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Abstract
Cooperative unfolding of Escherichia coli ribosome recycling factor (RRF) and its implication for function were investigated by comparing the in vitro unfolding and the in vivo activity of wild-type E. coli RRF and its temperature-sensitive mutant RRFV117D. The
experiments show that mutation V117D at domain I could perturb the domain II structure as evidenced in the near-UV CD and tyrosine
ﬂuorescence spectra though no signiﬁcant globular conformation change occurred. Both equilibrium unfolding induced by heat or denaturant and kinetic unfolding induced by denaturant obey the two-state transition model, indicating V117D mutation does not perturb the
eﬃcient interdomain interaction, which results in cooperative unfolding of the RRF protein. However, the mutation signiﬁcantly destabilizes the E. coli RRF protein, moving the thermal unfolding transition temperature range from 50–65 to 35–50 C, which spans the
non-permissive temperature for the growth of E. coli LJ14 strain (frrts). The in vivo activity assays showed that although V117D mutation results in a temperature sensitive phenotype of E. coli LJ14 strain (frrts), over-expression of mutant RRFV117D can eliminate the
temperature sensitive phenotype at the non-permissive temperature (42 C). Taking all the results into consideration, it can be suggested
that the mechanism of the temperature sensitive phenotype of the E. coli LJ14 cells is due to inactivation of mutant RRFV117D caused by
unfolding at the non-permissive temperatures.
 2006 Elsevier Inc. All rights reserved.
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Protein synthesis consists of initiation, elongation, termination, and ribosome recycling. When translation of
an mRNA has been completed on the ribosome, the peptidyl-tRNA with a nascent polypeptide is translocated into
the ribosome P site, and a stop codon is translocated into
the ribosomal A site. Then one of the class I release factors,
RF1 or RF2, binds to the ribosomal A site and induces the
release of the nascent polypeptide. Afterwards a class II
release factor RF3 binds to the ribosome, catalyzes the
release of RF1 or RF2, and dissociates in a GTP-dependent manner [1–3], leaving behind the post-termination

ribosomal complex consisting of mRNA, deacylated tRNA
in P site, and an empty A site. Disassembly of the post-termination complex, recycling of the ribosomal subunits
back to a new round of initiation, is an essential step in
protein synthesis. Ribosome recycling factor (RRF)1 is
essential for bacterial growth [4,5] and, in concert with
elongation factor EF-G, triggers dissociation of the posttermination complex [6–9]. As an essential protein factor
for protein synthesis in bacteria, all reported RRFs are
highly similar in amino acid sequences [10,11]. Crystal
and solution structures of RRF have been solved for six
diﬀerent bacterial species; all of these structures comprise

*

Corresponding authors. Fax: +86 10 64840672.
E-mail addresses: hjzhang@sun5.ibp.ac.cn (H. Zhang), jinggzh@
sun5.ibp.ac.cn (G. Jing).
0003-9861/$ - see front matter  2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2006.03.029

1
Abbreviations used: RRF, ribosome recycling factor; CD, circular
dichroism; ASA, solvent-accessible surface area; Ts, temperature sensitive.

192

L. Zhang et al. / Archives of Biochemistry and Biophysics 450 (2006) 191–202

two domains connected by a ﬂexible hinge: domain I displays a three-stranded a-helix bundle structure, and
domain II exists as a three layer b/a/b sandwich structure
[10–16].
In recent years, extensive work has been done in studying
the mechanism of the post-termination complex disassembly
[9–11,17–24]. The studies showed that splitting of the posttermination ribosome into subunits is catalyzed by the concerted action of RRF and EF-G on the ribosome. Our recent
study further indicated that domain II of RRF plays a crucial
role in the concerted action of RRF and EF-G for the
post-termination complex disassembly and domain I mainly
contributes to ribosome binding of the RRF molecule [25].
However, researchers have not paid enough attention to
studying the relation between structure and function of the
RRF molecule itself. Crystal structure analysis of Thermotoga maritime RRF showed that the water-accessible surface
area lost in domain–domain interaction is only 8.2% of the
domain areas. The lower interface may indicate a weak interaction between the domains [12]. Results from the backbone
dynamics of Escherichia coli RRF in water characterized by
15
N NMR relaxation analysis and molecular dynamics simulation also indicated that E. coli RRF has a characteristic
two domain structure in solution and each structural domain
behaves as a rigid body [26]. Examination of the crystal packing of Mycobacterium tuberculosis RRF revealed extensive
contacts between domain I and the symmetry-related molecules. However, domain II makes fewer contacts with the
symmetry mates, with a large channel of water molecules surrounding it. Consequently, while domain I is held rigid in
crystal, domain II is aﬀorded considerable conformational
freedom [16]. Taken together, all these results assume that
there is only a weak interaction between the two RRF
domains, and the folding of domain I and domain II is relatively independent. However, crystal structure analysis of
Thermus Thermophilus RRF revealed that although the
hinge ﬂexibility is vital for the function of RRF, the steric
interaction between the hinge loop and domains I and II
restricts the interdomain angle, and this interaction makes
diﬀerent RRFs have their speciﬁc interdomain angles [10].
This observation implied that interdomain interaction may
play a certain role in RRF function. To clarify whether interdomain interaction exists in RRF molecules and what its
implication for RRF function is, an E. coli RRF mutant,
RRFV117D, was chosen as a model. The reasons for choosing
this mutant were threefold. Mutant V117D is located in
a-helix 3 of RRF domain I (Fig. 1), which can be used as a
probe to examine the interdomain interaction. Second,
mutant V117D rends the E. coli RRF temperature sensitive.
E. coli strain LJ14, which has only the chromosomal copy of
the mutant V117D gene (frrts), can not grow at the non-permissive temperature. Third, although the RRF coded for by
frrts (V117D) loses its ribosome-releasing activity upon
exposure to an elevated temperature, there is residual RRF
activity in vitro. An excess amount of the residual activity
of mutant RRFV117D expressed from the multicopy vector
eliminates the temperature sensitive phenotype in vivo [4].

