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The enzyme Q� replicase is an RNA-dependent RNA poly-
merase, which plays a central role in infection by the simple
single-stranded RNA virus bacteriophage Q�. This enzyme has
been used in a number of applications because of its unique
activity in amplifying RNA from an RNA template. Determina-
tion of the thermal stability of Q� replicase is important to gain
an understanding of its function and potential applications, but
data reported to date have been contradictory. Here, we provide
evidence that these previous inconsistencies were due to the
heterogeneous forms of the replicase with different stabilities.
Wepurified two forms of replicase expressed inEscherichia coli,
which differed in their thermal stability but showed identical
RNA replication activity. Furthermore, we found that the repli-
case undergoes conversion between these forms due to oxida-
tion, and the Cys-533 residue in the catalytic � subunit and
Cys-82 residue in the EF-Tu subunit of the replicase are essen-
tial prerequisites for this conversion to occur. These results
strongly suggest that the thermal stable replicase contains the
intersubunit disulfide bond between these cysteines. The estab-
lished strategies for isolating and purifying a thermally stable
replicase should increase the usefulness of Q� replicase in vari-
ous applications, and the data regarding thermal stability
obtained in this study may yield insight into the precise mecha-
nism of infection by bacteriophage Q�.

Bacteriophage Q� is one of the simplest single-stranded
RNA viruses and its mechanism of infection is studied as a
model of RNA virus infection (1–9). As Q� replicase plays a
central role in infection, there has been a great deal of interest in
its function for several decades (10-17). Q� replicase is an
RNA-dependent RNA replicase that uses single-stranded RNA
as a template to synthesize a complementary strand of RNA. In
the presence of excess Q� replicase, a template RNA, such as
the genomic RNA of phage Q�, is synthesized autocatalytically
(18, 19). Because of this unique autocatalytic synthesis activity

of target RNA, Q� replicase has been used in several applica-
tions, such as the in vitro demonstration of Darwinian evolu-
tion (20), a biological example of a hypercycle (21), studies on
the origin of life (22), as a component of an artificial cell model
(23-26), a method for detection of RNA recombination (27) or
RNA viruses (28), an RNA amplification method (29, 30), RNA
sequencing (31), and as a means of introducing mutations (32).
Thermal stability is an important property for understanding

the function of replicase during infection, and also for various
other applications. Although the replicase has been studied for
several decades, data reported to date regarding its thermal
stability have been contradictory. The first report published
describing its thermal stability reported that 50% of replication
activity was lost by incubation at 37 °C for 10 min (33), whereas
RNAreplicationcontinued for3hat35 °C inanother study (18). In
our previous report, we also reported that the replicase was highly
stable at 37 °C,with retentionofmore than70%activity after 2hof
incubation (34). The present study was performed to provide a
consistent explanation for these contradictory reports and to
determine the thermal stability of Q� replicase.

EXPERIMENTAL PROCEDURES

Purification of Replicase—The standardmethod for purifica-
tion ofQ� replicasewas essentially as described previously (17).
Escherichia coli BL21(DE3) harboring the plasmids pET-Tu-Ts
and pBAD33-rep(NB), or other plasmids of cysteine mutants
were grown at 30 °C in LB media supplemented with 50 �g/ml
ampicillin, 20�g/ml chloramphenicol, and 1.0mM lactose until
the optical density at 660 nm (OD660) was 1.0, then incubated
for an additional 3 h with 0.2% arabinose. For the single-chain
replicase constructs, E. coli XL1-blue harboring the plasmid
pBAD33Ts-Tu-�-3 or cysteine mutants were grown in LB
media essentially as described above except that lactose and
ampicillin were omitted from themedia. The collected cell pel-
let was disrupted using a Multi-Beads Shocker (Yasui Kikai,
Osaka, Japan) in buffer A (50 mM Tris-HCl, pH 7.6, 5 mM

MgCl2, 5 mM 2-mercaptoethanol, 1 mM EDTA, 500 mM NaCl).
The cell lysate used for the replication assay in Fig. 6 was pre-
pared using a sonicator instead of the Multi-Beads Shocker.
The lysate was subjected to ammonium sulfate precipitation
(0.39 g/ml ammonium sulfate) and suspended in buffer B
(buffer A with 100 mM NaCl instead of 500 mM NaCl). After
desalting through a PD10 column (GE Healthcare, Piscataway,
NJ), the samples were applied to aHiTrapTMQHP column (GE
Healthcare) and elutedwith a gradient ofNaCl (100-400mM) in
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buffer B. The fractions containing the heterotrimerwere collected
and further desalted with another PD10 column, applied to a
HiTrapTM SP HP column (GE Healthcare) and eluted with a gra-
dient of NaCl (100-400 mM). Fractions containing the heterotri-
mer were collected and used as the standard replicase. Plasmid
pBAD33-rep(NB), a derivative of pBAD33rep (35), encodes the �
subunit of Q� replicase, and hasNdeI and BglII restriction sites at
the N and C termini of the � subunit, respectively.
The thermally stable replicase (S-form) was prepared by

