Autoflex TOF/TOF (Bruker Daltonics) operated in the linear
positive mode or reflective positive mode (for monoisotopic analysis)
with external calibration (peptide calibration standard II, Bruker
Daltonics).
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Specific incorporation of artificial amino acids into polypeptides offers a useful tool for studying and expand-
ing function. Neumann et al. (2010) recently described the evolution of an E. coli ribosome that incorporates
two artificial amino acids at two designated sites into proteins, in combination with amber codon and a

four-base codon.

Expansion of the genetic code has revolu-
tionized the translation machinery-based
use of biotechnology for protein or poly-
peptide expression in which artificial
(unnatural) amino acids can be included
into the synthesized polypeptide chain
(Cornish et al., 1995). The team of Peter
G. Schultz has been making a major con-
tribution to the development of such an
approach, where an orthogonal pair of
tRNA and aminoacyl-tRNA synthetase
(ARS) functions in vivo to generate an
aminoacyl-tRNA charged with an artificial
amino acid (Xie and Schultz, 2006). The
amber stop codon, UAG, is generally
used for the assignment of an artificial
amino acid, since this nonsense codon
is most readily suppressible by a tRNA-
bearing CUA anticodon (tRNAgyas) com-
peting with release factor 1 (RF1) in
E. coli or other translation systems. De-
spite the fact that a few dozen of the
orthogonal tRNA-ARS pairs are available
to date, the expression of desired proteins
under the suppression of amber codon
occasionally suffers from poor expression
efficiency, due to the competing transla-
tion termination by RF1 that depends on
the incorporation site (e.g., the neigh-
boring codons) or the structure of artificial
amino acids. Moreover, the amber sup-
pression strategy is limited to the incorpo-
ration of a single type of artificial amino
acids into one protein at a time.

The team of Jason W. Chin has made
tremendous efforts to evolve 16S ribo-
somal RNA (rRNA) from the small subunit
of E. coli ribosome over the last half
decade, attempting to circumvent the
above restrictions. As a first step, they
isolated ribosome variants that recognize
a mutant Shine-Dalgano (SD) sequence of
mRNA by means of the genetic selection,

leading to the development of an orthog-
onal pair of ribosome and mRNA (O-ribo-
some and O-mRNA) (Rackham and
Chin, 2005). The virtue of developing the
O-ribosome—O-mRNA pair is that it facil-
itates evolution of O-ribosome. Since the
wild-type (WT) ribosome and O-ribosome
can coexist in E. coli, and the O-ribosome
does not translate natural mRNAs with the
WT SD sequence, even toxic O-ribosome
mutants can be evolved without suffering
from the fatal outcome. In fact, in their
follow-up work, a new O-ribosome mu-
tant, referred to as Ribo-X, was identified
and shown to have a unique function, as
RF1 was less efficient in termination of
the amber codon, and thereby the amber
codon was suppressed by aminoacyl-
tBRNAcua more effectively (Wang et al.,
2007). This notable work developing
Ribo-X has circumvented one of the
intrinsic restrictions that originates from
the competition with RF1 on the amber
codon.

To overcome the remaining limitation
described above, it is required to evolve
a new mutant ribosome that is able to
use another suppression codon for the
incorporation of the second artificial
amino acid. Fortunately, such a codon,
the so-called four-base codon, inducing
+1 frameshift to incorporate an artificial
amino acids was already available (Hoh-
saka et al., 1996); it was even demon-
strated that two artificial amino acids
were incorporated into the desired spe-
cific sites in the combination of amber
codon and a four-base codon using an
E. coli in vitro translation system (Mura-
kami et al., 2003). The team of Chin inge-
niously generated a library 16S rRNA
mutants based on Ribo-X that focuses
on the region of the decoding center,
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and selected those capable of decoding
a four-base codon by the use of amino-
acyl-tRNA that had the corresponding
anticodon (Neumann et al., 2010). One
of the ribosome mutants, referred to as
Ribo-Q, was able to effectively read a
four-base codon, such as AGGA, UAGA,
AAGA, or CCCU, and incorporate an
artificial amino acid into a nascent poly-
peptide chain at one of these codons in
E. coli. Moreover, the double suppression
of AGGA and UAG codons with p-azido-
L-phenylalanine and N6-[(2-propynyloxy)-
carbonyl]-L-lysine paired with the avail-
able mutants of MjTyrRS and MbPyIRS,
respectively, was demonstrated. This
remarkable work gives us a new opportu-
nity to explore the technical merits of
expressing proteins that contain two or
possibly more artificial amino acids
in vivo.