Fig. 1. Crystal structure of E. coli RRF mutant Arg132Gly using PDB
ID: 1ISE.pdb. The graph was built using MolMol software. E. coli RRF
consists of 185 amino acids with a molecular weight of 20,639. The RRF is
an open L-shaped molecule composed of two domains connected by a
ﬂexible hinge. The ﬁrst domain (residues 1–30 and 104–185) contains three
a-helices, and the second domain (residues 32–102) contains one a-helix
and six b-strands. The side chains of Arg28, Arg31, Tyr44, Tyr45 Asp86,
Val117, and Glu181 are indicated. Note that the side chains of Tyr44 and
Tyr45 at the domain II are highly exposed to solvent.

These properties of mutant RRFV117D make it a good model
for studying the thermal inactivation mechanism of E. coli
RRF. In this paper, circular dichroism (CD) and intrinsic
tyrosine ﬂuorescence spectra were utilized to detect the structural characteristics of EcoRRF and its mutant RRFV117D
and to investigate the diﬀerences in their thermodynamic
and kinetic stability. Furthermore, the thermal inactivation
mechanism of RRF was also studied by comparing the thermal stability and the in vivo activity of EcoRRF and its
mutant RRFV117D. The results indicate that V117D substitution mutation signiﬁcantly destabilizes the EcoRRF protein,
moving the unfolding transition temperature ranges from
50–65 to 35–50 C. However, the mutation does not perturb
the eﬃcient interdomain interaction, which results in cooperative unfolding of the RRF protein. The temperature sensitive phenotype of the E. coli LJ14 cells caused by V117D
substitution is due to the cooperative unfolding of mutant
RRFV117D at the non-permissive temperatures.
Materials and methods
Bacterial strains, plasmids, and chemicals
Escherichia coli LJ14 is a MC1061 strain (frrts), of which
the chromosomal wild-type frr allele is replaced with a
mutant allele (V117D) [4], allowing E. coli LJ14 to grow
at 30 C but not at 42 C. The strain was used for the in
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vivo activity assays of E. coli wild-type RRF (EcoRRF)
and mutant RRFV117D by complementation analysis. E.
coli BL21(DE3) plysS strain was used as a host cell for
expression of EcoRRF and mutant RRFV117D. pET-DB
was constructed in our laboratory [27] and used for the
expression of EcoRRF and mutant RRFV117D. pQE-60 is
a vector with a strong T5 promoter purchased from QIAGEN. It was used to construct pQE-EcoRRF and pQERRFV117D for analysis of the complementation of E. coli
LJ14 (frrts). Restriction endonucleases were from NEB
and the DNA ligation kit from Takara. All other reagents
were of analytic grade.
Construction of plasmids for the expression of E. coli RRF
and its mutant RRFV117D
pQE-EcoRRF plasmid for the in vivo activity assay of
EcoRRF was constructed as described [28]. For construction of pET-DB-EcoRRF, the EcoRRF coding sequence
was obtained by digestion of pQE-EcoRRF plasmid with
NcoI and BamHI, and then the EcoRRF gene was inserted
into the same sites of pET-DB, resulting in pET-DBEcoRRF for expression of EcoRRF.
pET-DB-RRFV117D for expression of mutant RRFV117D
was constructed by overlap extension [29]. Four primers
were designed: forward (5 0 -GC AGC TCC ATG GTT
AGC GAT ATC AGA AAA GAT GCT GAA GTA
CG-3 0 ) and reverse (5 0 -CTC GAG AAG CTT TCA GAA
CTG CAT CAG TTC TG-3 0 ) primers containing NcoI
and HindIII cut sites (bold), and complementary mutant
primes (5 0 -C TTC ACC ACG ATC GAT TTT GGT
CAG-3 0 and 5 0 -CTG ACC AAA ATC GAT CGT GGT
GAA GC-3 0 ) containing mutation sites (bold), respectively.
Three polymerase chain reactions (PCRs) were performed
using pQE-EcoRRF as a template. The PCR product was
digested with NcoI and HindIII and then cloned into
pET-DB and pQE-60, resulting in pET-DB-RRFV117D
and pQE-RRFV117D, respectively. The authenticity of all
the cloned genes was veriﬁed by DNA sequence analysis.
Expression and puriﬁcation of E. coli RRF and its mutant
RRFV117D
Expression and puriﬁcation of E. coli RRF and its
mutant RRFV117D were performed exactly as described in
[28]. In brief, each plasmid was transformed into E. coli
BL21 (DE3) pLysS cells. Fresh culture of transformant
was induced with 0.5 mM IPTG, and the overproduced
protein was puriﬁed by metal chelating aﬃnity chromatography. Because twenty-two amino acid residues including a
His6-tag and a thrombin cleavage site were fused in-frame
to the N-terminal end of each protein when its gene was
cloned into pET-DB vector [27], each protein was ﬁrst
expressed as a His6-tagged one. The puriﬁed fusion protein
was then incubated with thrombin (Sigma T4648) in the
ratio of 10 U of thrombin/milligram protein in cleavage
buﬀer (20 mM Tris–HCl, pH 8.0, 2.5 mM CaCl2, 10 mM
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MgCl2) at 4 C for 8 h. After digestion, the cleavage mixture was applied onto a Pharmacia Superdex 75 Hiload
column, and then eluted with elution buﬀer (50 mM
Tris–HCl, pH 7.5/100 mM NaCl/100 lM PMSF). The
major peak of each protein was collected and dialyzed
against 50 mM NH4Cl at 4 C. Finally, the puriﬁed proteins were lyophilized and stored at 20 C. Each puriﬁed
protein appeared as a single band on a 15% SDS–polyacrylamide gel. Protein concentrations were determined
by absorbance measurements at 280 nm using absorption
coeﬃcients of e0:1%;1cm
¼ 2680 ml mg1 cm1. The coeﬃ280nm
cient was calculated from the amino acid compositions following the procedure described by Pace et al. [30].
In vivo assays for RRF activity
The in vivo assay was performed by monitoring complementation of the E. coli LJ14 (frrts) with EcoRRF and
mutant RRFV117D. Each plasmid (pQE-EcoRRF or pQERRFV117D), which expresses EcoRRF or mutant
RRFV117D, was transformed into E. coli LJ14 (frrts). Cultures were started with a 0.06% (v/v) inoculums from freshly grown (at 30 C) overnight cultures, and growth at both
permissive (30 C) and non-permissive (42 and 45 C) temperatures was monitored by recording culture turbidities at
600 nm at regular intervals [31]. The expression level of
RRFs was detected by immunoblotting using antiEcoRRF antibodies and a SuperSignal West Pico Trial
Kit (Pierce). Protein extracts were prepared from equal
amounts of culture cells at diﬀerent temperatures.
Circular dichroism (CD) spectra
Circular dichroism spectra of EcoRRF and mutant
RRFV117D were obtained at 25 C using an Applied Photophysics PiStar-180 spectrometer with a 1-mm path length
quartz cuvette. The protein concentration in the samples
was 5 lM for far-UV CD (250–200 nm) and 200 lM for
near-UV CD (320–250 nm), in 50 mM phosphate buﬀer,
pH 7.5. The CD spectra data were taken at 1 nm intervals
with an integration time of 1 s. The data represent the average of ﬁve scans after correction for the buﬀer baseline and
were reported as mean residue ellipticity ([h]).
Intrinsic tyrosine ﬂuorescence spectra
Intrinsic tyrosine ﬂuorescence emission spectra of
EcoRRF and mutant RRFV117D were measured at 25 C
using a Hitachi F-4500 ﬂuorescence spectrophotometer
with a slit width of 5 nm. The excitation wavelengths were
280 nm and the concentration of each protein was 5 lM in
50 mM phosphate buﬀer, pH 7.5.
Thermal unfolding transitions
Thermal unfolding of EcoRRF and mutant RRFV117D
was monitored by CD signal changes at 222 and 277 nm,
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respectively. Each sample contained 5 lM of protein in
50 mM phosphate buﬀer, pH 7.5. For heat induced denaturation, proteins were heated at 1 C/min from 35 to 70 C for
EcoRRF and 20 to 55 C for mutant RRFV117D using the
PC.2 Peltier temperature controller accessory of the PiStar180 instrument. The cuvette (1 mm path length) was sealed
with paraﬁlm to prevent evaporation while the pressure
was kept relatively constant.
The van’t Hoﬀ enthalpy and the midpoint temperatures
of the CD transition curves were determined by simulation
of the transition curves according to a two-state mechanism [32] using the following equations:
½hðT Þ ¼ ½hNb ðT Þ þ ð½hUb ðT Þ  ½hNb ðT ÞÞ  ððqðT Þ  1Þ=qðT ÞÞ