incubating the standard replicase at 37 °C for 30 min to inacti-
vate all unstable replicases, followed by further purification
by gel-filtration chromatography (Superdex 200 column; GE
Healthcare) with a buffer containing 50mMTris-HCl, pH 7.6, 5
mM MgCl2, 10 �M DTT, 1 mM EDTA, and 250 mM NaCl after
removal of the insoluble fraction by centrifugation. The frac-
tions containing the heterotrimer were collected and used as
the S-form replicase. The thermally unstable replicase
(U-form) was prepared by dialysis of the standard replicasewith a
buffer containing 50 mM Tris-HCl, pH 7.6, 5 mM MgCl2, 10 mM

DTT, 1 mM EDTA, and 250 mM NaCl. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis with
2-mercaptoethanol indicated that both the U- and S-forms were
homogeneous heterotrimers (supplemental Fig. S1).
RNA Replication Assay—The standard reaction mixture for

the RNA replication assay contained 125 mM Tris-HCl, pH 7.8,
5 mM MgCl2, 0.01% (w/v) BSA, 1.25 mM each NTP, 0.4� ROX
dye (Invitrogen, Carlsbad, CA), SYBR Green II (Invitrogen), 50
nM template RNA (s130), and 100 nM replicase unless otherwise
indicated. Incubation with replicase was performed before the
addition of template RNAandNTPs, and therefore the concen-
trations of other components were�1.2-fold higher than in the
standard reaction mixture. Most of the replication reactions
were performed at 37 °C. The reactions shown in Figs. 3B, 5B,
and supplemental Fig. S2B were performed at 25 °C. Fluores-
cence was measured on an Mx3005P QPCR System (Agilent
Technologies, Santa Clara, CA) with ROX used as an internal
reference. The fluorescence of SYBR Green II was converted
into RNA concentration using the known concentration of the
template RNA as a standard. The replication rate was deter-
mined by linear regression of the time course data for RNA
replication shown in Fig. 1A. The template RNAs were pre-
pared as described previously (34).
Determination of kinact—As the RNA replication velocity at

the linear phase is known to be correlated with replicase con-
centration, which decreases at the inactivation rate, kinact, we
determined theRNAreplication velocity at time t in Equation 1,

V�t� � V initial � e � kinactt (Eq. 1)

where Vintial was the initial replication velocity. We fitted the
results shown in Fig. 1B to Equation 1 and estimated the kinact
value in the free state. To estimate the kinact value of replicase in
the working state, we integrated Equation 1 to obtain the tem-
plate RNA concentration at t in Equation 2,

RNA(t) � RNAfinal�1 � e � kinactt� � RNAinitial (Eq. 2)

where RNAintial and RNAfinal were the initial RNA and final
amplified RNA concentration, respectively. The results shown

in Fig. 3 were fitted to Equation 2 to obtain kinact in the working
state.
ReplicationwithCrude Extract—To assay replication activity

in the crude extract, we modified the method reported previ-
ously (36). The reactionmixture contained 50mMTris-HCl, pH
7.8, 10 mM magnesium acetate, 1 mM EDTA, 1 mM phos-
phoenolpyruvate, 0.1mMDTT, 2.5�g/ml rifampicin, 7.5% (v/v)
glycerol, 5 �g/ml pyruvate kinase (Wako, Osaka, Japan), 0.05
units/�l DNaseI (Takara Bio Inc., Kyoto, Japan), 1.25 mM each
NTP, 0.4� ROX, SYBR Green II, 50 nM template RNA (s222),
and 1/20 volume of cell lysate. Detection of specific fluores-
cence from template RNA was calculated by subtracting the
fluorescence of the reaction mixture from that of the reaction
mixture without template RNA. ROX fluorescence was used as
an internal reference. The fluorescence of SYBR Green II was
converted intoRNAconcentration using the known concentra-
tion of the template RNAas a standard. The replication ratewas
determined by linear regression of the time course data for
RNA replication. The lysate was incubated for 20 min at 37 °C
before the reaction was performed.
Construction of Cysteine Mutants—Each cysteine was

