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New in vitro RNA synthesis has been performed with
an L-A virus nanoparticles, in which the gene and
polymerase are integrated. The specific recognition
sequence (packaging site) of L-A virus was inserted
within a gene of interest. Based on the intrinsic repli-
cation cycle, the exogenous RNA with the packaging
site was encapsulated by an empty L-A virus nanopar-
ticle. The packaging site worked as a recognition site
even for exogenous RNAs. The recognized RNA was
replicated to dsRNA, and was then transcribed by
empty L-A virus nanoparticles. These results indicate
that empty L-A virus nanoparticles recognize an exog-
enous RNA with the packaging site and synthesize
RNA in vitro. © 1999 Academic Press

Recently, in vitro RNA synthesis by virus or phage
enzymes have been demonstrated and utilized for vari-
ous purposes, which includes RNA splicing, in vitro
translation, and post-translational modifications of pro-
teins (1-3). Especially, T7 RNA polymerase, SP6 poly-
merase and Qp-replicase are effectively utilized for in
vitro RNA synthesis. In these methods, however, the
genes and polymerases are not so efficiently integrated in
the reaction mixture, that the interaction of the gene and
polymerase is a rate-determining step. To overcome the
drawbacks, a new RNA synthesis system, in which gene
and polymerase are encapsulated in a nanoparticle de-
rived from a virus, has been proposed in this paper. A
special attention has been paid to L-A virus, here.

L-A virus has been extensively studied in recent
years by Wickner et al. (4). L-A is a double-stranded
RNA (dsRNA) virus of Saccharomyces cerevisiae of
which diameter is in the range of 40nm (5). The virus
includes 4.6 kbp dsRNA as a genome and RNA poly-
merase inside of the particle. The genome encodes both
the 80 kDa major coat protein (Gag) and a 180 kDa
minor viral protein (Gag-Pol) (6). Gag-Pol has selective
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ssRNA-binding activity and plays a role in RNA syn-
thesis, replication and transcription (7-11). L-A under-
goes a replication by a conservative mechanism. The
(+)-strands are made by transcription of dsRNA, while
the (—)-strands are simply copied by themselves to
form dsRNA. The (+)-single-stranded RNA(ssRNA) is
recognized in a new coat to form new viral particles.
Both (+) and (—)-strands are synthesized in a viral
particle and newly synthesized (+)-strands are se-
creted out of particle.

Endogenous L-A virus RNAs, M1 and X (+) strands
have been proved to be replicated by these empty L-A
virus nanoparticles (12, 13). It was also reported that
the 3’ terminal sequence and a nearby stem-loop struc-
ture are, along with a distant site, necessary for the in
vitro replication reaction of X dsRNA (12, 14-16).

These facts encouraged us to construct an in vitro
RNA synthesis system with L-A virus nanoparticles. It
is our primary concern to design an in vitro RNA syn-
thesis system with L-A virus nanoparticles, which rep-
licates not only endogenous but exogenous RNA. As
schematically illustrated in Fig. 1, both gene recogni-
tion and RNA polymerase domains are integrated in an
L-A virus nanoparticles. A possible mechanism of the
gene recognition should be the identification with the
packaging site in the endogenous RNAs. To replicate
any exogenous RNAs, the packaging site has been in-
serted to a gene of interest. The polymerase and gene
are thus integrated in a nanoparticle for synthesizing
RNA effectively. To demonstrate the in vitro RNA syn-
thesis with empty L-A virus nanoparticles, luciferase
RNA was selected as a reporter gene. The packaging
site of L-A virus was inserted within the exogenous
RNA encoding luciferase gene. The performance of the
in vitro RNA synthesis with L-A virus nanoparticles is
described in this paper.

MATERIALS AND METHODS

Materials. Yeast strain TF229 (MATa his(3,4) leu2 ski2-2 L-A-
HN) and plasmid pRE76-2-14 were kindly gifted by Prof. Reed B.
Wickner. Restriction enzymes were purchased from TAKARA Shuzo
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FIG. 1. The schematic illustration of in vitro RNA synthesis with
an empty L-A nanoparticle.

(Shiga, Japan) for constructing plasmids. MEGAscript T7 was ob-
tained from Ambion (Austin, Texas) for transcription of ssSRNAs, and
RNeasy was from QIAGEN (Hilden, Germany) to purify RNA prod-
ucts. *P-UTP was purchased from NEN Life Science Products, Inc.
(Boston, MA).