ð1Þ

½hNb ðT Þ ¼ a þ b  ðT  T m Þ

ð2Þ

½hUb ðT Þ ¼ c þ d  ðT  T m Þ;

ð3Þ

where [h]Nb (T) is the temperature dependence of the native
state baseline, and [h]Ub (T) is that of the unfolded state.
Both were assumed to be linear.
qðT Þ ¼ 1 þ KðT Þ

ð4Þ

is the partition function of a two-state transition involving
the equilibrium constant K (T).
The temperature dependence of the equilibrium constant depends on the standard Gibbs energy change DGo
for unfolding, which can be calculated from the experimental transition enthalpy DHo and the transition temperature
Tm according to
KðT Þ ¼ expðDGo =RT Þ

ð5Þ

and
DGo ¼ DH o  ð1  T =T m Þ.

ð6Þ

The software of SigmaPlot 6.0 was used for the data
analysis.
GdnHCl-induced equilibrium denaturation

yD is that of the extrapolated value for the denatured state,
assuming that they are linearly dependent on GdnHCl concentration, i.e.,
y N ¼ y oN þ mN ½GdnHCl
and
y D ¼ y oD þ mD ½GdnHCl.

f ¼

y  yN
;
yD  yN

ð7Þ

where y is the measured CD or ﬂuorescence signal, yN is the
CD or ﬂuorescence signal of RRF for the native state and

ð9Þ

Evaluation of the isothermal unfolding curves was performed numerically following the procedure of Santoro
and Bolen [33] using two-state model equations through
the software of SigmaPlot 6.0:
yN þ yDQ
1þQ


DGoD ðH2 OÞ  mG ½GdnHCl
Q ¼ exp 
;
RT

f ¼

ð10Þ
ð11Þ

where DGoD ðH2 OÞ is the standard Gibbs free energy change
for unfolding in the absence of denaturant, and mG is the
slope of the plot of DGoapp versus denaturant concentration,
according to
DG¼ DGoD ðH2 OÞ  mG ½GdnHCl.

ð12Þ

GdnHCl-induced unfolding kinetics
Unfolding kinetics of EcoRRF and mutant RRFV117D
were monitored at the CD signal at 225 nm by fast mixing of the RRF sample from one syringe and concentrated GdnHCl solution from a secondary syringe by 1:10
dilution using an Applied Photophysics stopped-ﬂow
apparatus. The reason for selecting 225 nm was just
due to the better signal/noise ratios compared to that
at 222 nm. The ﬁnal concentration of each protein was
10 lM. The unfolding kinetics was analyzed using the
ﬁrst-order kinetic process equation
½ht ¼ ½h0 þ ð½h1  ½h0 Þ  expðk u tÞ;

GdnHCl-induced denaturation of EcoRRF and its
mutant RRFV117D was measured at 25 C by monitoring
the change in CD signal at 222 nm with a 1 mm path length
quartz cuvette. Each sample contained 5 lM of protein in
50 mM phosphate buﬀer, pH 7.5, with diﬀerent concentrations of GdnHCl and was incubated overnight at 25 C
before experiments. The data were obtained by the average
of four scans. GdnHCl-induced denaturation of EcoRRF
and mutant RRFV117D was also monitored by using the
change in intrinsic tyrosine ﬂuorescence. Each sample contained 5 lM of protein in 50 mM phosphate buﬀer, pH 7.5,
with diﬀerent concentrations of GdnHCl at 25 C as
described above. The unfolding progress was determined by

