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1.1 INTRODUCTION

Non-enveloped viruses such as simple bacteriophages have an unique strategy of
assignment of a genotype to its phenotype. The molecule of genotype 1s bound to
some of molecules of the phenotype. In short, genomic DNA (or RNA) is bound to
coat proteins. On the other hand, the cellular organisms adopt another kind of the
strategy, namely the compartmentalizing of both genotype and phenotype molecules
in a single compartment enclosed with a cell membrane. The simplest strategy is that
adopted by ribozymes in the RNA world. A single molecule carries both genotype
and its phenotype.

Recent advances in evolutionary molecular engineering has demonstrated that the
strategy adopted by the simple virus is very efficient for molecular evolution of a
single protein. Examples are the phage display method (Scott & Smith, 1990), the
cellstat method (Husimi, 1989), and the encoded combinatorial library method
(Brenner & Lerner, 1992). An "in vitro virus" process, which simulates a life cycle
of a retrovirus in a cell-free test tube, are being tried in order to prepare for the
rapid adaptive design of a protein molecule as the coat protein of the "in vitro virus"
(Suzuki et al., 1993).

In the evolutionary molecular engineering, the ribozyme-type and the cell-type
strategies have also been adopted. The ribozyme-type strategy is the most effective,
but the cell-type strategy is not so effective. The efficiency of the virus-type
evolutionary molecular engineering process must correspond to faster evolution of a
virus in nature than a cellular organism.

Maizels & Weiner (1993) suggested that some contemporary viruses preserve a
record of the replication strategy used by a cellular organism in the RNA world and
that contemporary viruses are older as living fossils than contemporary cellular

organisms in this sense. Many authors, however, believe that viruses emerged after



the evolution of cellular organisms, because viruses are cell parasites. Indeed, the

contemporary virus can not reproduce without the host cell The "in vitro virus",
however, can reproduce without a cell What of ancient viruses? This depends on
the definition of the virus. The original medical definition of a virus was a filterable
self-reproducible parasitic pathogen (Beijerinck, 1898). Some bacterial viruses --
filamentous phages -- however, are trapped by a filter and they sometimes become a
symbiont rather than a parasitic pathogen. Based on the success of virus-type
evolutionary molecular engineering, we propose here that the essential nature of
virus in the evolutionary aspect is its strategy of the assignment of the phenotype to
its genotype. The degree of conservation of this nature of the contemporary virus is
wide. Almost all contemporary viruses adopt more-or-less both virus-type and cell-
type strategies.

Now we can imagine a "filterable self-reproducible parasitic pathogen" to a pool of
the RNA world, which adopted the virus-type strategy in its pure form before the
emergence of a cellular organism. In this chapter we show that the introduction of
such a virus-like organism between the occurrence of the RNA polymer organism
and the single cellular organism in the early history of life makes it easy to explain a
gradual and rapid evolution of a molecular system of encoded protein synthesis.

Some authors (e.g., Weiner, 1988) have suggested the presence of the
ribonucleoprotein(RNP) world after the RNA world without comment on the
assignment strategy of encoded protein synthesis. They tacitly assume the presence
of cell-type strategy.

The presence of the RNA world -- that is, the living world consisting of self-
replicating RNA without encoded protein -- is widely accepted (Gilbert, 1986). This
hypothesis is reinforced by the recent inventions of various functional ribozymes
through the evolutionary molecular engineering of ribozyme-type (e.g., Bartel &

Szostak, 1993). Presence of the cell is not essential in the RNA world. Several self-



replicating ribozymes can coexist as members of a hypercycle (Eigen, 1971) without
competitive exclusion in a pool of the RNA world.

In the original model of the hypercycle with translation, the synthesized proteins
are assumed to be isolated molecules. This situation leads to dichotomy between
genotype and phenotype. To overcome this difficulty, the hypercycle has to be
compartmentalized into a cell (Eigen & Schuster, 1979; Buchholtz & Schneider,
1985).

Here we introduce a member with virus-type strategy into the hypercycle. Based
on the discovery of peptidyl transferase activity of ribosomal RNA (Noller, Hoffarth
& Zimniak, 1992), we also introduce a ribozyme with translation activity into the
hypercycle. We show that such a hypercycle with virus-like members could enable
both the replicase activity of the first protein and the translation activity evolve

gradually out of the RNA world.

1.2 DESCRIPTION OF THE MODELS
1.2.1 A hypercycle with virus-like members at the end of the RNA
world.

Based on the following postulates, we consider a hypercycle model demonstrating
that the replication system and the translation system evolve together in Darwinian
sense at the end of the RNA world. The most unique postulate in this model is
postulate- 4.

Postulate-1. There were the replication ribozymes in the RNA world. They
catalyzed the replication reaction of RNAs including themselves. The length of the
ribozyme was not so long because of the poor fidelity of replication. The ribozymes
constituted a hypercycle to coexist [Figl.1(a)] (Eigen & Schuster, 1979).

Postulate-2. The first protein which was encoded in an RNA emerged as a co-

factor of the replication ribozyme. Translation was performed by = ribozymes
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Fig.l N Various hypercycles.

Solid and open arrows denote catalytic reaction and chemical reaction,
respectively. Solid lines and broken lines denote replication and translation,
respectively.

(a) An elementary hypercycle in the RNA world. X1 and X2 are replicase
ribozymes.

(b) A hypercycle with a virus-like member. "tr" is a ribozyme, which has both
replicase activity and peptidyl transferase activity and carries a gene for a cofactor
of the replicase ribozyme. "A" is another replication ribozyme which serves also as
an adapter. "v" is a complex of tr (RNA gene) and the replicase cofactor (translated
protein), that is, a "virus" particle. In this figure, only "tr" catalyzes a translation for
simplicity.  "A" also catalyzes translation in the computer simulation described in
the text.

(c) A specialists hypercycle. Tr is a descendant of tr which has improved the
peptidyl transferase activity. tR is a descendant of tr which has improved the
replicase activity of the replicase virus. V has a greater replicase activity than v in
(b) The mutual catalysis of replication among Tr, tR and A is neglected
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(Noller et al., 1992). Some ribozymes in the hypercycle were aminoacylated with a
specific amino acid (Shimizu, 1982; Piccirilli et al., 1992). They served as tRNAs.
A translation ribozyme, which had both replicase activity and peptidyltransferase
activity, also had a gene for the first protein

Postulate-3. The environment of the hypercycle is modeled by a continuously
stirred tank flow reactor into which substrate small molecules flow, and from which
excess polymers flow out. We assume the dilution rate D is regulated to keep
constant the total population of polymers in the reactor for simplicity (a turbidostat
model).

Postulate-4.  The translated protein was bound to the gene. Our system adopted
the virus-like strategy of assignment of genotype to phenotype. We call the bound
entity as a "virus" and the hypercycle as a "hypercycle with a virus-like member"
[Figl.1(b)] A virus-like member is defined as a set of the naked coding RNA and
the virus. The dynamics of the hypercycle with a virus-like member of Figl.1(b) is

described as follows:

dx,/dr= Z Z kijxixj +kyxy - kixyxp - x1D, (1)
i=l,v j=12v
dxo/dr= 2 koixox; - x2D), (2)
=1,2,v
dxy/dr= kix1xp - xyD, (3)
D = 2 kijxixj + ey, (4)
1,j=1,2,v

where xj, xp and x, denote the population density of the repli-

cation/translation/coding ribozyme (tr), another replication/translation ribozyme (A)
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and virus (v), respectively We arbitrarily set the total population in the turbidostat
to be 1. Thus population density of each member means the mole fraction within
total RNA polymers. The 4, s denote the rate constant of replication reaction for the
i-th member catalyzed by the j-th member. 4, denotes the rate constant of replication
reaction for RNA moiety of the virus catalyzed by itself. 4, and /) denote the the

translation rate constant and the dilution rate, respectively.

1.2.2 The evolution of a replicase-virus member in the hypercycle

We extend the above mentioned model [Fig.1.1(b)] to treat a case that an
advantageous mutant of the replicase-virus member emerged in the hypercycle
(Fig.1.2) and to observe how the population changeover occurs for the virus-like

member. The dynamics in this case is described as follows:

1

dxp/de= z Kinim*1nX1m T Aynlm*ynX1m © A 1nvm®1n*vm

m=0
FhynvmXynXvim) + kyn¥yn - kpeaxin - XD, (%)
for n=1,2 ,
dxp/d= kxox i - xynD, (0)
forn=1,2 |
1
drpfdi= 24 ( k21m*2%1m * A2vm¥2¥ym ) th2 X2 X3 -xD), )
m=0

where D denotes dilution rate. x1g and x,( are population densities (or mole

fraction) of the ribozyme and its virus, respectively. x| and x, denote



Fig.1.2

A model describing the elementary step of evolution of the replicase virus (v) in
Fig.1(b) trand v are wildtypes. trm and vm are advantageous mutants.



population densities of the advantageous mutant of the tr and its virus v,

respectively x» denotes the population density of the ribozyme "A". Equations (5)-

(7) include all cross-terms of  replication reactions catalyzed by each other.

1.2.3 The evolution of two additive replicase-viruses in the
hypercycle

We extend the model to the case where the hypercycle has two kinds of the
replicase-virus members which serve additively two different functions for RNA

handling (Fig.1.3). Here we treat a case where the replicase-virus evolved to have a

much greater activity than that of ribozymes. Thus the A1p1m and Apqy, terms

(n=0,1, m=0,1) and kyn1m and Ay terms (m=0,1, n=0,1) are negligibly smaller
than other & terms in the above eqs (5)-(7).
The dynamics of this model, when each advantageous mutant of both replicase-
virus members emerged, is described as follows:
2 1

dxjp/dr= 2 Z Kinvi,m¥in¥vj,m * vi n¥vi,n

=1 m=0
2 1
W 2 Z kvi,nvj,m—"vi,nxvj,m - kgx3xip - XinD, (8)
j=1 m=0
for 1=1,2 and n=0,1
dxyj n/dr= kpx3xin - - xyinD, )
for i=1,2 and n=0, 1
2 1 2 2 ] 1
dx3/dr= z Z'I"3vi,nx3xvi,n+ Z Z 2 Z K3vi,mvj,n¥3%vi, m¥vi,n
=1 n=0 i=1 j=1 m=0 n=0

14



Fig.1.3

A hypercycle consisting of two additive virus-like members. v1 and v2 are
replicase viruses. They replicate RNAs additively. "A" is a ribozyme which has both
replicase activity and adapter activity.

