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Bacteriophage Qp utilizes some host cell translation factors during replication. Previously, we
constructed a kinetic model that explains replication of long RNA molecules by Qp replicase. Here,
we expanded the previous kinetic model to include the effects of ribosome concentration on RNA
replication. The expanded model quantitatively explained single- and double-strand formation

kinetics during replication with various ribosome concentrations for two artificial long RNAs. This
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expanded model and the knowledge obtained in this study provide useful frameworks to

understand the precise replication mechanism of Qf replicase with ribosomes and to design

Keywords:

QB replicase
Double-stranded RNA
Ribosome

Ribosomal protein S1

amplifiable RNA genomes in translation-coupling systems.
© 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The QB replicase is an RNA-dependent RNA polymerase that is
responsible for replication of the simple positive-sense single-
stranded RNA genome of bacteriophage Qf [1]. The replicase is a
heterotetramer composed of a virally encoded B-subunit and three
host translational proteins: ribosomal protein S1 and elongation
factor Tu (EF-Tu) and Ts. The core enzyme of Qf replicase is a het-
erotrimer composed of the B-subunit, EF-Tu, and EF-Ts [2], and the
S1 protein is dispensable for synthesis of a positive-strand RNA
from a negative-strand RNA template [3-5]. EF-Tu and Ts have
been reported to modulate the RNA elongation process [6-8].
The positive-strand genomic RNA is copied by this enzyme into
complementary negative-strand RNA [9]. Both the positive and
negative strands serve as equally efficient templates in the next
round of RNA synthesis. Therefore, in the presence of excess QB
replicase, some RNAs, such as genomic RNA and small RNAs called
RQ RNAs (Replicable by Qg replicase, e.g.,, MDV-1 and RQ 135)
[10,11], are replicated exponentially in an autocatalytic manner
[10,12]. Due to this unique characteristic, there have been many at-
tempts to apply QB replicase in several applications, such as RNA
amplification [13], RNA virus detection [14], detection of RNA
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recombination [15], a model system of Darwinian evolution [16],
a biological example of a hypercycle [17], and a gene replication
component of an artificial cell model [18-22].

In contrast to small RQ RNAs and the QB phage genome, most
artificial long RNAs, the sequences of which encode proteins, are
not replicated exponentially by QB replicase due to hybridization
of the template with the newly synthesized complementary
strand. The double-stranded RNA (dsRNA) thus formed cannot be
used as a template for the next round of replication [23-29]. There-
fore, if more than half of the newly synthesized RNA hybridizes
with template RNA, the RNA does not show exponential replication
[30]. This dsRNA formation hinders the broader application of the
replicase. A greater understanding of the mechanism underlying
dsRNA formation and the development of means of inhibiting
dsRNA formation during RNA replication are crucial for the broader
application of QB replicase.

The mechanism of dsRNA formation has been studied using
small RQ RNAs (usually 70-220 nt in length). The kinetics of dSRNA
formation for long RNA, however, has not been quantitatively ana-
lyzed due to the lack of kinetic modeling studies. Previously, we
constructed a kinetic model that explains replication of long RNA
molecules by QB replicase [31]. However, this model did not
include the effects of the ribosome and S1 ribosomal subunit
concentrations on QB RNA replication, which have been reported
to reduce the ratio of dsRNA to total synthesized RNA during QB
RNA replication [32,33]. To understand QB RNA replication under
physiologically relevant conditions (i.e., in the presence of
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ribosomes), it was necessary to expand this kinetic model to
include the effects of ribosome concentration on RNA replication.

In the present study, the previous kinetic model was expanded
to include the effects of ribosome concentrations on
single-stranded RNA (ssRNA) and dsRNA synthesis during Qf
RNA replication. Furthermore, all kinetic parameters were
measured using two artificial template RNAs consisting of different
fragments of QB genomic RNA [31].

2. Experimental procedures
2.1. Plasmid construction and preparation of template RNAs

The plasmids pUC-MDV(-)B(+), pUC-MDV(+)B(—), and pUC-U1
were prepared previously [21,31,34]. These plasmids were used
to produce MDV(-)B(+), MDV(+)B(—), and U1 RNA, respectively.
The B-subunit was encoded between short replicable RNA
in MDV(-)B(+) (2125 nt). In U1 (3035 nt), the fragment of QB
phage genome (1404-2352) was embedded in MDV(—)B(+).
MDV(+)B(—) is the complementary strand of MDV(-)p(+). The
plasmid pUC-U1(-) was used to produce U1(—) RNA, which is
the complementary strand of U1, and was constructed by
insertion of the cDNA fragment of the complementary QB phage
genome (1404-2352) into pUC-MDV(+)B(—). The complementary
cDNA fragment of pUC-U1 was prepared by PCR using primer 1
(5'-CCTCGAGATCTCCTCTGGTCCTCAATCCGCGTG-3') and primer 2
(5’-TGCTGTCTTAGACATGCATTTC-3") with the plasmid SKQR as the
template. This fragment was ligated with the fragment amplified by
PCR using primer 3 (5-ATGTCTAAGACAGCATCTTCGCGTAACTC-3')
and primer 4 (5-GAGGAGATCTCGAGGCCTGCTAG-3') with the
plasmid pUC-MDV(+)B(—) as the template using an In-Fusion PCR
cloning kit (Takara, Shiga, Japan) according to the manufacturer’s
instructions. Template RNAs were prepared by transcription using
T7 polymerase as described previously [31].