ð8Þ

ð13Þ

where [h]t indicates the measured CD signal at 225 nm at
time t after mixing RRF with GdnHCl; [h]0 is the CD signal of protein without denaturant; and [h]1 is the CD signal of protein at a certain concentration of GdnHCl to the
equilibrium state. ku refers to the unfolding rate constant at
a certain concentration of denaturant.
Plots of lnku versus the denaturant concentrations are
linear in the post transition region, and lnku(H2O) could
be linearly extrapolated to the zero concentration of denaturant [34] according to equation
mu
 ½denaturant;
ð14Þ
RT
where mru/RT indicates the slope of the unfolding rate constant versus denaturant concentrations.
The free energies of activation for the unfolding (DG06u¼ Þ
were calculated using the transition state theory according
to Eyring [35]
ln k u ¼ ln k u ðH2 OÞ þ
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ln k u ðH2 OÞ ¼ ln

jk b T DG06u¼ ðH2 OÞ

;
h
RT

ð15Þ

where kb is the Boltzmann constant, T is the absolute temperature in Kelvin, h is the Planck constant, R is the gas
constant, and j is the transmission factor which is arbitrarily set as unity.
Results
Eﬀect of V117D mutation on the CD spectra of E. coli RRF
Far-UV CD spectra were used to assess the secondary
structure, especially the a-helical content. The appearance
of two negative peaks at 208 and 222 nm in the CD spectrum is usually considered to be indicative of the content
of a-helical structure in a protein [36,37]. Fig. 2A shows
the far-UV CD spectra of EcoRRF and mutant RRFV117D.
The double negative peaks centered at 208 and 222 nm
remained with slight decrease of the signal (8%) caused
by V117D substitution, indicating that mutation has no
signiﬁcant eﬀect on the secondary structure of the protein.
The CD spectrum of a protein in the near-UV spectral
region (350–250 nm) can be sensitive to certain aspects of

Fig. 2. CD spectra of EcoRRF and its mutant RRFV117D. (A) Far-UV
CD spectra of EcoRRF (j) and its mutant RRFV117D (s). (B) Near-UV
CD spectra of EcoRRF (j) and its mutant RRFV117D (s). The spectra
were obtained at 25 C; the detailed experimental conditions are described
in the text.

195

tertiary structure, which reﬂect the asymmetry of the environment of aromatic amino acid residues [36,37]. Fig. 2B
shows the near-UV CD spectra of EcoRRF and mutant
RRFV117D. Compared with EcoRRF, the [h]277nm value
of mutant RRFV117D is decreased by 47%. There are three
aromatic residues (F20, Y44, and Y45) in the proteins and
both of the two tyrosine residues are located at domain
II. Since, signals from 270–290 nm are attributable to tyrosine and since the CD spectrum of a protein in the near-UV
spectral region can be sensitive to small changes in tertiary
structure, this change at 277 nm indicates that the V117D
substitution signiﬁcantly perturbs the local conformation
surrounded by the two residues, suggesting that mutation
of V117D at domain I could result in structural perturbation at the RRF domain II.
Eﬀect of V117D mutation on the intrinsic ﬂuorescence
spectra of E. coli RRF
There are only two tyrosine residues in the RRF molecule, which are located at positions 44 and 45 (Y44 and
Y45) at domain II of RRF [13]. Changes in the intrinsic
tyrosine ﬂuorescence spectra after excitation at 280 nm
reﬂect the changes in the local environment of the tyrosine
residues. Fig. 3 shows the tyrosine emission spectra of
EcoRRF and mutant RRFV117D. Compared with the ﬂuorescence emission spectrum of EcoRRF, there is an
increase in ﬂuorescence intensity for mutant RRFV117D,
indicating that V117D substitution has some eﬀect on the
local environment of the tyrosine residues in the protein.
However, the ﬂuorescence intensity for both EcoRRF
and mutant RRFV117D is much lower than at 2 M

Fig. 3. Tyrosine ﬂuorescence emission spectra of EcoRRF and its mutant
RRFV117D. Lines 1 and 2 denote the spectra of EcoRRF and its mutant
RRFV117D in 50 mM phosphate buﬀer, pH 7.5, 25 C, respectively; lines 3
and 4 denote the spectra of EcoRRF and its mutant RRFV117D in the
phosphate buﬀer containing 2 M GdnHCl, respectively. The protein
concentrations were of 5 lM.
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GdnHCl, at which concentration both of the proteins are
unfolded. This result shows that the intrinsic tyrosine ﬂuorescence for both EcoRRF and mutant RRFV117D is
quenched somewhat though V117D substitution suppresses the intrinsic tyrosine ﬂuorescence quenching to some
extent. This observation also suggests that V117D mutation at domain I perturbs the local environment of the
tyrosine residues at domain II. It is noteworthy that since
the tyrosine side chains are highly exposed to solvent in
the native conformation as shown in Fig. 1, the ﬂuorescence quenching is weaker for these tyrosines in its unfolded state denatured by GdnHCl, which could account for
the apparent increase of ﬂuorescence during protein
unfolding as shown later in Fig. 6B.
Eﬀect of V117D mutation on thermal stability of E. coli RRF
Thermal unfolding of EcoRRF and mutant RRFV117D
was measured by monitoring changes in the far-UV CD
spectra at 222 nm as described in Materials and methods,
which reﬂects RRF’s secondary structure unfolding. To
test their folding reversibility, reheating of the same samples with the same heating rate was performed just after
the temperature of the heated samples reached their beginning temperature as shown in Fig. 4. The results indicate
that both EcoRRF and mutant RRFV117D could fold
reversibly, at least partially. Thus thermodynamic analysis
method could be applied to the unfolding process of this
system [38,39]. For convenient comparison with the
unfolding transitions monitored by near-UV CD at

Fig. 4. Thermal unfolding reversibility of EcoRRF and its mutant
RRFV117D. Thermal unfolding of EcoRRF and mutant RRFV117D was
monitored by CD signal changes at 222 nm. Each sample contained 5 lM
of protein in 50 mM phosphate buﬀer, pH 7.5. The solid signals 1 (d) and
2 (j) denote the ﬁrst scan of EcoRRF and its mutant RRFV117D,
respectively, with the scan rate of 1 C/min and the open signals 1 0 (s) and
2 0 (h) denote the corresponding second scans after the heated sample
cooling to their beginning temperatures.