15



-x3D. (10)

The dilution rate D is determined based on the condition of constant total

population x7( and x;( are the population densities (or mole fractions) of the
wildtype of two kinds of replication/translation/coding ribozymes trl and tr2; each
encodes a differently functioning protein of RNA handling x| and x| denote the
population densities of the advantageous mutants of trl and tr2, respectively. xyj n

denotes the population density of the virus made from x;,. x3 denotes the

population density of another replication/translation ribozyme "A"

The emergence of the additive partner is explained by the model itself The first
molecule named tr2 may be a mutant of trl or a migrant from another pool. If the
virus-like member tr2 is not a competitor against the virus-like member trl but a
mutual enhancer with it, then tr2 becomes a member of a stable hypercycle shown in

Fig.1.3.

1.2.4 Making of two specialist ribozymes from the doubly
functioning ribozyme (tr).

Finally, we extend the model to the case that, after some improvements of
replicase activity, the additionally doubly functioning ribozyme (tr) was replaced by
two specialized ribozymes, a translation ribozyme (Tr) and a replicase-cofactor
encoding ribozyme (tR). Note that all these ribozymes also have the replicase
activity. The hypercyclic couplings between members were rearranged to meet the
new structure called a specialist hypercycle [Fig.1.1(c)]. The dynamics of the model

is described as follows:

dx/di= Z kiy3xixyx3 + ky3xyxs - kixyxoxs -x 1D, (11)
=1v
dxy/dt= kixxoxy - xD, (12)
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dx;/dr= /"iv(i-])xixvx(i-l) - xiD, (13)
for1=2,3
where
3

D= z Kiy3Xixyx3 + 2 Kiv(- 155X (j-1) + Ay3xyX3, (14)
i=1,v =2
denotes dilution rate. x|, xy, X7 and x3 are the population densities of the replicase-

cofactor encoding ribozyme (tR), its virus (V), the translation ribozyme (Tr) and

another translation ribozyme (A), respectively. kivj denotes the rate constant of

replication reaction for the /-th member by both the virus-member and j-th member.
Computer simulations were performed using Mathematica ver.2.2 on Sun SPARC

Station 2.

1.3 RESULTS OF COMPUTER SIMULATION
The stability and selection process of the hypercycle with virus-
like member.
As is well-known, the dynamics of the elementary hypercycle model [Fig.1.1(a)] 1s
stable in the wide range of parameters (data not shown).
Fig.1.4 shows a time-course of mole fractions in the flow reactor for the model of
Fig.1.1(b). Each member coexists stably The virus survives even if the

dimensionless replication rate constant of virus ky, * 55.6 is considerably smaller

than the dimensionless replication rate constants of ribozymes and the translation

rate constant k¢ is fairly small (e.g., 1000 replications per | translation) . Therefore,

when the translated protein can bind the gene RNA (tr) and enhance its own
replication reaction slightly, the bound entity (virus-like member) can coexist in the

hypercycle. This simulation shows that a virus-like member could emerge as a
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Stability of the hypercycle with a virus-like member (Figl(b) and eqs (1)-(4)). A
time course of population dynamics in a flow reactor is shown. Top: x| (=x7), x2

(=xp), and v (=xy,) are mole fraction of tr, A and v, respectively. Bottom: Dilution

rate D is plotted against time for monitoring the stability of total population
Translation rate constant: k;=0.1; replication rate constants: k| 1=kp2=k,1=1,

kp1=1.2, k19=ky2= 1.4, ky=k\,=0.01, k1,=0.02, k»,=0 03 Initial conditions:
x1(0)=x2(0)=0 5, x,(0)=0.

18



Mole fraction

17717

-

—_—
24
N

TS B ey i s S e g e e -

IIIIIWTI?IIIhIIIIT*{IIII]IIT

1000 1500 2000 2500 1 x
Time

O e
@]
o
O

Fig.1.5

A population changeover dynamics from the wild-type to an advantageous
mutant in the hypercycle (Fig.2). x1¢0 (=x10), x11 (¥x11), x2(=x2), vg (=xy0) and
v] (=xy]) denote mole fraction of tr, trm, A, v and vin, respectively. Translation
rate constants' k¢=1; replication rate constants: k|o0=k]111=k22=1,
ky010=kv1117kv02=kv12=1, k2107421172, ky0=0.1, kyov0=1, k10v0=1, k2v0=2,

ky1=0.12, ky1y17h1 1v1=1.2, koy1=2.4, k11107k10117 10 Ay 1 1075v01 151 A1 1v0™

kv1vo=1, kyvov1= k1ov1=1.2.
Initial conditions: x1(0)=0.499, x11(0)=0.001, x7(0)=0.5, x,,0(0)=x,,1(0)=0
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parasite to an elementary hypercycle in the RNA world.

Fig.1 5 shows that a slightly advantageous mutant (4;=0.12) population took over
the wildtype (k,;=0.10) population. The virus-like member can improve its
replicase activity (k,, and ky;) gradually in the hypercycle. The ribozyme moiety of

the virus-like member can also improve its translational activity (k) (data not

shown).

On the other hand, the replicase protein cannot evolve in the hypercycle without
adopting the virus-like strategy. Consider a model where the virus was replaced
with the isolated replicase protein. The single isolated protein makes the hypercycle
unstable, because it does not contribute the hypercyclic coupling. The dilution rate
decreases gradually and tends to the final constant value corresponding to the
growth of 'A' (x2) without the protein replicase. Replicase proteins in the original
hypercycle with translation are also isolated molecules, but the hypercycle is stable
because of the mutual enhancement mechanism. However they cannot improve their
activity because of lack of genotype/phenotype assignment strategy.

Fig.1.6 shows a time course of population dynamics in the flow reactor for the
model in Fig.1.3. Two additive replicase-virus members could coexist stably in the
hypercycle. Fig.1.7 shows a population changeover dynamics from the wild-types to
advantageous mutants of two additive replicase-virus members. We naturally
assumed that mutants are competitive with its wild-type and are cooperative with
each other. Since mutants could take over the wildtypes and coexist with other
translation members, each replicase-virus member in an cooperation set could
evolve. The same result was obtained for the case that each advantageous mutant
emerged independently.

Fig.1.8 shows the range of parameters which make the specialist hypercycle
[Fig.1.1(c)] stable. Because several kinds of tRNA are required and several

translation ribozymes are required in order to evolve to a more elaborate translation
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Coexistence of two kinds of replicase virus-members in the hypercycle (Fig.3). A
time course of population dynamics in the flow reactor is shown. X1 (Zx1), x2 (=x2),

X3 (=x3), v] (=xy1) and v (=xy7) denote mole fraction of trl, tr2, A, vl and v2,

respectively. Dilution rate is also stable (not shown). Translation rate constant:

k¢=1; replication rate constants: 1=kp2=k33=k| 2=kp3=k31=k 3=k 1=k32=0,

ky117ky 127k 217hy227ky13= ky23=0, ky1=0.1, ky1y1=k141=1, k3y1=117,

ky2=0.08, kypy2=k2y2= 0.8, k3y2=1.36, kpy1=1, ky2y1=1.5, k1,2=0.8, ky1y2=1.5.
Initial conditions: x1(0)=0.499, x7(0)=0.001, x3(0)=0.5, x,(0)= x2(0)=0.
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A population changeover dynamics from the wild-type (broken line) to an
advantageous mutant (solid line) of two additive replicase virus-members in the

hypercycle (Fig.3). x17 (=x11), x21 (=x21), V11 (=%y1,1) and vp1 (Zxy2 1) denote
mole fraction of advantageous mutants of trl, tr2, v1, and v2, respectively. x3 (=x3)
denotes mole fraction of A. Population changeover occurs at tpco=45 time units.
Translation rate constant; ki=1, replication rate constants; k10y1 0=ky1 0v1,0

=k11v1,0=1.2, k1 0v1,17k1 1v1,15kv1 1v1 1514, ky1 070.12, kyp 1=0 14,
k20v2,0=kv2,0v2,07%21v2,0=1, k20v2,17k2 1v2, 15kv2, 1v2,1=1 2, ky2 0=0.1,

ky2 1=0.12, ko0y1,05k21v1,0=1, k20v1 15h21v1 1711, k10v2,07k 1 1v2,0=1,
k1ov2,17k11v2,171.2, k3v1,07k3v1,15k3v2,07k3v2, 171, hy1,0v2,074v2,0v1,07 10,
kv1.0v2, 1752, 1v1,0=15, byl 1v2,07kv2 0v1,1=15, Ayl ovi 17kv1 1v] 071 44,
kv2.0v2, 15k 1v2,071.2, ky1 1v2,17kv2 1v1 1715, K3yl ov1 0713,
k3v2,0v2,0= 1.1, k3v1.0v2,036, k31 0v1, 171 4 A3v1,0v2,1=39, £3v2,0v1,1540,
k3v2,0v2, 17 1.2, k3y1 1v2, 1743, k31 1v1,171.5, A3y2 1v2,1=1.3. Initial
conditions; x10(0)=0.4, x11(0)=0.001, xy1 0(0)=0, xy 1(0)=0, x20(0)=0.4,
x21(0)=0.001, xy2 0(0)=0, xy2,1(0)=0, x3(0)=0.2
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Stable range of parameters for the specialists hypercycle (Fig.1(c)).
Contour lines of the mole fraction of the member of the smallest size at the long

time (1016 units) are drawn on the three planes where each replication rate constant
of two members varies independently and all other parameters are fixed (translation
rate constant; k=1, replication rate constants; ky,3=1, k,3=0.1) Initial conditions;
x1(0)=0.333, x9(0)=0.333, x3(0)=0.333, v(0)=0. ) . Values of innermost contour
line is 0.25 and the outermost is 0.025.

(a) the (k1y3)-(kay1) plane. (b) the (kpy1)-(k3y2) plane (c) the (K3y2)-(k]y3) plane,
where k1,3 denotes the replication rate constant of tR catalyzed by V and A, &y
denotes that of Tr by V and tR and k3, denotes that of A by V and Tr



machinery like modern ribosomal RNAs, we introduced two translation members
into the hypercycle through making the doubly functioning RNA split into two
specialized RNAs, a replication ribozyme (tR) and a translation ribozyme (Tr). We
assumed that the replication reaction of each member was catalyzed by the
replicase-virus and another ribozyme in the hypercycle. As shown in Fig.1.8, all the
member can coexist stably in the wide range of parameters. Note that cyclic
catalysis is not necessarily required for the stability of the hypercycle. For instance,
a situation that A and Tr catalyze each other replication and A and tR catalyze
each other replication is possible. Without this mutual enhancement among
members, however, two translation members (A and Tr) could not coexist in the

hypercycle.