2.2. RNA replication

The replication reaction was carried out at 37 °C by adding
template RNA (100 nM) and purified QB replicase (10 nM) [35]
(fraction of active QP replicase: 0.16 [31,34]) to the amino acid-free
cell-free translation system (lab-made PURE system) [22,36,37].
The PURE system contained Mg (OAc), (16 mM), potassium gluta-
mate (70 mM), spermidine (0.375 mM), dithiothreitol (6 mM), ATP
(3.75 mM), GTP (2.5 mM), CTP (1.25 mM), UTP (1.25 mM), creatine
phosphate (25 mM), 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethane-
sulfonic acid (HEPES) (100 mM, pH 7.6), and translation compo-
nents of Escherichia coli. The amounts of synthesized RNA were
measured by incorporation of [*2P]-UTP (PerkinElmer, Waltham,
MA) during synthesis and determination of the band intensity on
dried agarose gels after electrophoresis in TBE buffer at 4 °C as de-
scribed previously [31]. Radiolabeled newly synthesized RNAs
were detected by autoradiography (Typhoon FLA 7000; GE Health-
care, Little Chalfont, UK) and quantified using ImageQuant
software (GE Healthcare) (Fig. S1). As reported previously [31],
the production of positive-strand RNA was ignored because exter-
nally added positive-strand RNA was present in excess over newly
synthesized negative-strand RNA (added positive-strand RNA/
newly synthesized RNA molar ratio ~10; see Figs. 2a and S3),
and therefore all replicase molecules were expected to bind to
the positive-strand RNA to synthesize negative-strand RNA.

2.3. Preparation of ribosomal protein S1

A plasmid encoding S1 protein (pET21aS1) was constructed. For
overproduction of S1 protein, E. coli J]M109 (DE3) cells harboring

pET21aS1 were grown in a 5-L-scale fermenter at 37 °C. Cell sam-
ples (50 g) were resuspended in buffer A (50 mM HEPES-KOH, pH
7.6, 10 mM MgCl,, 7 mM 2-mercaptoethanol) and lysed using a
Multi-Beads Shocker (Yasuikikai, Osaka, Japan). The supernatant
was mixed with ammonium sulfate to 60% saturation. Precipitated
proteins were collected by centrifugation and dissolved in buffer A.
The samples was dialyzed twice against buffer A and loaded onto a
HiTrapQ column (GE Healthcare). The column was eluted with a
linear gradient of NaCl (0-1 M). Fractions containing S1 protein
were pooled and concentrated. The sample was loaded onto a
Superdex 200 pg size exclusion column (GE Healthcare) equili-
brated with buffer B (50 mM HEPES-KOH, pH 7.6, 100 mM KCl,
10 mM MgCl,, 7 mM 2-mercaptoethanol). Protein purity was con-
firmed by SDS-PAGE.

2.4. Filter binding assay

Ribosome-RNA interaction was evaluated by the filter binding
method as described previously [38]. [*2P]-UTP-labeled
MDV(-)B(+), MDV(+)B(—), U1, and U1(—) were prepared by
in vitro transcription. The labeled RNAs (50 nM) were incubated
with ribosomes in binding buffer consisting of 10 mM Tris-HCI,
10 mM MgCl,, 60 mM NH4CI, and 6 mM 2-mercaptoethanol for
30 min at 37 °C. Aliquots were loaded onto nitrocellulose filters
(0.45 pm pore size; Whatman, Dassel, Germany) that had been
soaked in the binding buffer. The filters were washed 5 times with
2 ml of binding buffer. Radioactivity retained on the filters was
measured with a liquid scintillation counter (LSC-5100; Aloka,
Tokyo, Japan).

2.5. Kinetic model

We constructed a new kinetic model that includes the effects of
ribosome concentration on kinetic parameters based on our Qf
RNA replication model reported previously [31]. In this model
(Fig. 1), it was assumed that positive-strand RNAs and negative-
strand RNAs bind to the ribosome, and this binding affects the rates
of RNA replication and hybridization. Assuming that the binding of
replicase to RNA is in equilibrium, the concentrations of negative-
strand RNA in ssRNA or dsRNA can be written as in Eqs. 1 and 2
(see Supplementary information for derivation).

When ko # 0,
3 (1 _ e—kml[(HRNAl]r)kSS[Rept]
[(7)RNA'¢] - kcol [(+)RNAt] ) (1)
[Dst] = (kss + kds) [Rept] t— (—)RNA(I), (2)
[(+H)RNA{]

where A = Kiib + [(-+H)RNA¢]

When k¢ =0,
[(—)RNA] = kss[Rep,] ¢ (1)
[DS:] = kqs [Rep] t. 2"

Note that except for Fig. 3b, the experiments were carried out in
the presence of excess positive-strand RNA and so “A” could be
approximated to 1.