277 nm, the thermal unfolding diagrams of their secondary
structures were shown in the fraction of unfolded RRF versus temperature after linear baseline correction (Fig. 5).
The thermal unfolding transitions for both EcoRRF and
mutant RRFV117D are single sigmoidal ones, indicating
that their thermal unfolding processes obey the two-state
transition model. The only diﬀerence between EcoRRF
and mutant RRFV117D is that mutation of V117D signiﬁcantly destabilizes the protein. Thermal unfolding for
EcoRRF began at about 50 C and ﬁnished at about
65 C. In contrast, unfolding for RRFV117D began at about
35 C and ﬁnished at about 50 C. Special attention was
given at temperatures of 30, 42, and 45 C correspondingly,
the unfolded fraction for EcoRRF was zero at all three
temperatures, while for mutant RRFV117D, it was zero,
30 and 63%, respectively. Thermodynamic parameters of
enthalpies and transition temperatures were determined
by numerically ﬁtting the experimental data from Eqs. (1)
– (6) and the results are listed in Table 1. The van’t Hoﬀ
enthalpy for EcoRRF is 445 kJ mol1 and for RRFV117D
is 351 kJ mol1. The transition temperature for EcoRRF
is 59.6 C and for mutant RRFV117D is 45.2 C. Clearly,
from the thermodynamic point of view, the destabilization
caused by V117D mutation is mostly due to decreasing the
packing energy of the RRF molecule.
Thermal unfolding of EcoRRF and mutant RRFV117D
was also measured by monitoring changes in the near-UV

Fig. 5. Thermal unfolding transitions of EcoRRF and its mutant
RRFV117D. Thermal unfolding of EcoRRF and its mutant RRFV117D
was monitored by CD signal changes at 222 and 277 nm, respectively.
Each sample contained 5 and 200 lM of protein in 50 mM phosphate
buﬀer, pH 7.5, for far-UV CD measurements and for near-UV CD
measurements, respectively. Filled squares (j) and circles (d) denote the
thermal unfolding of EcoRRF and its mutant RRFV117D monitored by
CD signal changes at 222 nm, respectively. Open squares (h) and circles
(s) denote the thermal unfolding of EcoRRF and its mutant RRFV117D
monitored by CD signal changes at 277 nm, respectively. The solid lines
represent the best ﬁtting of the data according to the two-state model. The
detail experimental conditions are described in the text.
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Table 1
Thermodynamic parameters of WT and mutant RRFV117D during their
thermal unfolding
Protein

DH (kJ mol1)

Tm (C)

WT RRF
RRFV117D

445 ± 10
351 ± 9

59.65 ± 0.07
45.22 ± 0.08

CD spectra at 277 nm, which mainly reﬂects RRF’s local
structure change surrounding the tyrosine residues in
domain II. The fraction of unfolded RRF versus temperature is also shown in Fig. 5. The thermal unfolding of
EcoRRF and mutant RRFV117D monitoring by far-UV
CD at 222 nm and near-UV CD at 277 nm are overlapped
with each other. The superimposing of the secondary structure change dominated by domain I with the local structure
change dominated by domain II indicates that unfolding of
domain I and domain II are cooperative.
GdnHCl-induced isothermal unfolding of E. coli RRF and
mutant RRFV117D
GdnHCl-induced globular unfolding of EcoRRF and
mutant RRFV117D was further measured at 25 C by monitoring changes in the far-UV CD spectra at 222 nm.
Fig. 6A shows the equilibrium unfolding transition progress in a series of GdnHCl concentrations, where the
native states were set as zero and the fully unfolded states
at 2 M were set as unity. Refolding of the EcoRRF and
mutant RRFV117D was also monitored under the same conditions. The refolding transition curves for EcoRRF and
mutant RRFV117D were shown to superimpose their
unfolding transition curves, respectively. These results indicate that unfolding for both EcoRRF and mutant
RRFV117D induced by GdnHCl is reversible. The
GdnHCl-induced unfolding transition curves for both
EcoRRF and mutant RRFV117D are also single sigmoidal
ones, indicating that the unfolding processes are cooperative and obey the two-state transition model.
Fig. 6B shows the GdnHCl-induced unfolding transition
of EcoRRF and mutant RRFV117D monitored by intrinsic
tyrosine ﬂuorescence intensity at 306 nm. Both of them
give a single sigmoidal transition and also obey the twostate unfolding model. The thermodynamic parameters of
the standard Gibbs free energies (DGoH2 O ) and mG values
were obtained by numerically ﬁtting the data to from
Eqs. (7) – (12), and the results are listed in Table 2. The
DGoH2 O
for
EcoRRF
was
22.0 ± 2.7
and
28.6 ± 2.2 kJ mol1 monitored by far-UV CD and intrinsic
tyrosine ﬂuorescence, respectively. The DGoH2 O for mutant
RRFV117D was 9.7 ± 2.1 and 7.6 ± 2.3 kJ mol1, respectively. These results indicate that the mutation of V117D
results in a signiﬁcant loss of stability. The similar values
of DGoH2 O measured by far-UV CD and intrinsic tyrosine
ﬂuorescence further conﬁrm the cooperative unfolding of
the RRF molecules. The mG values, the slope of free energies versus denaturant concentrations, for both EcoRRF