Although the decoding efficiency of
four-base codon by Ribo-Q was signifi-
cantly increased compared with that by
the WT ribosome, it suffered from the
production of a truncated protein as a
by-product, due to a failure of the desired
frameshift (as shown in Figure S6, S7, and
S13 in Neumann et al., 2010). Why? The
concrete mechanistic reason for this
must wait for the structural analysis of
the individual complexes of Ribo-Q with
four-base anticodon tRNAs, but the re-
cent X-ray analysis of WT ribosome com-
plexed with some four-base anticodon
tRNAs at A site has suggested that the
anticodon unlikely forms simple four
base pairs with the four-base codon on
mRNA (Dunham et al., 2007). When the
four-base anticodon tRNA binds to the
A site of ribosome, the first base (at posi-
tion 33.5) in the four-base anticodon
possibly unpaired with the forth base in
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(Figure 1C). This complexity may be fur-
ther influenced by the neighboring codon
(position 5-7) that must be decoded in
the designated frame (i.e., after the pro-
grammed frameshift). The first three
nucleotides of four-base codons are de-
signed by the use of rare codons, such
as AGG and CCQC, in E. coli in order to
be efficiently suppressed by the four-
base anticodon tRNA rather than natu-
rally occurring tRNAs with three-base
anticodon. Thus, the choice of such rare
codons limits the creation of four-base
codons along with satisfactory suppres-
sion efficiencies.

Some challenges still remain for the
future exploration to achieve an ultimate
goal of protein expression using more
than two artificial amino acids in E. cofi.
However, there is no doubt that the
successful evolution of Ribo-Q using the
orthogonal ribosome-mRNA strategy is
a big step toward developing a technology
that expresses proteins with muitiple
artificial amino acids, leading to a new
generation of biotechnology.

\_ SRV Y.

Figure 1. Decoding an mRNA Four-Base Codon in a Ribosome
(A) Orthogonal relationship between wild-type ribosome-mRNA and orthogonal ribosome-mRNA.

(B) Decoding four-base codon in the A site.

(C) Decoding four-base codon in the P site. There are multiple possibilities of the decoding mode depend-
ing upon the sequences of four-base codon and neighboring codons. Numbers colored in red or black
represent numbering of anticodon or mRNA bases, respectively. An expanded base on a quadruplet

anticodon is indicated as 33.5 in dark red.

the four-base codon (Figure 1B); alterna-
tively, the second base (at position 34) in
the four-base anticodon may sit in the
flanking region between the third and
forth bases in the four-base codon or
even pair with the forth base (Figure 1B).

When the four-base anticodon tRNA is
translocated to the P site of ribosome
after peptidyl-transfer, the frameshift
may occur via several possible ways
under similar pairing modes albeit with
no structural evidence at this time
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Abstract

We screened for hepatitis C virus (HCV) inhibitors using the JFH-1 viral culture system and found that selective estrogen receptor modulators
(SERMs), such as tamoxifen, clomifene, raloxifene, and other estrogen receptor o (ERo) antagonists, inhibited HCV infection. Treatment with
SERMs for the first 2 h and treatment 2—24 h after viral inoculation reduced the production of HCV RNA. Treating persistently JFH-1 infected
cells with SERMs resulted in a preferential inhibition of extracellular HCV RNA compared to intracellular HCV RNA. When we treated two
subgenomic replicon cells, which harbor HCV genome genotype 2a (JFH-1) or genotype 1b, SERMs reduced HCV genome copies and viral
protein NS5A. SERMs inhibited the entry of HCV pseudo-particle (HCVpp) genotypes la, 1b, 2a, 2b and 4 but did not inhibit vesicular
stomatitis virus (VSV) entry. Further experiment using HCVpp indicated that tamoxifen affected both viral binding to cell and post-binding
events including endocytosis. Taken together, SERMs seemed to target multiple steps of HCV viral life cycle: attachment, entry, replication,

and post replication events. SERMs may be potential candidates for the treatment of HCV infection.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HCV; Tamoxifen; SERM (Selective estrogen receptor modulator)