Here, ks, kqs, and ke, are functions of several parameters and
ribosome concentration as follows:

k., + [Rib
—K‘} (3)
-l + [Rlbt]
Ky

kssz
kss =
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Fig. 1. Kinetic model of QB RNA replication with ribosomes. Positive-strand RNA-
ribosome complex ((+)RNA-Rib); Positive-strand RNA-replicase-ribosome complex
((+)RNA-Rep-Rib); Negative-strand RNA-ribosome complex ((—)RNA-Rib). Ribo-
some binding to RNA or RNA-replicase complex was assumed to be in equilibrium
with dissociation rate constants K; and Ky, respectively. Similarly, binding of
replicase to RNA or RNA-ribosome complex was assumed to be in equilibrium with
dissociation rate constants K; and K>, respectively. In Reaction 1, single-stranded
negative-strand RNA was synthesized from (+)RNA-Rep or (+)RNA-Rep-Rib with
rate constants of ks; or ke, respectively. The dsRNAs were synthesized from
(+)RNA-Rep or (+)RNA-Rep-Rib at kqs; or kgsp, respectively. In Reaction 2, single-
stranded newly synthesized negative-strand RNAs hybridized with positive-strand
RNAs with a rate constant kc,; to form dsRNA. The ribosome-bound forms ((+)RNA-
Rib and (—)RNA-Rib) hybridized with a rate constant kcoo.

Rib
_ kdsl + [,24[] kdsZ

kas = - (4)
14 uigt]
_ __[Rib]
kcol = K4 + [Rlbt] kcolZ (5)

Eqgs. (3)-(5) were used for curve fitting in Fig. 4a—c, respectively.

From equations S1’ and S2’, the rates of total RNA synthesis,
which are the sums of the rates of ssSRNA and dsRNA synthesis,
can be written as follows (see Supplemental information):

d([(—)RNA] + [DS;]) _ (kss + kas)[(+)RNA][Rep,]

= 6
dt Kiip + [(+)RNA] 7 ©
Ki(1+ B2
where K, = %.
1+ 50

This equation was used to fit the data in Fig. 3b.

All curve fitting procedures were performed using OriginPro
(OriginLab, Northampton, MA) and other calculations were
performed with Mathematica (Wolfram Research, Champaign, IL).
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3. Results

3.1. Kinetic model of double-stranded RNA formation taking into
consideration the effects of ribosome concentration

The ribosome is an important factor influencing both RNA
synthesis rate and dsRNA formation by QP replicase [33], although
the kinetic mechanisms underlying these actions have not yet been
elucidated. Therefore, we attempted to expand our previously
constructed kinetic model [31] to include the effects of ribosomes
(Fig. 1).

In Reaction 1, the binding steps of positive-strand RNA ((+)RNA)
and positive-strand RNA-replicase complex ((+)RNA-Rep) to the
ribosome were assumed to be in equilibrium with dissociation
constants K3 and Ky, respectively. The dissociation constant of the
binding process of replicase to positive-strand RNA-ribosome
complex ((+)RNA-Rib) was also set as K. Different rate constants
were assigned for ssSRNA and dsRNA synthesis from positive-strand
RNA-replicase and positive-strand RNA-replicase-ribosome com-
plexes (kss1, kas1, Kss2, and kqs, respectively).

In Reaction 2, it was assumed that the binding steps of ribo-
somes to positive- and negative-strand RNA are in equilibrium
with dissociation constants K3 and Ks, respectively, because filter
binding assay [38] indicated that ribosomes bound to both posi-
tive- and negative-strand RNAs, with dissociation constants of
180-510nM (Fig. 2 and Table 1). Different rate constants, Ko
and kojp, were assigned for the rates of hybridization between free
RNAs ((+)RNA and (—)RNA), ribosome-bound RNAs ((+)RNA-Rib
and (—)RNA-Rib), respectively.

For simplicity, we included only two collision pathways in our
model, i.e., between (+)RNA and (—)RNA and between (+)RNA-Rib
and (—)RNA-Rib (Fig. 1). This is reasonable because experiments
were performed with a ribosome concentration higher than the
dissociation constant between ribosome and RNA, where almost
all RNA was assumed to be in the ribosome-bound form.

Based on these reaction schemes, the newly synthesized ssSRNA
and dsRNA were formulated as in the previous model [31] (Egs. (1)
and (2)) except that parameters ks, kqs, and k.o, Which were con-
stants in the previous model, became functions of the ribosome
concentration and some rate constants in this model (see Egs.
(3)-(5) in Section 2).