Fig. 6. GdnHCl-induced unfolding transitions of EcoRRF and its mutant
RRFV117D. The detail experimental conditions are described in the text.
(A) GdnHCl-induced unfolding of EcoRRF and mutant RRFV117D was
monitored by CD signal changes at 222 nm The ﬁlled squares (j) and
circles (d) denote the isothermal unfolding of EcoRRF and its mutant
RRFV117D, respectively. The open squares (h) and circles (s) denote the
corresponding refolding of the thoroughly unfolded EcoRRF and its
mutant RRFV117D at 6 M GdnHCl overnight. (B) GdnHCl-induced
unfolding of EcoRRF and mutant RRFV117D monitored by intrinsic
tyrosine emission ﬂuorescence intensity at 306 nm, using the excitation at
280 nm. The ﬁlled squares (j) and circles (d) denote the isothermal
unfolding of EcoRRF and its mutant RRFV117D, respectively. The solid
lines represent the best ﬁtting of the data according to the two-state model.

and mutant RRFV117D are the same within experimental
errors (Table 2), providing further evidence that mutation
has no signiﬁcant perturbation eﬀect on its solvent-accessible surface area (ASA) change [40], and thus no signiﬁcant
perturbation eﬀect on its tertiary structure packing, provided the ASA diﬀerence caused by V117D mutation in their
fully unfolded states could be ignored. The Cm values,
the concentration of GdnHCl at which half of the protein
molecules are denatured, were also calculated from Eq.
(12) by setting DG = 0, and the results are listed in Table
2. The Cm values for EcoRRF and mutant RRFV117D were
0.92 and 0.38 M, respectively. These data further conﬁrm
that mutation of V117D can signiﬁcantly destabilize the
protein stability.
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Table 2
Thermodynamic parameters of WT and mutant RRFV117D during their isothermal unfolding
Protein

Method

DG (kJ mol1)

mG (kJ mol1 M1)

Cm (M)

WT RRF

Far-UV CD
Tyr ﬂuorescence
Far-UV CD
Tyr ﬂuorescence

22.0 ± 2.7
28.6 ± 2.2
9.7 ± 2.1
7.6 ± 2.3

24.0 ± 2.7
27.9 ± 2.1
25.7 ± 3.4
24.5 ± 3.7

0.92
1.03
0.38
0.31

RRFV117D

Note. Cm is calculated from Eq. (12) using DG = 0.

Unfolding kinetics of EcoRRF and mutant V117D monitored
by secondary structure changes
Unfolding kinetic processes of EcoRRF and mutant
RRFV117D were investigated by monitoring the CD signal
changes at 225 nm as shown in Fig. 7A. At 2 M GdnHCl,
unfolding data of EcoRRF could be ﬁtted with a single
phase process using Eq. (13). The unfolding rate constant
was determined as 0.505 s1. Unfolding rate constants of
EcoRRF at 1.5, 2.5, and 3.0 M were 0.1126, 1.845, and
8.591 s1, respectively. The rate constants in the logarithm
were plotted versus denaturant GdnHCl concentrations
and are shown in Fig. 7B. Higher concentration of denaturant leads to much faster unfolding. The experimental
points can be ﬁtted linearly according to Eq. (14) with
the unfolding rate constant of 1.56 · 103 s1 (i.e.,
lnku(H2O) = 6.46) in buﬀer and the mu, the slope of lnku
versus denaturant concentration divided by RT, of
7.09 kJ mol1 M1. Correspondingly the activation free
energy of unfolding in buﬀer was calculated as
88.9 kJ mol1 according to Eq. (15), where the parameter
j was set as one. Mutation of V117D made the RRF molecule unstable with a faster unfolding rate. Its unfolding
kinetics is shown in the inset plot of Fig. 7A with the rate
constant of 0.98 s1 at 0.8 M GdnHCl. The denaturant
concentration dependence of its unfolding rate constant
in a logarithm is shown in Fig. 7B. The kinetic parameters
of ku (H2O) in buﬀer was determined as 1.47 · 103 s1
(i.e., lnku (H2O) = 6.52) and mu as 20.1 kJ mol1 M1
by linear regression analysis of these data. Correspondingly the activation free energy of mutant unfolding in buﬀer
was calculated as 89.1 kJ mol1 according to Eq. (15),
using the same parameter j = 1. These results (Table 3)
indicate clearly that both EcoRRF and mutant RRFV117D
unfold with a ﬁrst-order kinetic process. The unfolding
rates of EcoRRF and mutant RRFV117D in pure buﬀer
are the same within measurement error ranges, but their
denaturant dependence is diﬀerent. Mutant RRFV117D is
more sensitive to GdnHCl than wild-type RRF. These
results indicate that although mutation of V117D does
not signiﬁcantly change the folded conformation of
RRF, it signiﬁcantly moves the unfolding transition state
from a native-like state (1  mu/m = 1  7.09/23.9 = 70%
native-like) to an unfolded-like state (1  mu/
m = 1  20.1/25.7 = 22% native-like) in the denaturantinduced unfolding process [41].

Fig. 7. Unfolding kinetics of EcoRRF and mutant RRFV117D monitored
by secondary structure changes. (A) Unfolding kinetic processes of
EcoRRF and mutant RRFV117D (in the inset). (B) The denaturant
(GdnHCl) concentration dependence of unfolding rate constant of
EcoRRF (d) and mutant RRFV117D (s). The data were ﬁtted linearly.
The detailed experimental conditions are described in the text.

Over-expression of mutant RRFV117D can rescue the
temperature sensitive phenotype of E. coli LJ14 (frrts)
The E. coli LJ14 strain is the most clear-cut temperature
sensitive (Ts) mutant, of which the chromosomal wild-type
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Table 3
Unfolding kinetic parameters of WT and mutant RRFV117D
Protein

mu (kJ mol1 M1)

ku (H2O) (s1)

DG0„ (kJ mol1)