1. Introduction

Over 170 million people in the world are infected with the
hepatitis C virus (HCV). Approximately 20% of infected
patients develop cirrhosis and hepatocellular carcinoma after
chronic HCV infection. No HCV vaccine is available yet, and
the current standard of care, which consists of a combination
of interferon (IFN) and ribavirin, is only effective for
approximately 50% of infected patients, and many patients
have serious side effects. Because of the urgent need for novel
HCV therapeutics, research is being conducted to develop new

* Corresponding author. Tel.: +81 3 5285 1111x2327; fax: +81 3 5285
1272.
E-mail address: murakami@nih.go.jp (Y. Murakami).
! Present address: Department of Infectious Diseases, Hamamatsu Univer-
sity School of Medicine, Hamamatsu, Japan.

anti-HCV drugs. In addition to in vitro screening assays that
target HCV-specific enzymes, other approaches that use
replicon cells and the recently described Huh 7.5.1-JFH-1
(genotype 2a)-infection system have been developed [1]. The
Huh 7.5.1-JFH-1-infection system is an excellent system to
identify HCV inhibitors that interfere with individual steps of
the HCV life cycle, such as viral attachment, entry, and
release. This experimental system allows both viral and host
components that are involved in HCV infection to be targeted.
Although drugs that target the host components may be toxic,
such drugs are unlikely to select for resistant viruses.

We screened chemicals using a cell-based screening system
[2] and found that tamoxifen and other selective estrogen
receptor modulators (SERMs) inhibited HCV infection.
Tamoxifen has been successfully used for the treatment of
breast cancer since it was found to be an ER antagonist over
30 years ago. Clomifene and raloxifene, which are compounds

1286-4579/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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that are related to tamoxifen, have been developed and used
for the treatment of breast cancer and for the treatment of
anovulation and osteoporosis. Currently, these three SERMs
and toremifene have been approved in Japan and the US, and
next-generation SERMs are undergoing clinical evaluation.

Because tamoxifen exhibited the ability to inhibit HCV
infection, we determined which SERMs could effectively
inhibit HCV infection and be approved for clinical use. The
first-generation SERMs—tamoxifen, clomifene, and ralox-
ifene—were all effective against HCV as were other ERa
antagonists. We examined whether SERMs could be utilized
as new drugs for the treatment of HCV.

2. Materials and methods
2.1. Cells and virus

Human hepatoma cell line, Huh 7.5.1 cells and human
embryonic kidney 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma—Aldrich Co. St.
Louis, MO, USA) with 10% fetal bovine serum (FBS).
HCV-JFH-1 (HCVcc) (genotype 2a) was the culture supernatant
of infected Huh 7.5.1 cells as described previously [2]. A sub-
genomic replicon cell line, clone #4-1, which harbors the geno-
type 2a (JFH-1) [3,4], and clone #5-15, that harbors the genotype
1b HCV genome [5], were also cultured in DMEM with FBS.

2.2. Chemicals

The SCADS inhibitor kit I was provided by the Screening
Committee of Anticancer Drugs, supported by a Grant-in-Aid
for Scientific Research on the Priority Area “Cancer” from
The Ministry of Education, Culture, Sports, Science and
Technology of Japan. Tamoxifen, diethylstilbestrol, triphe-
nylethylene, 17B-estradiol, and brefeldin A were purchased
from Sigma—Aldrich Co. (St. Louis, MO, USA). Clomifene
was purchased from LKT Laboratories, Inc. (St. Paul, MN,
USA), and hydroxytamoxifen ((z)-4-hydroxytamoxifen) and
raloxifene were purchased from Enzo Life Sciences, Inc.
(Farmingdale, NY, USA). Chloroquine was purchased from
WAKO (Osaka, Japan). Other chemicals were purchased from
Tocris Bioscience (Bristol, UK).