3.2. Measurement of RNA replication kinetics
The effects of ribosomes on ssRNA and dsRNA synthesis were

evaluated using this model. Similar to our previous study [31],
experiments were performed using two positive-strand RNA tem-
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Fig. 2. Nitrocellulose filter binding assay. Radioisotope-labeled RNAs (MDV(—)B(+), MDV(+)B(—), U1(+), and U1 (-)) were prepared by in vitro transcription using T7 RNA
polymerase and purified using RNeasy columns (Qiagen). The labeled RNAs were incubated for 30 min at 37 °C with ribosomes at various concentrations. (a) MDV(—)B(+)
(closed circles) and MDV(+)p(—) (open circles) (b) U1(+) (closed squares) and U1 (—) (open squares).
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Fig. 3. RNA synthesis of MDV(—)B(+) and U1 in the presence or absence of ribosomes. Replication with Qp replicase was carried out in an amino acid-free cell-free translation
system with MDV(—)p(+) or U1 at the indicated ribosome concentrations. (a) Time course of total RNA (ss + dsRNA) synthesis in the absence or presence of 250 nM ribosomes
(template RNA (100 nM)/Qp replicase (10 nM) molar ratio = 10). (b) Effects of template Plus RNA concentration on the rate of total RNA synthesis (Vo) in the absence or
presence of 3000 nM ribosomes (Qf replicase: 10 nM). Experimental data are shown as dots and fitting results to the kinetic model are shown as lines. The error bars indicate
the standard deviation of two independent measurements.
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Fig. 4. Effects of ribosome concentration on the values of ks, kqgs, and kcor1. The values of ks (a), kqs (b), and ko (c) were estimated by curve fitting of the kinetic data shown in
Fig. S2 (template RNA (100 nM)/QB replicase (10 nM) molar ratio = 10, Ribosome (>250 nM)/template RNA (100 nM) molar ratio >2.5) with Eqgs. 1 and 2, and then plotted
against ribosome concentrations for MDV(—)B(+) (closed circles) and U1 (open circles). These data were further fitted with Egs. (3)-(5), respectively (lines). Error bars indicate
the standard error. Some error bars are smaller than the respective symbols.
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Table 1
Kinetic parameters of the kinetic model considering the effects of ribosome
concentration.

MDV(—)B(+) U1

551 (min~1) (3.3+9.4)x 103 (6.1+11)x 1073
kss2 (min~1) (9.5+04)x 102 (1.5£0.05) x 107!
kas1 (min~1) (1.6£0.1)x 107" (1.1+£0.1)x 107"
kqs2 (min~1) (1.5+0.04) x 107! (6.1+ 0.5)x 1072
keoz (NM~ ' min~) (3.6£0.7) x 107* n.d.

Ky (=Kiibo) (M) (75£1.1)x 10 (3.5+0.5) x 10
Ky (nM) 8.8+49 3.4+24

K3 (nM) (1.8 0.6) x 10° (2.7£0.8) x 10?
K4 (NM) (21£09)x 10 (26+1.6)x 10
Ks (nM) (5.1£2.0) x 10% (2.7 £0.7) x 102

Kiinzooo (NM) 93+25 36+2.0

The values are means + standard errors. The values of K, and K4 were calculated
using the experimentally determined kinetic parameters. The value of ke was
obtained from the k¢, ; value at 3000 nM ribosomes. n.d. not determined.

plates, MDV(—)B(+) or U1, in the presence of an excess of positive-
strand RNA over replicase, but ribosome concentration was varied
from the absence to 3000 nM ribosomes (Fig. S2). The total (—)RNA,
the sum of ssRNA and dsRNA forms, increased linearly regardless
of ribosome concentration, but the rate in the absence of ribosomes
(Fig. 3a) was lower than that in their presence (see Fig. 3a for
250 nM ribosomes; see Fig. S3 for 500-3000 nM ribosomes). This
enhancing effect of the ribosomes on RNA synthesis was consistent
with the results reported previously [33]. We examined whether
this effect was due to an increase in the affinity of RNA to replicase
(i.e., lower K, than K7) or an increase in the maximum rate of RNA
synthesis (i.e., higher ks, + k45> than kesq + kgs1). The rates of total
RNA synthesis (Viora) Were measured in the absence of ribosomes
and at 3000 nM ribosomes with various template RNA concentra-
tions ranging from 10 to 140 nM (Fig. 3b). At 3000 nM ribosomes,
total RNA synthesis reached the maximum rate (V,.x) with tem-
plate RNA concentration greater than 40 nM for both MDV(—)(+)
and U1. On the other hand, in the absence of ribosomes, a template
RNA concentration of more than 100 nM was required to reach the
maximum rate for both MDV(-)(+) and U1. These results sug-
gested that the presence of ribosomes increases the affinity of po-
sitive-strand RNA to replicase for both template RNAs. In addition,
in the case of MDV(—)(+) RNA, the maximum rate of total RNA syn-
thesis (Vqax) at a ribosome concentration of 3000 nM was higher
than that in the absence of ribosomes (Fig. 3b), suggesting that
the presence of ribosomes also increases the maximum rate of
RNA synthesis.