WT RRF
RRFV117D

7.09 ± 0.15
20.1 ± 0.32

1.56. · 103
1.47 · 103

88.9
89.1

frr allele is replaced with a mutant allele (frrts, V117D),
allowing E. coli LJ14 to grow at the permissive temperature
(30 C) but not at the non-permissive temperature (42 C).
Because of this, the strain is widely used for the in vivo
activity assay of RRF by complementation analysis
[25,31]. Janosi et al. [4] showed that an excess amount of
the residual activity of mutant RRFV117D expressed from
multicopy pUC19 eliminated the temperature sensitive
phenotype, suggesting a gene dosage eﬀect. To clarify what
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is the mechanism of the temperature sensitive phenotype of
mutant RRFV117D and why high gene dosage can eliminate
the temperature sensitive phenotype, an in vivo activity
assay of mutant RRFV117D was performed by monitoring
the complementation of the E. coli LJ14 (frrts) with mutant
RRFV117D, and the expression level of the mutant at diﬀerent temperatures was also analyzed as described in Materials and methods. As shown in Fig. 8A, at 30 C,
transformants harboring pQE-EcoRRF or pQE-RRFV117D
grew at almost the same rate as those harboring the vector
pQE-60 alone, suggesting that the expression of these
RRFs was not toxic to E. coli. Fig. 8B shows the growth
rate of the transformants at 42 C; all the transformants
also grew well except that the growth of transformants harboring pQE-RRFV117D was delayed for two hours. However, at 45 C, the transformants harboring pQE-EcoRRF
grew well, while those harboring either the vector pQE-60

Fig. 8. In vivo activity assays of EcoRRF and its mutant RRFV117D at diﬀerent temperatures. The E. coli LJ14 (frrts) strain was transformed with the
respective plasmids and examined for growth-phenotype. (A) Growth curves of various transformants of E. coli LJ14 (frrts) at the permissive temperature
(30 C). Vector, transformants with pQE-60; RRFV117D, transformants with pQE-RRFV117D; EcoRRF, transformants with pQE-EcoRRF. (B) Growth
curves of various transformants of E. coli LJ14 (frrts) at the non-permissive temperature (42 C). The transformants are the same as that indicated in (A).
(C) Growth curves of various transformants of E. coli LJ14 (frrts) at the non-permissive temperature (45 C). The transformants are the same as that
indicated in (A). (D) Detection of mutant RRFV117D expression in E. coli LJ14 (frrts) at diﬀerent temperatures by immunoblotting using anti-EcoRRF
antibodies. Protein extracts were prepared from equal amount of transformant cells harbouring pQE-60 or pQE-RRFV117D at diﬀerent temperatures after
incubation for 12 h. The detailed experimental conditions are described in the text.
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or pQE-RRFV117D did not. The growth of transformants
harboring pQE-RRFV117D was signiﬁcantly delayed
(Fig. 8C). It is noteworthy that slow growth of the transformants harboring pQE-RRFV117D was observed after prolonged incubation at 45 C, suggesting that weak residual
activity still remains in mutant RRFV117D at 45 C. The
expression level of mutant RRFV117D at diﬀerent temperatures is shown in Fig. 8D. It can be seen that the amount of
mutant RRFV117D expressed in the E. coli LJ14 cells harboring pQE-RRFV117D at 30, 42, and 45 C is about 13,
21, and 18 times more than that of mutant V117D
expressed by E. coli LJ14 cells (frrts) itself. The above thermal unfolding studies in vitro indicate that the heating temperatures at 42 and 45 C for mutant RRFV117D are just
located in its thermal unfolding transition temperature
range; and its unfolded fractions at 30, 42, and 45 C are
zero, 30 and 63%, respectively (Fig. 5). Thus the residual
activity of mutant RRFV117D expressed in the E. coli
LJ14 cells harboring pQE-RRFV117D at 42 and 45 C
would be enough for suppression of the temperature sensitive growth phenotype of E. coli LJ14 (frrts). These results
may explain why high gene dosage can eliminate the temperature sensitive phenotype of the E. coli LJ14 cells. The
mechanism of the temperature sensitive phenotype of the
E. coli LJ14 cells is due to inactivation of mutant
RRFV117D caused by unfolding at the non-permissive temperatures. Of course, the in vitro thermal unfolding results
could not exactly represent the state of the mutant
RRFV117D molecules in the bacterial cells and could not
perfectly explain why the growth of transformants harboring pQE-RRFV117D was signiﬁcantly delayed at 45 C, at
which temperature about 37% of mutant RRFV117D still
remained folded (Fig. 5). A reasonable explanation may
be that the growth of the E. coli LJ14 cells harboring
pQE-RRFV117D not only depends on the presence of
RRF, but also is related to other proteins which may be
inactivated at 45 C.
Discussion
As described in the results section, although V117D substitution at domain I has no signiﬁcant eﬀect on the secondary structure of the RRF protein characterized by
far-UV CD spectra (Fig. 2A), the mutation caused a
decrease in the [h]277nm value of 47% (Fig. 2B). This observation indicates that V117D mutation at domain I signiﬁcantly perturbs the speciﬁc packing of tyrosine residues in
the tertiary structure of mutant RRFV117D. Since all the
tyrosine residues are located at domain II, the change in
[h]277nm value indicates that mutation of V117D at domain
I could result in the structural perturbation at the RRF
domain II. This result was further conﬁrmed by intrinsic
tyrosine ﬂuorescence spectra (Fig. 3). Taken together, the
above results suggest the existence of interdomain interaction in the RRF protein. To know to what extent the interdomain interaction aﬀects protein folding, the unfolding
transition processes of EcoRRF and mutant RRFV117D