1.4 DISCUSSIONS

1.4.1 Comments on assumptions of the hypercycle model

Eigen et al (1991) demonstrated that the system composed of Qf3 replicase and Qf3
RNA can be regarded as a hypercycle in the host cell. Our model of a hypercycle
with virus-like members is quite different with such a viral hypercycle.

We have assumed the existence of replication ribozymes in the RNA world. A
ribozyme with RNA ligase activity has been designed by evolutionary molecular
engineering (Bartel & Szostak, 1993). It is expected that A ribozyme with replicase
activity will be designed also by the engineering and it will suggest the existence of
an ancient replicase ribozyme and the RNA world itself It is likely that the
replication ribozymes made a hypercyclic coupling to increase their information
contents.

We can expect that a ribozyme catalyzing peptidyl transferase reaction emerged in
the hypercycle, because the RNA transesterase reaction and the peptidyl transferase

reaction have a similar reaction mechanism. Discovery of a ribozyme which



catalyzes aminoacyl esterase reaction suggests that the first aminoacyl RNA
synthetase was a ribozyme (Piccirilli et al, 1992). Recently a ribozyme of
aminoacyle-RINA synthesis have been made by evolutionary molecular engineering
(Illangaskare et al., 1995). A translation ribozyme that catalyzes peptidyl transferase
reaction could perform the translation using these aminoacyl ribozymes as
aminoacyl tRNAs.

We assumed that the first encoded protein attaches to its coding RNA (the virus-
like strategy). Some molecular mechanisms of the bonding can be speculated. These
mechanisms will be also useful for the evolutionary molecular engineering using the
cell-free translational system. An example is a method using RNA genome (single
gene) in which a suppresser tRNA is fused to 3' end of mRNA which has two
tandem termination codons.

A natural counterpart of the flow reactor model might be the surrounding
temperature-gradient region of an undersea volcano because of the constant flow of
energy from volcano and resources from both the volcano and the surrounding

"primitive soup”.

1.4.2 Co-evolution of replicase protein and translation machinery
We assumed that the first encoded protein catalyzed replication reaction. If the
first protein had catalyzed only the translation reaction instead, it would be
impossible for the protein to evolve. The reason is that the replication rate of its
encoding RNA (genotype) was not enhanced. The replication ribozyme might
evolve to catalyze translation reactions (Weiner & Maizels, 1987). In fact, by
evolutionary molecular engineering, a double functioning ribozyme has been made,
that has optimized phosphoester transfer activity and also has amide-bond cleavage
activity (Dait et al., 1995). Similarly, the first protein which catalyzed replication

reaction might evolve to catalyze translation reactions also, because both reactions
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require similar RNA handling techniques Qf3 replicase and other RNA-dependent
RNA polymerases of RNA viruses contain the ribosome-related proteins (Quadt et
al., 1993). These contemporary translation proteins may be a relic of the replicase
proteins of the first virus-like organism at the end of the RNA world

We have assumed triple functions for tr RNA. It is not so difficult for the molecule
with double or triple functions to improve each function. Phage ¢x174, for example,
has a genome region coding three overlapping genes using all three coding frames.
Triple functions have been evolving simultaneously.

We have shown that the molecule which has both replicase activity and
translational activity can optimize both functions in the hypercycle with virus-like
members. However, it is difficult for an isolated protein that catalyzes the
replication reaction to evolve, because the encoded protein has no assignment
strategy of phenotype to genotype.

We now discuss the evolution of members other than the virus-like member is
discussed. In the model in Fig.1.1(b), member A is not required to participate the
translation reaction directly, although the results shown in the previous section were
based on participation of A to translation. The model in which only tr (virus
genome) catalyzes the translation reaction [Fig.1.1(b)] provided the same results.
"A" can be regarded as a tRNA-like adapter between polynucleotide and
polypeptides, which bound some ubiquitous amino acids (e.g., glycine and alanine
etc.). When the replicase activity of the virus became greater than that of the
replication/adapter ribozyme, a new hypercycle modeled in Fig.1.1(c) emerged
stably, as shown in our results. The replication reaction in this model is a ternary
reaction in which the replicase virus and another replication/translation (or adapter)
ribozyme catalyze additively the replication of an RNA This higher order growth
reaction leads to the "once-for-ever" selection.

The tr translation ribozyme could make use of other replication/adaptor ribozymes



At the same time, the replicase virus could catalyze the replication reaction of these
new replication/adapter ribozymes. This entails an increase of tRNA species in the
hypercycle. The establishment of the genetic codes is explained in this context

(Eigen & Schuster, 1979).

1.4.3 Darwinian evolution in the hypercycle

The virus-like member could introduce Darwinian evolution into the hypercycle
with translation. Here "Darwinian" means "based on the population-independent
selection rather than the once-for-ever selection". It enables the single function of
the molecule to evolve gradually and rapidly in the hypercycle. Adoption of the
virus-like strategy for the assignment strategy of phenotype to genotype -- that is,
bonding the phenotype molecule (replicase protein) to the genotype molecule
( coding RNA) -- is the key to Darwinian evolution of the replicase protein.

The same is true for the hypercycle consisting of replication ribozymes in the RNA
world. We can consider this case as replacing the replicase protein in the previous
case with the replication ribozyme itself. Each replication ribozyme that carries both
phenotype and genotype can optimize its replicase activity independently of other
members unless the extreme Darwinian growth of a member destroys the
hypercyclic coupling. Thus, the "ribozyme hypercycle" is a Darwinian hypercycle in
which the replicase activity of each member evolves gradually and rapidly. We can
image the ribozyme hypercycle might gradually evolved into the hypercycle with the
virus-like member at the end of the RNA world

Our results also show also another aspect of Darwinian stepwise evolution. If the
replicase activity of primitive protein units (e.g., module (Go,1981)) is additive,
several primitive protein units each having a different function can coexist and
evolve independently in the hypercycle. This give rise to the possibility that early

proteins might be an assembly of smaller units to serve as a better machinery. Such
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a structure may correspond to Qf replicase or other RNA replicases that consist of

several different subunits.

1.4.4 Mutation

Our present mathematical model describes only the selection process after the
emergence of an appropriate mutant. The stability and the rate of evolution of our
hypercycle or the proto-cell are also dependent on the mutation rate and the
probability of getting which type of mutant ( an advantageous or deleterious
competitor or a symbiont or a parasite or a antibiont). In this comparative study we
have neglected the difference between the mutation effects between on the virus-
type strategy and on the cell-type strategy, although the virus-type can take
advantage of the vast size of mutant pool.

For physical chemistry of the origin of life, however, the mutation effects are
critical. The type of the mutant is described formally in the table of £'s (reaction rate
constants). The dependence of the table of &'s on the RNA sequence determines the
fitness landscape. The above-mentioned probability is dependent on the 4 landscape
around the wildtype sequence. A study that determines the yet unknown statistical
characteristics of the real biopolymers would be one of the most important works of

the evolutionary molecular engineering.

1.5 CONCLUSION

The virus-early/cell-late hypothesis of the history of life cannot be discarded if the
terms "virus" and "cell" are properly defined. The replication ribozymes emerged in
the initial stage of the RNA world and performed Darwinian evolution. The
translation ribozyme with virus-type strategy emerged at the end of the RNA world.
The virus-like members in the hypercycle improved their replicase activity and

translation activity gradually, in Darwinian sense while the genetic codes were being
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established in the once-for-ever fashion. This "virus"-like nucleoprotein was the
mother molecule of the "RNP" world. Although virus-type strategy is essential to
the early stage of encoded protein synthesis and is more efficient in natural selection
than the cell-type strategy, the variety of virus phenotype is limited. After the
replication system and the translation system were improved to the level at which
the genomic RNA could be a single long molecule and the hypercyclic coupling was
not necessary, a new assignment strategy -- the cell-type strategy -- could be
adopted, because both the random replication effect and the segregation effect
vanished. The compartmentalization of phenotype with its genotype permitted

various types of phenotype and opened the way to complex organisms.
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DL, A MI(L) Ea ™ (n) I K VST 5, 95, TEBHERSE & (i
I REIAND 72D L=L T nfflod 2 B30 TR T S MIan AN, 1 Eo 45Tz
INETRT ) DHVEL, & 535454500 IR L n T4 ) LSRG SR 72 o 1=
“BAZEERATARHNG” HSUFATI DN & RN L) T % S S 2 b—ra v L,
ZDI=DIZ, DT ) LDRIN | EDOAFIZHRETIKY ) b Ehfiluz C | &3 =
SIS (K 2.2) , ZoMla, YHHZ 265124 ) DB Uiz th, DROBE, AFIZEK
LIRS 7 %30 (1) OBRBIERITIRIOE N, BHINIE S ¥ MR N bhbd & 2%
s




Virus- Type

Coded Protein (Coenzyme)

:‘Qm%‘&i\
L - - Ia
e Bt«\ \:a 25 5,
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) \\,\3 S, a‘q\é:;
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N ‘“oﬁ-;v

ORI RO

0K w‘:v:-:x-:-:-:<<-:-;-;-cr:~x-:-:-:-:<¢:->:~f.-:-'/>.5l

RNA ( Ribozyme & Coding Sequeance )
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N
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> A
N
Ea) 5 AR
A P f " 5 <. 9
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: Seameént
Z C ]ﬂL
z . . . . . . ]
7
Z NlebEI
A /‘\
2 U . . ° . . 2
2 =
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A
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X2. 1

JRUAI)72 7 A b AT & M€ 7
J5h

BRI, B2 A Y ML) & 22— () TR b,
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2. 2 {WE2hHETiliinsd ¢ oA

RIVE RARAETIRL 7Y P OHliBEEE 2 K975 RNA, i3, WAL
H—BOHBERE 2 — N9 5 RNA,  CIZIL, i D R ASEEND, FTOREL. Hlasy
HOBUZ, Hix 2R &2 Lo 25 2 £ 2K L TUD,
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mole fraction