—
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LI B m e m e e
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To quantitatively evaluate the effect of ribosomes, we analyzed
the time courses of ssSRNA and dsRNA synthesis in the presence of
various ribosome concentrations. The values of ks, kgs, and ke at
each ribosome concentration were estimated by fitting the time
course data with Eqs. 1 and 2 (Fig. S2), and are plotted against ribo-
some concentrations in Fig. 4. Here, the parameters Kk, kqs, and ke
are functions of ks 2, Kas1,2, kcol2, K34, and ribosome concentration
(see Egs. (3)-(5)), and represent the overall rate constants for
ssRNA and dsRNA synthesis in Reaction 1 and dsRNA synthesis in
Reaction 2, respectively. The value of ks was much smaller in the
absence of ribosomes than at concentrations above 250 nM
(Fig. 4a). The values of k4s for MDV(—)B(+) remained almost within
the same range in the absence to 3000 nM ribosomes (Fig. 4b). On
the other hand, the kg5 value of U1 was about twofold larger in the
absence of ribosomes than at concentrations over 250 nM. These
results indicated that ssRNA synthesis was specifically promoted
by the presence of ribosomes for both template RNAs. The values
of ko) of MDV(—)B(+) were almost constant at ribosome concentra-
tions of 250-3000 nM, but k., could not be determined in the
absence of ribosomes because the amount of ssRNA present was
too small (Fig. 4c). The values of k., of U1 were too small to be
determined. The parameters of the kinetic model shown in Fig. 1,
i.e., Kss1, Kss2, Kas1, Kas2, and keon, Were estimated by fitting these
data to Egs. (3)-(5) (Table 1). The values of K, and K, were
calculated from the kinetic parameters determined according to
Eqgs. S8 and S20 (see Supplemental Information). These parameter
values quantitatively illustrated the effects of ribosomes. For
example, the rate constant of ssRNA synthesis was about
20-30-fold higher in the ribosome-bound form (kss;) than in the
unbound form (kss;) for both MDV(—)B(+) and U1 (Table 1 and
Fig. 4a). The effects of ribosomes on the rate constants of dsRNA
synthesis were dependent on template RNA; the rate constant of
MDV(-)B(+) in ribosome-bound form (kqs,) was almost equivalent
to that of the unbound form (kgqs1), whereas the rate constant of U1
was about twofold smaller than that of the unbound form (Fig. 4b).

3.3. QB RNA replication with S1

In addition to the ribosome, ribosomal protein S1 has been re-
ported to increase the proportion of ssSRNA in newly synthesized
RNA during QB RNA replication [32]. Therefore, we examined
whether S1 can increase the ratio of ssRNA to total synthesized
RNA during QB RNA replication in the same fashion as the ribo-
some. In the absence of ribosomes, newly synthesized ssRNA was
hardly detected during QB RNA replication (Fig. S2). However,

(b) 08—
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B < + 4
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Fig. 5. Effects of S1 on the double-stranded RNA synthesis during QB RNA replication. RNA replication with 10 nM Qg replicase was carried out in an amino acid-free cell-free
translation system (ribosome concentration: in the absence or presence of 3000 nM ribosomes) with 100 nM MDV(-)B(+) RNA (template RNA (100 nM)/Q replicase (10 nM)

molar ratio = 10).

(a) Time course of ssRNA (open circles) or dsRNA (closed circles) synthesis (S1 concentration: 2000 nM). Experimental data are shown as dots and fitting

results to the kinetic model are shown as lines. The error bars indicate the standard deviation of two independent measurements. (b) The ratio of double-stranded RNA to
total synthesized RNA at various S1 concentrations (ribosome concentration: 3000 nM). The error bars indicate the standard deviation of two independent measurements.
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addition of S1 protein to the ribosome-free cell-free translation
system resulted in an increase in the proportion of ssRNA in the
product RNA of QB RNA replication in the same manner as ob-
served in the presence of ribosomes (Fig. 5a). On the other hand,
addition of S1 to the cell-free translation system (ribosome
concentration 3000 nM) did not alter the ratio of dsRNA to total
synthesized RNA (Fig. 5b), suggesting that the effect of ribosomes
can be sufficiently explained by the effect of the S1 subunit.

4. Discussion

The present study was performed to expand our previous
kinetic model to include the effects of ribosome concentration on
RNA replication. This model could quantitatively explain the
dynamics of dsRNA formation during Qf RNA replication of long
RNAs in the presence of ribosomes. This is the first study to quan-
titatively examine the effects of the presence of ribosomes on
dsRNA formation during QB RNA replication, and it yielded three
major findings.

First, the presence of ribosomes enhances the maximum rate of
total RNA synthesis (Viora) by QB replicase (Fig. 3b and Table 1). In
this study, template RNA was present in excess over Qf replicase.
Therefore, this enhancement can be explained by enhanced elon-
gation rate of RNA replication by ribosomes. During the elongation
process of RNA replication, the replicase is known to pause just
after synthesis of RNA regions that form hairpin structures [39].
It has also been reported that the ribosome itself has helicase activ-
ity [40]. Moreover, ribosomal protein S1 has been reported to be
able to unwind double-stranded RNA [41]. Taken together, the
enhancement of replication rate by the presence of ribosomes
may be attributed to resolution of the hairpin structure at these
pause sites by helicase activity. Another possible explanation is
that the ribosome accesses the secondary structure of template
RNA before replicase reaches the site and unwinds the secondary
structure. This may facilitate the progress of RNA replication by
Qp replicase. However, further studies are required to validate
these hypotheses.