2.3. Quantification of the viral titer in medium

Huh 7.5.1 cells were seeded in 96-well plates at a density of
2 x 10* cells per well in a volume of 120 ul. The next day,
15 pl of media that contained the test compound and 15 pl of
the HCVcc virus stock solution at a moi of 0.01 were added to
each well. After 5 days, 100 pl of the culture supernatant was
taken from each well, and viral RNA was extracted. Total RNA
was also extracted from the cells. Quantitative real-time RT-
PCR was then performed with One step SYBR PrimeScript RT-
PCR Kit (Takara-Bio Co., Otsu, Japan) as described previously
[2]. In the case of #4-1 replicon cell, as an internal control,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
measured with primers 5-CCACCCATGGCAAATTCC-3' and

5'-TGGGATTTCCATTGAT-3'. Cell growth was monitored
using the MTT assay as described previously [6].

2.4. Western blotting

Western blotting was performed as previously described
[2]. Briefly, cell lysates that contained equal quantities of
protein were separated by SDS-PAGE, transferred onto PVDF
membranes, and probed with antibodies against the core
antigen (2H9), NS5A (Austral Biologicals, San Raman, CA,
USA), or GAPDH (Santa Cruz Biotech. Inc., Santa Cruz,
USA). After incubation with horseradish peroxidase-
conjugated secondary antibodies, the protein bands on the
PVDF membranes were detected using an ECL system (GE
Healthcare UK Ltd., Amersham Place, UK).

2.5. Production of and infection with pseudo-particles

HCV pseudo-particles (HCVpp) were generated using the
following 3 plasmids: a Gag-Pol packaging construct (Gag-Pol
5349), a transfer vector construct (Luc 126), and a glycopro-
tein-expressing construct (HCV EI1E2) (JFH-1, 2a). The
generation of the pseudo-particles was performed according to
the method described by Bartosch et al. [7]. To express the
glycoproteins of other HCV genotypes, HCV E1E2 constructs
of the genotypes la (H77), 1b (UKNIB 12.6), 2b (UKN2B
2.8), and 4 (UKN4 11.1) were generously provided by Dr. F.
Cosset (INSERM, France) [8]. To produce VSVpp, a plasmid
that coded the vesicular stomatitis virus (VSV) envelope,
pCAG-VSYV, was generously provided by Dr. Y. Matsuura
(Osaka University, Japan). Gag-Pol 5349 (3.1 pg), Luc 126
(3.1 pg), and each of the individual glycoprotein-expression
constructs (1.0 pg) were co-transfected into 293T cells that
were seeded on a 10-cm dish (2.5 % 10° cells) using TransIT-
LT1 Transfection Reagent (21.6 pl) (Mirus Bio LLC, Madi-
son, WI, USA). The medium from the transfected cell cultures
was harvested and used as the pseudo-particle stock. For the
infection assay, Huh 7.5.1 cells were seeded onto a 48-well
plate at a density of 4 x 10* cells per well one day prior to
infection. The medium was then removed, and the cells were
subsequently infected with the pseudo-particles in the pres-
ence or absence of drug. The cells were then incubated for 3 h.
The VSVpp preparation was diluted (1:600) to infect with
similar RLU activity compared to the HCVpp. The superna-
tant was then removed, fresh culture medium was added to the
cells, and the cells were incubated for an additional 3 days.
The luciferase assays were performed using a luciferase assay
system (Promega Co. Madison WI, USA). Anti-CD81 anti-
body (sc-23962) was purchased from Santa Cruz Biotech.