\ e =
1o 100

ﬂ%ﬁ ﬁﬁ@ time

0.008

o o
a o
a o
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o
o
o
N

mole fraction

. i
80 loo

time

B2. 3 BFAETHNE & AT ZESRZE FUAHINBO MR AT
TR, EDRDE/LFINENMEIRZ Pk Uiz, AT 48848 TUKE 4 - 7= fllE
MIEFIZSLE EN-TL B E AN bhs,
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BETA ML L, n 22530 UI=4:{FR0IE L,
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AR Dy ZDIHT ) A X% ARS 5 Z LIl 2 A2 Ligyy, £Z2TS
ZLLT, URYV—ALRNAREZXD, BIEO RV —ARNAIZ6, 50 0MILTHD,
JFIR )R —EZ D1 0450 1 DESIT, 6 0 0L HWEE X 5E . FUhD 7n”,
P* 7p SN2 L HERIESEE (Orgel, cited in Schuster, 1981) 75 Eigen DL 7 —H# A K
17 —DRPOROIAEIRRNAL, BED t RNASLWDRETHLNb, BV Ay
MILE 1O SHBWWURET D Z LITAETHH D, LBZDEEFFO>EE, T F LI
HLUTHEFTLa—HOEnIE, 2.5 0hbn=20THDI EBLnNd, Thhb,
] 2. 4 12 Ko TERTHESORHR Z 3~ 5 & | A VAR A~ HREN S 2 & 3o 2T,

2.5 #EZH

ROV R 2 b—y 3 T, BRI, ABRNDS /) ARNAGTEENEIN G L9
E2fEID T L REIHRIZL, S DIZRROBE, WRIZS ) ARNADHRIR LT V7Y T
— P L RBEICE SR ESND S {RIE Lz, Z0 X 9 R {EEFALL Al s AR A8 <
T ERbhols, TOOEDDEERE LT, MEENFET D, 2 DOUHITIZ S/ L
DHBEENDIGE. B ADOBHNEAARF B G220 & b9 —Hid, LGl
(GFERETIA Z L2 b, LiZdi- T, HaiEdh AR TR 5 B S DOAR8(n- O H%
%L O EF L FRERTI LIRS, %0, REDRITEN DR E 43RS DR T
HDHZENDLND, SOV I 2 b—1 g3 o TEA L7ZRER, FIARIZeMII L 0 BHAEOHI
NN A B = AL E T ANT=T=OiZ e LA, T _a—7 4 )V ZDHE A 7 = X s
DEENZRDE LIV, B, T b VA NVALBSBEDY ) LRI 5
LY =B OY T o=y b ) A AZRALPDIETIY AL THND HD0NH D,
FUEAY AN TIE, VU 1B R 0BT D A D= A LT TN LOT, & HICEKEE T
BB EEXDND,

EEITIE 2, 3 BTl L DI, U LMEIGRSIREE e D, T A DI/ A
ERERIEND EEX RS, B A ML DIZEWES ) Leh 1 H & 245
RS2 = SIS TR 22 5, BT, 0=l OEX BT AL MEE L ETDHE, ZO5
Fr, L (L—1) '/ (2L—1) ! ThYH, BB T D, FlZiE, L=50%
ATiE. 1,126 THY, L=10DEAIIE, 1,792 3 7 8 DT Lasfaz4:
Tl ERTERNEWNS Z 8D, Zhud, MR & > THRD TR L 2D, £
T, IOREEEFRY WA DT HEECT I L 2R EENRTHDT
R <E OfFI 2o Te L & BRETD LD BREMZEATHT LT 505, Znbidvng
VOO L ZE DD Z &0 R D, A H,n=20RDT, 7 ¥ LEREIFIIAT
TEEDEBEZLNDN, VPRI EBLD2FULOYENSTLHEZEZONDDT, L=1
O DA, 10 0fELLLEL 225, TR EmEDTREEDED &, TA LI~
D7ed & 100 0fFLL BV e FIREND,

Eigen i, £ A 28— A 7 NVEERDR T, FlRRDEH D /A /3—H A 7 VO HEBL,
genotype—phenotype dichotomy Z MR B7=DIZ, FIN AL 23— h A MIAD VTV ES
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FIRLTWD, ZIUZRL, 1FETTTiZam U= & 510, Fox iz o8z o 4 v 2o %)
IMHT TR TE D22 23 Lic, 22T | 7A LA S M & offgikdii oo kbl d Bt
BRARRE 725, AKIL, A 73 Y o 7 VEHIBAD I TITZR 9 _RE 708, B T-
DI, Wik Uiz, R 2 RNAZEEGRL, Ao ARTYS, 2OP T AR R
NADHD IR D, Eigen &, HROBONE UL E S, RNAFLGIZ A 28—
AT IR TV o TRRAIRTHE T L 2ERL T D, AKEDEFLTIL, /A /5—
YA T NEAFEDRD ST, ZOEDLVMREATE S AL MRIEMEHIK LN EWS Z &%
H O EODIRE Lz,

Bolf, B TE 28/NDHAD Y ) b2 E LT~ A a7 XvDES ) LRSS 8 3
kbp SFRE 4L, BBUGTFOSERB = 2oz (Fraser, et al., 1995) ., Fiuz kL5 &k
AERFICEDD & DITRED 3FRZE T, Fhd 000 b oo, A e fa > o
T ZBRT OB FREREESH D ) Z b o TE T, ZOT Enb, BitoHE
(2 &> THUNIATH D 7= OO BEHETH D Z L Dvbndh, KETH UL D0, Rk
28 T & 2 BRI IFAEDOHITAM T O W EMEEN b D, NEWY A I, I L FERRORRE K
HTZRNA & ZOFEEREMIZIRS>TY, B A Me&hi=8a. THEE] T 2B KA
(AT D, TORMREEEMET DL, 4/ ARNAO—KED b G LTI D, *
DI=OIZiE, VI —BDORERER EiF e T bR, 2T, I TICL1ETH U
KO RB—OBRET (L X5 T LITEHENREW T A NV ARDSFIZ L - T, BRI R Y
TNTE LS EDLEDBH D, HORE, BRI L X872, L 0B #EIE
ZIEFTE DA X > T, £V SRR S - & Bbh s,
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o 3

HAleER SR TRl I ER L

ZN%& 31— KT 5RNADFESEOERIZMITT
——— in vitro Virus N7 o —F
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3.1 ¥5

F1, 2 TIIEAEOH—BEEZ L I D858, 0 A /L RIS ASHIN TG L - A

MTHDZ EDRENT, TTIRUANARE LT L5FE LT, 77—V« FA AT LA
(Scott&Smith, 1990) LENAA¥ v k (Husimi, et al, 1982) Z LU, xR Fimn
REINIARE EIND2H 5, WS- TP TR ATHeZ RS 25 Moo K& X H3iRsh T
HETHDIIHED DL, BIEDE ZATA AARNZEBNT, U AR A LN Aoficyi)Ze
Bl 7 a— VR ERIEIIESL LTV, FORME LT, 773« FTAATLAD L
INBIED VA NAZFIH LIS, HEDHIAIC L > TAR SN BADSHET A 7
ABWND T EWET b, £io, AHRIAIRIC & A5OSR TEDBA .
IREDEREREATTIE 1 0 O FRIFRE D F FHTIL R = DI G TE A,

TIT, INODORBEREFY X 5 20D )5i5E U UENERRAORIMNZ 2 bind,
DIDOIUTEETE (RNA) EERA (F0037) ZEUTES L= 1% (A4 20
WSS+ &4afhT, Za g 5 -8aCR&2FI L CRBRE N TAI 2R B 2 14D 7=,

A AR F- D EFTRZETTHD &, QU R A ZINTEF 5 R RAERN %
BRTE D, @fEEMIZ &> THIBBZZIT 22 &2 L DB AO LD, OB H
MDA 2V, @2 1 FED 33— RERT LIIERIRDOT 3/ DA [Robertson et al. |
19911, % TH D, 13Fr& LT, Spirin OMbgeEHIafHRA [Spirin et al, 198812335
HOD, READAEFERNDIRNT & AEHITOEER R AMI < SRR Vg LV, 22 EA358T
bivd, £ZT, W3, LIRLE"in vitro Virus” &EWH 7o AR E L, ZHud,
UARYA LZEVT D in vitroSelection & FRRIZ, MR L TE AW DS T- (T4 LA
BI5F) DB EWIREP CREZM > TR L. ML, ZBRAEANRN G, HARR
PNZERZTREL LD LWV O bDOTHD, BIE, ZOLIRIANARSTREL1-012, K
3. LIZHDEIL, EFTF AT FRETEVUEFHLT, mRNAEFUZT— R
SNI-EBZHE SEIRAMRRENTND, LnL, ZOEE, TE & EFF ook
BVIABES T2z, 8RO 7 ot ATk REIRBA T 5,

Hxld, mRNAELBEAZEBNIGEESELH1ES LT, M3, 20X R EE 2
7oo ZAUL, mRNAD 3’ FKFHMNZY 7L ot —t RNAZZASX—H 2N L THORITFELED
ThHd, TDsup t RNAKRIBOWEALZER L TEI RS DAY A R stop T KV
WG LTAY, XPFUN T AT 25— PiEEEZZIT L. SRS ER S ESY
DT EITIRD, ZD 3 KIMED sup t RNABHKE 2B 57012, t RNADT A F v
T 4T 4—%RH LIz, Ala, His, Leu, Ser OF X /) T INL o TF APl nbDT T
I R ddad LTy (Tamura et al., 1991; Shimizu et al., 1992; Himeno et al., 1990:
McClain, 1993), L7=iioTCINOLDOT »Fa Ko7 o R_—IEZTH, Tnb 4 fED
tRNAET X /) T oAb EID Z &l D, ARFRTIE, Ala—amber sup LRNA 23— ¢ >
THHRD 3" NI A—HE2 N L a— FLEZDNAZAEAKR L, 2NEIETT 5 L kb
sup tRNA Z 37 IR £, O m RN AZERk L7=, it o> (RNA & 52720 . RNAase P 72 &1 k-
ST DV XL TOARVWRFIZEVDt RNATH VR —LADAYA MIAY LT F
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in vitro Virus

protein coding avidin

)

biotin-like peptides coding

SN

[Addition avidin to 3" end Gn vitro Translatioﬂ
T ..~ Protein
)ﬂf“l‘xv»
[T? transcriptionJ \.ﬁ"%
/‘\ _____________ EO———— .
<—/[Mutation “in vitro virion”

(PCR)

|

(Selection]

[Reverse transcription)

3. 1 in vitro Virus OZfES
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Virum' Randomized prote:
Genome S D COU\HQ sequeri. e
5)

in
2.