Extraction of L-A virus and preparation of empty L-A virus nano-
particles. Yeast strain TF229 was used to purify mature L-A virus
nanoparticles. Empty L-A virus nanoparticles were prepared accord-
ing to the methods in the previous papers (7, 10, 14, 17) with a slight
modification. TF229 cells were grown in YPAD medium (2% glucose,
2% peptone, 1% yeast extract, 0.04% adenine) for 3 days at 30°C and
mature L-A virus nanoparticles were isolated from the stationary
phase of strain TF229 cells. Cells were harvested, washed once with
distilled water, suspended in a spheroplasting buffer (100 mM Tris-
HCI, pH 7.6, 1 M sorbitol, 20 mM 2-mercaptoethanol, 1.5 mg/ml
Zymolyase), and incubated at room temperature for 1 hr. All subse-
quent steps were carried out at 0—4°C.

The spheroplasts were collected, suspended in buffer A (50 mM
Tris-HCI, pH 7.6, 10 mM EDTA, 150 mM NacCl), and disrupted with
a homogenizer. Cell debris was removed by low speed centrifugation
(9600 X g, 30 min). Viral particles were collected by high speed
centrifugation (100,000 X g, 40 min) and suspended in buffer A. The
solution was cleared again by low speed centrifugation (9600 X g, 30
min). The density of the solution was adjusted to 1.35 g/ml by
addition of CsCl, and viral particles made band by centrifugation at
130,000 x g for 20 hrs at 4°C.

Fractions containing the particles were dialyzed against buffer A
containing 20% (v/v) glycerol for several hours and kept at —70°C.
Purified L-A virus nanoparticles were dialyzed against 1000 vol of
low ion strength buffer (2 mM Tris-HCI, pH 7.6, 1 mM Na EDTA, and
1 mM dithiothreitol) for several hours at 4°C.

The empty L-A virus nanoparticles were then separated from L-A
dsRNA by density gradient centrifugation for 20 hrs at 130,000 X g
at 4°C in CsCl at 1.31 g/ml. The empty L-A virus nanoparticle
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fraction was dialyzed against buffer A containing 20% (v/v) glycerol
and kept at —70°C before use.

Plasmid construction. The plasmid pBS5LAlucPS was con-
structed as a template for sSRNA synthesis as presented in Fig. 2.
First, the region of T7promoter and multi cloning site was cut out
from pBluescriptSKII~ by digesting with BssHII, and the synthe-
sized DNA fragment coding T7 promoter, 5’NCR (30 bp) of L-A virus
and some restriction enzyme sites was ligated with the digested
plasmid. Next, the packaging site from pRE76-2-14 (digested with
Dral and Sacl) was inserted into the plasmid. This plasmid was
named pBS5LAPS, encoding the whole sequence of X in which some
restriction enzyme sites were inserted to combine an exogenous
gene. At last, the luciferase gene fragment from pT3T7luc (digesting
with by Pstl and Kpnl) was inserted into pBS5LAPS. This plasmid
was named pBS5LAIucPS.

Preparation of single-strand RNAs. The plasmid pBS5LAIucPS
was digested at Fspl site, and single-strand RNAs (ssRNA) were
transcribed from the plasmid with T7 RNA polymerase. The tran-
scription of ssSRNAs was confirmed by 1.5% agarose electrophoresis.
(+)LAPS ssRNA coding the packaging site was transcribed from
pBS5LAPS, and (+)LAIlucPS ssRNA coding luciferase and the pack-
aging site at its 3’ end was transcribed from pBS5LAIucPS.

In addition, (—)LAPS ssRNA, (complement ssRNA of (+)LAPS
ssRNA), and (+)LAluc ssRNA (without the packaging site) were
prepared by transcription from pBS5LAIucPS digested with Kpnl.
*p_labeled RNAs were prepared by addition of **P-UTP to the tran-
scription reaction according to the manual of transcription kit.

Recognition of specific RNA by an empty L-A virus nanoparticles.
Empty L-A virus nanoparticles and *P-labeled RNA (50 ng) were
incubated in 15 ul reaction mixture (50 mM Tris-HCI, pH 7.6, 10 mM
EDTA, 150 mM NacCl, 10 ug yeast t-RNA), at 30°C for 20 min. After
incubation, the products were analyzed by electrophoresis to sepa-
rate complex of sSRNA and empty L-A virus nanoparticle in a 1.5%
agarose gel, and BAS2000 system (Fuji film) was used to acquire the
image.