3. Results

3.1. Tamoxifen and estrogen receptor o antagonists
inhibited HCV infection

Using quantitative RT-PCR, we screened the compounds in
the SCADS inhibitor kit I. Drugs and HCVcc at a moi of 0.01
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were added to Huh 7.5.1 cells. Five days later, the quantity of
HCV RNA in the culture supernatant was measured using
quantitative real-time RT-PCR [2]. We found that tamoxifen
reduced the levels of JFH-1 RNA in the culture supernatant.
We also examined the effects of other SERMs and agonists
and antagonists of ERa. As shown in Fig. 1, tamoxifen, clo-
mifene, and hydroxytamoxifen, which have a triphenyl-
ethylene backbone, exhibited intense inhibitory effects (ECsq:
approximately 0.1 puM). Triphenylethylene showed reduced
inhibitory activity (data not shown). Raloxifene also inhibited
viral RNA production at a similar concentration. (ECsg:
approximately 0.1 uM) (Fig. la). Tamoxifen and raloxifene
display both ERa antagonist and agonist properties in a dose-
and tissue-dependent manner [9]. In contrast, ICI 182,780
(fulvestrant), ZK164015, and MPP (methyl-piperidino-pyr-
azole) are exclusively antagonistic [10—12]. These ERa
antagonists also showed inhibitory activity against JFH-1, but
their ECsq values were approximately 1 pM (Fig. 1b). As the
50% toxic concentrations (TCsg) for these compounds were
observed to be greater than 10 pM (Fig. la and b), these
specific indexes are over 100. In contrast, the ERa agonists
17B-estradiol, diethylstilbestrol, and PPT (1,3,5-tris(4-
hydroxyphenyl)-4-propyl-1H-pyrozole) did not inhibit HCV
(Fig. lc). As expected, the SERMs that were observed to
effectively inhibit HCV RNA production also reduced the core
protein levels intracellularly (Fig. 1d).

3.2. SERMs inhibited more than one step of the JFH-1
life cycle

To determine which step of the JFH-1 life cycle was inhibited
by the SERMs studied, we performed time-of-addition experi-
ments. As described previously [2], JFH-1 appears to complete
one infectious life cycle in approximately 48 h. Huh 7.5.1 cells
were inoculated with JFH-1-containing medium (moi 0.1) with
or without drug and were then incubated for 2 h. After the
medium was removed, fresh medium with or without drug was
added. The cells were then incubated for another 46 h. Treat-
ment with 10 uM tamoxifen for 48 h reduced the amount of viral
RNA in the medium to 1.7% of levels observed in the control.
Treatment with tamoxifen for the first 2 h after infection (0—2h)
reduced viral RNA to 2.3% of the levels observed in the control.
The addition of tamoxifen to the fresh medium just after the
removal of the virus (2—48 h) resulted in a reduction in the
amount of viral RNA to 10.7% of the levels observed in the
control. The addition of tamoxifen 24 h after viral inoculation
(24—48 h) resulted in a decrease in the amount of viral RNA to
60% of the levels observed in the control (Fig. 2a). This result
suggests that tamoxifen inhibits mainly viral entry and some
steps during replication. 10 uM of raloxifene exhibited a similar
inhibitory pattern but less inhibited by the treatment after the
entry step (Fig. 2b). A pure ERa antagonist, ICI 182,780
(30 pM), also exhibited inhibition of both viral entry and the
replication steps, but the inhibition of the entry step was not so
marked (Fig. 2¢).

To further investigate effect on HCV post replication, we
infected HCV in the presence of the drugs for 72 h (moi 0.1)

and examined their effects on intracellular and extracellular
HCV RNA levels. Brefeldin A, an inhibitor of protein trans-
port [13], was used as a positive control of post replication
inhibition. In this experimental setting, brefeldin A showed
intracellular HCV RNA accumulation suggesting post repli-
cation inhibition (Fig. 2d). SERMs generally reduced HCV
RNA in cell as well as HCV RNA in medium, although the
extent of reduction was different (Fig. 2d). Lower concentra-
tion of SERMs reduced extracellular HCV RNA more robustly
than intracellular HCV RNA. At a concentration of 0.1 uM,
tamoxifen exclusively inhibited HCV RNA in the culture
supernatant but not intracellular HCV RNA levels, in a manner
similar to that of brefeldin A (Fig. 2d). The results suggest that
SERMs inhibit post replication step(s) such as assembly or
release. Because low concentrations of tamoxifen failed to
inhibit intracellular HCV RNA, SERMs potentially target post
replication step(s) more efficiently than replication step. In this
condition, higher concentrations (1 and 3 pM) of tamoxifen
seemed to inhibit intracellular HCV RNA rather than extra-
cellular HCV RNA, although the reason is not clear.