vitro
transcription
¥ st
g’ gmed
Amino acid R
. Lt
3. charging -
Amino acid C)
AR
Nl
N
ety
. . g
4 in vitro -~
. translation
/
Polypeptides a.
i N
"\,Mc/‘;)
: —_—
o X ~ >
T, X
Ribosome S
5. "sup tRNA" moiety
enters into "A site"

stop codon
6 Ribosodme release

V . ' AAT R
irum oo o
J‘J\‘ A
oo~ N
Y X
’\I\‘

BT A I R A AT R RIS '\\7\7\
‘ ¢ Selection Process f

~ TS 00 P e P i O O e P2 O 00 P P e Para e A /nv/’

X3. 2

sup tRNA ZF|JT) L7z in vitro Virus
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ST URT 2 T BTN HIE D A, ASROTE & WS B LT b T
METH D,

3.2 #EtE Tk

3. 2.1 JHEOHIM

“in vitroVirus”® mRNA @ 37 KD sup tRNA 3 ) IRV — LD AtFA RZAD | X_TFD
WHRI VAT 2T BIEMEERZITAENE I DERD LS HET D, invitroVirus @ mRNA
Da—F A U THEEE Aa 3 KBS ERVESNE UL Rbd Amber 12975, £ LT,
3’ AR /\mber—sup tRNA 13, 9 CULZaib~7= L 912 Ala @ tRNA DFHE &>, U iRV — L)
ZO mMNAZFES LEFROFED ) TAY A FZ Anber 22 RN X7- & X0, 2D sup RNA 2
Fy—v u: ANa3~T7F RO CAIMATINE I E D NIA~TF Bzt C-Ala DJidHiE
MHLME D DT,

I—F 4 VMEE, Ta uEAD—HTHD4Repea tuflinofz, ZdD1 2 7%k
WZOT- DTS T in vivo TRIRRENA Z E30hs-> TEY . Lnh, Ma NEFENT
VRV, ZOFEBUISELH 57D §1‘|"U‘\“/‘:§%'F‘1"T sup L RNABEDL LT 2 /7 ik a
N EHRNz, TORE, HDORET I/ TIMESND T EMRDInaTzl, T/ T
TAKIZ LB A7 )UREEITEE < ‘mﬂﬂmﬂﬂﬁ SRR BIADTIOR UL T D 5B D3N
DIHMD 27D T, AFFRTHIGUIFRFCRO T T, FIRFHZT 2/ T2 biThe d, 1
3. BITHEBOBIGE ST,

3.2.2 FhE

E. coli S30 Extract System for Linear Templates I'E Promega(Madison, WI)H,  T7 RNA
polymerase, T4 DNA ligase, T4 DNA Kinasc, Human placenta RNAase Inhibitor, EcoR T,
BamH I, Deoxyribonucleotides {d Takara %, DBst N I, Bgl I} New England Biolabs
(Beverly, MA) ¥, [14Clalanine, [3H]-or [35S]methionine [ Amersham (England). Taq DNA
polymerase 1LY IR & 754 F—DbD &, ATP, GIP, CIP, UIP ’lﬂ_’,u‘tﬁf %
L—=7 2 /VRIFEE O LDz ~Te, 7/ 77y —8i, Jlie—EtE (7
HEENIEAT) L 0HREL L T2 s, $7-, Tau EEEO—EB, 4{epeat %%’ﬂl}]&/uk/ﬁ7
A FpAR3 0 4 O WIGASRELE (28T AMBHETISTED 2 H8il L Tu=/20 Vs,
PCRILHEIZ, 9YCPTC—100 Programble Thermal Controler (M] Reserch. Inc.)
A LT,

3.2.3 in vitro Virus 7/ LO{EEE

in vitro Virus %/ L LT (V1) & (V2) @ 2FfEEExR LT,

(1) 1 X7 2 T oAb il D 7=Dlcfiliof-Milligan et al., 1987; Boni et al, 1990),
DIE57 U EFRERTIC T 7 7' —4 — NN Shine-Dargano Bic#! % -2 Tau HKI1D—E,
4Repeat ¥ % a— KL/~ T AI Fp AR3 04 0%#FT LT, in vitro Virus JHD4 /

TINLZ L= DTH D,
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DNA Peptide coding region

T7 promoter gD ‘ spacer sup tRNA coding
5' AR AR R AXRE SRR KRS P e e S ey e | 3'

n vitro transcription

RNA transcript

5 | ———— e PR PRI

in vitro translation

SBO Extract ﬁom E co//

Hot Alanine

é?,l\minoacylation

K3. 3 AEROHEES,
sup tRNA £k mRNA Z8GHIIE FVE A GRIZISA L, 773/ 7 b & RIS,
RTIFINKT AT =2 5 —PBTEMZRZF T D E H 0 J'i Ll
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3.2.3.1 (V 1)DF /7 SRR E Ak

(1) DY/ LKL
(DNA+HD

5
mPromoLor ) SD A’ld 1q 71/&_&Mi,£uag7hwg
A

Bamll 1 LcoR |
(DT7Promator  /PCR Primer (+)
| ——
@Fish-hook - Ribosome Inhibilor/Ligalion Adapter
4 O———— ¢,
Biolin
(DBiolin-11 ke-peplides coding region
X
5 3
MTrailer extender (-} o
X Y
e
GTratler stopper/ PCR Primer (-)
X 2
359"
@Trailer extender (1)
Y X
5 F——3

@Dspacer/PCR Primer (-)
RT Primer (-) R
7 spacer

Mt

5-

@sup LRNA

spacer sup LENA
i f 13"

OULRNA Primer (-)

35
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T%@ﬁ%@if@%&th% p U7 (HARE) o @i, @LO%747WVJ/}
BB, EER BT DO T T —E LTOEEIDM, in vitro Virion O5EEZ
wéo_@%m®@3ONMMﬂi\MM%E—A@&TL%@TEVV&%@$@&:
0. EE@EBUEAR T — XOERMZHEES D72 Tih D

@%{F~>TD& T4 DNA Kinase THOHNUDH Y UEEL L7=B% T4DNA ligase Z{li~T, 5
OplT16° C, 20FIULSSETz, FOOLMEND 1w LEIL, Q&E@Ic&L->TPC
R (92° C,30s: 60° C,30s: 73" C,30s: 30cycle) #{17%-o7-, IKIZ,
TDOPCREMNGT 7 L— MR 272012, 4. 6% P AGE (8MUrea) D, /3
F%@Dmb\l.5M%a~7mxnf\ﬁwmlm%m2t&1wﬁﬁﬂTé*&u
V., TMEEENDRFLEZIRS, TD%, BKHKEE TNV EREDTA XD, 10
Oulwﬁim%wz\1,3000@mf5mmmm®tﬁ#PCRm7//v~%&¢
Do WIZ, TOT T MEEEL | EVODT T4 ~v—DIEMEST, IEFHFPCR
FIEIE R CEME) 2177207 = /— - ZaadobLiitig, =& /— s, +8
2ED, TO+HHEE U UEEE LT EE@OIZDOER 2 EE /A INAZ T, T4 DNA ligase CHiflnl
ERICSAET ligation B I o7z, TORIGHEL w ZEELT 7 L— e L, #iim®&
MEOIZEY, PCR(92° C,30s: 62° C,30s: 73° C, 40 s:30cycle) 17T
2ol 4. 6%PAGE (8M Urea) | ;@A/h@ﬁﬁaﬁmbto

Wz, BREADDNAT 7 b— hEfFRA 572010, 774 ~—D&E@D 2 0 pmol % 5
Oul@PChﬁr(uMKL%@%]OKWEL,NT% TH )L 2 R
20X 20 cmDYIUAREF~>T, PCREME 42D 7 = M4 Thkilhi%, HM@w/}
DIFNVEEOH L=, 12507 2 ABEEY L L= WL, REDFHA X%, 200 10
BWEAKEMZ, Spin—X (Costarth) IZBLT, 15, 000 cpm T34 %L;
L7=. Sp i n—=XTHIH LA, =% /—Vikl&i%, 100 u 1 OFRBEKTEN LI,
3’ KAt RNABEDCCASZ (29500, TOBEEE25u1&09, 100u1®
FOSHES T BstN T (150units) #ff~><T, 6 0° C5MRMUGS -, THETHE, 2 m/HE,
20X20 ecmDFIREEST, CCA3’ Kz ol-77L— 20 L, FlRo
RN TREL, =% J— V%, DLPcA’mﬂL IRER7 7 L— 93, Z

DCCA3’ FKIFEEDIZDHD BstN 1 HIRE, %412, CCA 3’ Kk fioi—<vAFA7S
A= (ZHEH RO LT 5) 78{;410'(%)77 ST AW ERIZRED 72U v D T

EDPNST=DT, AT HTENTE D,

FEBim DA

M5 TAA/TAC/GAC/TCA/CTA/TAG/GGA/GAT/CT 3’

@5’ CTC/CTG/AAA/ANA/AGA/TCT/CCC 3

@ 5’ TTT/TTT/CAG/GAG/ACA/CGA/ACA/TGG/ATC/CGC/TGT/GGC/ATC/CGC
/AGT/TCA/GCT/CTG/AAT/TCI/CCA/ACT/AG 3

@5 AG/AAA/TTA/CTA/GTT/GGA 3’
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® 5 TGC/AGG/AGC/CTA/GTT/GGA 3

® 5 TAA/TTT/CIT/TCC/AC/TAG 3

@5 GGG/TAA/ACG/AAT/GAA/CAA/TGC/AGG/AGC/CTA 3

® 5 TIG/TTC/ATT/CGT/TTA/CCC/GGG/GCT/ATA/GCT/CAG/CTG/GGA/GAG/
CGC/CTG/CTT/CTA/ACG/CAG/GAG/GTC/TGC/GGT/TCG/ATC/CCG/CGT/
AGC/TCC/ACC/AGG/AGG/CGA/CTA/GCT 3

@5 GIG/CTG/AGC/TAG/TCG/CCT 3

Pr-©@ 5 TG6G/TGG/AGC/TAC/GCG/GGA/TC 5

3.2.3.2  (V 2) OF ) LR EER

7 Fat—F-AgESGIr4 Re p e a t 0L, HIALIZF 7RI RE2 =T 74 XL
t%@&?ijwh&LTPCRLk@waf747wkm@f NI ALl > T
4Repea tdDMel DEEIRT &L HIZKILZ R Amb e r iZNLLIZHDH (A)
T D, £7-. Shine-Dargano BeF% & 72720 5" U RENAMNTOY sup t RNAZAED =8
12, 9 TIZLART, Rabbit reLiculocyte ONEHINR AR E- T2 (C) D5 LR
A L7-. ZhuEManmal @Y R — M7= Shine-Dargano idd!% & ATV VRUN, ZAvEY
Tz (1) T4/ A0S EE c o R1TTUWL, (C) @5’ fl& (1) @3’z
FA =3 Lizbons (B) THD,