Packaging
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FIG. 2. Schematic representation of plasmid pBS5LAlucPS and
transcribed ssRNA with/without the packaging site. pBS5LAIucPS
encoded T7 RNA promoter and luciferase and packaging site from
pRE76-2-14. K and F represent Kpn | and Fsp | sites, respectively.
After digesting the plasmid with Kpn | or Fsp I, it was used as a
template for transcription reaction by T7 RNA polymerase, and
ssRNA was prepared.
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FIG. 3. Recognition of template ssRNA by an empty L-A nanopar-
ticle. The ssRNA and empty L-A nanoparticles were mixed and incu-
bated at 30°C for 20 min and electrophoresed in 1.5% agarose gel. (1)
ssRNA encoding only packaging site. (2) ssRNA encoding complement
sequence of packaging site. (3) ssRNA encoding luciferase sequence
without packaging site. (4) ssRNA encoding luciferase sequence with
packaging site. Each ssRNA was incubated with empty L-A nanopar-
ticles (+), and without empty L-A nanoparticles (—) respectively, which
was followed by application to gel electrophoresis.

Replication reaction. The RNA replication reaction was carried
out according to the previous paper (13). The reaction mixture (25 ul)
containing 50 mM Tris-HCI, pH 7.6, 5 mM MgCl,, 0.1 mM Na EDTA,
20 mM NacCl, 5 mM KCI, 10 mM 2-mercaptoethanol, 0.5 mM each of
ATP, CTP, and GTP, 0.2 uM [a-¥PJUTP, 10% PEG4000, added
template ssRNA (1 ng), and empty L-A virus nanoparticles (10 ug of
protein) was incubated for 90 min at 30°C. The RNA products were
extracted and purified with RNeasy column, and separated in a 1.5%
agarose gel, and detected as described above.

Denaturation of dsSRNA. To separate double-strand RNA (dsRNA)
from (+) ssRNA and (=) ssRNA, the RNA products were denatured
for 1 min at 90°C in the presence of 30% DMSO, and 7 M urea. The
sample was quickly chilled and applied to a 1.5% agarose gel.

Transcription reaction. The transcription reaction mixture was
similar in component to that of the replication reaction except 20%
(v/v) PEG4000. The RNA products were extracted and purified, and
assayed in a 1.5% agarose gel.

Annealing test. *P-labeled samples were incubated for 5 min
at 95°C in SSC buffer (150 mM NacCl, 15 mM Sodium Citrate, pH
7.0) containing 2% SDS and (+) or (=) non *P-labeled ssRNA
(2 ng). After incubation, the sample was gradually cooled to room
temperature.

RESULTS

Recognition of Specific RNA by Empty L-A
Virus Nanoparticles

The *P-labeled RNA was mixed with the empty L-A
virus nanoparticles and incubated at 30°C for 20 min.
The products were analyzed by 1.5% agarose gel elec-
trophoresis, which are shown in Fig. 3. RNA encoding
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only packaging site and empty L-A virus nanoparticles
were mixed and incubated. Two bands are observed in
the lane of ssSRNA mixed with empty L-A virus nano-
particles (the (+) in lane 1, Fig. 3). The faster band
must be *P-labeled RNA encoding only packaging site,
since the same migration was observed in the lane,
when only *P-labeled ssRNA was applied without
empty L-A virus nanoparticles (the (=) in lane 1).
There is another slower band in the lane with empty
L-A virus nanoparticles. This slower band indicates
that the ssRNA could make a complex with empty L-A
virus nanoparticles. The ssRNA encoding complement
sequence of the packaging site did not form a complex
with empty L-A virus nanoparticles (the (+) in lane 2).
Also there is a single band, when ssRNA encoding only
luciferase is mixed and incubated with empty L-A virus
nanoparticles (the (+) in lane 3). However, ssRNA en-
coding luciferase with the packaging site formed a com-
plex with empty L-A virus nanoparticles, and slowly
migrated band was observed (the (+) in lane 4). This
result indicated that even an exogenous RNA encoding
packaging site could be recognized by empty L-A virus
nanoparticles.

In Vitro RNA Replication

Replication was carried out under the condition ac-
cording to previous studies of R. B.Wickner et al. (13)
with a slight modification. The LAlucPS ssRNA was
used as a template for replication reaction. LAIucPS
sSRNA encoded luciferase sequence and the packaging
site. This ssRNA and empty L-A virus nanoparticles
were mixed and incubated with some cationic ions and
NTP as a substrate for replication reaction. The puri-
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FIG. 4. Replication reaction of exogenous RNA with empty par-
ticles. The ssRNA encoding luciferase and packaging site were mixed
and replicated with empty nanoparticle. The reaction mixture was
assayed by 1.5% agarose gel electrophoresis. (A) Without denatur-
ation before loading (lane 1, *P-labeled (+)LalucPS; lane 2, *P-
labeled dsRNA of LalucPS; lane 3, replication reaction without tem-
plate ssRNA (+)LalucPS; lane 4, replication reaction with template
ssRNA (+)LAlucPS). (B) With denaturation before loading (lane 1,
*p-labeled (+)LalucPS; lane 2, **P-labeled (—)LalucPS; lane 3, same
sample of lane 4 in A with denaturation).
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FIG.5. The transcription reaction of exogenous RNA with empty
particles. (A) The product of transcription reaction was applied on
1.5% agarose gel (lane 1, *P-labeled ssRNA (+)LalucPS; lane 2,
p_labeled dsRNA of LalucPS; lane 3, transcription reaction prod-
uct). (B) Annealing test. The faster band of lane 3 in A was isolated
and annealed with non-*P-labeled (+)LAlucPS ssRNA (lane 1) or
(—=)LAIucPS ssRNA (lane 2).