mutated to serine by site-directed mutagenesis with Phusion
DNA polymerase (Finnzymes, Espoo, Finland) using
pBAD33rep(NB) as the template. Substituting each cysteine
residue at positions 52, 103, 127, 152, 179, 221, 246, 287, 344,
366, 397, 517, and 567 to serine residues was carried out
using primers Cys52(�) and (�), Cys103(�) and (�),
Cys127(�) and (�), Cys152(�) and (�), Cys179(�) and
(�), Cys221(�) and (�), Cys246(�) and (�), Cys287(�)
and (�), Cys344(�) and (�), Cys366(�) and (�), Cys397(�)
and (�), Cys517(�) and (�), and Cys567(�) and (�), re-
spectively. For construction of Cys533(�) and Cys546(�)
mutants, an In-FusionTM PCR cloning kit (Clontech, Palo
Alto, CA) was used in accordance with the manufacturer’s
instructions. Briefly, pBAD-33rep(NB) was amplified by
PCR with Phusion DNA polymerase to prepare five different
PCR products using primers FW1-snaBI and RV1-ser, FW1-
snaBI and RV1-cys, FW2-ser and RV2-hindIII, FW2-cys and
RV2-hindIII, and vectorF and vectorR, to yield fragments 1,
2, 3, 4, and 5, respectively. Mixtures of fragments 1, 4, and 5,
or 2, 3, and 5 were subjected to In-FusionTM reaction to yield
Cys533(�) and Cys546(�) mutants, respectively. Construc-
tion of all mutants was confirmed by DNA sequencing. The
number of cysteine residues was consistent with the repli-
case data in the GenBankTM database (ACY07237.1). The
sequences of the primers used are listed in supplemental
Table S1.
Mutants of single-chain replicase were prepared by in-

troducing the corresponding cysteine to serine mutation
into the plasmid pBAD33Ts-Tu-�-3 (35). Briefly, for the
Cys533(�) mutation, the XhoI�HindIII fragment-digested
from pBAD33rep(NB) with the Cys533(�) mutation was
replaced with the corresponding fragment of pBAD33Ts-Tu-
�-3. For EF-Tu mutants, the NdeI�BlpI fragment digested
from pET-TuTs with cysteine to serinemutations was replaced
with the corresponding fragment of pBAD33Ts-Tu-�-3. The
pET-TuTs with cysteine mutations were constructed by site-
directedmutagenesis using pET-TuTs as a template. Substitut-
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ing each cysteine residue at positions 82, 138, and 256 to serine
residues was carried out using primers Cys82(�) and (�),
Cys138(�) and (�), Cys256(�) and (�), respectively.
Non-reducing SDS-PAGE and Western Blotting—4-Aceto-

amido-4-maleimidylstilbene-2, 2-disulfonic acid (AMS)2 was
purchased from Invitrogen. AMS treatment and nonreducing
SDS-PAGE were performed according to the method reported
previously (37). Monoclonal antibodies to � subunit, EF-Tu,
and EF-Ts were kindly provided by Dr. Tsukada of Osaka
University.

RESULTS

Replicase Exhibits Heterogeneity in Thermal Stability—We
studied the mechanisms of Q� replicase (17, 34, 35, 38), during
which we found that the replicase purified by the method used,
denoted as the “standard method,” contained replicase with
different thermal stabilities. Briefly, our standard method con-
sists of ammonium sulfate precipitation and ion exchange
chromatography. When we incubated the purified replicase at
37 °C for 2 min before mixing with template RNA and NTPs,
the activity of replicase (replication rate) was decreased to
about 10%, while prolonged incubation (4 min) did not further
decrease the activity (Fig. 1, A and B). These results suggested
that the purified replicase preparation contained about 90%
thermally unstable enzyme, whichwas inactivated immediately
at 37 °C, with the remaining 10% of the enzyme was thermally
stable. The proportion of thermally stable replicase varied
among batches of purification lots at 22% � 14% (n � 4), even
when the same purification method was employed. There have
been no previous reports regarding the heterogeneity of ther-
mal stability. Therefore, the inconsistency of previous reports
regarding thermal stability of the replicase may be explained by
the observed heterogeneity. To verify this suggestion, it was
necessary to purify and characterize each form of replicase
independently.
Therefore, we established strategies to prepare each form of

replicase separately. The thermally stable replicase was pre-
pared by incubating the replicase purified by the standard
method at 37 °C for 10 min to inactivate all unstable replicases,
followed by further purification by size exclusion chromatog-
raphy. The resultant replicase retained 80% of its activity after
incubation at 37 °C for 30 min (Fig. 1B and supplemental Fig.
S2). We designated this stable form of replicase as the S-form.
The thermally unstable replicase was prepared by dialyzing the
purified replicase according to the standardmethod in the pres-
ence of 10mMDTT. Dialysis with a high concentration of DTT
was found to convert the thermally stable replicase into a ther-
mally unstable form (Fig. 2). Simple addition of DTT to the
thermally stable replicase also produced the thermally unstable
replicase at a rate of 0.016/h (supplemental Fig. S5). The ther-
mally unstable replicase was almost completely inactivated by
incubation at 37 °C for 2 min (Fig. 1B). This unstable replicase
was designated as theU-form. The replicase was a heterotrimer
composed of a phage-derived� subunit and host-derived trans-
lation factors, EF-Tu and EF-Ts (11). SDS-PAGE analysis with