To determine the effect of these drugs on chronic infection,
we used pre-infected Huh 7.5.1 cells. We infected the cell with
HCVcc at a moi of 0.01 and incubated for 3 days. Three days
after infection, the drugs were added, and the cells were
further incubated for 48 h. At the time of drug addition, the
cells were persistently infected, and HCVcc was continuously
produced and released into the culture supernatant, which is
similar condition to chronic infection. HCV RNA was
extracted from the culture supernatant and the cells after 48 h
and measured copy number of HCV RNA. Both HCV RNA in
the culture supernatant and that in the cell were reduced by
treatment with the SERMs, but the intracellular HCV RNA
levels were less reduced (Fig. 2e). This suggested that the
SERMs caused preferential reduction in extracellular HCV
RNA through interference with some post replication step(s),
such as assembly or release. Brefeldin A accumulated intra-
cellular HCV RNA, and reduced HCV RNA level in the
culture supernatant (Fig. 2e).

These data suggested that the SERMs inhibit multiple steps
in the HCV life cycle: entry, viral RNA replication and some
post replication step(s).

3.3. SERMs inhibited copies and NS5A protein
expression in replicon cells

To confirm the effect of these drugs on viral replication, we
used two subgenomic replicon cells. The subgenomic replicon
cells, derived from Huh7 cells, harbor HCV viral RNA that
replicates autonomously, and they express viral proteins. We
treated cells that harbored a subgenomic replicon (#4-1,
genotype 2a) [3,4] with the SERMs for 48 h and measured the
amount of cellular replicon RNA by quantitative RT-PCR.
Treatment with 10 uM of tamoxifen, raloxifene, or 3 uM of
clomifene, inhibited HCV RNA compare to GAPDH RNA,
although statistical significance was shown in only the inhi-
bition of 10 pM of tamoxifen. ICI 182,780 did not show
specific inhibition of HCV RNA (Fig. 3a).
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Fig. 1. Effects of SERMs on JFH-1 HCV RNA levels. a) Effects of tamoxifen, clomifene, and raloxifene. Huh 7.5.1 cells were infected with HCV JFH-1 (moi 0.01)
in the presence of drugs and were incubated for 5 days. Drugs were added just before viral inoculation. HCV RNA in the medium was measured by tube-capture-
RT-PCR [2]. Parallel cultures of cells without virus were analyzed using the MTT assay to detect the inhibition of cell growth due to drug exposure. Tamoxifen
(closed circles), clomifene (open rectangles), hydroxytamoxifen (closed rectangles), and raloxifene (open circles). The percentages to control HCV RNA and
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Fig. 2. Time-of-addition experiments (a—c) and the effect of SERMs on extracellular and intracellular HCV RNA in simultaneous infection (d) and in persistent
infection (e). Huh 7.5.1 cells were treated with tamoxifen (TMX) (10 uM, a), raloxifene (RLX) (10 pM, b), or ICI 182,780 (ICT) (30 uM, c) during the following
time periods: 0—2 h, 2—48 h, or 24—48 h after JFH-1 infection (moi 0.1). Forty-eight hours after infection, the culture supernatant was harvested, and HCV RNA
was extracted and subjected to quantitative real-time RT-PCR to determine the number of copies of the JFH-1 genome. The data are the averages of three
independent experiments and the standard deviation. d) Effect of treatment with SERMs for 3 days on extra- and intra-cellular HCV RNA levels. Huh 7.5.1 cells
were infected with JFH-1 (moi 0.1) just after addition of the SERMs. Three days later, RNA was extracted from the cells and from the culture supernatant. The
amount of HCV RNA was measured by quantitative real-time RT-PCR. Brefeldin A (BFA) was used as a positive control. €) Huh 7.5.1 cells were infected at a moi
of 0.01, 3 days before addition of drugs. The infected cells were treated with SERMs for 48 h. RNA was subsequently extracted from the cells and the culture
supernatant to determine the viral genome copy number. The results are presented as the percentage of control cells without drug. The data are the averages of
triplicates and the error bars represent standard deviation. *P-value < 0.05. One representative experiment of two independent experiments is shown.