fied RNA of the sample was analyzed in a 1.5% agarose
gel. The results are shown in Fig. 4. First, electrophore-
sis without any treatment before loading is presented
in Fig. 4-(A). The slower band is observed in the lane 4,
compared with control *P-labeled LAlucPS ssRNA
(lane 1). This band appears in the lane 3, where the
product from the reaction without (+)LAlucPS ssRNA
was applied. Therefore, this band was template depen-
dent and RNA synthesis reaction was proceeded ac-
cording to the exogenous RNA. This band was consid-
ered as dsRNA that was replicated by empty L-A virus
nanoparticles. To confirm this, the same samples were
applied in agarose gel with denaturation before loading
(Fig. 4-(B)). In Fig. 4-(B), the template dependent band
migrated up to the same level of ssSRNA (lane 3). This
suggests that the newly synthesized RNA is in double
stranded structure and (—)LAlucPS ssRNA, because
its position is comparable to **P-labeled (—)LAlucPS
sSRNA (lane 2). These results indicate that an empty
L-A virus nanoparticles is effective on replicating ex-
ogenous RNA to dsRNA.

In Vitro RNA Transcription

For transcription reaction, 20% PEG4000 was added
to the replication reaction mixture and incubated at
30°C. After incubation, two bands appeared as shown
in lane 3 of Fig. 5-(A). The slower band is ascribed to
dsRNA that was produced by replication. And the
faster band could be regarded as ssRNA that was tran-
scribed by transcription reaction from its size. The
RNA in the faster band was isolated and examined by
annealing test. Annealing with (—)LAlucPS ssRNA re-
sulted in shifting to the level of dsRNA (lane 2 in Fig.
5-(B)), while no difference was observed when the band
was annealed with (+)LAlucPS ssRNA. This suggests
that the faster band includes (+)LAlucPS sequence,
and that empty L-A virus nanoparticles transcribe
new RNA strands from the exogenous RNA with the
packagin site.
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DISCUSSION

An effective integration of molecules leads to effec-
tive expression of function, even for RNA synthesis
system. From this aspect, an in vitro RNA synthesis
system has been constructed with empty L-A virus
nanoparticles as schematically illustrated in Fig. 1.
The insertion of the packaging site was confirmed to be
effective on selective recognition of exogenous gene of
interest by empty L-A virus nanoparticles. A template
ssRNA was designed to encode the packaging site and
exogenous gene information of interest (luciferase).
The experimental results are completely supported by
the findings reported elsewhere (12, 13). In the empty
L-A virus nanoparticles, RNA synthesis was catalyzed
at the RNA polymerase site with reflecting the tem-
plate ssSRNA. The product was identified to dsRNA,
which was replicated from the exogenous RNA. It is
pointed that excess addition of host factors should not
be required for replication and transcription reactions,
though it was reported that native M1 RNA was rep-
licated in the presence of host factors (13). Our results
indicate that empty L-A virus nanoparticles prepared
in this paper include host factors that are required for
replication. Figure 5 shows that empty L-A virus nano-
particles transcribed exogenous RNA encoding lucif-
erase and packaging site. This reaction needs 20%
PEG4000. PEG4000 enhanced the RNA synthesis re-
action by empty L-A virus nanoparticles, which was
previously reported (13).

These results show that L-A virus can be a useful
material to construct new RNA synthesis system.
Empty L-A virus nanoparticles can recognize RNA en-
coding interest sequence with packaging site, and rep-
licate and transcribe new RNA strand. These facts
prompt us to construct general RNA selection system
and RNA synthesis system based on L-A virus.

Here, we showed only the main point of this system,
that is, the empty L-A virus nanoparticles can work as
an RNA synthesis machine for exogenous RNA. Now
we are studying details of this system, for example,
assemble process, particle form RNA secretion, and
also applying this system with cell-free protein synthe-
sis system.
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