2-mercaptoethanol showed that both the U- and S-forms were
homogeneous heterotrimers (supplemental Fig. S1).
Thermal Stability of the Two Forms of Replicase—We char-

acterized the thermal stability of each form quantitatively.
Assuming that the inactivation rate was proportional to repli-
case concentration, we fitted the data from Fig. 1B to a single
exponential curve (Equation 1) to obtain the inactivation rate
constant, kinact; the kinact of the S-form was about 18-fold lower
than that of the U-form (Table 1, free state). The inactivation
rate constant was dependent on the incubation temperature;
the kinact values at 25 °C of the S- and U-forms were smaller

2 The abbreviations used are: AMS, 4-acetoamido-4-maleimidylstilbene-2,
2-disulfonic acid; NTP, nucleotide triphosphate.

FIGURE 1. Thermal stability of the replicase. A, time course of RNA replica-
tion by replicase purified by the standard method and the effects of incuba-
tion before the reaction. The replicase (200 nM) was incubated at 37 °C in the
absence of RNA and NTPs for the indicated times (0, 0.5, 2, and 4 min) before
the replication assay, and then RNA replication was measured at 37 °C after
the addition of 50 nM template RNA (s130) and NTPs. The label “no rep” indi-
cates the results of a control experiment without replicase. B, effects of pre-
incubation on residual replication activity. Each form of replicase was incu-
bated at 37 °C in the absence of template RNA and NTPs before the
replication assay for the indicated times. The RNA replication reaction was
measured as described in Fig. 1A, and the replication rates were determined
by linear regression analysis. The replicase purified by the standard method is
indicated by the filled circles. Replicase prepared by dialyzing the standard
replicase with 10 mM DTT (U-form) is indicated by circles. Replicase prepared
by heat inactivation of the standard replicase followed by gel-filtration chro-
matography (S-form) is indicated by triangles. The data for the S- and U-forms
were fitted to a single exponential decay curve as eq. 1 (gray lines). C, effects of
preincubation temperature on residual activity. U-form replicase was incu-
bated at different temperatures before the replication reaction was carried
out for 2 min in the absence of RNA and NTPs, and then RNA replication rates
of the replicase were measured as described in Fig. 1A.
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than those at 37 °C, but the kinact of the S-form was less than
that of the U-form. A broader range of temperature depen-
dence for inactivation of the U-form is shown in Fig. 1C, where
the U-form was incubated for 2 min at the indicated tempera-
ture before activity measurements. A substantial fraction of
replicase was inactivated at temperatures higher than 30 °C.
We had measured the thermal stability of replicases in the

absence of template RNA and NTPs, which we designated the
“free state.” We next analyzed the thermal stability during
the replication reaction in the presence of template RNA and
NTPs. Under these conditions, the replicase was bound to the
RNA template, and therefore this was designated as the “work-
ing state.” Inactivation of the replicase in the working state was
measured by the decrease in replication rate in the linear phase
(34), where template RNA was in excess relative to the repli-
case. In the linear phase, most of the active replicase was bound
to the RNA, and thus the replication rate was proportional to
active replicase concentration (19). The RNA amplification
continued linearly up to 2min at 37 °C for both S- and U-forms
(Fig. 3A), indicating that the replicase in the working state
remained active during this time. This result suggested that
U-form replicase in theworking state ismore stable than that in
the free state, where the U-form was inactivated completely
after 2 min at 37 °C (Fig. 1B). To confirm this result quantita-
tively, we estimated the kinact value by fitting the data in Fig. 3
with Equation 2. The kinact value of the U-form in the working
state was �50-fold smaller than that in the free state at 37 °C
(Table 1).