induced by both heat and GdnHCl were compared. Equilibrium unfolding of EcoRRF and mutant RRFV117D monitored by using a far-UV CD signal at 222 nm showed a
two state unfolding transition in both the isothermal-unfolding and thermal unfolding processes, suggesting that
the unfolding of E. coli RRF domain I and domain II
seems to be cooperative (Fig. 5). However, three questions
should be addressed before making the ﬁnal conclusion.
Since there is about 90% content of a-helical structure in
domain I, while domain II may be signal silent when using
the signal probe of h222nm, the ﬁrst question is whether the
changes in h222nm reﬂect the unfolding process of the whole
RRF molecule, not just the unfolding process of domain I.
To verify this, the thermal unfolding of RRF monitored by
the near-UV CD signal at 277 nm, which is dominated by
the local structure of aromatic residues at domain II, was
also performed. As shown in Fig. 5, excellent superimposition of the unfolding transitions monitored by both far-UV
CD signal at 222 nm and near-UV CD signal at 277 nm
indicates that the unfolding of domain I and domain II
are cooperative. This consistency demonstrates that the
unfolding transition of RRF monitored by the CD signal
at 222 nm could reﬂect the conformation transition of the
whole RRF molecule including domain II. These results
were further conﬁrmed by GdnHCl-induced isothermal
unfolding monitored by both far-UV CD and intrinsic
tyrosine ﬂuorescence spectra (Fig. 6A and B). The second
question is that even if the equilibrium unfolding of RRF
is cooperative, its unfolding kinetics may be complicated.
Therefore kinetic processes of unfolding of EcoRRF and
mutant RRFV117D were investigated by monitoring the signal changes of [G]225nm. The results clearly indicate that
both EcoRRF and mutant RRFV117D unfold with a ﬁrstorder kinetic process, suggesting that the unfolding of
domain I and domain II of RRF is a simple two-state
cooperative process (Fig. 7). The third question is whether
the observed unfolding cooperativity is due to the same
intrinsic stability of domain I and domain II in the RRF
protein. In fact, this possibility does not exist. As indicated
previously, domain I plays a major role in maintaining the
stability of the RRF molecules [28]. TteDI/EcoDII is a chimeric RRF in which domain I and domain II are from
Thermoanaerobacter tengcongensis and E. coli, respectively.
Since the unfolding of chimeric TteDI/EcoDII RRF
showed a three-state unfolding [28], the stability of each
domain was estimated. The stability of 12.5 ± 2.2 kJ/mol
for unfolding of EcoRRF domain II is much lower than
the stability of 22.0 ± 2.7 kJ/mol for unfolding of EcoRRF
as a whole. This result not only indicates the diﬀerence in
the stability between the two domains, but also suggests
the existence of interdomain interaction. Thus the intrinsic
stability of domain II itself should be lower than the
obtained value from chimeric TteDI/EcoDII RRF domain
II unfolding. Recently, a study from Nakano et al. [11]
demonstrated that Vibrio parahaemolyticus RRF’s domain
I coding sequence could be solubly expressed in E. coli,
while its domain II coding sequence could not, and the
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observed V. parahaemolyticus domain II polypeptide was
precipitated in the E. coli cells. In contrast, two RRF chimeras, EcoDI/TteDII and TteDI/EcoDII, created by
domain swaps between the proteins from E. coli and
T. tengcongensis were expressed in a soluble form [25,28].
These observations further suggest the intrinsic stability
of domain II may be too low to keep itself folded correctly,
and an eﬃcient interaction between domain I and domain
II of the RRF protein is crucial for the correct folding of
the RRF molecules. It is the eﬃcient interaction that results
in cooperative unfolding of the E. coli RRF proteins.
The Crystal structure of E. coli mutant RRFR132G
(PDB ID: 1ISE) was analyzed. As shown in
Fig. 1, there are 3 hydrogen bonds/electrostatic interactions (R28NE  D86OD1, R28NH2  D86OD2, and
R31NE  E181OE1) between the domain I and domain
II of the RRF protein. The distances between
R28NE  D86OD1, R28NH2  D86OD2, and R31NE
  E181OE1 are 2.734, 3.325, and 2.915 Å respectively.
It is noteworthy that similar hydrogen bonds between
domain I and domain II of V. parahaemolyticus RRF
has been reported by Nakano et al. [11]. The existence
of these hydrogen bonds/electrostatic interactions
between the two domains may play a signiﬁcant role in
the interdomain interaction of the RRF proteins.
Although the V117D substitution signiﬁcantly perturbs
the local conformation surrounded by the two tyrosine residues, the cooperative unfolding of mutant RRFV117D during heat or GdnHCl induced denaturation indicates that
V117D mutation does not perturb the eﬃcient interdomain
interaction of the mutant protein. Considering mutant
RRFV117D has almost the same activity as wild-type
EcoRRF in the in vivo activity assay at the permissive temperature (Fig. 8A), the V117D substitution does not perturb the suitable conformation of the mutant RRFV117D
which is necessary for performing its function at the permissive temperature (30 C). However, mutation of
V117D signiﬁcantly destabilizes the RRF protein as
described above. The thermal unfolding study clearly indicates that the unfolding transition temperature range is
moved from 50 to 65 C for the wild-type RRF to the lower
temperature range of 35–50 C for the mutant RRFV117D
(Fig. 5). The non-permissive temperatures (42 and 45 C),
which were used for the in vivo activity assay of mutant
RRFV117D, are located within the unfolding transition
region (Fig. 5). According to the two-state unfolding model, only native and fully unfolded mutant RRFs coexist at
this temperature region. Since the amount of mutant
RRFV117D expressed in the E. coli LJ14 cells harboring
pQE-RRFV117D at 42 and 45 C is about 21 and 18 times
more than that of mutant RRFV117D expressed by E. coli
LJ14 cells (frrts) itself. According to the thermal unfolding
transition of mutant RRFV117D, the native fraction of
mutant RRFV117D at 42 and 45 C should be 70 and
37%, respectively (Fig. 5). Thus the residual activity of
mutant RRFV117D expressed in the E. coli LJ14 cells harboring pQE-RRFV117D at 42 and 45 C would be enough
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for suppression of the temperature sensitive growth phenotype of E. coli LJ14 (frrts). These results may explain why
high gene dosage can eliminate the temperature sensitive
phenotype of the E. coli LJ14 cells [4]. However, since
the amount of mutant RRFV117D expressed by E. coli
LJ14 cells (frrts) itself is much lower, which may be just
enough for supporting bacterial cell growth at the permissive temperature, mutant RRFV117D is inactivated by its
cooperative unfolding at the non-permissive temperatures
(at 42 and 45 C) as shown in Fig. 5. Thus the residual
activity of mutant RRFV117D is not enough to support normal growth of the E. coli LJ14 cells at the non-permissive
temperatures. This could explain why V117D substitution
causes the temperature sensitive phenotype of the E. coli
LJ14 cells.
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