(2) O hdthik

(A)

e . Ochre
5 ATG 3"
T 7 promoter SO r[ 4-Repeal (Tau prolein)
Met Amber
(B)
v [ . . T ] 3
[ 7 promotct spacer l Cgup s ARNAT region S

(C)

5 :
[[7 promotor %—7'—| ATG liPQ racran| |

Xbal Lcoll ] Bamll I

(A) D5 7 DHER EAERR
TauBHN4Repea tMNEMHALILSTAIFpARB 040 FT AT 4 —
ILERTZ E coli BL21(OE3) K% Ampeillin 1 0 O 2 g/m] DL BEHILZ O ml X 4 K% —MfiE
e, TTAIREAHL FHU U7z, 79 AT RORHE, BRI UN I ERESIAE Y IS
B, pIsEn 7o ha— Il Lotz Hill L7z A3 RDNAL, Bgl MZE0 U =7
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FGA R LTz, TNET T L—hELT, 7747 (Lefty) & Left)ZX Y, 5 Mnghg
ZPCRTHRL., “hE Meft] &95, iz, 774 ~—Rightt) & Right-) ZAfiv 3’
RIDFEEZ R L, Right] &9 5, 2D E XD P CREMET, 92° ¢ 30s: 65° C, 30s: 73°
C, 30s: 30cycle) T, T4 =—3% 20 pmol /5, THHDMEME 4%P AGLE (8M Urea)
LT, N RGO HL, filid 2, =4/ —Aii&kig, Zhb Tleft) & IRight) %
BLRINZ, T4 LT, FOFMHTPCRE Uiz, T4 <—(Left-) & (Right+) b4l
WD T, ZOPCRT [Left) & Right] IHEREINAEI EBRPAGE LV booiz, K
W, FOPCREJSEDS L n 1 VT T L— e L, T4 =—Left+& Right-Z{H-
T HIMRDOPCREMEZ73° C,30smMmH73° C 40 siIZAELTPCRL, YD (A)
DT L= IR TETCNBEZEE4%P AGE (8 Urea) THER L7, WiZ, IZ5AODN
AT T NS 57-010, 74 ~—(Left+) & Right) 2K 20 pmwol 250 u 1
DP CRERIZINZ Teb D AARXHE L, o, =4 /=L, 2 mlE, 20 X2
0 cm DY IARZE T, PCREWE 22D < /WZ/o0 TiKI%, HIOD R ROSF V%
YO Uiz, 12D L—rnbEIV LIz d, IREDFA X, 200 1 1 OHERIAE
Mz, Spin—XIZBLT, 15, 000 rpm THLOMEL L, I LA, =4/
— VB %, 100 u | OWEKTEN L, r{E BERHOT 7 L— k95,

fJH U7z primer ORI
D Left + primer

5 GAG/CAT/AGA/TCT/CGA/TCC/CGC/GAA/ATT/AAT/ACG 3’
@ Left — primer

5 GGA/CAT/GAC/ATT/CAT/CAT/GTC/TGG/CAT/ATG/TAT 3’
@ Right + primer

5 ATA/CAT/ATG/CCA/GAC/ATG/ATG/AAT/GTC/ATG/TCC 3’
@ Right — primer

5 GCA/GCC/GGA/TCC/TTA/CTA/CTT/GTG/GGT/TTC/AAT 3’
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(B) DAFEL

EcoR [ THMWTL7- (C) @5’ ik e EcoR 1 TUMWrL7/= (1) @ 3’ Uik < 1 4~
b5, 230 RO EI0 LI L= (L) % EcoR 1 TUMFL, =% /—/Lii#&i%. 2 mm
JBOHT 2R A >T4. 6% PAGEZIBIZRVY, (1) O3 oUW 25 e 4
AFEGV T, GIV L2 WL, ey AR, 200 p 1 OZERKEMZ, Spin
—XK%LT\15,OOOanaﬁmﬁb&\MmLtémm\15/ww%Wé@4
Opu 1 DIEEARTED Uz, IRIZEDEEES w1 & (C) Z EcoR I TYWIL, =4 /—/ik
BRL7=HDEET4 DNA Ligase®ilioT, 50u 1, 16° C, 2GS
= LT, TORIGRENOT T~ e LTlu Ll &V, 7F94~—L LT, (1)
DDE@ZFHV, (61. 5° C,30s: 73° C,40s:;, 92° C,30s: 30cvyec
l e) TPCREBI 2o, TOPCRIGEKEY4. 6% PAGLETHE, HHYD A A
LN RPAMZN DR RBMESSAVD D, THUE, ZOP CRTIXTIZIEAE T H R
Y RTCHD, £I T, TOPCREHLFERUA TR T, THRDOFTETPAGEND
HHID/ N RSN b8l L, R LIRS JRDT 7 L— k& Lz,

3.2.4 5.
VI,V2 DNAT 7 L—hr(Inmo | /m I LT, i/ NTPH#ElLT 7”0 &
S—PREEILL T L D Thot-, (50 u 1% u("{‘r(Q)

1° 1 0 XT7polymerase Buffer (pH 8.1) 5ul
2° 50mM DTT 5ul
3° RNase Inhibitor (50units,/ pu 1) 0. 5ul
4° 20mM ENTP (pH 7.5 L4 F) 4l
5° DNA template 1 ul
6° T 7 polymerase (40units, ;1) 4]
7° WREIK 30. 5ul

st 7=/ —n/ 7 aafVsiilE 1eE, 7 aad/b N T2EMEHE L%, RIGED

1 fEADIMEEST N UL (pH 5. 0) &2, 5EFDTY /) —NVENAT—20°
CT—HEd 5, 15000 rpm T1 550 LL, AP —20" CHOHTO0%TH ) —
WTY A LTS, B8R, 204 1722004 0 1 1 OBREAKIZED LT,

3.2.5 T X /T ALDTEHEE

sup tRNABE mRNA D7 S/ 7 S ABTEHEOIEILA T & 5157729, ST 21
401 1 THENE, 6 0mM TrisHICL (pH 7.5), 25 mt Hafkes 4094, 30mM Hifer U o
2y, 50mM DTT, 2.5mM ATP, 25 M [14C]Alanine (5. 5GBq/mmol) T, JKFADIEGHEY & 7 2
)TN T R B ORI N ANSEX . 37 CTORISSET-, 73 )7 — L R
NAGKEFRZINA TS ZIMET D, 559, 205, 4045, 6 082, H9pu 1k
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3. 4 sup tRNA AR mRNA D7 2 ) T I NALDIREHATFLE,

FMg 2t LGRS, ROV THD, O 6 M, 10mM O 15uM,

10mM® 15uM, 15mM @30uM, 10mMB®30uM, 15mM,
FUSDEAR L, AL B 51k 2R,



L, 1/48)-7=7 v b~ 3IMMAZIREGZIES L, 5% b U 7 v o MifiliE4, 18
HIHENTCH 5% ~ Y 7 oofiEzr e s L Thian LT, RN ZIED L= T
5%k Y7 aafifiET1 04 23|k, KIZ, 50%TH/—A+50%VTF LT
—TIVT1 O, Y=Fo—7 /LT 555> TKY 5, HEVEER TIREAE iR L,
11%9YDPO%4g POPOP%O0. 1 g L7z bt S AoTo A T VIZ A,
IR F L= a3 AT T7=0BDT7 )T IMEL7TZt RNAEK mRNAD
w2 MET D,

3.2.6 MERIIEZAE (SRS IS FLHZAITON: Ala—sup  tRNA 53 o Jinlil2h4s

50 u 1 OMENNLE QA RSUNER, 2 0 u LI TIodiiug oo Premix THY, 1 5 1
1 @ S30 extract, T CIZEE L7 (2) @ (A) OmRNAQ@6 g/ l)lulZRNA
T L— ke L THioT, Ala, Trp 722 LoD 1 8FIDT 2/ BERAW (2. 5nM) & X 52 Met 72
L1 7RO 7T I/ BERAR Q2. 5m) 1 Ziid%, 4 04— o L—7 L, &6, 0. 2
LMDA TV s 74 Y —THRaE LI=t0% 2 1 1 A7z, [14CJAla F7=1%, [35S]IMet
ZINZ T T, sup tRNA Bk mRNA EEE~ /R T LB WANAEZ T, 377 CT, 3
MRS &7, BOGIEL, K ETIED, IE~D Met BV VI, AR S A7z T7"F R~ Ala
DOfHIME, 1 5% PAGLE(SDSO0. 1% T LI/, 2 0 mA WK, 100V TokiliL, ¥z T v
T TR, A AT F I AF—=BAS 200 0 (B1:74m) Tt~ 7=,

3.3 HRLEE

3.3.1 & LFK

3.23.1 @ (1) &z, ¥/ L&frBHOICDNAGK LI Z 74 75— a v
EPCREHES Z Lz, PR TEDZ b oz, 12720, fE L= T4
v —SROMBIC LY, B P CREMETETRN RUSD/S RDINLE ENDZ EN%U, Z
NHED/RY R, ORI A 47— g VSR ONP C ROZK AT v T h ik
A BRIDAEFEM & RN T Ok, a4 IFx—ra ORINERD T ENSVE
., PCR%IL., PAGEOBIEL G, BHIO/ S REYIV L, OBUGIZFIA L=,

3.3.2 §RE

3.2.1 TIERLLIZDNAT 7 L— hd, #EE» D —TE S BV DIEEN R G 2
LM TE, BIRDOFETDNAT T L— R B 7- N, oM/ NT PHREL T 7
KU AT —PRE 2R~ -,

3.3.3 7I/T7 ik

2T I /T F—Bi, %L TS8R LG EZ 05
ZEIETER 0T, Intact BT T= t RNADT 2 ) Tybmzays ba—bb LTHE
BREA{Te o7 AHEIE, (V1) ZIZGELIEZRNAT 7' L—FTHhD, Intact 72t RNA
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DX, 2. 5 uMT, Bk~ M3z Tuvipuy, IWE Mz - b~ 720
LDEIZE ST, KOS5 DUSEIT/R -T2,