It is also notable that unlike the U-form, the S-form was less
stable in the working state than in the free state at both 37 °C
and 25 °C. This can be explained by the inactivation effect of
GTP present during incubation in the working state. We
showed previously that GTP, and probably small fractions of
GDPpresent in theGTP solution, inactivated the replicasewith
a kinact of 0.0128/min (34), close to the value in this study at
37 °C in the working state (0.019/min).
Stabilization Factors of the U-Form—There are several pos-

sible reasons for the increased stability of the U-form in the
working state, such as the presence of template RNA, NTPs, or
both. To distinguish between these possibilities, we incubated
the U-form replicase in reaction mixtures of various composi-
tions, and measured residual replicase activity (Fig. 4). Incuba-
tion with template RNA or NTPs alone resulted in a small
increase in residual replicase activity. In contrast, incubation
with both template RNA and GTP significantly increased the
residual replicase activity, and addition of ATP and UTP
resulted in a further increase. Replicase is known to form an
initiation complex in the presence of template RNA and GTP,
and further addition of ATP and UTP in this case induced for-

FIGURE 3. Kinetics of RNA replication in the linear phase. U-form and
S-form replicase (12.5 nM) were incubated with excess amounts of template
RNA (s130, 50 nM) at 37 °C (A) or 25 °C (B). The data were fitted to Equation 2 to
estimate kinact values in the working state.

FIGURE 4. Stabilizing factors of the U-form replicase during preincuba-
tion. Replication rates were measured following incubation of the U-form
replicase with the indicated components, concentrations of which were the
same as in the standard reaction mixture. Relative replication rates with and
without preincubation are plotted. The error bars indicate the standard devi-
ation of the measurements.

FIGURE 2. Effects of dialysis in the presence of DTT on the thermal stabil-
ity of replicase. The replicase purified by the standard method was sub-
jected to dialysis with or without 10 mM DTT in a buffer composed of 50 mM

Tris-HCl, pH 7.8, 5 mM MgCl2, 1 mM EDTA, and 250 mM NaCl. RNA replication
rates before (gray bar) and after (black bar) the incubation at 37 °C for 2 min in
the absence of template RNA and NTPs were plotted.

TABLE 1
Inactivation rate constants (kinact) of the U- and S-form replicases

kinact
Free statea Working stateb

37 °C 25 °C 37 °C 25 °C

min min min min
S-form 0.009 � 0.002 0.002 � 0.002 0.019 � 0.0003 0.0059 � 0.0001
U-form 3.6 � 0.1 0.095 � 0.006 0.066 � 0.0004 0.024 � 0.0003

a kinact in the free state shows the inactivation rate constant in the absence of tem-
plate RNA andNTPs. The values were obtained by curve fitting the data shown in
Fig. 1B (U-form at 37 °C) and supplemental Figs. S2A (S-form at 37 °C) and S2B
(both forms at 25 °C).

b kinact in the working state shows the inactivation rate constant in the presence of
template RNA and NTPs. The values were obtained by curve fitting the data
shown in Fig. 3.
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mation of an elongation complex (39). The observed stabiliza-
tion with template RNA, GTP, ATP, and UTP indicated that
the U-form replicase in the initiation or elongation complex
was more stable than the free U-form. We also examined the
effects of other factors on stability, such as ionic strength, mag-
nesium ions, reducing agents, glycerol, and the subunits of rep-
licase: EF-Tu, EF-Ts, ribosomal S1 protein, and Hfq protein.
None of these factors showed any stabilization effect (data not
shown).
S- and U-Forms Exhibit Similar Replication Activity—We

compared kinetic parameters other than thermal stability
between the S- and U-forms. In previous studies, the kinetic
parameters, Km and kcat, were estimated based on replication
reactions performed with excess replicase compared with tem-
plate RNA at 37 °C (19, 34). Here we performed similar exper-
iments using S- and U-forms of the replicase. Our results indi-
cated exponential amplification of the S-form but not the
U-form at 37 °C (Fig. 5A). The lack of detectable replication by
the U-form can be explained by the immediate inactivation of
the U-form in the free state at 37 °C. We then measured repli-
cation at 25 °C, where the kinact values of both forms were sig-
nificantly lowered (Table 1), and observed exponential amplifi-
cation by both S- and U-forms (Fig. 5B). The replication rate
constant, kobs, was measured for two template RNAs, s130 and
s222, at various concentrations of the replicase (supplemental
Fig. S3), and we estimated Km and kcat values at 25 °C (Table 2).
There were no significant differences in the values of these
parameters between the U- and S-forms. These results indi-
cated that while thermal stability was different, the S-form and
U-form showed similar replication activity.
Cys533(�) of the � Subunit Is Responsible for Replicase

Stability—Wenext examined the chemical differences between
the S- andU-forms of the replicase. As conversion of the S-form
to the U-form was dependent on the reducing reagent DTT