Next we treated this (#4-1, genotype 2a) and another
replicon (#5-15, genotype 1b) [5] with the SERMs for 3 days
and examined the effect of the compounds on the HCV NS5A
protein levels by western blotting. As shown in Fig. 3b, the
SERMs except ICI 182,780 reduced the level of NS5A in

accordance with the results in Fig. 3a. ICI 182,780 seemed to
slightly reduce NS5A protein in #5-15 replicon cell. The
SERMs did not reduce the protein levels of GAPDH in the
subgenomic replicon cells (Fig. 3b). These results indicated
that SERMs, at least tamoxifen, raloxifene and clomifene,

control cell growth are indicated by solid lines and dotted lines, respectively. b) Effect of the following ERa antagonists: ICI 182,780 (closed triangles), ZK164015
(closed rectangles), and MPP (open rectangles). c) Effect of the following ERa. agonists: 17B-estradiol (closed triangles), diethylstilbestrol (open rectangles), and
PPT (closed circles). The results are presented as percentages of the control cells that were not treated with drugs. Values are the averages of triplicates, and the
error bars represent the standard deviation of the mean. One representative experiment of three independent experiments is shown. d) Huh 7.5.1 cells were infected
(moi 0.01) in the presence of tamoxifen (TMX), clomifene (CLM), raloxifene (RLX), or ICI 182,780 (ICI) and incubated for 5 days. Cell lysates were blotted with
anti-core and anti-GAPDH antibodies as described in the Section Materials and methods.
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were effective not only against HCV genotype 2a but also
HCV genotype 1b and that the compounds inhibited a HCV
replication step. The growth of the replicon cells was sup-
pressed by treatment with 10 uM of clomifene. Clomifene at
concentrations less than 10 uM and tamoxifen, raloxifene and
ICI 182,780 at 10 uM concentration or lower did not inhibit
cell growth (Fig. 3c).

3.4. SERMs inhibited entry of HCVpp but not VSVpp

To further examine the inhibition of early viral processes by
the SERMs, we used infectious HCV pseudo-particles
(HCVpp). Because HCVpp enter into cell dependent on
HCV envelope protein but replicate dependent on retroviral
system in the cell, we can exclude other effects of the drug
except effect on HCV entry system. Pseudo-particles with the
viral envelope glycoprotein mimic the entry of the parental
virus, and this system has been used for investigation of HCV
entry [7,8,18,20,21]. The infectious titer is determined by
luciferase activity. We added tamoxifen to HCVpp- or VSVpp-
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containing medium and incubated Huh 7.5.1 cells with this
medium for 3 h. After washing the cells, fresh medium was
added, and the cells were incubated for 3 days. Treatment with
tamoxifen reduced the luciferase activity of the cells that were
infected with HCVpp in a dose-dependent fashion. In contrast,
the luciferase activity caused by VSVpp was not reduced by
the same concentrations of tamoxifen (Fig. 4a). We also
examined the effect of other SERMs, such as clomifene,
raloxifene, ICI 182,780, ZK164015, and MPP, on HCVpp
infection. All of these SERMs inhibited the luciferase activity
caused by HCVpp but not the activity caused by VSVpp
(Fig. 4b). ICI 182,780 showed a weaker effect compared to
tamoxifen, clomifene and raloxifene. Next, we examined the
effects of these drugs on various genotypes of HCVpp.
Although the extent of inhibition was varied, the compounds
inhibited all of the genotypes that were examined (Fig. 4c). At
a concentration of 10 uM, ICI 182,780 inhibited all of the
genotypes of HCVpp other than genotype 2a. These results
suggested that the SERMs inhibit entry of all genotypes of
HCV.
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Fig. 3. The effect of SERM:s on cells that harbored a subgenomic replicon. A subgenomic-replicon-harboring cell line clone #4-1 (genotype 2a) was treated with
SERMs for 48 h. The total RNA was extracted from the cells, and amount of HCV RNA genome was measured. As an internal control, relative amount of GAPDH
RINA was measured and indicated as percentage of control cells without drug (a). Another subgenomic-replicon-harboring cell line, clone #5-15 (genotype 1b) was
treated with SERMs for 3 days. Cell lysates were subjected to western blotting with an anti-NS5A antibody or an anti-GAPDH antibody (b). Cells that were grown
for 3 days in the presence of tamoxifen (closed rectangles), clomifene (open rectangles), raloxifene (closed triangles), or ICI 182,780 (open circles) were measured
using the MTT assay. Cell growth is expressed as a percentage of control cells without drug (c). The values are the average of triplicate and the error bars represent
the standard deviation of the mean. One representative experiment of two independent experiments is shown.
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Fig. 4. Effect of SERMs on HCV pseudo-particle (HCVpp) infection. a) Huh
7.5.1 cells were incubated with pseudo-particles (HCVpp or VSVpp) in the
presence or absence of tamoxifen for 3 h. The supernatants were removed,
medium was added back to the cell cultures, and the cells were incubated for
another 3 days. The VSVpp preparation was diluted 600 times so it was
infected at similar RLU activity levels compared to HCVpp (approximately
5000 RLU). A parallel culture without pseudo-particles was analyzed using the
MTT assay to evaluate the effect of the drugs on cell growth. b) Effects of
various SERMs on HCVpp and VSVpp infection. ¢) Effects of SERMs on the
various genotypes of HCVpp infection. The control luciferase activities were
approximately 5000 RLU (genotype 2a), 3000 RLU (genotype 1a), 2400 RLU
(genotype 1b), 3900 RLU (genotype 2b), and 860 RLU (genotype 4). The
values are expressed as the percentage of control cells without drug. The data
are the averages of three wells and the error bars are the standard deviation of
the mean. *P-value < 0.05. One representative experiment of three indepen-
dent experiments is shown.