Second, the presence of ribosomes increases the affinity of QB
replicase for template RNA. The QB phage genome has two internal
sites called the S-site and the M-site, and the interaction of repli-
case with the M-site, mediated by ribosomal protein S1, is impor-
tant for template activity [42]. The template RNAs used in this
study had the sequence of the M-site, and under our experiment
conditions, S1 could be supplied by ribosomes in the reaction buf-
fer. Therefore, the binding of S1 to the M-sites of template RNAs
may have contributed to the increased affinity of Qp replicase for
template RNA.

Third, by insertion of QB genomic sequence, the rates of dsSRNA
synthesis during QB RNA replication in the presence of ribosomes
(kqs2) was reduced by about 60% compared to kqs;. This result sug-
gests that the presence of ribosomes suppresses duplex RNA for-
mation in the positive-strand RNA-replicase complex. Due to the
insertion of QB genomic sequence, the secondary structure of U1l
could be different from that of MDV(-)B(+). This change in
secondary structure may cause rearrangement of intermolecular
hybridization and thus contribute to dsRNA formation. Taken to-
gether, these observations suggest that the ribosome may be able
to resolve the intermolecular hybridization between U1 comple-
mentary RNA strands by its helicase activity and thus promote
the release of ssSRNA.

Our results suggested that the effects of ribosomes on the kinet-
ics of QB replication can be sufficiently explained by ribosomal pro-
tein S1 (Fig. 5). S1 is also part of a subunit of QB replicase.
Therefore, it is possible that replicase (Rep) and ribosomes (Rib)
first interact with each other (Rep-Rib) and subsequently form a

complex with RNA ((+)RNA-Rep-Rib), which was ignored to sim-
plify our model (Fig. 1). The introduction of this process between
replicase and ribosome does not significantly alter the fitting re-
sults or the estimated parameter values although the values of K,
and K4 could not be estimated.

In the present study, we constructed a kinetic model that can
quantitatively explain the effects of ribosome concentration on
QB RNA replication. However, the mechanism underlying the
reduction in ratio of dsRNA to total synthesized RNA remains
unclear. The secondary structure of RNA have been reported to
affect dsRNA synthesis during QB RNA replication [43]. Insertion
of QB genomic RNA sequence is expected to cause the secondary
structure of U1 to be different from that of MDV(—)p(+). Therefore,
it is necessary to determine the types of changes in RNA secondary
structure that affect dsRNA synthesis by Qf replicase. This will be
helpful for the design of replicable RNAs encoding useful genes by
QB replicase and enable reconstruction of artificial cell models
using RNA as genetic information.

Acknowledgments

We thank Ms. Naoko Miki, Ms. Hitomi Komai, Ms. Tomomi
Sakamoto, and Ms. Mizuki Ohzawa for their technical assistance.
We are also grateful to Drs. Tetsuo Ichii and Kazufumi Hosoda
for helpful discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.febslet.2013.11.018.

References

[1] van Duin J & Tsareva N (2006) Single-stranded RNA Phages. In The

Bacteriophages, 2nd Ed, (Calender, R, Ed.) 41, 175-196.

Blumenthal, T. (1979) QB RNA replicase and protein synthesis elongation

factors EF-Tu and EF-Ts. Methods Enzymol. 60, 628-638.

Kamen, R.I., Monstein, HJ. and Weissmann, C. (1974) The host factor

requirement of QB RNA replicase. Biochim. Biophys. Acta 366, 292-299.

Hori, K., Harada, K. and Kuwano, M. (1974) Function of bacteriophage Qf

replicase containing an altered subunit IV. J. Mol. Biol. 86, 699-708.

Landers, T.A., Blumenthal, T. and Weber, K. (1974) Function and structure in

ribonucleic acid phage Qp ribonucleic acid replicase the roles of the different

subunits in transcription of synthetic templates. J. Biol. Chem. 249, 5801-

5808.

Takeshita, D. and Tomita, K. (2010) Assembly of Qp viral RNA polymerase with

host translational elongation factors EF-Tu and-Ts. Proc. Natl. Acad. Sci. USA

107, 15733-15738.

Takeshita, D. and Tomita, K. (2012) Molecular basis for RNA polymerization by

Qp replicase. Nat. Struct. Mol. Biol. 19, 229-237.

Kidmose, R.T., Vasiliev, N.N., Chetverin, A.B., Andersen, G.R. and Knudsen, C.R.

(2010) Structure of the QP replicase, an RNA-dependent RNA polymerase

consisting of viral and host proteins. Proc. Natl. Acad. Sci. USA 107, 10884-

10889.