(Fig. 2), oxidation was considered to play a role in S-form for-
mation. Cysteine residues are well-known oxidative targets in
proteins; these residues undergo oxidation to form disulfide
bonds ormay bemodified by several chemical groups. The rep-
licase used in the present study was a heterotrimer, consisting
of a � subunit, EF-Tu, and EF-Ts. First we focused on the �
subunit, which is the catalytic subunit and contains 15 cys-
teines.We constructed cysteinemutants inwhich each cysteine
residue was mutated to serine, and examined the proportion of
the S-form in enzyme preparations.
Each cysteine mutant was expressed in E. coli, cell lysates

were prepared, and the thermal stability of replication activity
in the cell lysate was determined. We measured the replication
activity of the lysates before and after incubation at 37 °C for 20
min in the absence of the template RNA and NTPs (Fig. 6A),
and calculated the proportion of residual activity after incuba-
tion (Fig. 6B). For the wild-type and 14 of the mutants (Cys52,
103, 127, 152, 179, 221, 246, 287, 344, 366, 397, 517, 546, 567),
�40% of the activity remained after incubation, whereas the
residual activity was significantly decreased in the Cys533(�)
mutant. This result was further confirmed using replicase puri-
fied by the standard method (supplemental Fig. S6). These
results indicated that the cysteine 533 residue is responsible for
S-form formation.
Nonreducing SDS-PAGE of the S-Form after Blocking Free

Thiols Demonstrated a High Molecular Weight Protein Con-
sisting of the � Subunit and EF-Tu—We have identified only
one cysteine residue (Cys533(�)) responsible for S-form forma-
tion, rather than two in the � subunit. Therefore, if the S-form
has a disulfide bond, an intersubunit bond is likely to be present.

FIGURE 5. Kinetics of RNA replication in the exponential phase. The S- and
U-form replicase (112.5 nM) were incubated with template RNA (s130, 0.1 nM)
at 37 °C (A) or 25 °C (B). As the replicase was excessive compared with tem-
plate RNA, the RNA amplified exponentially. Replication by the U-form at
37 °C was not detected.

TABLE 2
Km and kcat values of the U- and S-form replicases at 25 °C

s130 RNA s222 RNA
kcat Km

a kcat Km
a

min nM min nM
S-form 0.68 � 0.002 2.8 � 0.9 0.25 � 0.001 1.7 � 2.8
U-form 0.70 � 0.005 5.2 � 1.5 0.29 � 0.001 1.3 � 1.1

a To estimate the Km value, we assumed that the active ratio of the replicase was
100%.

FIGURE 6. Thermal stability of cysteine mutants of the � subunit. A, repli-
cation activity of each cysteine mutant of the � subunit in the cell lysates.
Replication rates were measured before (gray bar) and after (black bar) incu-
bation of the lysate at 37 °C for 20 min without addition of template RNA and
NTPs. Replication rates relative to that of the wild-type before incubation
were plotted. The proportions of residual replicase activity after the incuba-
tion are shown in B.
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To examine this possibility, S- and U-forms of the replicase
were subjected to SDS-PAGE under various conditions.
We took into account the possibility that alterations in disul-

fide bonds may have occurred during sample preparation.
Disulfide bond exchange is known to occur for certain proteins
during manipulation for nonreducing SDS-PAGE unless free
thiols are blocked (40, 41). We first precipitated the replicases
with TCA, which repressed the exchange reaction by lowering
the pH, and then modified free thiols with AMS. The modified
S- and U-form replicase were subjected to non-reducing SDS-
PAGE (Fig. 7A).

The resulting U-form exhibited three bands corresponding
to the � subunit, EF-Tu, and EF-Ts. In contrast, the S-form
treated with AMS showed another major band above the �
subunit, as well as a significant decrease in intensity of the band
corresponding to the � subunit. Similar results were also
obtained with another reagent that modifies thiols,N-ethylma-
leimide (NEM) (data not shown). This high molecular weight
proteinwas also observed even in the sample before AMS treat-

ment as an indistinct smeared band (Fig. 7A, lane 1, upper
band), indicating that protein appearance was not an artifact of
AMS treatment.
The appearance of this high molecular weight protein,

observed in the wild-type but not in Cys533(�) mutant (Fig.
7B), was sensitive to treatment with DTT (Fig. 7A). To identify
the subunits constituting the high molecular weight protein,
Western blotting analysis was performed using antibodies
against EF-Tu, EF-Ts, and � subunit, respectively. The results
clearly showed that the high molecular weight protein con-
sisted of a � subunit and EF-Tu (Fig. 7C). Taken together, these
findings strongly suggest that cysteine 533 of the � subunit is
connected to EF-Tu via a disulfide bond in the S-form replicase.
Cys82(Tu) of EF-Tu Is Responsible for Replicase Stability and