UYL e~ 7y LRE
®) 6 1M I OmM
® 15uM 1 0mM
@ 15uM 1 5mM
@ 30uM 1 OmM
G 30uM 1 5mM

FERIT. 3. 5Dk Hizkol,

IO ENEL, ET intact 2t RNAM, DO BITIEEAEDT I )7 v MbEh
LN, EDW%, T AT NAFERIIAMGEND TN T T, — 5, sup t(RNAARM RN AL, 0%
RlE T FELICT S ) T IIMEENA T Ebmol~, T3 )T ENSME T, <7
I DREIKAE L, BV EERERNZ E3bND, UL, ERIVNZIVENRT I/ T
{ESNDEIEITEDLLRNE ) THD, E£/o, WHRRIZEFA LT, 7/ Tkand
BELHATWEZ b, HEIZHL, BERENITATHD EEZLNDLOT, HIEIT
SOMELUET X ) ToMEENB Z EiFRNEEXbND, UUEDTZ &b, sup tRNA £km
RNADT 2 )T M EDREE, intact 72 t RNADIN2 5% Thbd, i, DT I/ T
VIARDIERIL, T I/ TN T A —FEDuy MILoT, DR VEnRZE -7,

3. 3. 4 MR OGNS MDSEFTIZAROY- Ala-sup tRNA {1555 D Hiililzh=

(V1) DDNAT A L— B LI-RNAT L FL— b2 E S LT, S30 Ex
tract CHUNIEEA. PUNRE, =72 LRE, pH, WA THOIRNADE,
B EBZONDEME TE LRSI L CAT-BRRREMOMERNR TEY, t-T, 77=
ANORER S TER -T2, S30 Ex tract EANEEZ.L->THNDZELEXLD
Ni=DT, o T 2T T o Lo UHEDH LNV T = T—BRFEBS 2 E D
MWERI2LZ A NI ) A—F LV BEAEMEETE =, F/2, °°S Me tZfE-T
TN ZA, VT 2T BORTETHD 6 <HUVDE Z AN RIERTE
772, S30 Ex trac tiZIEMENBRWT Edbhol-, FZ T, #KEE L TDORN
AT 7T — MNIBERHD L EZ bz, ZOT 7 L— M 1 5RED_TF RLn
a— RLTWRY, FIERTE W & LT, FIRIGEMEN =200, bllda KLY
LD S DEESIZ G D=4 DRIRR DM ERITE T D Z X TE RN -7z, Z@ Shine-
Dargano Z&T o7 M Fiiofcy B L CTiL, Boni, et al. HOXMKELZIZ L TERLEZD
DThbD, (V1) 707 —hrDEHIIMRNAE sup t RNADMNSFDOIEE % [RIFFHZ S
7= 8Ea,. KEIEHNEAERCRIZIA L2 S0 &, BAGKZNEY 5 alaett %
2 Hd,

E. co | i DIHNAEIRBEM D BN, KBREHOY /) M2 Tlo, TTRI AT
B HIATL, IPTCIZ & » TR CX A BL2L (DI KA E ), T 7V n®—F—&H 07
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3. 5 BESHIZRE~DT T = OfN%E IS5 7 VBRI

mMRNAELT (V2) D (A) OIEFEEYL, 3T 20pmol /50 u 1,

sup tRMAERRNA & LT (V 2) @ (B) DIETREWIL. 20m01/50 1 1, Mg2+RErit.,

lane 1,2¢L40mM, lane 3,4 1L 20mM, lane 5,6 L 10 TdhD, F£/-, lane 1,3,5 L "C-
Ala(l u Ci) TT~LL, lanc 2,4,6 {L%SMet(l u Ci) TI~UL LTz, KEADEYWTHD 4
Repeat D/ K TH 5,
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FAI REEST, XTF FRVERADORIRE in vivo THEERTE 52 ETHD, (V 2)
DY) b, ZDF ) AREEE NS DN TARIEER T, 97 TIZ in vivo THEBTH T &M
2> TS 4Repeat DT T A I REHNH, KL, Bgl I TY=7 74 ALcbD%E, T
7RI AT—F & & HITIEHNAERER R A LT, 4 Repeat 23FRREND T & DHERETE 7=,
FZT, (V1) OT 77 aFE-—-#--X Shine-Dargano B ZHHTIZ, TDOTT7AI FD
T 7 7aE—#E% & Shine-Dargano Bc¥ 1% ZFDEEMHIT DT L aEx, PCRZFINL
TR LTz RIGEDIEMNARA CTATANZT A v LIEERHEZIE L LD &308558, Z0
LOBRFETHENUD in vivo THERT DT &id. KEAYTHL Z bl
(V2) @ (A) OLHRDNAWREZLHST 7 L— e PCRE[I->TC, §TIZual~7z
EOBRITFETIER L, PCRICESTHELNIZDNAT S L—r2T 7RV AT—ELS
30 Extrac tiZAIVTREIRSEZE ZAEMOD/S RGOz, £/, €TDDNA
T = T 7RI AT —EBEH>TIEE L, RNAT 7 L—MIL/Z®ZIZS 30 E
xtract THREE-LZA, DNAT VT L—hDEE LY KEOEMPTER X
TV Z3uE, DNAT 7 L—FRED, RNAT T L— hDOFDPEMBIZLT100
BT EZNZ LR LT- & B, YU LOdBGERERCE X T, Al a fHMoIERIzi
mMRNAELLT (V2) O (A) #ZIEELIZRNAT T L— RV, F/2, sup tRNA £k
RNA & LT (V2) @ (B) #{fiof-, KEMD t RNAD YR —LIZ L 5L
Mg 2" DEIEIZTRAKIFT 5 &V D Ma HOHEENRHD Ma et al., 1993), sup tRNA R RNA
DENMEEM g 2T REE W ODEZ T, AINTZTF F~D Ala OfIINERZE1T72-
TFERMN 3. 6 TihD, Met TT UL LT F ROMLEIZ T~V L7= Aa DML /=2
TF RORy ROBHEETE RV, ZOEBTE, 57 MAMBOY: sup tRNA i3 DAY A
NADFESIIERE CE Ao Tz, BAIE LT, O5 UMDYz sup tRNA 5307 X /) T3
JALDNEDIEX . @QALED sup (RNA M52 4 572 RN ADE A L HFFCRIAF (EF-Tu
28 ~DEE, @ Ala—sup tRNA Em RN AIZS TR THDT2IZ Release Factor Ji
DEELNTETAN, RENREZ LD, & bﬂ T, B EILD 4 Repeat 1 Met 234 4 HDHD
L. AlaldZl » THDLI=0/ KRR LIS WEZEZ b,

3.4 EBHE

A BOEGIZET HUERDIRAI N FAZITRD LD b DH & 5, Brome Mosaic
Virus (BMV) X2 Turnip Yellow Mosaic Virus(TYMV)IX, @ 3’ Kilidd t RN AREE LT
W, T )TN T 4—BOHE L LGRS, Fai o REBT I/ TIMHEE
D, TTIZRREINI- YOS, THhEDTANVADRNAY ) LB imRNA & LTE4
12, tRNAE L TN TWNDDMNE I DRI STz, Chendlall Hik, 197

QEEIZWIDTT I ) T /ML ENTZBMV DO RNABEHIEEERT T t RNA & LTEbR
HNE IDERT, FORUE, 1 %EELNT I/ TIMHELIZBMVORNAY ) A
DT X JEETED AENRNEWND T ENb ol BT, HHiEt RNAE LTHIERIZ
IO TR EFERR L, FD%, Bia 2RNA DA /LAZ ¢ RNAFREA R S

97



FEHARNIAIZES TS, T ED LD &% L TWDDMNTIEETDOE ZHh)-
TRV, BMV®D 3’ KD t RNAD 2RSS 2, 3HERIINLTV D3 (Ahlquist et
al., 1981; Perret et al., 1989; Rietveld et al., 1983; Mans et al., 1991), FiLHIlL,
BED t RNAD 2RANE L3R Big-> T, Fio, ToF a RUaFio TR,

TDTLEEBETDE, Chen bOEHRT, BMVORNABR VRS —ALIZ1 % THADLRS
i, 37 RERIZ intact 72 t RNAZHS7ZRNAZRGH, & 50 LIPEE S ADWTREM R
b,

F T, TTIZER TR L) RIEAE RO LD R HECRIRT D Z ENE X bND,
sup tRNA D 3’ KIHDT T =/UED 2 733" |27 X BEET DT X ) MEZFES X
25 LRI, sup tRNA & mRNA DD A~—HD [ X KO % {95, mRNA & sup
tRNA RS0 R THAR S S FRTRUS T 5 Z &2 K D {RIZ, intact 72 t RNAD 1,/
1 OLATOBETAY A MIADEAEIZE, sup LRNA SR IREEZIRE T-431Z Release
Factor & DB > T, AYA MIADLEMEND H D & Bt d,
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Rt

LS F Lot BT m 78 & FE M o xS tHdikmg o S gyt eohi, U R
A L T AR HJIER D 3 -ODHRIEOALE DU 2 W Lz, bhvbiiuiz o
HENBGEONH T2 T A N A EHIBDTEFRIZILTE | virus—early/cell-late &
FLERE L,

F1ETIE, A AR 11 &) &% Bigen DA 23— A 7 )V ELGR
WEAL, RO XD REREET,

OFAE LIz T A NABGTR A R—=P A 7 LDF MRS THLASAY LYo
A= K04 EUT 5 &w)H@%HO&bi LT A= - U A LD
HEENED L /1 0 LT TY, LEITAAE Ll
<374wzmﬁ7;pvwv~w4,wmfm@mu\%@@ﬂ%mﬁ%ﬁﬂ%ﬁ&x@
&5,

@TANABGFD3NA R T NV RTTIET D o [l @Wj Zxf LML
B E D T, WAFT S, BRI S bm&m
<DV%»R@@¥%WM%WqMLLt&u@&mkﬂﬁﬁbHmJNtJ 5T /LN A
fEThs,