Weissmann, C., Feix, G. and Slor, H. (1968) In vitro synthesis of phage RNA: the

nature of the intermediates. Cold Spring Harbor Symp. Quant. Biol. 33, 83-100.

[10] Haruna, I. and Spiegelman, S. (1965) Autocatalytic synthesis of a viral RNA
in vitro. Science 150, 884-886.

[11] Munishkin, A.V., Voronin, L.A., Ugarov, V.1, Bondareva, L.A., Chetverina, H.V.
and Chetverin, A.B. (1991) Efficient templates for Qp replicase are formed by
recombination from heterologous sequences. J. Mol. Biol. 221, 463-472.

[12] Biebricher, C.K., Eigen, M. and Luce, R. (1981) Kinetic analysis of template-
instructed and de novo RNA synthesis by QB replicase. ]. Mol. Biol. 148,391-410.

[13] Abramson, R.D. and Myers, T.W. (1993) Nucleic acid amplification
technologies. Curr. Opin. Biotechnol. 4, 41-47.

[14] Tyagi, S., Landegren, U., Tazi, M., Lizardi, P.M. and Kramer, F.R. (1996)
Extremely sensitive, background-free gene detection using binary probes and
beta replicase. Proc. Natl. Acad. Sci. USA 93, 5395-5400.

[15] Chetverin, A.B., Chetverina, H.V., Demidenko, A.A. and Ugarov, V.I. (1997)
Nonhomologous RNA recombination in a cell-free system: evidence for a
transesterification mechanism guided by secondary structure. Cell 88, 503-513.

[16] Mills, D.R. (1967) An extracellular Darwinian experiment with a self-
duplicating nucleic acid molecule. Proc. Natl. Acad. Sci. USA 58, 217-224.

[2

[3

4

(5

[6

[7

(8

[9


http://dx.doi.org/10.1016/j.febslet.2013.11.018
http://dx.doi.org/10.1016/j.febslet.2013.11.018
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0010
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0010
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0015
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0015
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0020
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0020
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0025
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0025
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0025
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0025
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0030
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0030
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0030
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0035
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0035
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0040
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0040
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0040
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0040
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0045
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0045
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0050
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0050
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0055
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0055
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0055
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0060
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0060
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0065
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0065
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0070
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0070
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0070
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0075
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0075
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0075
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0080
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0080

[17]

[18]

[19]

[20]

(21]

[22]

(23]

(24]
[25]

[26]

[27]
(28]
[29]

[30]

(31]

K. Usui et al./FEBS Letters 588 (2014) 117-123

Eigen, M., Biebricher, C.K., Gebinoga, M. and Gardiner, W.C. (1991) The
hypercycle. Coupling of RNA and protein biosynthesis in the infection cycle of
an RNA bacteriophage. Biochemistry 30, 11005-11018.

Oberholzer, T., Wick, R, Luisi, P.L. and Biebricher, C.K. (1995) Enzymatic RNA
replication in self-reproducing vesicles: an approach to a minimal cell.
Biochem. Biophys. Res. Commun. 207, 250-257.

Szostak, J.W., Bartel, D.P. and Luisi, P.L. (2001) Synthesizing life. Nature 409,
387-390.

Kita, H., Matsuura, T., Sunami, T., Hosoda, K., Ichihashi, N., Tsukada, K., Urabe, I.
and Yomo, T. (2008) Replication of genetic information with self-encoded
replicase in liposomes. ChemBioChem 9, 2403-2410.

Ichihashi, N., Matsuura, T., Kita, H., Hosoda, K., Sunami, T., Tsukada, K. and
Yomo, T. (2008) Importance of translation-replication balance for efficient
replication by the self-encoded replicase. ChemBioChem 9, 3023-3028.
Ichihashi, N., Usui, K., Kazuta, Y., Sunami, T., Matsuura, T. and Yomo, T. (2013)
Darwinian evolution in a translation-coupled RNA replication system within a
cell-like compartment. Nat. Commun. 4, 2494,

Palmenberg, A. and Kaesberg, P. (1974) Synthesis of complementary strands of
heterologous RNAs with Qp replicase. Proc. Natl. Acad. Sci. USA 71, 1371-
1375.

Obinata, M., Nasser, D.S. and McCarthy, B.J. (1975) Synthesis of probes for RNA
using Qp replicase. Biochem. Biophys. Res. Commun. 64, 640-647.

Feix, G. and Hake, H. (1975) Primer directed initiation of RNA synthesis
catalysed by Qp replicase. Biochem. Biophys. Res. Commun. 65, 503-509.
Vournakis, J.N., Carmichael, G.G. and Efstratiadis, A. (1976) Synthesis of RNA
complementary of rabbit globin mRNA by Qf replicase. Biochem. Biophys. Res.
Commun. 70, 774-782.

Feix, G. (1976) Primer-dependent copying of rabbit globin mRNA with QB
replicase. Nature 259, 593-594.

Owens, R.A. and Diener, T. (1977) Synthesis of RNA complementary to potato
spindle tuber viroid using QB replicase. Virology 79, 109-120.