High Molecular Weight Protein Formation—To identify the
partner of the Cys533(�) disulfide bond, we constructed
mutants of EF-Tu in which each cysteine residue was mutated
to serine.Here, we used fusion replicase, inwhich the� subunit,
EF-Tu, and EF-Ts were connected as a single polypeptide. Use
of the fusion protein allowed us to obtain a mutant replicase
containing each mutant EF-Tu without affecting the original
function of EF-Tu in the host cell, and reduced the possibility of
integration of host-derived EF-Tu into the replicase. We mea-
sured the replication activities of the lysates from each mutant
before and after incubation at 37 °C for 20min in the absence of
the template RNA and NTPs (Fig. 8A), and calculated the pro-
portion of residual activity after incubation (Fig. 8B). The wild-
type fusion replicase and Cys533(�) mutant showed similar
results to the heterotrimeric replicases (Fig. 6, A and B); the
activity remained after preincubation at a certain level for the
wild-type, whereas the activity was significantly decreased for
the Cys533(�) mutant. EF-Tu has three cysteine residues,
Cys82, -138, and -256. For Cys138(Tu) and Cys 256(Tu), signif-
icant levels of activity remained after the incubation. In con-
trast, the residual activity decreased for the Cys82(Tu) mutant
to the same level as in the Cys533(�) mutant. These results
indicated that Cys82(Tu) is required for formation of the
S-form and suggested that Cys82(Tu) is the disulfide bond part-
ner with Cys533(�).

FIGURE 7. Nonreducing SDS-PAGE after blocking of free thiols. A, S- and
U-forms of replicase were precipitated with 5% TCA and treated with the
oxidative agent, AMS, to modify free thiols. This procedure is known to inhibit
disulfide bond exchange. The replicases were then subjected to SDS-PAGE
(5%-15%) without any reducing agent. In the AMS� lane, the TCA-precipi-
tated replicase before AMS treatment was applied. In the DTT� lanes, the
applied replicase was treated with DTT (10 mM) for 5 min at 37 °C after mod-
ification with AMS. The black arrowhead indicates the high molecular weight
proteins. As AMS has a molecular weight of 0.5 kDa, the bands showed a shift
in migration following AMS treatment. B, wild-type and Cys533(�) mutant
replicase purified by standard methods were treated with AMS and subjected
to nonreducing SDS-PAGE. The S-form replicase was applied again for com-
parison. C, Western blotting analysis. S-form replicase subjected to nonreduc-
ing SDS-PAGE was analyzed by Western blotting using monoclonal antibod-
ies specific for �, EF-Tu, and EF-Ts subunits.

FIGURE 8. Thermal stability of the fusion replicase containing cysteine
mutants of EF-Tu. A, replication activity of the fusion replicase with each
cysteine mutant of EF-Tu in the cell lysates. Replication rates were measured
before (gray bars) and after (black bars) incubation of the lysate at 37 °C for 20
min without addition of template RNA and NTPs. Replication rates relative to
that of the wild-type before incubation are plotted. The proportions of resid-
ual replicase activity after incubation are shown in B. Error bars indicate the
standard deviation from duplicate experiments.
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DISCUSSION

The results of the present study indicated that a replicase
purified by the standardmethod contained at least two forms of
the enzyme with different thermal stabilities but essentially
identical Km and kcat values. We also demonstrated that oxida-
tion of the replicasewas responsible for the differences between
the two forms. In addition, our findings supported the sugges-
tion that the � subunit and EF-Tu are connected by a disulfide
bond betweenCys533(�) andCys82(Tu) in the thermally stable
replicase.
Previous Inconsistencies Can Be Explained by theHeterogene-

ity of Thermal Stability—Previous reports on the thermal sta-
bility of Q� replicase were contradictory. We carefully exam-
ined the purification methods and thermal stability, and our
results indicated that the previous inconsistencies could be
explained by the heterogeneity of the replicase. The previous
report of 50% inactivation by Eoyang et al. (33) can be explained
by their replicase containing 50% S- and 50% U-form replicase.
Haruna et al. (18) reported continuous replication for more
than 3 h, which can be explained by the presence of the S-form
replicase. In our previous study, we incubated the replicase
before analysis to remove the U-form replicase (34). Therefore,
the detailed kinetic analysis of the replicase that we reported
previously was that of the S-form. Although purification of the
replicase in previous studies wasmostly carried out in the pres-
ence of reducing agents, conversion from the S- to the U-form
was very slow and required dialysis for more than 1 day with
high concentrations of a reducing agent (10 mM DTT; data not
shown). Such procedures were not performed in previous puri-
fication methodologies (10, 33, 35, 36, 42, 43, 44), resulting in a
mixture of the S- andU-forms in preparations.With the excep-
tion of thermal stability, there were no other significant differ-
ences between the S- and U-forms of the replicase. Therefore,
previous knowledge regarding the characteristics of the repli-
case other than thermal stability would still be valid even
though heterogeneous replicase preparations were used.
Chemical Differences between the S- and U-Forms of the