3.5. Effect of tamoxifen on the attachment and entry
steps

To better understand how tamoxifen blocks HCV entry, we
performed an experiment to discriminate between the inhibition
of HCV attachment to cells and the inhibition of post-binding
entry events. HCV attaches to several cellular receptors via its
E1 and E2 envelope proteins and enters via clathrin-mediated
endocytosis [14—16]. We used HCVpp because infection with
HCVpp is thought to simulate HCVentry [7,17,18] and the entry
is independent of HCV replication. HCVpp binding to the
cellular receptors was performed at 4 °C for 1.5 h. Under these
conditions, HCVpp bind to the cells but entry is not efficient.
The inoculum was removed, and fresh medium was added to the
cells. The cells were subsequently incubated at 37 °C. In
protocol I, the drug was administered during the binding step at
4 °C. After the shift to 37 °C, treatment with the drug was
performed during first hour (protocol II) or after 1 h at 37 °C
(protocol III) to distinguish between the inhibition of early and
late post-binding events (Fig. 5a). The inoculum was removed
after treatment, and fresh medium was added to the cells. We
used chloroquine, a lysosome-tropic agent, as a control inhibitor
for early entry (protocol II) [19]. We also used an anti-CD81
antibody that specifically inhibits HCV entry through the inhi-
bition of the HCV cellular receptor protein CD81 at early entry
[20,21]. As expected, chloroquine inhibited luciferase activity
when the cells were treated during the early post-binding step
(protocol II). This result suggested that endocytosis occurred
primarily during the first post-binding period (protocol II). Anti-
CD81 markedly inhibited luciferase activity during protocol II
as reported [18,19]. Tamoxifen treatment did not result in clear
differences between the protocols and the compound displayed
similar activity regardless of the treatment period (Fig. 5b left).
As a control, the same experiment was performed using VSVpp.
Chloroquine inhibited the early entry step of VSVpp, but anti-
CD81 and tamoxifen did not show any inhibition (Fig. 5b right).

Tamoxifen is a lipophilic weak base and inhibits acidifi-
cation intracellularly [22]. Therefore, we examined whether
the inhibition of the endocytosis of HCVpp by tamoxifen was
dependent on its function as a weak base. Chloroquine is
a weak base and inhibits endosome acidification. The pH
sensitivity is considered a good indication of clathrin-
dependent endocytosis. Previous reports have indicated that
chloroquine inhibited HCVce and HCVpp infection [14,19].
We adjusted the medium to pH 5.5 and incubated the cells in
this acidic medium in the presence or absence of tamoxifen for
2 h post-binding. The acidification of the medium did not
affect either the entry of HCVpp or the cell growth (Fig. 5¢).
Treatment with tamoxifen in the medium with a normal pH
(pH 7.1) reduced HCVpp entry, and treatment with the drug in
the acidic medium also reduced entry to a similar extent. In
contrast, chloroquine treatment in regular medium reduced
HCVpp entry, but entry was restored in the acidic medium
(Fig. 5c). These results indicate that the inhibitory effect of
tamoxifen was not dependent on the function of this
compound as a base, unlike the effects of chloroquine.
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