Nishihara, T., Mills, D.R. and Kramer, F.R. (1983) Localization of the Qf
replicase recognition site in MDV-1 RNA. J. Biochem. 93, 669-674.

Priano, C., Kramer, F.R. and Mills, D.R. (1987) Evolution of the RNA coliphages:
the role of secondary structures during RNA replication. Cold Spring Harbor
Symp. Quant. Biol. 52, 321-330.

Usui, K., Ichihashi, N., Kazuta, Y., Matsuura, T. and Yomo, T. (2013) Kinetic
model of double-stranded RNA formation during long RNA replication by QB
replicase. FEBS Lett. 587, 2565-2571.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

123

Vasilyev, N.N., Kutlubaeva, Z.S., Ugarov, V.I, Chetverina, H.V. and Chetverin,
A.B. (2013) Ribosomal protein S1 functions as a termination factor in RNA
synthesis by QB phage replicase. Nat. Commun. 4, 1781.

Morozov, LY., Ugarov, V.I, Chetverin, A.B. and Spirin, A.S. (1993) Synergism in
replication and translation of messenger RNA in a cell-free system. Proc. Natl.
Acad. Sci. USA 90, 9325-9329.

Hosoda, K., Matsuura, T., Kita, H., Ichihashi, N., Tsukada, K. and Yomo, T. (2007)
Kinetic analysis of the entire RNA amplification process by QB replicase. ]. Biol.
Chem. 282, 15516-15527.

Kita, H., Cho, J., Matsuura, T., Nakaishi, T., Taniguchi, I., Ichikawa, T., Shima, Y.,
Urabe, I. and Yomo, T. (2006) Functional QB replicase genetically fusing
essential subunits EF-Ts and EF-Tu with B-subunit. J. Biosci. Bioeng. 101, 421-
426.

Bansho, Y., Ichihashi, N., Kazuta, Y., Matsuura, T., Suzuki, H. and Yomo, T.
(2012) Importance of parasite RNA species repression for prolonged
translation-coupled RNA self-replication. Chem. Biol. 19, 478-487.

Shimizu, Y., Inoue, A., Tomari, Y., Suzuki, T., Yokogawa, T., Nishikawa, K. and
Ueda, T. (2001) Cell-free translation reconstituted with purified components.
Nat. Biotechnol. 19, 751-755.

Fuchs, RT., Grundy, FJ. and Henkin, T.M. (2007) S-adenosylmethionine
directly inhibits binding of 30S ribosomal subunits to the SMK box
translational riboswitch RNA. Proc. Natl. Acad. Sci. USA 104, 4876-4880.
Mills, D.R., Dobkin, C. and Kramer, F.R. (1978) Template-determined, variable
rate of RNA chain elongation. Cell 15, 541-550.

Takyar, S., Hickerson, R.P. and Noller, H.F. (2005) MRNA helicase activity of the
ribosome. Cell 120, 49-58.

Qu, X, Lancaster, L., Noller, H.F., Bustamante, C. and Tinoco, I. (2012)
Ribosomal protein S1 unwinds double-stranded RNA in multiple steps. Proc.
Natl. Acad. Sci. USA 109, 14458-14463.

Miranda, G., Schuppli, D., Barrera, 1., Hausherr, C., Sogo, J.M. and Weber, H.
(1997) Recognition of bacteriophage Qf plus strand RNA as a template by QB
replicase: role of RNA interactions mediated by ribosomal proteins S1 and
host factor. J. Mol. Biol. 267, 1089-1103.

Axelrod, V.D., Brown, E., Priano, C. and Mills, D.R. (1991) Coliphage QB RNA
replication: RNA catalytic for single-strand release. Virology 184, 595-608.


http://refhub.elsevier.com/S0014-5793(13)00852-1/h0085
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0085
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0085
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0090
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0090
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0090
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0095
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0095
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0100
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0100
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0100
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0105
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0105
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0105
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0110
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0110
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0110
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0115
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0115
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0115
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0120
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0120
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0125
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0125
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0130
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0130
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0130
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0135
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0135
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0140
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0140
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0145
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0145
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0150
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0150
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0150
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0155
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0155
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0155
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0160
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0160
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0160
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0165
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0165
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0165
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0170
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0170
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0170
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0175
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0175
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0175
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0175
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0180
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0180
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0180
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0185
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0185
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0185
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0190
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0190
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0190
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0195
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0195
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0200
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0200
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0220
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0220
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0220
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0210
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0210
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0210
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0210
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0215
http://refhub.elsevier.com/S0014-5793(13)00852-1/h0215

	Effects of ribosomes on the kinetics of Qβ repli
	1 Introduction
	2 Experimental procedures
	2.1 Plasmid construction and preparation of template RNAs
	2.2 RNA replication
	2.3 Preparation of ribosomal protein S1
	2.4 Filter binding assay
	2.5 Kinetic model

	3 Results
	3.1 Kinetic model of double-stranded RNA formation taking into consideration the effects of ribosome concentration
	3.2 Measurement of RNA replication kinetics
	3.3 Qβ RNA replication with S1

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