Replicase—The results of the present study indicated that oxi-
dation was responsible for the difference between the S- and
the U-form, and a disulfide bridge between Cys533(�) and
Cys82(Tu) was important for S-form formation. The disulfide
bond is known to stabilize protein conformation (45) by desta-
bilizing the unfolded state of the protein.
Depending on the sample, the band derived from the inter-

subunit disulfide was weak or absent in samples untreated with
AMS (Fig. 7A, lane 1 upper band, and supplemental Fig. S1, far
right lane). On the other hand, the intersubunit disulfide bond
was clearly detected when the samples were labeled with AMS
(Fig. 7). For some proteins, chemically blocking the free thiols
was required to prevent the disulfide exchange reaction detec-
tion of true disulfide bonds (40, 41). This may also be the case
for the replicase, whichmay explainwhy the intersubunit disul-
fide bond was not detected previously in the replicase despite
the large number of studies of this enzyme.
Based on the recently reported three-dimensional structure

of Q� replicase (46), Cys533(�) and Cys82(Tu) are located at
the interface of the two subunits. Although the distance

between the two cysteines (21 Å) was larger than the length of
the disulfide bond (about 2 Å), this fact does not exclude the
possibility of disulfide bond formation because the x-ray struc-
ture represents only a snapshot of fluctuating structures of the
protein. In addition, the structure around Cys533(�) was con-
sidered to be flexible, and therefore Cys533(�) and Cys82(Tu)
may be in close proximity in solution.
Comparative Analysis of the Cys533(�) Residue—Compared

with related group III phages, the Cys533(�) residue is con-
served in the Q� replicase of other strains, such as BZ1, VK
HL4–9, and TW18. However, it is not conserved in the closely
related replicases MX1 and M11 or in other phage groups.
These observations indicate that the function of Cys533(�) in
replicase stability is restricted to a narrow range of phage
strains. Alternatively, the function of Cys533(�) may be com-
pensated by other cysteine residues. For example MX1 and
M11 have acquired another cysteine located nearby (Cys521),
which may function in the same manner as Cy533(�) of Q�
replicase.
Biological Significance of the S- and U-Forms—The cyto-

plasmofE. coli cells usually represents a reducing environment.
Therefore, the replicase expressed in these cells during phage
infection would be in the U-form, which should be inactivated
immediately in the free state. During infection by the phage,
however, genomic RNA replicates exponentially at 37 °C for
about 15 min (21), suggesting that the replicase is stabilized
within the cell. These observations suggest that there is amech-
anism that stabilizes the U-form replicase in the cell. One pos-
sibility is the binding of the replicase to the cellular RNA, which
stabilizes the U-form, as shown in Fig. 4. The replicase in the
cell may exist bound to cellular RNAs, such as mRNA, tRNA,
and rRNA. There may also be a crowding effect where the rep-
licase is present in a crowded environment in vivo (47), and
such macromolecular crowding is known to stabilize proteins.
Another possibility is the presence of an as yet unidentified
stabilizing factor, which may bind or modify the replicase and
thus assist in its stabilization. We found that the proportion of
the S-form increased when the cell lysate of cysteine mutants
was stored at 4 °C for several days, suggesting that a factor in the
cell lysate converted the U-form into the S-form (supplemental
Fig. S4). Further studies focusing on stability may lead to the
identification of a novel factor or factors involved in the phage
genome RNA replication process.
There is still insufficient evidence on which to base a conclu-

sion regarding whether conversion of the U-form to the S-form
is biologically relevant. Nevertheless, the possibility that the
S-form formed in the cytoplasm may play a role in RNA repli-
cation should not be excluded. This possibility is not unrealistic
because the cellular conditions when replicase is expressed are
unusual; when the cell is infected by the Q� phage, the phage
genome and protein are expressed at high levels, and therefore
the cells are lysedwithin severalminutes. Oxidized proteinmay
form under such abnormal conditions, which is supported by
the observation that phage infection impairs the function of the
E. coli oxidative resistance systems (48). A more attractive pos-
sibility is that theQ�phagemay regulate the replication activity
by conversion between the S- andU-forms. As RNA replication
and phage protein translation are mutually inhibitory (26, 49),
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the two reactions must be regulated temporally for efficient
amplification of the phage. Some proteins related to the oxida-
tive stress response, such asOxyR, are known to be regulated by
disulfide bond formation (50). The Q� phage may utilize the
same strategy to regulate replication activity. Further studies
using Cys533 mutant phage in vivo are required to verify this
possibility.
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