LALEDZ Enn ., Bigen @A 23— A 7 VELGZ BV TARAGES » 727 R - R
FRDE =17 ¢ AR T AV ABIGNE S TS o THARRIETEHATE D Z L0
Mot

92 BT, R 2 MBI Az iR & 7 o L R A AR & OVRTRHL 7 $BLE 7 v
i CHER Uiz, FOREE, 7 A AT HEM L0 1 0 3E Ll B < HR|Ze9k %
RRMEIK STz, MIEROBESE L, OVELEDR, OREDIE, @F & 4
BRZFE, NEZ oD, BT, 707 AERZE ] TRRIT & > THEMHYT
%6:£ﬂ #otoL@w#i T A MEENTZRBABKRFH T o F MCERY
Ahbdi= ANBS AN AR TR TEHENT L Z L) TR Z &z &
éo_m &i (AP %Kﬂ»&' JA N (MEREGT) AL TH, £
NSRRI S TN AR D DRI D ThSWNWT E R ERT H, 2D, Tk
P2 SRR 2 BE T 2 W FUGRINE, VU =P OB R E T A B XY ) hh—
AT BLERHD, L, TOLT Y h-BOlb Tk, 9CWH 1L RTH LM
2 U720 A 0 ZTGEIE 53 --)5 e b IRE R AR 2 7= L B2 b,

L7z23-> T, #ifRO &5 m@)Tﬂﬂ@V~74yMﬂﬂ*owf KD & DT

FUIHHIK T ENTED, RNAY—/L RIZEIT I U ARAF A e
BNCFDRENEED DI LI i@ bfm&m6m7T%umcMu BHSE Z E1
L77e TOME., RNAT—L FERYIZH R b xd 5 T 2507 A VA

ITRME 55 Fi)nﬂfﬁb S B - TR & MR ok Mk:c*fﬂ:g Z D%, g
AmEITERNEE LN LSEm V) I —B ERR AR Hox 20 BEE GREIY)
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ZIEE L7,
bhvbiix, F1ET, RYIOY 137 TR —E- Y RN A LOHIBEE TH D
ﬁ&btoOiU\ﬁhwﬂﬁﬁ®ﬁH®~wm\%@ﬁ%#blﬂﬁwfﬂkLT
LTV EE X Tm, ZHuE, BED QP REDRNATANVAD LT Y J—EH,
HRROEHE 2T OV 7=y MIHOZ L OMEFMRLZ 52 2 L bh b,
Bz, bbbt A v AT 45 % R E N THEBL9 << "invitroVirus”
LT DA A SRR ERIN LIzt - 1T O FiEZ R Lz, B AR ER
WA FELETDHIEL LT, mRNASIPEHRORTF R, VAR —4b L
THAEED, Zhid, BlEa FAZse Lz sup t RNAZ A=Y % I Lm
RNAD 3 KZH LTEE, ZTD sup L RNAMOBEREKZ_TF FD
CRIgE VRS —LETFAREAERLIENILDTHD, ZDOTaEATikHIE
B 5 IO R sup L RNABURY —LDAYA MiZidvnv, Pk
WhBMETORTF FE2ZTRD I ENTEDLINE I DERI LZ, TORH.
ARz sup t RNAWRT I/ TN 77 —FiZl»T, intact 22t

RVA&m&%ﬁ20%ﬁw7>/7ywméh7*k#bmot@ 5’ AR OY=
B sup L RNAZRFOEFIMIGTRBICHA L. 7 2/ T EERTAYA
F~DRYIAENDIEIEERARETZ \4%~/7f74ﬁwﬂmm%urfbo
77, Bl E LT, O5 IR sup LRNA DT 2 ) T U NALDROIEEX . @
KED sup tRNA 3% £ o 7= RN A AL LD RHGRIKIF (EF-Tu 72 &) ~DEE,
@ Ala-sup tRNA & m RN A L% ‘]Z‘FH:]XIJ_‘“C&)Z)V\_ I~ Release Factor & DFEH TX
U, RENEZLND, EHIZ, A END 4 Repeat (I Met 284 » HDHDITXI L,
MalZl » THDIOAY PRI LIS WEBZbND, £ZT, fkEE s LT,
®ammwans%ﬂ@77»»mwzﬁ@’ﬂ?i/%%ﬂ%»@ﬁ&fi@%@
WA &5, @ sup LRNA <E mRNA DRI D AR — D e & L ONH & fid{b 45 %
MEZ DD, ThbiZ . sup tRNA#E & U R — LD AV A bDOIRE TN
ﬁmmfé:t?\ﬁ&%%xiokﬁwlEmhmr% b,
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HE
AL F LN ST U2c BT 5 80 RO 5. QbR @F 2hii, @
PRI ﬁ\@ﬁwmQ%ﬁ%{@ﬁm @mm OL@fi&&MEQNMHHWM
DIFE. THD, KWRIE. TOOIHA L, Ao 2 AT EE T,
DI FAFREIEHRAAE LIz, DT T8 ST inE 1, B rm &
RBBINE—F EIIFAET 5 ) B LIS BALITESS Uicy £ U XA RT,
— DDA S TTHIBRI A E, B D0 SIICRII A B XD TS, T A NLE
DA DORIEM & LB UBA. ) A9 AR E LR N A T — U NG 4
XNTWOBED, TAIVZARD LGS iﬁtﬁm&%&éﬁfr/bx?ﬁ”/‘fﬁhwa\f’)ﬂ'&t"* {3AAE
B9, WHWBFIGHIE &0 D HITSRERIE A & B =GR A DM SN TS, Zh
E. DA IWVZEHNGICFLET AEFERTH 5 EOHEDNBINTH - edH EEbN
Lo T TIAINZMAMAE EZZD LD tmmmmmeiﬁbnmﬁ@mm:—
N FAEIZ W TR AT IREB A MERINIFHEE Uiz, £, WHTGERE O EIRh o Hl
TOT D RIRE S A A SRR Uic, IREBIZ. T oD/l Sz Ehicy AL
Ziﬁ%ﬁ%@ﬁmwé\UWmeﬂm&JT7MNJﬁuﬁﬁ&+%uot%%
RTEBRI~NC AkanickEasEshza— FTARNADKESHOMGT 21715 -
I
1.ﬂﬁ@%éﬁ%ﬁk@@%&%Vﬁﬁ%W%»x@m%

LTI E>T RNADTA — 2 g URICHGTEE A TSEGEDNI] S DT
éﬂ\it\U$/~A®ﬁﬁ%RNAbﬁofbép&#mﬁéhtp&#b\
NA7D—J M}iiﬁt TRORENCZE 572 ULVL. RNAT =L KOS ERRFARDKALIC
B L Tl iiﬁtﬁﬁ’r E 5TV, ZOHRT, NA/3—=H 1 7 )LEERIE, Boni
BREETD G &T@[ﬁf’ﬁ EROEZT— NOYSEM B UABINYCH Ucps, #
R DPOBHR 2R BIARDIE A LIZ R D - 72, Eigen &, T D/NAs3—H 1 7 )LD
B TR ERBB O ICA T DICDITHINEEDIC AL 52 o, bhibiii, Zh
IS U A IV ZARIDENIEA &5 ERGE L, IewWlD T — Fexnicy o373, L7
f—+ - )R A LOHRFE LTS A E L, NA /3= 7LD, Hric
’F@%»zﬁjéﬁkb VIialb—=YguEBINokEER, RO LD BHAAE

oo OFU U727 A IV ZATYGFF-HS, NAR—=HF A 7 ILDOPMEETHHESPEHB L
V)ﬁﬂ@x N= XD HRT L) WEAR OB O, VY A—F - ) ERY
A LOBBBRD 110 SHUTFTh, LRI LEET 2, @ A JL 2B
AN—=H A ZIVNTWAENIZ, £ OERES e R E A~ AL X8 5 & RIFIC. €0
S DIAELABFEIZT B, @0 A I AT T NA /=Y A 7 JUNEBAFAL T D BE

—ODOFEFEITT UNNEINHE K N E D T, 179 B 0, B IR YIS B v ikoE
XN, DA IV ZFOMAENTIZAE(L U, 3R & FER ??79 gl b ET IV
MalfETH b, KETIZEBIF AT TRNAT—IV KEKRINZEIF ST A )V ZABIAF-
DFEH | IZHRED LT — F DY, H(LsrF1LFED I F@&*#%ﬁbﬂtoRNAT
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— )V KRN D A U ZBUGHT-H3E - BRI B 701, HINEASa]fE & 78
N ZEETLERIMBUANER: U o uf e DD 5, ?'?‘CMDTB\ virus-early/cell-late =5 JL
PRETE,
0. P ERERIC 51T 2 MR D R RE =

BIED#ER L, cell-early/virus-late %’:7“"'/[/’5: HETHEDTIEI L £Z T
7 AV A EHIET AN R R I ZFFAE U7 B il £ D Bfie 2 falifl ¢ 5 482 ik U T
H1o RO T Eﬁﬁfa%'rﬂ/& LT, 8 - Bz by N7 & RNAfJ\bVZLZ)
AV AR, MlaRENERESZ . TOODNABIAET H2D5070—1) 77
F—RFERD, TN uﬁﬂ |ZEIRZEFUR D T 5By E NI & AR 4
&ﬂ?ﬁfﬁ?%bb’bﬁ U7co BLRANEDETF IV, 4/ LDEDICD 2 1% 't;ntt%’%

e 5 EME L, \_ODCI:O TEHINBDHIENALE ERTIAS L F DFEE N S G

1L?£_&i1}13§'10)ﬂf1 WZBOd AT AR O R & & LT, C1)F B )i
C2HRBEIER. (3)7 57 Aﬁ%é{x)}%\ DI OMHBI ENPLh-71, I, (3)
DINRINT ) LD T A v ME’C“%ZfX VMDD 2ETAFNANEMN LU, RKTH » 7,
T DOWEEA T A DD, EERULIEE BT, ’f/ LD L RN ETH B,
ZDIHITIEL A IV A }—779\ NG & 0 SEIT A Uy R AL X 8 B
ENOBANIEFEENL D, DED, B LD 7 A )L ZRHGEITA: U 5 ELGm AR 4L
VAR I fu
M. EMlEEASKRRFPTEREINEAELENE I - FTHRNADOKEHEDIEH,
IZMF T ——— in vitro Virus~NO7 o—F
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CBIROBEBTHIE AR TS5, €2 Ty mRNA EpEPORTF KA, )R
—AL'CT‘ ?%%Kﬁ%bﬁ%bto Zhid, #iba R U7csup t RNA%m
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CRig EHFHELIANZANGFER D, ZOT 0 ATRBEER S AUAHMH T
fosup t RNAWY R —LDAYA MIEHO PY A MIHBEPIOXRTF K
T BNE D DT Lo £ 5 At 7o sup t RNAWEY I /7o
DT —HIlL - Tintact DD 2 0 %L T 2/ T vILI N5 Z EDHo
72 ZTDsup t RNAXZZDFF ., MHINEEERIZEA L. AV A FADILD AH
NI EZA, AA =TT FITAFOUERRL T TH -7, THd, sup t RN
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